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Abstract

Supply chains in the automotive industry are shaped by two trends. Upstream, on the demand-side of a
company, mass customization has led to a proliferation of models that are offered in countless variants
and that are built from countless components. Since demand for speci�c variants cannot be forecasted
anymore, companies have adopted build-to-order production, triggering production and supply processes
only for con�rmed customer orders. Downstream, on the supply-side of a company, lean management
has accelerated the globalization of supply chains and the integration of supplier and buyer. Time and
stock buffers for the delivery of customer-speci�c components were completely eliminated with just-in-
sequence supply strategies. Hence, automotive manufacturers are embedded in networks that demand
the timely shipping of countless variants to customers and the coordination of the delivery of countless
components.

The reduction of stocks of highly-customized products and components along all stages of a supply chain,
has made companies vulnerable to disturbances that endanger the timely delivery of inputs from the
supply base to a system and outputs from the system to the customer. Using a supply chain vulnerability
index, a study �nds on a sample of 760 �rms that the automotive industry is most exposed to these
supply chain events, followed by �rms selling information and communication technology, and �rms
in process manufacturing (e.g., chemicals, oil and gas). Many other studies report that delivery delays
and deliveries of defective parts are seen as the most common and important supply-side problems. In
fact, one study reports for a sample of 110 modules for automotive manufacturers in Germany and North
America that the mean of delivery disruptions was 3.6 with a maximum of 40 over a period of 24 months.
Since assembly lines are never stopped, these disruptions result in missing material for planned assembly
sequences. For the manufacturer the result is costly rework of un�nished products after assembly while
the customer has to cope with delivery delays.

The dissertation presents an approach for the reactive management of these small-scale supply chain
events with a supply chain event management (SCEM) system. It is a software that covers three func-
tionalities that support decision makers to manage the occurrence: Event identi�cation, impact analysis
and reactive strategies. Before their development, the dissertation validates the requirements for the sys-
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tem and the functions through a survey of companies of the German automotive industry. It then presents
an architecture and system concept that embeds the functionalities into the current IT-landscape of com-
panies. For the realization of the event identi�cation functionality, the SCEM application receives trace
data that describes the movement of individual objects as they traverse the supply chain. It uses this data
in conjunction with the planned build date of the associated customer order to detect material supply that
is expected to be not available on time. The dissertation proposes two methods for event identi�cation.
First, a non-probabilistic approach based on complex event processing. It uses a pre-de�ned rule base to
which the incoming trace and plan data is matched. The result is a binary distinction where the conditions
of the rule are either ful�lled or not. Second, a probabilistic approach that is based on a supply chain
model. In contrast to the non-probabilistic method, it uses the trace data to estimate precise probabilities
of the availability of the material at a certain time.

Individual material availabilities are insuf�cient, however, for the description of the aggregated supply
situation that a company faces. For impact analysis, the dissertation presents an approach that calculates
expected performance of a company when the estimated supply situation materializes. It uses a �ow shop
model that summarizes the material availabilities in such a way that their impact on several performance
indicators is returned. They mirror the future state of the organization and support a user to assess
the signi�cance of the current situation. The third functionality, proposal of reactive strategies, then
builds on the material availabilities to calculate the probability that the respective customer order can
be manufactured. Given that material is expected to be delivered late, the dissertation proposes several
rescheduling strategies for affected orders that an SCEM system can apply. They explicitly consider the
implications of just-in-sequence deliveries and a bi-objective approach that considers sequence stability
and schedule optimality.

The dissertation validates the developed SCEM solution in two ways: A real-world hardware environ-
ment and a simulated automotive use case. First, the testing of the system in a hardware environment of
an industrial use case is presented. The implementation illustrates the technical feasibility of the system.
It receives trace data from the supply chain and internal processes. The data is used to identify problems
in the material �ow early on and to reactively amend the production schedule. The system receives the
planned production schedule, amends it according to the current supply situation and returns the update
to the systems. The changes are subsequently communicated as work orders to the shop �oor. The inter-
action of the SCEM system with data capturing applications as well as production and control systems
that are commonly used in industry shows the technical feasibility of the proposed system and concept
in current IT-infrastructures. Second, to illustrate the bene�t of the system in a large-scale supply chain,
a simulation model is developed. It mirrors the use case of an automotive manufacturer with three just-
in-sequence suppliers. Their deliveries are unreliable to a small percentage. The early identi�cation of
supply problems and their management through the reactive rescheduling strategies shows that perfor-
mance can be considerably improved while still maintaining a high sequence stability. The validation
shows that an SCEM system can ensures the resilience of �ow production processes in event-prone,
vulnerable supply networks.
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Zusammenfassung

Lieferketten der Automobilindustrie unterliegen zwei wesentlichen Trends. Erstens, auf der Nachfrage-
seite führt die Individualisierung des Produktes dazu, dass zahllose Varianten angeboten werden, die aus
einer ebenso großen Anzahl verschiedener Komponenten bestehen. Die Prognose der Nachfrage für spe-
zi�sche Produktvarianten ist damit unmöglich geworden und Hersteller sind zu einer auftragsbezogenen
Fertigung übergegangen. Bei diesem Ansatz wird der Produktions- und Zulieferprozess erst angestoßen,
wenn ein Kundenauftrag vorliegt. Zweitens, auf der Zulieferseite hat Lean Management die Lieferkette
globalisiert aber gleichzeitig Lieferanten und Produzenten stärker gekoppelt. Zeit- und Bestandspuffer
zwischen Prozessen und Unternehmen wurden mit der Einführung von sequenzgenauen Teilelieferungen
weitgehend abgebaut. Die Automobilindustrie ist heute in Liefernetzwerke eingebunden, die eine pünkt-
liche Lieferung von individuellen Produkten verlangen und gleichzeitig eine Koordination von zahllosen
Zulieferteilen erfordern.

Der Bestandsabbau an spezi�schen Komponenten und Fertigprodukten entlang der gesamten Lieferket-
te hat Unternehmen anfällig für Prozessstörungen gemacht. Diese Ereignisse gefährden einerseits die
pünktliche Lieferung von Zulieferteilen zum Unternehmen für dessen Produktionsprozesse und anderer-
seits die termingenaue Auslieferung von Fertigprodukten an Kunden. Tatsächlich hat eine Studie von
760 Unternehmen anhand eines Störungsindex festgestellt, dass die Lieferketten in der Automobilindus-
trie am anfälligsten für Störungen sind � noch vor Unternehmen aus der Telekommunikation und der
Prozessindustrie. Viele andere wissenschaftliche Studien belegen zudem die negativen Konsequenzen
von Störungen und das Lieferverspätungen und defekte Komponenten zu den häu�gsten Zulieferpro-
blemen zählen. Eine Studie hat zum Beispiel 110 verschiedene Komponententypen untersucht, die an
Automobilhersteller in Nordamerika und Deutschland geliefert werden. Die Ergebnisse zeigen, dass im
Durchschnitt 3,6 Störungen pro Typ innerhalb von 24 Monaten aufgetreten sind, wobei das Maximum bei
40 Störungen lag. Da Montagelinien nicht gestoppt werden, resultieren derartige Störungen in Fehlteilen
für geplante Produktionsprozesse. Das bedeutet einerseits teure Nacharbeit von unfertigen Produkten für
Produzenten und andererseits Lieferverspätungen für Kunden.

Die vorliegende Doktorarbeit präsentiert einen Ansatz für die reaktive Behandlung von derartigen, opera-
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tiven Ereignissen nach deren Auftreten in der Lieferkette. Dazu wird ein sogenanntes Supply Chain Event
Management (SCEM) System entwickelt. Dabei handelt es sich um eine erweitertes Frühwarnsystem,
das drei Funktionen bietet, um Entscheidungsträger bei der Behandlung des Problems zu unterstützen:
Erkennung des Problems, Abschätzung von dessen Auswirkungen und Vorschlagen von Gegenmaßnah-
men. Vor der Entwicklung der Funktionen wird der Bedarf des Systems und die Anforderungen an die
Funktionen anhand einer Nutzerstudie in der deutschen Automobilindustrie validiert. In einem nächs-
ten Schritt wird eine Systemarchitektur und ein Systemkonzept entwickelt, welche die Einbindung und
Funktionstüchtigkeit der Anwendung in heutige IT-Landschaften ermöglichen.

Für die Umsetzung der Problemerkennung erhält das System Verfolgungsdaten von Objekten, die de-
ren Bewegungen entlang einer Lieferkette dokumentieren. Das System setzt diese Daten dann in den
Kontext von geplanten Startterminen von Produktionsaufträgen, die zu dem identi�zierten Material ge-
hören. Die Arbeit präsentiert zwei Methoden, die auf verschiedene Weise die Materialverfügbarkeit für
geplante Aufträge herleiten. Erstens, einen nicht-probabilistischen Ansatz der auf dem Complex Event
Processing Konzept basiert. Diese Methode nutzt eine de�nierte Regelbasis, mit der das System die ein-
gehenden Verfolgungs- und Plandaten vergleicht. Das Ergebnis ist binär: Entweder die Daten passen zur
Regelbasis und das System nimmt die Verspätung des Materials an oder die Regel wird nicht ausgelöst.
Zweitens, eine Methode die auf einem probabilistischen Lieferkettenmodell basiert. Es nutzt die aktuel-
len Verfolgungsdaten für die Berechnung von genauen Wahrscheinlichkeiten. Damit prognostiziert der
Ansatz dem Unternehmen die Verfügbarkeit des Materials zu einem bestimmten Zeitpunkt.

Individuelle Materialverfügbarkeiten sind allerdings unzureichend für die Unterstützung des Entschei-
ders in Hinsicht auf die Signi�kanz der gegenwärtigen Situation der Lieferkette für ein Unternehmen.
Dafür müssen die aggregierten Auswirkungen der festgestellten Situation analysiert werden. Dazu prä-
sentiert die Arbeit einen Ansatz, der die einzelnen Verfügbarkeiten zusammenfasst und auf wichtige,
operative Leistungsindikatoren abbildet. Hierfür verwendet die Arbeit ein Modell einer Fließfertigung
wie sie in Montagelinien auftreten. Die resultierende Leistungsdarstellung bildet einen zukünftigen Zu-
stand ab, der es dem Entscheidungsträger ermöglicht, die jetzige Situation einzuschätzen und den Be-
darf für Gegenmaßnahmen zu ermessen. Das System unterstützt diesen Vorgang durch Vorschläge von
verschiedenen Umplanungsstrategien. Die Dissertation präsentiert einen Ansatz der geplante Produkti-
onssequenzen repariert. Die Strategien berücksichtigen Implikationen von sequenzgenauen Lieferungen,
Optimalität des Plans hinsichtlich Liefertreue sowie die Wahrung der Sequenzstabilität.

Die Dissertation validiert das entwickelte System in einer industrienahen Umgebung sowie einer Simu-
lationsstudie. Erstens, ein Test des Systems in einer echten Hardwareumgebung zeigt dessen technische
Machbarkeit. Mithilfe von Verfolgungsdaten aus der Lieferkette und der Produktion werden Probleme
des Material�usses frühzeitig erkannt und der Produktionsplan mithilfe einer Umplanungsstrategie reak-
tiv angepasst. Das System bezieht dazu den gegenwärtigen Produktionsplan, passt diesen aufgrund der
erkannten Situation an und übergibt ihn an das Planungs- und Kontrollsystem. Die ˜nderungen werden
dann an die Produktion kommuniziert. Die Interaktion der SCEM Anwendung mit gängigen Systemen
für Datenerfassung und Produktionskontrolle zeigt die Umsetzbarkeit des vorgeschlagenen Konzepts.
Zweitens, um den Mehrwert des Systems in komplexen und störanfälligen Lieferketten zu demonstrie-
ren, wird ein Simulationsmodell auf Basis eines konkreten Anwendungsfalls entwickelt. Das Modell
spiegelt die Anwendung des Systems in einer Lieferkette mit drei Zulieferern wider. Deren Lieferpro-
zesse bringen Komponenten sequenzgenau zum Produzenten, sind aber zu einem geringen Prozentsatz
unzuverlässig. Die frühe Identi�kation von Lieferverspätungen und deren Behandlung durch Anpassung
von geplanten Produktionssequenzen zeigt eine wesentliche Leistungsverbesserung des Produzenten.
Das SCEM System vermeidet Nacharbeit aufgrund von Fehlteilen, ermöglicht termingenaue Lieferun-
gen und erhält eine hohe Sequenzstabilität. Die Validierung zeigt, dass das entwickelte System eine
widerstandsfähige Fließproduktion auch in störanfälligen Liefernetzwerken gewährleisten kann.

XII



1
Introduction to Vulnerable Supply Networks

2011 was a record-breaking year: Estimated global damages of $366.12bn are the highest economic im-
pact of disasters ever recorded [56]. After Iceland’s volcanic ash severely disrupted air transport across
Europe in the �rst half of 2010, industry and the resilience of its lean supply chains was tested again
by the dual catastrophes of the Earthquake and Tsunami in Japan in the �rst half of 2011 and the se-
vere �ooding of Thailand in the second half of the year � estimated economic damages are $210bn and
$40bn respectively [56]. Disruptions were especially severe to the Japanese automotive industry with
estimated losses of ¥250bn ($3bn) from April through June 2011 [146]. In fact, Goldman Sachs Japan,
an investment bank, estimated that a one-day production stop has an impact on overall industry prof-
its of more than ¥16bn ($200m), including ¥6bn ($75m) for Toyota and ¥2bn ($25m) each for Honda,
Nissan and Suzuki [147]. However, while most vehicle-assembly plants in Japan escaped direct damage
and were operational within weeks, albeit at reduced capacity due to electricity restrictions, global and
lean supply chains were severely affected. Production facilities of about 500 suppliers were damaged,
resulting in a threat of shortages for electronic components, especially steel and brakes, semiconductors,
plastics and rubber. For instance, shortages of key components included Xirallic, an additive for metallic
paints sourced solely from a Merck plant located in Onahama in northern Japan, which restricted vehicle
colors for North American OEMs [148]. As a result of component shortages, Toyota’s North American
manufacturing plants worked 3-day weeks, at 50% capacity, from late April to early June 2011 [149].
Toyota felt the �rst impact on the U.S. market in April when deliveries of the Japan-built Prius hybrid
declined. Slim vehicle inventories further reduced Toyota’s U.S. sales throughout spring and summer
with a sharp drop of 27.9% in May [149]. In October, just as production �gures for Japanese OEMs im-
proved, massive �oods in Thailand halted local production plants of suppliers that provided components
to them in North America, most notably Honda and Toyota. Honda’s own Ayutthaya plant was �ooded
in October 2011 and did not continue production until March 26th 2012 [191]. North American fourth-
quarter vehicle output was reduced by 204,600 units including a sharp October underbuild, estimated at
63,800 vehicles, much of it due to parts shortages related to the �oods in Thailand [191].

Hence, in global and lean supply chains, uncertainty and its materialization in the form of unexpected
disturbances of different severity and impacts has become a costly problem. On a sample of 885 publicly
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1 Introduction to Vulnerable Supply Networks

announced supply chain glitches, Hendricks and Singhal [69] found that affected companies showed a
107% drop in operating income, 6.92% lower sales growth, 10.66% growth in costs and 13.88% growth
in inventory when compared to their unaffected counterparts. Furthermore, the aggregation of key busi-
ness parameters � exchange rates, shipping costs, raw material prices, and others � into a supply chain
volatility index that covers 30 years led Christopher and Holweg [25] to the conclusion that the world
has entered an ‘era of turbulence’. Part of this volatility is due to natural occurrences: Between 2000 and
2009, an average of 387 natural disasters was recorded worldwide of which Asia, the manufacturing cen-
tre of the world, took the largest share with 40% [55]. Once labour disputes, demand volatility, supplier
failures, transport delays, and other less severe occurrences are added to these natural disasters, it is com-
prehensible that today’s complex supply networks are experiencing reliability problems. For instance,
unionised employees at Maruti Suzuki’s Manesar plant in India were on strike for the fourth time in four
months in October 2011, threatening its prominent position in the Indian market and reputation. During
the 4-month period of intermittent work stoppages, production of 55,000 units was lost and company
losses are estimated at Rs30bn ($660m) [148]. Using a supply chain vulnerability index, Wagner and
Neshat [182] found on a sample of 760 �rms that the automotive industry is most exposed to events, fol-
lowed by �rms selling information and communication technology, and �rms in process manufacturing
(e.g., chemicals, oil and gas). The supply chain vulnerability of these three sectors surpasses the aggre-
gated industry average. The study found that this development is primarily due to a global and complex
supply chain structure that was introduced with lean management: Time and stock buffers within and
between companies were reduced through just-in-time (JIT) and just-in-sequence (JIS) sourcing [184]; a
focus on core competencies has reduced the number of suppliers and resulted in many single-source re-
lationships [71]; continuing cost pressures further foster the global dispersion of supply chains [86, 184].
For instance, Mitsubishi Gas Chemical and Hitachi Chemical control about 90% of the market for a spe-
ciality resin used to bond parts of microchips for smartphones and other devices [38]. Kureha holds 70%
of the market of a special polymer that is used in lithium-ion batteries [38]. All plants were damaged by
the tsunami in Japan. The materialization of supply risks in vulnerable networks in the form of costly
material shortages demands their management through preventive strategies and reactive measures.

1.1 Motivation

It is not a coincidence that Wagner and Neshat [182] found the supply chain of the automotive industry
to be most vulnerable and exposed to signi�cant events ranging from large-scale catastrophes to small
disturbances. The study of Thun and Hoenig [167] of the German automotive industry found that the
number of product variants, globalization, outsourcing and reduction in suppliers are the foremost factors
that drive risks in their supply chains. Furthermore, an earlier study of Holweg and Pil [71] found that
automotive supply chains still remain highly complex despite widespread supplier reduction: Vehicle-
assemblies in the U.S. had an average of 376 suppliers, compared with 341 and 206 in Europe and
Japan, respectively. Every �rst tier plant had about 45.7 second tier suppliers from which 150 parts were
sourced. For every �nished vehicle the OEM schedules at least 2,000 individual components. Figure 1.1
captures the complexity of assembly productions by summarizing these aspects into two factors that are
largely responsible for the high vulnerability of automotive supply chains. First, the implementation of
lean management principles, which originated in the industry [136], couples supplier and buyer closely
by signi�cantly reducing stock and time buffers between and within companies. Second, the simul-
taneous realization of mass customization with its customer-speci�c component supplies increases the
number of interactions by outsourcing everything that was not considered as core competency to fewer
but more closely integrated suppliers while maintaining a high level of individual parts.

The latter aspect results from the fact that, for years, manufacturing companies in general and automak-
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Figure 1.1: Interaction-coupling diagram for different organizations; adapted from [128]

ers in speci�c focused on combining the bene�ts of mass production and product variety to win customer
orders by providing them with exactly their desired product con�guration [134]. Customer-speci�c prod-
ucts replaced standardized ones through a switch from forecasting-based build-to-stock (BTS) production
to build-to-order (BTO). It is a demand-driven production approach where a product is scheduled and
built in response to a con�rmed customer order [71]. Rather than selling standard products with discounts
so that customers accept a different con�guration, BTO creates the win-win situation of customers re-
ceiving their desired product con�gurations for which manufacturers can charge premium prices. Today,
product variety has proliferated substantially. For instance, BMW offers its customers a theoretical 1032

possible vehicle con�gurations [73]. The BMW 7 series offers over 350 model variants, 175 interior
trims, 500 options and 90 standard colors, represents 1017 possible con�gurations [124]. The same ac-
counts for component variety: For a sample of 110 components that are delivered to automotive OEMs
in North America and Germany, it was found that the mean variety of the modules was 2,196 (median of
190) with a maximum of 10,000 and minimum of 4 [155]. To still ensure economic and ef�cient mass
production processes with a lot size of one, companies are not only forced to switch seamlessly between
variants of the same model but also different models on the same production lines through common plat-
forms [71]. For example, through the common VW MQB platform all variants of certain models (VW
Golf, Audi A3, �koda Octavia and SEAT Leon) are built from the same set of components and can be
assembled on the same production lines, offering ‘a fabulous variety of brands and styles while slashing
manufacturing costs’[37].

For the remaining customer-speci�c components and modules that are marked by high variety, value and
size, OEMs have adopted just-in-sequence (JIS) delivery strategies to further reduce space requirements,
inventory and handling costs. In contrast to just-in-time (JIT), strategies that employ JIS not only deliver
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parts in the right time, quality and quantity but moreover synchronize the production of supplier and
buyer to enable a sequenced part delivery. A survey of car plants located in Germany that covered 80%
of the annual German production volume (i.e., around 4 million cars) found that on average 17 modules
� or 40% of a car’s parts volumes � are delivered JIS with a continuous upward trend [184]. One
premium automaker sourced 35 modules of one model JIS. The ratio of JIS modules to JIS suppliers for
speci�c car models is reported to be close to a one-to-one relationship. This trend towards zero time and
stock buffers, however, is not limited to automakers: Another study reports that a maker of agricultural
machinery sources around 10 parts JIS for its tractors [64]. Thus, an increase in customization options
was largely achieved by outsourcing customer-speci�c modules to fewer but more closely integrated �rst
tier suppliers.

In contrast to stock-based supply strategies that require long-lasting disruptions or disasters for a mea-
surable impact, the tight coupling of supplier and buyer in a JIS relationship raises the vulnerability of
assembly processes to immediate supply disturbances [82]. This vulnerability is further aggravated by
continuing cost pressures that foster the global dispersion of supply chains to low-cost regions so that
also long-distance relations are commonly employed in JIS scenarios [184]. Studies of the German auto-
motive industry show that inevitable but less severe events like delivery delays and deliveries of defective
parts are seen as the most common and important supply-side problems [184, 167, 155]. For instance,
Silveira-Camargos [155] �nds that delivery disruptions mostly occur due to delay incoming from the
supplier’s manufacturing process, transportation delays or the late detection of critical parts with defects.
For 110 JIS modules of automotive OEMs in Germany and North America, the study �nds for a period
of 24 months that the mean of delivery disruptions was 3.6 (median = 1) with a minimum of 0 and a
maximum of 40. Given that a car is assembled on average from 17 JIS modules with a mean of 3.6
disruptions in two years, this equates to about 2.5 disruptions every month. Although less signi�cant
individually, these day-to-day supply chain events are a constant threat to the reliable provision of mate-
rial and, more importantly, JIS components for internal production processes. They need to be managed
because their cumulative effect over time jeopardizes operational performance as much as severe but
isolated disruptions. In contrast to large-scale supply shocks, however, less severe but more frequent
operational ‘glitches’ (e.g., delivery delays) cannot be ef�ciently and economically addressed with pre-
ventive strategies like dual or local sourcing. The dissertation focuses on (i) small-scale occurrences
that endanger timely material supply and (ii) reactive responses that requires their ex-post detection and
impact mitigation.

1.2 The Idea

The basic idea is to detect critical supply through a transparent material �ow and to devise reactive
measures to ensure material availability for production processes. The left side of Figure 1.2 illustrates
the current situation: Automakers do not know the up-to-date status of material that is transiting the
supply chain. They consequently neither notice the occurrence of a disturbance that impedes supply
processes nor do they know about resulting implications for vehicle manufacturing processes. The results
are missing components and un�nished products that have to be reworked. The right side of Figure 1.2
shows that the dissertation explores the vision to avoid this scenario by utilizing the visibility of supply
chain and production processes to ensure a resilient automotive production. This idea is not limited
to the OEM but also covers the perspective of suppliers. They do not know the up-to-date production
sequences of the respective OEMs, making (sequenced) delivery a challenge. Holweg and Pil [71] report
that changes to same-day delivery quantities are informally communicated via telephone by the OEM
to its supply base on average 3.4 times a week. Similar observations are made by Liker and Yu [104].
Part of this schedule instability at the OEM is due to short-term changes to product con�gurations by
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customers: BMW allows customers to change orders up to 6 days before assembly and responds to more
than 120,000 change requests every month [124]. Hence, in the stated vision, sequence changes at the
OEM and problems with material supply are noticed early and dealt with in a timely fashion.

Figure 1.2: The idea is to identify critical supply and affected production jobs

The dissertation intends to realize this vision through an information system that analyses the state of
the material �ow in the supply chain from object trace data. Figure 1.3 shows that a prerequisite for its
application is the integration of information �ows between supplier and buyer through common com-
munication technologies, marking a step from individual plant and logistics control to inter-enterprise
collaboration [120]. With a comprehensive real-time process monitoring system (e.g., RFID-based) and
a cross-company data exchange, as illustrated in Figure 1.3, the IT-system is then able to detect various
signi�cant events and deal with their implications [32]. For instance, Figure 1.2 illustrates that the result-
ing supply chain visibility enables the IT-system to identify material �ow problems that compromise the
current sequence position of affected orders in production schedules. Through a timely and appropriate
reaction, the impact of the event is then mitigated [105].

Figure 1.3: The concept uses cross-company trace data for the timely identi�cation of problems

Although the analysis of real-time data from the supply chain through such a system has many potential
applications, research in this area is not well developed. Academic literature offers few contributions on
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technological descriptions of these systems and industry reports are scarce that detail technical imple-
mentations in companies. For instance, the majority of reported case studies that focus on monitoring
systems with RFID applications, involve individual companies with reported improvements in e.g., in-
ventory control (stock visibility, theft) and labor input [180]. In contrast, limited evidence for supply
chain level applications exists, although the utilization of RFID data promises substantial performance
improvements by increasing supply chain visibility and reducing material �ow uncertainty [197, 180].
Thus, major effects of internal RFID-based solutions are only found in automation effects on operational
processes (e.g., scanning processes; [180, 161]) and the bene�t of RFID is still controversially discussed
[100]. Only the leveraging of additional supply-chain-related information for production control and
decision making enables the realization of the full potential of RFID technology. The high supply chain
vulnerability of (automotive) manufacturers to signi�cant events coupled with today’s low process visi-
bility along supply chains results in three signi�cant information gaps that existing IT systems in industry
cover insuf�ciently [194]:

1. A gap between the data in information systems and the physical reality within and across compa-
nies that constitute a supply chain.

2. If accurate real-time data is available, a gap between the large amount of primitive data generated
during process execution and actionable information for decision makers.

3. If meaningful information is available, a gap between the business level, actionable information
and the enterprise response for which a system should provide mechanisms that support a response
to the actionable information.

With the technological development and technical implementation of the proposed IT system, the disser-
tation intends to contribute to theory and praxis by addressing all three gaps: The system aligns physical
reality with plan data, aggregates this data into actionable information and proposes and/or executes re-
actions. In contrast to existing systems, it is capable of realizing the stated vision of utilizing visibility
for process resilience.

1.3 Research Objective

The research objective of the dissertation is the technological realization and technical implementation
of a so-called supply chain event management (SCEM) system for �ow shop production lines in general
and automotive assembly lines in speci�c. These production environments are generally embedded in
lean supply networks with high vulnerability and low transparency. In contrast to systems that focus
on amending logistics operations to address signi�cant events, the proposed SCEM system focuses on
duly altering production sequences to ensure material availability. This approach has at least four advan-
tages. First, the scope for compensating, for instance, a delivery delay through the amending of logistics
processes is small due to their already ef�cient design in general and JIS processes in particular. Sec-
ond, production processes are further removed from supply-based events, giving decision makers more
time and scope for reactions. Third, rescheduling through sequence adaptations before production starts
are less costly than employing emergency logistics. Although expedited shipments should be limited to
emergency cases only, reality shows that OEMs are actually ‘planning’ for cases of critical but missing
material by booking air freight capacity sometimes months in advance to limit costs. Fourth, vehicle
production processes already have the built-in capability for rescheduling because vehicle manufacturers
change schedules until the very last minute before assembly starts [24, 71, 23]. To realize the proposed
SCEM system, the information gaps from Section 1.2 have to be closed. More speci�cally, for the
realization of the system’s functionalities, the following research hypotheses are addressed:
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1. System positioning: An SCEM system is ideally located on the level of a manufacturing execution
system and coupled with the EPCglobal Network.

2. Technical feasibility: There are no technical limitations to a seamless integration of the system:
All requirements are available and provide means for importing plan data from business systems
and status data from the supply chain into the SCEM system to realize its functionalities.

3. Process visibility and real-time data �ow processing of RFID data through appropriate technolo-
gies enable an SCEM system to identify supply chain events earlier.

4. The early identi�cation of supply chain events and adequate reactions allow an SCEM system to
mitigate the impact on scheduled operations and overall company performance.

First, the dissertation investigates the existing company IT infrastructure and available data standards. It
then proposes cross-company extensions that enable the sharing of relevant status data. In a next step,
the primitive status and plan data has to be used by the system to extract meaningful information and,
more speci�cally, detect signi�cant events. Hence, the dissertation surveys and develops methods that
process RFID data so that it can be aligned with plan data. Once an event is identi�ed, an analysis
of expected company performance is used to establish its signi�cance to operations. To close the �nal
information gap by supporting an enterprise response, the current production planning and scheduling
process for �ow shops is analysed to determine available plan data and the scope for a rescheduling
through an SCEM system (i.e, ‘window of opportunity’). The dissertation surveys methods in reschedul-
ing of assembly lines prior to production start. Due to the early availability of information, a rule-based
rescheduling approach is developed that gives decision makers various options to mitigate the effects of
a signi�cant event. The technical feasibility of the system is validated in an industry environment and
the bene�ts of its functionalities are evaluated in a simulation study.

1.4 Overview of the Dissertation

Figure 1.4 shows that the dissertation is structured into three main parts. The chapters of the introductory
part describe existing concepts and technologies. They are important for understanding the developments
that are pursued in the work in regard to the SCEM system in general and its components in speci�c.
Chapter 1 motivates the research direction by outlining the vulnerability of modern supply chains and the
necessity of an SCEM system that enables a reactive management of disturbances. Chapter 2 then con-
tinues with the classi�cation and functionalities of IT systems and, more speci�cally, decision support
systems. Based on the general information process, it outlines the functionalities and data requirements
of an IT system that can detect interruptions of the material �ow and devise a duly reaction. Chap-
ter 3 concludes the introductory part with an overview of technologies that can be used to realize the
functionalities of the proposed SCEM system. It summarizes the research gaps of the literature.

The theoretical part of the dissertation then presents the precise realization of an SCEM system with the
desired functionalities. Chapter 4 presents an IT-architecture that allows the embedding of an SCEM sys-
tem in existing infrastructures so that it can access all the required data for processing purposes. Chapter
5 then presents the technological realization of the Event Processor component. It uses technologies for
data �ow processing to detect interruptions of the material �ow. Chapter 6 concludes the theoretical part
by outlining the calculation of an event’s potential effect on company performance. It then continues
with the presentation of the technological realization of the Exception Manager component. It develops
several rescheduling strategies that the SCEM system can use for impact mitigation.

The application part veri�es and validates the developed solutions. It presents the technical and techno-
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Figure 1.4: Structure of the dissertation

logical applicability of the proposed SCEM system and answers the stated research hypotheses. Chapter
7 presents the technical implementation of a prototypical system into a real hardware and software envi-
ronment that closely resembles industry installations. It presents the functionality of the system with an
exemplary scenario. Chapter 8 further analyses the potential bene�t of the system. It uses a simulation
study that is based on a real industry case to evaluate the improvements that are possible when an SCEM
system monitors a transparent but event-prone supply chain. Chapter 9 summarizes the dissertation by
outlining how the research gaps from Chapter 3 were addressed. It also features industry considerations
that are in favour of a commercialization of the system and barriers to its adoption.
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2
Preliminaries of Risk and Event Management

The preliminaries present concepts that are essential background knowledge. They further the under-
standing of the purpose of SCEM systems and, more importantly, enable to place it into the context of
other conceptual developments and software systems in this research area. The �rst Section 2.1 intro-
duces important terminology and concepts related to risks and events in supply chains that will be used
throughout the dissertation. With supply chain risk (SCRM) and event management (SCEM), Section 2.2
presents the two concepts that deal with the uncertainty of supply chain operations. A distinction between
the concepts is made in regard to their respective scope, restricting them to speci�c applications. The
dual character of SCEM as a management concept and an information system is described. Since the dis-
sertation focuses on the software aspect of SCEM, the following sections focus on introducing the reader
to the (data) requirements and system functionalities. Section 2.3 introduces the general information
process by which all computer-based information systems function. It presents the three-stage decision
making process that information systems intend to support with their functionalities and then outlines the
development of information systems towards decision support systems (DSS). They speci�cally address
the decision making process by providing functionalities that support its stages. Since SCEM systems
judge supply chain situations and propose reactions, they are also decision support tools that belong to
this group of information systems. Hence, recent developments in the DSS �eld are outlined. Section
2.4 then places the proposed SCEM system into the context of the presented concepts. It further outlines
preliminary requirements that are essential for the realization of the system functionalities but will not
be further detailed in subsequent chapters. Chapter 2 concludes with a summary in Section 2.5.

2.1 Terminology

In decision theory, risk is de�ned as the ‘variance of the probability distribution of outcomes, their like-
lihoods and their subjective value’ [200]. Risk management meanwhile employs a harzard-focussed
interpretation, seeing it as the product of the probability of an event and its speci�c consequences or
effects [116, 26]. Besides these aspects, de�nitions can also include the causal pathway that connect an
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Figure 2.1: Conceptual framework for the different scope and domains of SCRM and SCEM

outcome and its consequences [133]. Wagner and Bode focus on the effects and supply chain manage-
ment, framing risk as the ‘negative deviation from the expected value of a certain performance measure,
resulting in negative consequences for the focal �rm’ [181]. Re�ning the aspect of effects further, Peck
de�ned it as the ‘�nancial or commercial consequences of inef�ciencies or sub-optimal supply chain
performance’ [127]. Figure 2.1 illustrates that supply risk is the likelihood of an outcome that results
in negative deviations from expected values and eventually manifests itself in operational and �nancial
consequences for a �rm. Using this de�nition, an event is (i) the actual outcome that strays from the
originally planned value and (ii) a programming entity that represents the speci�c occurrence in a com-
puting system (see Figure 2.1). Bearzotti et al. adapted this statement for a supply chain event: It is
a ‘signi�cant change in planned values of the availability of the resources that an order requires to be
executed’ [10]. In the context of this dissertation, a supply chain event is an outcome that impedes the
execution of planned logistics or production processes and affects operational performance suf�ciently
enough that its deterioration should be prevented. Applying these de�nitions to an example, a risk is the
potential material delivery failure from an important supplier while an event is the materialization of this
risk in the form of a machine breakdown that impedes inbound material �ow.

A concept that is closely related to risk is uncertainty: (i) Risk is a consequence of uncertainty factors
that affect a supply chain (see Figure 2.1) and (ii) uncertainty about probability and impact of an event
increases risk [139]. More formally, it is de�ned as the gap between the amount of information required
for performing a task and the amount of information already possessed [114]. This gap occurs when a
decision maker ‘does not know de�nitely what to decide as he is [unclear] about the objectives; lacks
information about its environment or the supply chain; lacks information processing capacity; is unable
to accurately predict the impact of possible control actions on supply chain behaviour; or, lacks effective
control actions’ [139]. Conversely, visibility is the ability to access and share accurate, trusted, timely
and useful information across the supply chain for decision support [20, 31]. Thus, in a supply chain,
uncertainty is reduced insofar that visibility of the material �ow is increased. Again, applying these de�-
nitions to the aforementioned example, uncertainty refers to the unknown probability of a supplier failure
and its precise impact on the focal �rm. In this case, visibility is the ability to access and analyse speci�c
information that enables a company to track the material �ow at suppliers and to detect irregularities.

A concept that is closely related to the magnitude of the ultimate consequences of a risk is vulnerability
� a concept with many de�nitions [183]. A high supply chain vulnerability leads to increasingly aggre-
vating effects that ripple through the supply chain system and eventually manifest themselves in a severe
impact on the focal �rm (compare Figure 2.1). Hence, certain supply chain characteristics (e.g., single
sourcing) are antecedents of its vulnerability [182]. Wagner and Neshat de�ne it as the susceptibility of
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Figure 2.2: Integrated risk management framework; adapted from [11]

the supply chain to the harm or loss that a �rm incurs in the wake of a given supply chain event [182].
Conversely, robustness is de�ned as a strong or sturdy construction of processes which inhibits the oc-
currence of events [26] while resilience is the ability of a system to return to its original (or desired) state
after being disturbed [127, 26, 143]. The dissertation refers to resilience as the reduction or avoidance of
the magnitude of effects that an event coupled with supply chain vulnerability would otherwise induce on
a focal �rm. For the example of a delivery failure, the vulnerability depends partly on the sourcing rela-
tionship. In this case, robustness implies a preventive dual sourcing relationship while resilience refers to
the ability to reactively adapt the production program. Both approaches avoid performance deterioration.

2.2 Preventive and Reactive Risk Management

The conceptual framework in Figure 2.1 illustrates that supply chain risk (SCRM) and event manage-
ment (SCEM) are complementary concepts. On the one hand, SCRM aims at understanding risks and
vulnerabilities to improve the robustness of processes. On the other hand, SCEM intends to identify the
outcome of risk (i.e., events) and to mitigate effects through reactions that increase overall resilience.
The distinction between the scope of each concept is explained in the following two subsections.

2.2.1 Supply Chain Risk Management

Supply chain risk management (SCRM) is de�ned as the identi�cation and management of supply chain
risks through coordination or collaboration among its partners so as to reduce vulnerability and ensure
pro�tability and continuity [163, 86]. Figure 2.1 illustrates that it is a concept that aims at the ex-ante
reduction of risk potential and vulnerability that are associated with operations by employing preven-
tive measures to make them more robust [87, 133, 163]. Figure 2.2 presents that the process for risk
management can be summarized in a four step framework.

Risk identi�cation. The �rst step aims at developing an exhaustive picture of the risk situation of a
company in its environment through interviews or surveys of experts that work within the focal �rm
[30, 167]. Since only risks that are identi�ed at this stage are considered later on, it is crucial that the
analysis is thorough so that no major risk is overlooked. The task of capturing all major risks that could
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Figure 2.3: Probability-impact-matrix: High-probability, low-severity events require SCEM

affect a company, however, is highly complex for at least two reasons [63]. First, it is problematic to
pinpoint the precise origin of a risk, since the company and people involved in the identi�cation process
only know the cascade of its knock-on effects. Second, it is unlikely that all possible interactions between
the elements of a complex supply chain system can be foreseen, making it dif�cult to de�ne all potential
risks that could affect it ex-ante. To structure and facilitate the identi�cation process, risk classi�cations
place speci�c occurrences into more general classes. Literature proposes several classi�cation schemes
to capture various potential risk sources from which an event emanates. A recent overview is provided in
Behdani [11]. All classi�cation schemes, however, still leave it to the decision maker to specify concrete
risks. This approach is arbitrary because in complex systems events can still be overlooked and allocation
of risks into speci�c classes is ambiguous at times.

Risk quanti�cation. After identi�cation, the signi�cance of risks to supply chain operations is quan-
ti�ed through its probability of occurrence and a severity of the resulting effects [11, 95]. Figure 2.3
shows that the probability of occurrence is generally assumed to be a three step classi�cation that distin-
guishes between low, medium and high likelihoods. In industry studies, it is generally quanti�ed through
Likert scales where a higher score indicates increases for the underlying proposition [167, 181, 184].
The approach has the major drawback that the subjective perception of respondents might be biased.
For instance, severe disasters and disruptions, the focus of SCRM, are still wrongly perceived as low-
probability, high-severity events because they threaten business continuity as the Erricson case and others
illustrate [68, 123, 13, 121, 181, 151]. While the probability of their occurrence in a speci�c region is ob-
viously negligible, the global dispersion of supply chains markedly increased the likelihood that normally
rare disasters frequently affect at least one link with the resulting effects propagating through the entire
network [151]. In regard to the severity of effects, events can be grouped into deviations, disruptions
and disasters [46]. A deviation occurs when one or more parameters (e.g. supplier lead time, demand)
stray from their expected or mean value and thus introduce instability into planned operations [46]. Dis-
ruptions refer to a situation where the structure of the supply chain system is transformed through the
non-availability of certain facilities and transport links due to an unplanned, unanticipated occurrence
[27]. Disasters describe a partial or complete system shutdown. The severity can be estimated through
expert interviews, surveys (i.e., Likert scales) and simulation [11].
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Risk evaluation and treatment. Identi�ed and quanti�ed risks can be accepted, avoided, transferred and
reduced [11, 30]. Risk acceptance includes the realization that there is no adequate response or that the
risk is irrelevant to the company. Figure 2.3 shows that this is the case for low probability, low severity
events. Risk avoidance refers to the elimination of its root cause by relocating a facility or dropping
troublesome suppliers [108]. Risk transfer is a strategy where another entity takes responsibility for
negative consequences. For instance, delayed just-in-sequence deliveries are usually connected with
high penalty payments for suppliers, so that costs for production losses at OEMs are shared with the
responsible party [151]. The primary concern of SCRM are risk reduction strategies. To retain the
cost advantages of lean practices, many companies adopted a wide variety of these strategies to reduce
risk potentials and their vulnerability [98, 123, 108, 164, 165]. For instance, higher safety stocks prevent
stock-outs and dual sourcing partnerships are an insurance against bankruptcies or failures of one supplier
[98]. The implementation of redundancy measures like dual sourcing, back-up IT systems or spare
production capacity, however, is time consuming to implement and costly to maintain: They generally
involve a process or supply chain redesign and are strategic or tactical decisions with time horizons of
months to years [154, 25, 13, 163, 26]. Thus, as Figure 2.3 shows, Thun and Hoenig [167] propose that
only highly likely and severe events with network-wide consequences justify preventive strategies.

Risk monitoring. Figure 2.2 shows that monitoring is the �nal stage of the risk management process
[30]. It tracks the constant changes in the environment in which the entity operates and with which it
interacts. Behdani observed that ‘very little rigorous research presenting the methods, tools and pro-
cedures for supply chain risk monitoring’ exists [11]. One tool comes from quality control, where a
continuous monitoring of supplier performance (e.g., quality conformance or delivery reliability) reveals
tendencies towards increased risk levels. Figure 2.2 highlights that not all risks can be anticipated and
their occurrence neither always economically nor through preventive measures addressed. In case that a
risk materializes in the form of an event, a reactive approach is required to mitigate its impact.

2.2.2 Supply Chain Event Management

Figure 2.3 shows that the majority of occurrences are high-probability, low-severity disruptions (e.g.,
temporary machine breakdown) and deviations (e.g., transport delay) where the SC remains fully op-
erational but variation is introduced so that plans become unreliable and less optimal. Kleindorfer and
Saad [95] also refer to this category as operational or day-to-day events. A focus group study found that
delivery delays are seen as the primary problem in logistics operations caused by road congestion, supply
disruptions, and operational issues [139]. In these cases, most risk reduction strategies of SCRM are of
limited use because (i) not all contingencies can be planned for [153], (ii) the ultimate cause of an event
is not always identi�able, (iii) preventive measures are too costly and (iv) the occurrence of minor events
cannot be excluded. Figure 2.3 shows that reactive measures �ll this gap by addressing high-probability,
low-severity deviations and minor disruptions of the supply chain after their occurrence through e.g., a
duly amending of operations [125]. This so-called supply chain event management (SCEM) concept is
frequently associated in literature with a dual character [125, 159]. On the one hand it is a management
concept that is rooted in ‘management by exception’[12] where only crucial incidents are reported and
receive management attention. On the other hand it is a software system that supports this concept by
identifying the problem and helping the decision maker with impact mitigation.

SCEM as a management concept is de�ned as the process where unexpected and signi�cant events are
timely recognized, available mitigation responses are subsequently evaluated and reactions are triggered
through the noti�cation of key employees and the automated adjustment of material and information
�ows [10, 105, 160, 170, 43]. As outlined before, a signi�cant event is an outcome that impedes the
execution of planned supply chain processes and affects �nancial and operational performance suf�-
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ciently enough that its deterioration should be prevented. Figure 2.1 illustrates that preventive strategies
of SCRM deal with risks and vulnerabilities to reduce the potential for the occurrence of signi�cant
events [163] while reactive measures of SCEM focuses on mitigating the knock-on effects of events after
they are observed [10]. SCRM increases the robustness of processes through the ex-ante identi�cation of
risks and the control of their potential negative consequences by implementing preventive risk reduction
strategies that reduce vulnerability [200, 181, 163, 86]. Figure 2.2 shows that SCEM comes into play
when SCRM has failed and the risk has materialized in the form of an event. Both concepts overlap in
their function as mediators by accommodating the otherwise incompatible notions of deterministic target
values and stochastic (i.e. uncertain) process execution. However, although SCEM addresses a funda-
mental problem, i.e., that despite preventive risk management, intra- and inter-organizational processes
are rarely executed as planned, it has received less attention from the academic community and indus-
try than SCRM. In fact, Lavastre et al. [98] found for French companies that SCEM ranked 11th place
out of 21 applied risk mitigation methods. Paradoxically, communication and information exchange of
forecasting and operational data with suppliers placed �rst, although such a structured exchange is a key
prerequisite for the SCEM concept in general and SCEM systems in particular [170].

Although the SCEM concept also follows a four step cycle, as illustrated in Figure 2.2, SCEM software
systems focus on the detection of events and evaluation of adequate responses. They belong to the gen-
eral group of information systems that are broadly de�ned as an orderly and structured communication
between sender and receiver where during the process raw data is transformed into actionable informa-
tion [30]. More speci�cally, SCEM systems are decision support systems that help decision makers to
detect and to solve a problem by emulating their behaviour and reasoning. These systems provide users
with functionalities that support two important management processes that are also regularly executed
by decision makers. First, they support the information process by aggregating raw data into meaningful
information for the decision maker and visualize it intuitively to facilitate situation analysis. Second,
they support the decision making process by applying various causal models and analytic methods to
support the user in regard to the signi�cance of the event, the estimation of its impact and appropriate
counter-measures. For instance, due to the causal relationship between an event and its potential impact
on a company, simulation can be a core component of an SCEM system to estimate the severity of an
occurrence and determine the necessity for a reaction. Data processing with the accompanying decision
support functionalities, however, is only the third step in the information process. To understand the
stages in the information and decision making processes, Section 2.3 introduces both concepts.

2.3 IT-supported Information and Decision Making Processes

Today, companies suffer from an abundance of (raw) data that does not directly translate into improved
decision making. On the contrary, more data makes it increasingly dif�cult to distinguish important in-
formation from noise. Figure 2.4 shows that information systems in general and decision support systems
(DSS) in speci�c focus on the provisioning of information through data aggregation and on the support
of a user through different levels of data processing. The information and decision making processes
are frameworks that support the development and design of the functionalities of these systems. They
are presented with their stages in Subsections 2.3.1 and 2.3.2. Since information systems increasingly
assume tasks that are related to these processes, Subsection 2.3.3 then presents the evolution of manage-
ment support systems. DSS, as the original concept from which SCEM systems and its functionalities
are derived, are presented in more detail in Subsection 2.3.4.
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Figure 2.4: Interaction of the information and decision making processes to support users

2.3.1 The Information Process

With the capability for data processing, an SCEM system covers only a small part of the overall in-
formation process. After the data requirements were de�ned by users, the four distinct phases of the
process range from data acquisition to its storage, processing and presentation [30]. Before each stage
is brie�y explained, it is important to outline the differences between data and information because lit-
erature sometimes treats them as interchangeable constructs. One de�nition states that information is
made up of a collection of data and knowledge consists of different strands of information [36]. Another
de�nition refers to data as things known or assumed and from which conclusions can be drawn while
information is processed data or acquired knowledge [142]. Similarly, in the context of SCEM systems,
data is the raw system input that convey facts from internal and external data sources while information
is the output that was processed with a speci�c purpose in mind.

Data requirements de�nition. To capture only relevant data, it is necessary that the data requirements
for the realization of speci�c functionalities are de�ned up front. The term data requirements de�nition
refers to methods that enable the identi�cation of the type, amount and quality of data (e.g., granularity
of data acquisition) that can solve speci�c tasks. There is often a deviation between objective informa-
tion requirements for a speci�c task and the subjectively perceived requirements by the decision maker.
A large gap between the two indicates that the user is overloaded with information that does not con-
tribute to task ful�lment and results in poor support through the system. There are two approaches for
determining the requirements. An inductive approach assumes that decision makers know their objective
information requirements while a deductive approach derives them from the tasks of the systems [30].

Data acquisition. After the de�nition of data requirements, the data has to be acquired from internal and
external data sources so that it can be used by the system. In the context of SCEM systems this requires
an event generator that captures a primitive event (e.g., engine has arrived in the assembly) and translates
it into any type of input �le (e.g., XML or HTML). The event is then transferred via an event channel
(e.g., TCP/IP connection) to the processing entity of the SCEM system. The acquisition of data from
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various sources demands that a common structure and format of the data is employed. Especially in the
context of cross-company applications, incompatibility of information systems and inhomogeneous data
formats, prevents the availability of data throughout the network and its subsequent processing.

Data storage. Data storage refers to the saving of data for processing purposes. Historically, data were
kept in �les associated with an individual application like an SCEM system. The local saving of data
had the major drawback that many redundant copies in different formats were distributed within the or-
ganization and every time the data changed, the application-speci�c databases had to be updated. Today,
companies have realized that data is an important asset that deserves improved collection and mainte-
nance [36]. One of the most signi�cant advances was the creation of corporate databases in the early
1970s that build on a relational data model [152]. The goal behind the database concept is to store col-
lections of interrelated data together in a format independent of the accessing system. Since data storage
and data use are separated from each other, decisions regarding storage are made independently of deci-
sions regarding usage. Those who maintain the data can focus on minimizing redundancy in storage with
the result that data are maintained only once in a corporation, which reduced storage requirements. Be-
ginning in the early 1990s relational, two-dimensional databases were exchanged with multi-dimensional
database systems (i.e., data warehouses) [142].

Data processing. The processing stage in the information process is of central concern to this dissertation
because it describes the central component and functionality of any information system, including SCEM
systems. More speci�cally, the abundance of raw data from the preceding stages of the information
process aggravates the gap between primitive data and actionable information [194]. The task of data
processing is the utilization of data coming from relational databases, data warehouses or other sources
to generate actionable information. Figure 2.4 shows that at this stage of the framework, information
systems intend to process the data in such a way that they support the three stages of the decision making
process for the users. This process will be described in detail in the following Subsection 2.3.2. It is
the foundation for developing data processing functionalities of different sophistication for an SCEM
system.

Information transfer. This stage aims at communicating the generated information from the processing
system to a receiver via a user interface. The communication is known as human-computer interaction.
A user interface includes all the mechanisms by which commands, requests, and data are entered into the
system as well as all the methods by which results and information are output by the system [142]. In
regard to an SCEM system, information transfer is the preparation and visualization of the information
in an accessible form so that a human decision maker can quickly yet thoroughly understand it. An
important development are dashboards that visualize all the critical information on one screen.

2.3.2 The Decision Making Process

The decision making process contains various stages: Problem identi�cation, data gathering, generat-
ing and evaluating alternatives, implementation and monitoring of a preferred solution. These stages
are commonly subsumed a in three-step framework that can be followed independently of whether the
decision maker is a human user or an information system [156].

The �rst step, intelligence, refers to the search for a problem or opportunity [152]. This task is accom-
plished by monitoring the environment during which data is gathered and the organization’s performance
is measured in terms of its prede�ned goals. This assessment might be examining how a particular or-
ganization is performing relative to others (i.e., benchmarking) or, more importantly for SCEM systems,
examination of activities within the organization and how they perform relative to expectations (i.e.,
target-performance comparison). Figure 2.4 shows that alarm systems cover the �rst step of the decision
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making process. They monitor the environment and notify users via an interface or message in case that
a target-performance comparison yields a substantial deviation. Beyond this stage, these systems do not
get involved with the decision making process, leaving the subsequent tasks to human decision makers.

The second step, choice, involves the development of alternatives that can resolve a situation [152]. It
involves the framing of the particular choice to be made, establishes the speci�c objectives to be consid-
ered in a particular choice context and identi�es appropriate alternatives. This step generally includes
framing of alternatives, collection of data, modelling, and examination of factors that might not �t into
the model [142]. DSS like the proposed SCEM system support the intelligence and choice stages of the
decision making process. First, they identify and de�ne the problem. This includes helping decision
makers to see that a problem exists and to frame it in terms of organizational objectives and constraints.
Second, they help to identify alternative actions that would address the problem. Third, the system col-
lects appropriate data and accesses models to process that data and derive actionable information. A DSS
then examines solutions for their sensitivity to assumptions and their appropriateness before presenting
its analysis. The system does not autonomously choose and implement the best alternative.

The �nal step of the decision making process, design, consists of analysing the alternatives and choosing
one for implementation [152]. Hence, the decision maker considers the information, compares alterna-
tives, selects the best alternative, and evaluates that choice for its sensitivity to assumptions. The goal
is to bring together appropriate business intelligence and models to support the consideration of a prob-
lem or opportunity from more perspectives with better information [142]. In the context of information
systems, as illustrated in Figure 2.4, ‘design’ is the domain of expert systems. In addition to the function-
alities of a DSS, these systems choose an alternative and implement it. Through the monitoring of the
resulting performance, they learn over time to improve their choice of a favoured alternative. Systems
that support this stage of the process largely exclude human users from the decision problem.

Figure 2.4 shows that the user has two options to adjust the output of the information system when it does
not adequately support the decision making process. First, the user can adjust the models and methods
that the system employs for data processing. Second, according to the principle of ‘garbage-in, garbage-
out’, the user can adjust the original input requirements from which the system derives its data and its
subsequent information.

2.3.3 Management Support Systems

Over the past decades, information systems increasingly assumed tasks of the information and decision
making processes. These management support systems aggregate and analyse data to support manage-
ment activities. They distinguish themselves by the degree to which they cover the information process.

Management information systems (MIS). MIS were among the �rst computer-based systems. They
enabled managers on different levels of the hierarchy to extract aggregated information from the opera-
tional data base (e.g., transaction processing systems) for decision making purposes [49]. In contrast to
decision support systems (DSS) they report but do not analyse data and in contrast to executive infor-
mation systems (EIS) they aggregate data insuf�ciently to report the most important indicators. Their
success was limited because such comprehensive reporting systems were so large and in�exible that they
generated huge reports of un�ltered data, which contained little useful information [6]. Considering the
information process, these systems focus on data acquisition rather than processing or transfer.

Decision support systems (DSS). Figure 2.4 illustrated that DSS focus on the data processing stage
of the information process. In contrast to MIS, these systems contain models for problem structuring
and methods for algorithm-based problem solving that support users [49]. They are de�ned as infor-
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Figure 2.5: Classi�cation of management support systems along functionality and time horizon [49]

mation systems that support managerial activities by dealing with a problem where at least some stage
in the decision making process is semi-structured or unstructured [152]. For the unstructured part that
constitutes a novel or dif�cult situation assessment a human decision maker is involved, making it a
‘human-machine, problem-solving system’ [152]. Figure 2.5 shows that to ful�l their task, DSS are
equipped with analysis, diagnosis and predictive capabilities. Their most basic form are spreadsheet cal-
culations that evolved further through advances in operations research and arti�cial intelligence. Their
development, from which also SCEM systems are derived, are further detailed in Subsection 2.3.4.

Executive information systems (EIS). EIS are de�ned as systems that are dialog- and data-oriented
information systems that use communication elements to convey internal and external information via
intuitive and adaptable user interfaces to decision makers [49]. In contrast to the general reports of MIS,
they focus on very few performance indicators that give a comprehensive yet simpli�ed overview of the
state of the organization. The insight that a well-performing company is mirrored by these few indicators,
also called critical success factors, became the major theoretical contribution of the EIS concept to the
information systems theory [6]. This framework was later re�ned with the balanced score card [88].
For the implementation of an EIS, these key performance indicators (KPI) are identi�ed and then tied to
speci�c thresholds, below or above which performance is considered out of control. The monitoring of
their development over time via a user interface or dashboard promises to allow an inference of the state
of an organization. The goal of EIS is exception reporting that noti�es management only in severe cases
through a signal. They focus on the information transfer stage of the information process.

Executive support systems (ESS). In literature the terms ESS and EIS are often used interchangeably
although the major difference of the concepts is substantial: ESS use the components of a DSS to anal-
yse data and of an EIS to display the information in form of KPIs to the human decision maker. A
dashboard-style interface consequently enables a quick detection of serious problems by aggregating
data into information while causal models and methods for analysis, forecasting, simulation and opti-
mization allow a decision support. An ESS eliminates the respective drawbacks of separate DSS and
EIS. It is user-friendly through a graphical interface that provides a comprehensive, KPI-based overview
of the state of an organization while it also provides underlying decision support functionalities [49].

2.3.4 Decision Support Systems

DSS support the information process beyond data aggregation or visual information transfer. Figure 2.5
illustrates that they are the only future-oriented information systems that monitor, analyse and evaluate
changes in indicators and signals to gauge future developments. Figure 2.6 shows the evolution of the
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Figure 2.6: Evolution of the Decision Support Systems Field; adapted from [6]

systems that started with the development of computer-based information systems that could process
data. Due to the introduction of data warehousing, on-line analytical processing, data mining and the
world wide web, a vast array of sophisticated tools has developed in the DSS �eld. Since the development
of these concepts and technologies is of importance to the functionalities of SCEM system, they are
outlined in the following. The evolution of DSS into expert and group systems, as shown in Figure 2.6,
is excluded because they are not necessary for the proposed system functionalities. Furthermore, Figure
2.6 shows that optimization techniques and simulation models are a fundamental technology of of DSS
in general and SCEM systems in speci�c. They are featured in detail in Chapter 3.

Data warehouse. Data warehouses eliminate the drawback of relational databases. It is a central storage
that contains homogeneous and consistent data for the various applications that support management
but exists separate from operating systems. They are de�ned as a process that organizes time-based
data coming from multiple sources according to subjects meaningful to the business and driven by the
need to inform decision makers. The major contribution of data warehousing to information systems
theory is dimensional modelling [93]. Using dimensional models very large data sets can be organised
in ways that are meaningful to managers. They are also relatively easy to query and analyse. In this
sense, data warehousing provides the large-scale IT infrastructure for contemporary decision support
[6]. Given that every object in a supply chain sends information about its location at a given time, a data
warehouse is required to store this data ef�ciently and, more importantly, make it searchable for data
mining applications.

On-line analytical processing (OLAP). Recent advances in database and storage technology have al-
lowed a proliferation of data within companies. OLAP is a software technology that allows management
to access the right data in a data warehouse and analyse it. They are de�ned as ‘a category of software
technology that enables analysts, managers, and executives to gain insight into data through fast, con-
sistent, interactive access to a wide variety of possible views of information that has been transformed
from raw data to re�ect the real dimensionality of the enterprise as understood by the user’ [152]. While
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the data warehouse is the back-end that ensures the organisational and technical aspects of storing large
amounts of homogeneous data, OLAP is the front-end that analyses the data. The creation of OLAP
standards had a large impact on the creation of sophisticated, data-driven DSS.

Data mining. Data mining is a set of tools from arti�cial intelligence and statistics that provides more
sophisticated analyses than OLAP. These tools intend to �nd patterns in the data from which certain
information can be inferred. Sauter [142] put it simply by stating that ‘the goal is to �nd a model that
generates predictions that are most similar to the data on which you build the model.’ Hence, it searches
the data for patterns and then distinguishes the interesting and useful ones from those that are spurious.
Typical data mining techniques are classi�cations, clusters, regressions, sequences and forecasting. The
rapidly expanding volume of real-time data, resulting from Web activity and electronic commerce, has
also contributed to the demand for and provision of data mining tools [152]. In regard to the SCEM
concept, data mining is a promising tool that can be used to �nd patterns in the archived data.

World Wide Web. The important feature of Web-based DSS is that they use a browser as delivery
platform that is globally accessible. Their architecture is server-client-based with an application and
database server that can build on the data warehouse concept and OLAP technologies. The queries are
entered via the web interface at the user’s computer and send over the network with the TCP/IP protocol
to the server where the DSS application is hosted. After processing the query, results are send from the
database server back to the user. The major contribution of the Web is the facilitation of cross-company
data exchange that is also crucial for SCEM systems.

2.4 Preliminary Requirements of SCEM Systems

This section places the proposed SCEM system into the context of the concepts presented in the previous
section. The system combines elements of a DSS and EIS while its processing functionalities are limited
to the ‘intelligence’ and ‘design’ stages of the decision making process. The reasoning for this position-
ing of the SCEM system within the information and decision making processes � as well as the speci�c
information systems � is presented in Subsection 2.4.1. Recalling the information process with its �ve
stages, the following subsections detail the �rst stages in the context of SCEM systems. They are the
preliminary requirements that make the system functional and that are, contrary to data processing, not
within the focus of the dissertation. Subsection 2.4.2 begins with the de�nition of the data requirements
for the tasks of event identi�cation and impact mitigation. The following two Subsections 2.4.3 and 2.4.4
then outline the data acquisition stage for an SCEM system.

2.4.1 Positioning of SCEM Systems Within the Presented Concepts

Figure 2.7 places the proposed SCEM system into the context of the information process that was intro-
duced with Figure 2.4. To ful�l its general functionality of identifying deviations between planning and
execution of processes, the system has requirements for status and plan data from internal and external
sources. Status data is represented by parameters that describe the execution of processes. For an SCEM
system that is interested in identifying supply problems, the spatio-temporal state changes of an object
in the material �ow are of interest. Figure 2.7 shows that status data from the supply chain is directly
loaded into the system. Plan data in the form of due or build dates is acquired from internal data sources.
Plan data in the form of average process durations (i.e., lead times) is for instance derived through a data
mining of historical data from former process executions. This data is generally retrieved from a central
data warehouse. More details regarding the derivation of data requirements and their acquisition from
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the various sources are presented in Subsections 2.4.2, 2.4.3 and 2.4.4.

Figure 2.7: Positioning of SCEM systems within the information process

The last two stages of the information process are the focus of the dissertation and are presented in detail
in the subsequent chapters. Figure 2.7 shows that the SCEM system is based on the DSS concept for
data processing while for information transfer it uses the EIS concept. The EIS concept has the main
advantage that it conveys a complete picture of the state of the organization through the display of a
few key indicators. These so-called dashboards facilitate decision making for a user. In regard to the
DSS, Figure 2.8 places the SCEM system into the context of the decision making process. They can be
classi�ed into several types according to their (decision) functionalities and automation levels [10, 160].
The most basic monitoring systems, as shown in Figure 2.8, are tracking and tracing solutions that provide
monitoring data or status information without any further analysis. In a next step, alarm systems already
possess some processing capabilities. They compare data of a de�ned standard process and the current
state to identify deviations and subsequently notify the process owners [199]. Decision support systems
(DSS) detect deviations and propose to the human decision-maker solutions that are based on de�ned
rules or the simulation of possible outcomes and minimize the disturbance impact on the system. On the
highest step of functionality and automation, autonomous corrective systems or expert systems are able
to detect a disruptive event, look for a solution and implement it if there is any, eliminating the need for
human involvement in the process [10].

As outlined with the research hypotheses and depicted in Figure 2.8, the proposed SCEM system covers
the complete spectrum of technological complexity from event identi�cation to mitigation strategies. In
contrast to expert systems, it explicitly excludes the actual decision which strategies are to be pursued
for impact mitigation. This approach has at least two major advantages over autonomous systems. First,
decision makers can have additional knowledge about the impending event through unstructured infor-
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Figure 2.8: Positioning of SCEM systems within the decision making process

mation that is not accessible for an SCEM system but might radically alter the optimality of different
solutions. To leverage this information, can improve the quality of the decision. Second, the acceptance
of the proposed solution of an SCEM system to an event is increased when management is included into
the decision making process rather than being sidelined. The implementation of autonomous systems
would demand the secession of control over operations that are generally deemed central to company
success. To increase the acceptance of a new information system, it is of central importance that the user
retains some instance of control over the actions of the system.

2.4.2 Data Requirements De�nition

Before an SCEM system can properly ful�l its speci�c purpose and functionalities, a careful de�nition
of the required inputs is crucial to avoid that the ‘garbage-in, garbage-out’ principle leads to irrelevant
results. Data requirements for the desired functionalities are de�ned using a deductive approach. SCEM
systems require process visibility for their task of uncertainty reduction in general and event recognition
in speci�c. Most of the current literature that is concerned with identi�cation technology and data cap-
turing in supply chains emphasizes asset visibility, ‘where products, materials, vehicles, or customers
are located and counted to reduce theft, �ght counterfeiting, manage recalls, report misplaced inventory
or simply report more accurate inventory’ [153]. The dynamic movement of things in a supply chain is
more important to event identi�cation, however, because it constitutes the behaviour of the supply chain
while it is in execution. This behavioural visibility is achieved through two important metrics: Timeliness
is a time that is neither too soon nor too late when entities arrive in or depart from particular states while
correctness refers to the actual sequence of states experienced by the entities over time [153]. For the
distinction between actual and correct time and sequence, an SCEM system requires two inputs: (i) Up-
to-date information about the present identity, location, time and status of entities transiting the supply
chain that are captured in timely messages about events (i.e., individualized trace data; ITD), (ii) along
with the planned dates and times for these events [45].

Figure 2.9 illustrates that a variety of entities act as event producers. They are potential sources for
the generation of the two data inputs for an SCEM system. ITD is acquired during the execution of
physical processes and has to be integrated within and across companies for data analysis. The majority
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Figure 2.9: Different kinds of event producers for processing applications; [42]

of events in these processes clearly comes from the hardware side of the classi�cation since the focus are
real-world objects. More speci�cally, in supply chain applications a RFID reader can be used to detect
the presence of a RFID tag. The reading captures the behavioural visibility of an object as trace data
that is generated during the execution of physical processes. Conversely, plan data originates with the
order speci�cation and placement through a customer before plan data within and across organizations
is generated to ful�l the order punctually. Hence, as illustrated with Figure 2.9, plan data originates from
the human interaction when orders are placed and from software applications that plan production jobs.
The following Subsection 2.4.3 outlines the speci�c hardware technologies and standards that enable the
capturing of ITD along supply chain processes. In regard to the requirement for plan data, Subsection
2.4.4 then presents ful�lment strategies for customer orders and the associated replenishment strategies
from which software applications generate plan data. The status data in conjunction with plan data allows
the data processing (i.e., target-performance comparison) through an SCEM system.

2.4.3 Acquisition of Individualized Trace Data for Behavioural Visibility

Table 2.1 lists essential properties for capturing trace data that can be subsequently analysed by an SCEM
application.

Acquisition technology. Individualized trace data (ITD) is generated during the execution of processes.
The majority is acquired through optical systems with bar and data matrix codes at the forefront. After
the early technology hype concerning identi�cation via RFID, barriers to its adoption emerged: A lack
of return on investment (i.e., high costs), technical constraints (e.g., scanning dif�culties due to �uid or
metal, the wide diffusion of bar codes and others [161, 144, 78, 29]. To support technology adoption,
academic literature has recently focused on closing the credibility gap of the bene�ts of RFID over
bar codes [100, 141]. This gap has partly emerged due to the prevalent view of RFID as a bar code
replacement that neglects knock-on bene�ts. For instance, Marks and Spencers, an English retailer,
tagged 3.5m cases and gained 83% reduction in reading time, signi�cantly reducing labour costs in
scanning processes [189]. The investment became only pro�table, however, because the cases were
tagged once and are now used for 10 years in a closed loop application, eliminating costs for repeated
bar code printing and labelling [77]. Hence, bene�ts of RFID are mainly perceived to be in automating
manual processes while less obvious bene�ts in closed loop tracking and real-time supply chain visibility
are neglected [161]. In future RFID will become more commonplace: The left hand side of Figure 2.10
indicates that the overall market for passive tags will grow from $1.9bn in 2011 to $10bn by 2021.

Acquisition level. The ISO 17365 standard proposes �ve acquisition levels for product tagging [80] that
are summarized in three categories in Table 2.1. First, item-level identi�cation tags individual products
or its packaging. Next, several items are combined into larger batches through carriers such as transport
units, returnable transport units or fright containers. In the third category, the items or carriers are placed
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Figure 2.10: Overall RFID market (left) and passive tag sales in manufacturing (right); data from [77]

Table 2.1: Properties of individualized trace data acquisition

Category Speci�cation

Acquisition technology Mechanic Optic (e.g., bar code) Automatic (e.g., RFID)

Acquisition level Vehicle Carrier (e.g., pallet) Item

Data structure GS1/EPC Odette DUNS

Data storage Data-on-Tag Data-on-Network

Application Closed loop Open system

onto movement vehicles (e.g., forklift, ship, train, etc.). The application of SCEM systems demands item-
level visibility so that a link between the individual product and the load of a carrier and vehicle exists.
Since an item-based application requires a massive amount of tags, costs are essential to their success.
Hence, for industry-wide adoption, prices for cheap passive RFID tags, i.e., those that lack batteries and
cannot actively send signals, have to drop from about 50¢ to 5¢ [29, 77]. Currently the majority of case
studies reports carrier-level applications [189, 159]. For instance, VW uses about 600,000 specialized,
expensive containers in Wolfsburg, Germany of which 5% disappear annually. The increased visibility
of containers promises annual savings of 1.8 em [159].

Data structure. Since various actors are part of the supply chain and potential bene�ciaries of data
usage, it has to conform to a speci�c data structure so that it can be transferred to various entities and
analysed by different systems. Furthermore, item identi�cation via passive RFID tags is going to exist
alongside the barcode technology for years to come. Hence, compatibility with its structure � especially
the numbering system of the unique item identi�er � is an important advantage. GS1, the organization
that controls the issuing of barcodes, has developed the electronic product code (EPC) based on the Tag
Data Standard [52]. For individual items it uses the Serialized Global Trade Item Number (SGTIN).
It is assigned to any item that may be priced, ordered, or invoiced at any point in any supply chain.
The SGTIN contains three different number sequences that represent different information. First, the
company pre�x is a 13 digit numeric code that identi�es the GS1 member and the managing entity of
EPCs, which is usually the supplier of the tagged product [176]. Second, the item reference is another
13 digit numeric code. It is applied by the managing entity to discern types of items (e.g., tires). Thrid,
the serial number consists of a maximum of 21 digits and is unique for each instance of an item type. To
avoid the payments for a membership within the GS1 organization, companies can subscribe to another
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number issuing agencies such as Odette, DUNS or even use their own proprietary numbering systems.

Data storage. Data can be stored on the object or on the network. A data-on-tag approach is useful for
supervising maintenance inspections or even production control [33]. For instance, at the Essex Engine
Plant of Ford in Windsor, Canada about 10,000 to 12,000 active and rewriteable RFID tags with 32 kByte
storage capacity are in circulation. In the beginning of the production process, steel cross members are
equipped with tags that contain the customization details, including the motor con�guration. At each of
the approximately 2,000 work stations, the necessary production steps and quality controls are read out
and acknowledged on the tag with time and date, creating a detailed production history for documentation
purposes [33]. Although there are several applications in industry [111], they are likely to remain a niche
market for the foreseeable future due to high costs of (active) tags with suf�cient memory. Furthermore,
systems that analyse RFID data in regard to currently occurring deviations require it as fast as possible
so that the retrieved information is not already outdated. Hence, rather than recording the timeliness and
sequence correctness on the item and retrieving it later, the related information needs to be readily and
instantly available throughout the supply chain network.

Application. As the Marks and Spencers case illustrated, most RFID applications today are deployed in
closed loop systems. For instance, in its Cuautitlan plant in Mexico with an annual production volume
of 300,000 to 400,000 vehicles, Ford uses 48-byte tags and a 23-digit reference serial number to indi-
cates speci�c operations that need to be done from body shop through assembly. The tags are mounted
to metal skids that carry the auto bodies so that they can be reattached, rewritten and reused after a
vehicle is �nished [4]. Hence, in closed loop systems the technology is either deployed within one facil-
ity/company or in a cross-company cyclic exchange of returnable transport units. However, the gap of
inter-organizational RFID applications seems to fade: A literature review of RFID applications found an
increase in the category ‘logistics and supply chain management’ from 3.5% out of 85 research articles
in the period from 1995 to 2005 [118] to 21.3% out of 94 articles for the period from 2004 to 2008 [103].
In these open systems data is shared across organizations with a unidirectional material �ow where tags
remain attached to the items. In practice, examples from a wide range of industries illustrate that data
collection on the shop-�oor is increasingly occurring in real-time through Auto-ID technology in gen-
eral and RFID in particular [4, 180]. This development is echoed by RFID market analyses: The right
hand side of Figure 2.10 shows that the number of passive tags applied in manufacturing for item-level
tagging and others is forecasted to increase from about 350m in 2010 to 8bn in 2021. Manufacturing is
forecasted to be the third largest market for passive RFIDs after consumer goods and retail apparel [77].

In summary, the previous outlines indicate that an SCEM system builds upon a comprehensive base of
individualized (i.e., item-level) trace data that is preferably acquired through automatic identi�cation
technology and is readily and instantly available throughout the supply chain network. RFID technology
for data acquisition is becoming more commonplace and can be supplemented with information from
existing optical data acquisition processes. For an application in a supply chain network, an open system
with common data formats is preferable. A comprehensive monitoring infrastructure that addresses the
points from Tabel 2.1 is a preliminary requirement of the system. Their technical and organizational
speci�cation is not further detailed in this dissertation.

2.4.4 Acquisition of Plan Data for Status Alignment

Figure 2.11 illustrates that plan and status data follow the same life cycle. In contrast to status data that
is generated by identifying objects that transit the supply chain, plan data is initially generated through
production orders. They are triggered by customers with the speci�cation and placement of an order.
The order ful�lment on the demand-side of a company, as shown in Figure 2.12, can then occur in
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Figure 2.11: Plan and trace data life cycles follow the same stages; adapted from [119]

three different ways that vary in the degree of product customization and their order-to-delivery (OTD)
time, i.e., the time from order placement by the customer until product delivery. In a build-to-stock
environment, production orders are triggered by forecasts while the actual customers are served from
existing inventory at dealerships or central distribution centres. In an ideal assemble-to-order and build-
to-order (BTO) environment, production orders are associated with speci�c customer orders. Hence,
their orders are directly entered into the virtual order bank (VOB). In industry, there is always a strategy
mix pursued. For instance, Holweg and Pil [71] found for the European automotive market in 2000 that
BTO sales were 48% while sales from central and dealer stock were 14% and 38% respectively. For the
US market, only 6% of sales were BTO while 89% were sold from dealer stock. Similar, Köber and
Heinecke report that the BTO-rate of a manufacturer of tractors is below 50% [91]. The shift to BTO is
a worldwide trend but in comparison to the Japanese and European markets, this transition is slowest for
manufacturers in the US market where customers traditionally prefer to buy products directly from stock
at dealerships.

Regardless of the order ful�lment strategy, production orders that enter the VOB trigger the material
requirements planning (MRP). Its task is the coordination of orders (i) within the plant as production
jobs and (ii) from the supply-side of a company as purchasing orders. Similar to the two central metrics
of RFID data, timeliness and correctness, MRP deals with two basic dimensions of production control:
quantities and timing [72]. It determines appropriate quantities of all types of items: From �nal products
that are sold, to components used to build �nal products, to inputs purchased as e.g., raw material.
Furthermore, it �xes production timing (i.e., job start times) that facilitates meeting order due dates.
After data integration within the company (compare Figure 2.11), the MRP �rst processes the order
by �xing the timing of production jobs. It considers capacities, constraints and material requirements.
Jobs are scheduled and sequenced to ultimately assign them a speci�c build date when the end product is
manufactured. This step is priority based where order due dates are offset with lead times to determine the
earliest production start times. The availability of build and due dates of scheduled orders are important
for an SCEM system. They enable a comparison of the status data from the supply chain to the feasibility
of the scheduled production job and the timely delivery of the product. Given a �xed build date, the
company then has to ensure that suf�cient material is present so that the schedule becomes feasible and
the end product can be manufactured. Figure 2.12 illustrates that vehicle manufacturers employ a three
step process. In the body shop the chassis is assembled. It is then coloured in the paint shop. The �nal
assembly is a paced conveyor where all remaining components of a vehicle are assembled. Between the
shops are buffers, from which the production sequence for the succeeding shop is sourced.

To integrate the data across organizations, as shown in Figure 2.11, the MRP creates and distributes
purchase orders to the supply base. They contain the quantities and speci�cations of required parts or
modules and specify delivery dates when the material has to be at the OEM. Thus, end products are
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Figure 2.12: Supply-side replenishment and demand-side order ful�lment strategies

disaggregated by the MRP into lower-level items through the bill of material explosion from which sup-
ply requirements are calculated. Figure 2.12 illustrates that also on the supply-side three general supply
strategies can be pursued. They are distinguished by the inventory that is kept between supplier and
buyer. In a ‘just-in-case’ environment, the OEM maintains on-hand inventory that is replenished periodi-
cally. Given that inventory is insuf�cient for the scheduled production jobs or falls short of security stock
levels, an order with a speci�c quantity (lot size) and delivery date is issued to the respective supplier.
Conversely, in a just-in-time (JIT) and just-in-sequence (JIS) environment, the company does not hold
inventory on site. Rather, it uses the scheduled production orders to issue speci�c build dates and module
speci�cations to the respective suppliers. As illustrated in Figure 2.12, JIS is a special case of JIT where
production processes of the company is synchronized with its suppliers in the course of which inventory
levels are reduced further. Similar to the order ful�lment strategy, industry applies all three replenish-
ment strategies in parallel. In fact, Thun et al. [168] found for the German automotive industry that the
ratio of parts delivered JIS is between 30% and 50% � an assessment that was supported by another re-
cent study [184]. In practice, JIS deliveries often resemble the JIT concept more closely. Due to frequent
short-term schedule changes at the OEM, suppliers generally maintain a �nished product inventory from
which the required components are delivered in the desired sequence.

2.5 Chapter Summary

The preliminaries presented essential concepts of the SCEM system. The reader is introduced to SCRM
and SCEM as the two main concepts that deal with uncertainty and its effects in supply chains. It was
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found that the majority of literature deals with risk management and disruptive events that threaten busi-
ness continuity whereas minor ‘glitches’ are rarely featured. SCEM deals with day-to-day disturbances.
It has a dual character as a management concept and a software system that supports it. As a con-
cept, SCEM is based on the notion that signi�cant events are inevitable and can have adverse effects
on performance. They are managed by exception when they occur. An SCEM system, the focus of
this dissertation, supports this concept by ex-post identi�cation of events and evaluation of operational
mitigation strategies that support users in managing these exceptional occurrences. The literature review
then outlined that the proposed SCEM system (i) contains elements of a DSS for data processing and of a
EIS for information transfer and (ii) covers, during data processing, the ‘intelligence’ and ‘design’ stages
of the decision making process but not the ‘choice’ stage.

Besides important concepts, Chapter 2 also presented the data requirements for detecting deviations be-
tween planning and execution of processes. Plan data is generated through the placement of customer
orders, their subsequent scheduling and the material requirements planning process. Status data is gen-
erated through identi�cation technology that captures the behavioural visibility of objects traversing the
supply chain. While the former �xes the temporal and quantitative constraints for an effective production,
the latter provides on-line feedback about the current timeliness and correctness of shipments. The avail-
ability of these information allow an SCEM system to make inferences about whether replenishment will
adhere to the �xed constraints set by production planning and the required material will consequently be
present when production is scheduled to start. If this is not the case, then a reaction has to be generated
and executed, sanctioned by the decision maker, to avoid event-related performance deterioration. Chap-
ter 3 introduces the reader to the state-of-the-art of science and technology in regard to the realization of
the desired data processing functionalities.
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The previous chapter outlined that the proposed SCEM solution is a DSS that has to provide the following
functionalities for decision makers:

� Identi�cation of supply chain events from trace and plan data

� Estimation of its probable impact on company performance

� Proposal of mitigation strategies that focus on production processes

This chapter is concerned with two objectives. First, it outlines related work on SCEM systems. Sec-
tion 3.1 investigates the contributions of recent research projects to the SCEM concept in general and
software solutions in speci�c. These projects are interesting because they are joint initiatives of research
institutions and industry where innovative solutions are implemented in industrial settings through fea-
sibility or pilot studies. They highlight academic topics that are of interest to companies and where the
state-of-the-art is most likely to evolve in future. Rather than joint initiatives, Section 3.2 then examines
the state-of-the-art in research and industry separately. There is generally a gap between developments
in theory and praxis, which is also true for concepts concerned with SCEM systems.

Second, the chapter outlines related work on technologies that can be used to implement the three desired
functionalities of the system. An SCEM solution is a cross-sectional topic that touches several separate
research �elds. Section 3.3 outlines technologies that can be used for event identi�cation. It continues
with a literature review of studies that apply these technologies for event identi�cation from RFID data.
Section 3.4 then presents modelling approaches that can support the impact analysis. A literature review
outlines the application of the various approaches to modelling the impact of disruptions on companies.
Section 3.5 presents reactive strategies that can be used for impact mitigation. Chapter 3 concludes with
Section 3.6. It summarizes the identi�ed research gaps in the literature and the principal contributions of
the dissertation.
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Figure 3.1: Finished and ongoing projects in research �elds

3.1 Research Environment

SCEM systems touch three areas whose relationship to each other is illustrated in Figure 3.1. First, lean
supply chain management has eliminated time and stock buffers, making SCRM and SCEM a top prior-
ity for companies to reduce their vulnerability to minor and major events. Second, AUTO-ID in general
and RFID technology in speci�c are the enablers for behavioural visibility that reduces uncertainty along
production processes and within supply chains. Third, production planning and scheduling aims at de-
vising (and repairing) an optimal schedule that ensures timely delivery of products at minimal costs.
Decision support systems are located at the cross-section of identi�cation technology with the other two
�elds. Although most of the listed projects in Figure 3.1 are sponsored by the BMWi and BMBF, the
vast potential of utilizing sensor data for production planning and control has also spawned substantial
interest on both sides of the Atlantic Ocean.

The US National Science Foundation has been funding over 100 projects focusing on cyber-physical
systems in transportation and logistics. In the European Union, the 1.2 ebn programme ‘Factories of the
Future’ funded over 60 projects from 2009 through 2012 in the manufacturing industry. For instance,
PRIME (11/2012 � 10/2015) covers the cross-section between Auto ID technology and production con-
trol: It intends to enhance assembly systems with standardised plug and produce process and control
solutions. It speci�es interfaces for monitoring against production objectives and bottlenecks, so that er-
rors and sub-optimal behaviour is identi�ed and assigned to the responsible stations. DREAM (10/2012 �
09/2015) covers the integration of predictive simulation modelling and optimisation methodologies into
routine decision making processes. It aims at advancing discrete event simulation technology to promote
the embedding of simulation-based support across the array of multi-level decisions. These range from
strategic (product/process development) to tactical horizons (ERP decision level support) and down to
the MES-level with the requirement of reactive real-time decision support. Other projects that relate to
the �exibility of manufacturing processes due to sensing capabilities are AUTORECON with focus on
the automotive industry and AIMACS (08/2010 � 07/2013). Building on the overview in Figure 3.1, the
following subsections present relevant research initiatives and selected projects. The related websites of
each project are listed in Table A.1 in Appendix A.3.
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3.1.1 next generation media

One of the �rst relevant research initiatives started in 2005 and was called ‘next generation media’ where
the BMWi funded a total of 11 projects with a cumulative total of 40 em. One cluster of projects
dealt with intelligent logistic networks that use RFID technology to make material �ows transparent and
�exible. Two of the four projects are presented in more detail in the following paragraphs.

LAENDmarKS (09/2005 � 11/2008). LAENDmarKS was initiated by a consortium of the German
automotive industry. Its goal was to facilitate the identi�cation and retracing of quality defects or errors
in complex supply networks to their original source. This should prevent errors during production and
costly product recalls after their sale. Through the utilization of RFID technology, it intended to visualize
the route of parts and modules through the network. Solutions and models for the coupling of company-
speci�c IT-infrastructures and the exchange of data were investigated. The project resulted in VDA
5510 [175] as a recommendation for the utilization of RFID for the tracking and tracing of parts and
modules in the automotive industry. It proposes the EPC as standard data structure and provides a
detailed description of a reference automotive process from supplier to OEM. Among others, the latter
outlines bene�ts of using RFID in a speci�c process, required input data and possible output data.

Ko-RFID (09-2006 � 09/2009). Similar to LAENDmarKS, Ko-RFID dealt with the transition from intra-
to inter-company networks. Based on the analysis of existing value chains in the textile, automotive
and kitchen furnishing industries, the relevant technical standards, interfaces and logistic applications
were developed for RFID-based value chains. The project speci�cally focused on concerns arising from
the technology use such as misuse of data, transparency and security. More importantly, the project
also evaluated concepts and architectures for an RFID-based capturing of individualized trace data. An
SCEM system was developed to analyse RFID data that was captured during receiving, production and
shipping of items. Several scienti�c publications from the project contribute to SCEM systems and the
utilization of RFID in production and logistics networks (e.g., [50, 83, 160, 169, 170]).

3.1.2 AUTONOMIK

A more recent initiative by the BMWi, AUTONOMIK, started in 2009 and focused on the development
and evaluation of autonomous systems as building blocks for a future ‘Internet of Things.’ It intended
to test the resulting applications in industrial practice. Hence, existing methodologies for visualization,
modelling, simulation, decision support and modularisation were used for speci�c applications and sce-
narios. The programme sponsored a total of 14 projects with a cumulative budget of 110 em of which
the BMWi provided 55 em. The following paragraphs present two important projects.

AGILITA (11/2009 - 10/2012). AGILITA focused on linking production control systems with RFID
technology to enable an autonomous control as well as a comprehensive tracing infrastructure. One as-
pect of the project dealt with simulation-based analysis of material �ow processes and the identi�cation
of optimal control strategies. The project also investigated the integration of RFID data into a Manufac-
turing Execution System (MES) and the development and prototypical implementation of an agent-based
MES. It aims at capturing all relevant production and material �ow data and the automatic triggering of
production and transport jobs.

RFID-based Automotive Network (11/2009 - 12/2012). RAN, the successor of LAENDmarKS, pur-
sued the creation of greater transparency in the automotive supply chain by de�ning common data stan-
dards and an architecture for a structured data exchange among companies. To this end, the project
adopted the proposal from LAENDmarKS and VDA 5510 by employing the EPC standard and the EPC-
global architecture for the capturing and exchange of trace data. RAN also described 9 commonly oc-
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curring applications for the capturing of RFID data (e.g., RFID gate, single read point, JIS gate, mobile
device, etc.). For the structured yet secure data exchange the project proposed the ‘InfoBroker’concept. It
is a distributed database of local repositories that communicate with each other. They exchange relevant
trace data from supply chain partners. The availability of this data creates the potential for controlling
complex production and logistics processes through an SCEM system.

3.1.3 Agile Production Systems

Within the research initiative ‘the future of production research’ the BMBF has funded over 480 projects
of which 12 were concerned with agile production systems. These projects recognized the need for com-
panies and networks to adapt quickly to changing circumstances in the era of turbulence. POWer.net and
Vertumnus hereby took a strategic rather than an operational perspective and are consequently focused
on SCRM. They identi�ed relevant market indicators (e.g., exchange rates, raw material prices) and lim-
ited their range through pre-de�ned, network-speci�c thresholds. Once the thresholds are breached, the
network has to adapt by implementing SCRM strategies like dual sourcing.

WinD (06/2010 � 06/2013). WinD focused on operational agility of production processes. Like RAN, it
also recognized the problem of isolated IT-infrastructures and thus, focused on a standardization of data
structures and interfaces between ERP-MES and ERP-PLM systems to close the respective gaps. The
EPC concept was then transferred from retail to the machining tools industry. Through the integrated
IT-architecture, a decentralised planning and control logic was developed. It processes the real-time data
coming from the shop �oor and distinguishes between the application of different planning methods,
depending on the speci�c situation derived from the data. The ‘myOpenFactory’ concept extends intra-
company data standards for supply chains to facilitate the order ful�lment processes.

3.1.4 Industry 4.0

In 2012 the BMBF initiated a new research program entitled ‘Industry 4.0’ that was subsequently fol-
lowed by the announcement of the BMWi to fund projects in ‘AUTONOMIK for Industry 4.0’. The
initiatives are based on the converging of real and virtual worlds in the manufacturing environment into
a smart factory. Their technological foundations are cyber-physical production systems (CPPS) and the
‘Internet of Things’. Like expert systems, these systems act autonomously but are also interconnected
among each other so that they act collectively to achieve a mutual goal such as minimizing overall pro-
duction costs. This development includes the development of intelligent monitoring and autonomous
decision support so that production networks can be controlled and optimized in close to real-time.

ProSense (09/2012 � 09/2015). Mass customization and volatile markets have led to complex production
processes that have to be planned and controlled ef�ciently to retain competitiveness. Although planning
tools exist in the form of APS, these systems are too sluggish in their reaction times for such a dynamic
environment. Similar to RAN, ProSense aims at capturing and analysing sensor data for decision support.
In contrast to RAN, the project intends to develop an intelligent production control system based on
autonomous CPPS that not only propose reactions but also carry them out. Whereas RAN focused on
supply chain applications, ProSense develops functionalities solely for production planning and control.
Its vision is to optimally support decision makers in their task of planning and controlling production
processes by aggregating, analysing and visualizing sensor data from machines and objects.

CyProS (09/2012 � 09/2015). CyProS also intends to develop and implement CPPS for addressing the
era of turbulence. First, it aims at de�ning a reference architecture for CPPS modules that cover enti-
ties in different granularity � i.e., machines, work cells, logistics systems. In a second step, the project
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provides universal approaches, tools and platforms for the successful technological deployment of CPPS
(e.g., availability of up-to-date plan data or concurrent simulations). Lastly, it creates the technical and
methodological foundation for the economical application of CPPS and their prototypical implementa-
tion in a production environment. The project differs from RAN in its production-oriented focus.

3.1.5 Discussion

The project descriptions illustrate that recent research initiatives touch the SCEM concept but do not
develop or implement related software solutions. Two important limitations of the projects stand out.
First, projects that cover the SCEM aspect (i.e., WinD, Ko-RFID and RAN) primarily dealt with data
capturing (Ko-RFID, RAN), exchange of data through a common format (LAENDmarKS, RAN) and
the creation of IT-architectures (WinD, RAN). This approach included (i) the agreement over a standard
data format for a supply chain application and (ii) the integration of data with company-internal IT-
systems. The resulting proposals are crucial groundwork for the applicability of SCEM systems and
cover industries ranging from machine tools to automotive and retail. Although the projects addressed
the prerequisites of the SCEM solutions and IT-applications were part of their scope, realizations were
mostly limited to monitoring systems and did not include all functionalities of a DSS.

Second, whereas the proposed solution of this dissertation is based on the premise ‘supply chain supervi-
sion, production control’, the majority of projects focuses on one of the two environments. For instance,
recent research (CyProS, ProSense) focuses on production environments where shop �oor sensing capa-
bilities are used for the intelligent, real-time control of processes. This proposal includes the management
of disturbances that affect the shop �oor but omits problems from the supply chain. Hence, the research
projects addressed important prerequisites of SCEM systems but not the systems themselves. The fol-
lowing section shows, however, that academic literature and industry have already developed solutions
that come close to the proposed system.

3.2 SCEM Systems in Theory and Praxis

SCEM systems fundamentally rest on the concept of identifying deviations in the execution of processes
and the management of their impact. This section �rst introduces related work from scienti�c journals
that speci�cally focuses on the realization of SCEM systems. It outlines the shortcomings of current
approaches. Subsection 3.2.2 then presents concrete industry solutions and their limitations. The section
concludes with a summary that matches technologies from literature to functionalities of the proposed
solution.

3.2.1 Literature Review of SCEM Systems

The research concerning SCEM systems is young and, as previously indicated with Figure 3.1, a cross-
sectional topic that covers several, separate �elds: Solutions combine but are not limited to technologies
for event identi�cation from plan and status data, impact analysis and mitigation strategies. Table 3.1
summarizes a selection of recent related work that explicitly deals with systems that cover the SCEM
concept. Building on the classi�cation of Section 2.4 (Figure 2.8), the publications are listed in regard to
the type of system. The following paragraphs present a few publications in more detail.

Huang et al. [74] propose a monitoring system for a manufacturing environment that analyses trace data
to detect disturbances or other important issues. It employs a two-step approach for event identi�cation.
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Table 3.1: Related work on SCEM systems

Publication Monitoring Alarm DSS Expert

Adhitya et al. [2] X

Bearzotti et al. [10] X

Behdani [11] X

Cauvin et al. [22] X

FernÆndez et al. [43] X

Göbel and Tribowski [50] X

Guarnaschelli et al. [54] X

Huang et al. [74] X

Ko et al. [96] X

Lamparter et al. [97] X

Lepratti et al. [101] X

Ngai et al. [117] X

Zimmermann [199] X

First, it uses Complex Event Processing (CEP) to detect patterns from the incoming trace data of iden-
ti�ed objects. In a next step, the Monitoring Executive employs a constraint-based component model
that can be triggered by the complex events from the �rst stage. The Monitoring Executive applies a
mode estimation algorithm to estimate the most likely states of the monitored components according to
the most recent observation and the previous belief state of the model. The monitoring system has the
drawback that it does not specify a use case for disruption management and thus does not cover impact
analysis and mitigation strategies.

Zimmermann [199] present an agent-based SCEM system based on monitoring orders as they move in
the supply chain, detecting when a disruptive event affects an order. To avoid excessive communication
due to monitoring processes, it uses adaptive order pro�les that identify vulnerable orders. Data about
orders is gathered through ‘surveillance agents’ from internal data sources and external supply chain
partners (e.g., ERP or WMS system). The interpretation of the data and alert generation are then based
on Fuzzy Logic mechanisms to imitate human assessment mechanisms. Alerts are sent to actors to
initiate reactions and to customers that will be affected by the event. The system has the drawback that it
does not propose reactions for impact analysis and mitigation.

One of the �rst DSS publications of SCEM systems, Adhitya et al. [2] develop a model-based frame-
work for detecting, diagnosing, and rectifying abnormal supply chain events. It employs a composite-
operations graph to capture the cause-and-effect among all the variables in supply chain operation. It is
used to simulate all possible material �ows between entities. Its subgraph, called scheduled-operations
graph, captures the causal relationships in a schedule and is used for identifying the consequences of a
disruption of the material �ow. Rescheduling is done by searching a recti�cation-graph, which captures
all possible options to overcome the disruption effects, based on a user-speci�ed utility function. The
system has the drawback that it focuses on the special case of schedule disruptions in the supply of crude
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oil and event identi�cation from (plan and trace) data is not described in detail.

Lamparter et al. [97] present an SCEM system that was subsequently extended by Lepratti et al. [101]. It
analyses trace data from the supply chain in regard to its signi�cance to scheduled production processes.
It consists of two components. The Situation Recognition also uses CEP for matching the incoming trace
data to a pre-de�ned rule base to extract delivery problems. Given that a pattern is matched by the trace
data, the rule triggers rescheduling operations through the Compensation Handling component. It uses
a mixed integer linear problem that overhauls the production schedule to account for the new situation.
The system has the drawback that it does not cover impact analysis. In contrast to the production-based
DSS of Lamparter et al. [97] and the proposed SCEM system, Ngai et al. [117] presented a logistics
DSS. It deals with real-time accident handling in logistics, using GPS for real-time vehicle positioning
and RFID technology for the support of vehicle rescheduling through decision makers.

Bearzotti et al. [10] propose an inter-organizational, agent-based SCEM system with decentralized de-
cision making. It uses performance indicators with pre-de�ned limits that indicate the occurrence of
an event. For instance, an inventory is represented through an agent that has an upper and lower limit
for the material quantity. Similar to Zimmermann [199], the system receives plan data from planning
systems and status data from execution systems. Given that the target-performance comparison yields a
deviation, the agents of the involved supply chain partners negotiate corrective measures. The resulting
control actions consist of a distribution of changes between supply chain members to minimize the effect
of deviations in the current plan. The agents use the plan’s slack and implement changes autonomously.
The system does not detail the extraction of data for event identi�cation and has the drawback that in
praxis decision makers want to retain control over changes to schedules.

Guarnaschelli et al. [54] also propose an autonomous, inter-organizational SCEM system. The collab-
oration is achieved by the interaction of two centralized managers and a distributed controller that is
responsible for controlling the execution of schedules at supply chain members. It interacts with the
(centralized) Feasibility Manager that assures the feasibility of all schedules and conducts the collabora-
tive repair. A single (centralized) Monitor is responsible for analysing resources feasibility over time in
comparison with order progress to predict and detect disruptive events. Schedule repair is modelled as a
constraint satisfaction problem that aims at restoring schedules through surgical modi�cations.

In conclusion, the literature review highlights that publications usually limit their outlines of SCEM
systems to one or two speci�c functionalities. Publications of monitoring and alarm systems detail the
technical and technological aspects of data processing but limit the other functionalities of their solution.
Furthermore, several contributions focus on cross-company implementations of expert systems, whose
practical implications are vague. Companies are already reluctant to share status data, so it is dif�cult
to see them sharing plan data and allowing a centralized system to adapt their own production plans. In
summary, the literature review did not surface a publication of a DSS that covers all proposed SCEM
functionalities in detail. This conclusion is underlined in the next subsection. It reveals that available
industry solutions are limited to alarm functionalities.

3.2.2 Industry Solutions

Over the past years a growing number of SCEM systems has become available. Zimmermann [199]
states, however, that although SCEM vendors claim to provide inter-organizational solutions, current
SCEM implementations focus on internal processes. Implementations with a supply chain perspective
are rare and almost never include item-level visibility. The market for commercial SCEM solutions is still
highly fragmented. Large vendors (e.g., SAP , Oracle, JDA) offer SCEM functionalities in addition to
their comprehensive solutions that include full-scale ERP systems. Specialized software companies (e.g.,
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Figure 3.2: SAP’s Event Management architecture for comparing plan and status data [199]

Viewlocity, Descartes, Manhatten Associates) focus on a single aspect such as logistics or warehousing
and complement this offering with SCEM functionalities. The following paragraphs present the SCEM
solution from SAP, a large German software corporation. Table A.2 in Appendix A.3 provides further
information on vendors and products.

SAP EM (Event Management) is the software component of SAP SCM that implements the SCEM
concept to bridge the gap between planning and execution. It is a tracking and tracing tool that also
allows general work�ow tracking (i.e., services, projects, and processes). Figure 3.2 shows that its
central component is the Event Controller. In a �rst instance it initializes and manages the Event Handler
objects. They are initiated for every order that is monitored. It stores all the expected events together
with their times, partners, locations and measurements associated with them. It is essentially a template
of the planned process that is compared to its actual execution.

Over the course of process execution, as illustrated with Figure 3.2, SAP EM collects messages in dif-
ferent formats through the Event Processor. It decodes data, validates events and passes messages to the
Event Controller. It compares the event against all relevant Event Handlers and, given that a matching
instance is found, posts it against the expected event contained in the Event Handler. To identify the
deviations in the process, the information is passed to the Expected Event Monitor. It periodically runs
the job called the Overdue Monitor. It interrogates expected events that are past their expected dates.
When an event is declared overdue then the Overdue Monitor executes pre-con�gured tasks to update
the status of the Event Handler and possibly issue an alert or raise a work�ow.

The exception is then actively brought to the attention of the responsible person in the supply chain
network through the Rule Processor. As all SCEM systems, SAP EM intends to reduce the reaction
time between exception occurrence and resolution. Possible monitoring scenarios for the system are
concerned with times, partners, locations and measurements. For instance, a ‘process’could be expected
to be executed at a certain time, by a certain user, occur at a speci�c location or require a certain tem-
perature level. SAP EM can receive events through the communication with SAP, mobile devices and
web apps via RFC, XML or Java and .NET connectors. SAP EM has at least three weaknesses that the
proposed SCEM system addresses:

� Like virtually all commercial SCEM solutions, SAP EM is an alarm system that communicates
deviations but does not evaluate and propose reactions. Additional systems are required for this.

� SAP EM is ideally placed for detecting deviations from work�ows within the SAP environment
but not naturally integrated with technologies on the shop �oor that acquire status data.
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Table 3.2: Overview of applicable technologies for the realization of SCEM functionalities

Functionality Technology

Event identi�cation Active databases Data Stream Manage-
ment Systems (DSMS)

Complex Event
Processing (CEP)

Impact model System Dynamics
(SD)

Discrete event simula-
tion (DES)

Agent-based mod-
elling (ABM)

Mitigations strategies Impact acceptance Impact avoidance Impact reduction

� The SAP infrastructure supports business processes with time horizons of days to months, limiting
its ability to duly implement a reaction.

3.2.3 Literature Review of Applicable Technologies

The literature review of SCEM systems highlighted that the cross-sectional nature of the topic limits the
scope of publications to one or at most two functionalities of the proposed system. Since the number of
publications concerned with SCEM systems is limited and the proposals do not cover all functionalities,
they give an incomplete overview of possible technologies that can be used for their realization. The dis-
sertation aims at developing a comprehensive SCEM solution that covers all aspects, so that a technology
overview is essential for selecting the most appropriate one for implementation into the solution. This
subsection provides an overview of applicable technologies that the literature review surfaced. The next
sections then outline speci�c literature in each of these �elds. The possible technologies are summarized
in Table 3.2 and the three SCEM functionalities for which a technology has to be selected are as follows:

� Identi�cation of supply chain events from trace and plan data

� Estimation of its probable impact on company performance

� Proposal of mitigation strategies that focus on production processes

The �rst functionality, event identi�cation, requires the immediate processing of status data that was
captured during the execution of processes and plan data that is associated with the execution of orders.
First, to minimize the delay between the occurrence of a supply chain event and the subsequent reaction
by the company, the data has to be processed as fast as possible. Second, the archiving and subsequent
analysis of data is impossible considering the massive data streams coming from the complex supply
networks when every component of a vehicle regularly provides its current status. These requirements
are the domain of on-line data processing technologies. Figure 3.2 lists three technologies that are
commonly employed in this area of which two, Data Stream Management Systems and Complex Event
Processing (CEP), are the foremost candidates for data processing in an SCEM system. Section 3.3
describes the technologies and justi�es the selection of CEP as the technology for event identi�cation
through the system.

The second functionality, impact analysis, is required to estimate the severity of the event and thus, the
necessity of a reaction. It requires a modelling and simulation technology because although the supply
chain event is known (e.g., truck delay), its impact on scheduled production processes still lies in the
future. Hence, the model has to describe the event-impact relationship. Table 3.2 lists three technologies
that can be used for this purpose. Whereas System Dynamics and discrete event simulation represent the
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continuous and discrete world view respectively, agent-based modelling represents entities in the supply
chain as decision makers. Section 3.4 presents the three technologies in more detail and describes their
applications to the �eld of modelling the impact of supply chain disruptions.

Since preventive measures are ineffective after a supply chain event was detected, reactive measures
have to be de�ned. Mitigation strategies for event management follow the same categories as for the
supply chain risk management cycle. Table 3.2 shows that the impact of an event can be accepted,
avoided and reduced. The latter two categories can then refer to either measures in logistics and supply
chain environments or production processes. As it was outlined earlier, the proposed system focuses on
intra-company reactions. Section 3.5 presents the literature review of possible counter-measures that are
applied in the context of reactive disruption management.

3.3 Technologies for Event Identi�cation

Event identi�cation is a major functionality of SCEM systems that allows it to quickly and thoroughly
analyse the incoming data, derive its implications in form of signi�cant events for a focal �rm and, if
necessary, propose counter-measures � all of which has to occur in a timely fashion. Hence, from a
technological perspective the system has to ef�ciently process continuous streams of incoming RFID
readings. Subsection 3.3.1 presents an overview of data �ow processing technologies that are capable of
analysing data in near real-time. Complex Event Processing (CEP) is seen as the foremost technology
for processing RFID data. The following Subsection 3.3.2 is dedicated to an overview over basic theory
in CEP while the following Subsection 3.3.3 presents a literature review of CEP applications.

3.3.1 Data Flow Processing Technologies

Data �ow processing �rst emerged in the database community in the form of active database systems.
These trigger automatic actions when certain preliminary conditions are ful�lled. In a subsequent devel-
opment, Data Stream Management Systems allowed for query processing in the presence of continuous
data streams [1]. During the same time, researchers also worked on CEP systems. Rather than analyse
generic data, they process event noti�cations coming from different sources to identify interesting situa-
tions [107]. While CEP has been frequently applied to the problem of RFID data processing, the others
have shortcomings that limit their applicability. For a review of the literature on data �ow processing the
interested reader is referred to Cugola and Margara [28].

Active Databases. Traditional systems like data warehouses are described as human-active, database-
passive [1]. They present information only when explicit queries are stated by users or applications.
These systems need to store and index data before they can process it, which does not ful�l the SCEM
requirement of timeliness. Active databases were developed to send noti�cations proactively when cer-
tain preliminary conditions arise [198]. They extend traditional databases with a layer of event processing
rules called event-condition-action (ECA) rules together with event detection mechanisms for event pro-
cessing [42]. The active rules are still commonly employed today in �ow processing and are descended
from work on active databases. Hence, when an event occurs, the rules evaluate conditions and, if they
are satis�ed, trigger an action. The action can be one that derives an additional (complex) event or in-
vokes an external service where the rule serves as processor and event consumer at the same time. Cugola
and Margara [28] stated that active databases are used in three contexts. First, as a database extension
similar to OLAP, active rules refer only to the internal state of the database, for example, to implement
an automatic reaction to constraint violations. Second, in closed database applications, active rules can
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support the semantics of the application, but external sources of events are not allowed. Finally, in open
database applications, events may come both from inside the database and from external sources. The
last domain is closest to �ow processing and the applicability to RFID data. Wang et al. [185] high-
lighted, however, that RFID events differ from traditional events due to their highly temporal nature and
the existence of non-spontaneous event � i.e., expected occurrences that do not generate actual data. This
makes it dif�cult to detect meaningful supply chain events from RFID data.

Data Stream Management Systems. The drawback of active databases is that they descend from tradi-
tional systems that rely on stored data that are updated infrequently and were not designed for rapid and
continuous loading of individual data entries. A persistent data storage negatively affects performance
when a lot of rules are de�ned or the arrival frequency of events is high. DSMS overcome this drawback
by relying on one-time processing of the system inputs. Users install standing queries that periodically
or continuously screen the data streams until they are removed [7]. The system then actively noti�es
the user according to the pre-de�ned queries base, making it a database-active, human-passive system
[1]. After the input is analysed, the system output can take one of four forms [28]. First, ‘stream’ are
elements of the answer to the query base that are produced once and never changed. Second, ‘store’ are
parts of the answer that may be removed or changed in future. Third, ‘scratch’ is the working memory
of the system where data is stored that may be useful for computing the answer. Fourth, ‘throw’ recycles
unneeded tuples. According to Wang et al. [185], stream languages in DSMS lack constructs for nega-
tion events and become dif�cult for specifying complex temporal constraints. Detection and noti�cation
of complex patterns of elements involving sequences and ordering relations such as from RFID data are
usually out of the scope of these systems [28].

Complex Event Processing (CEP). CEP systems can be seen as an extension to traditional publish-
subscribe interactions. These systems allow subscribers to express their interest in speci�c events while
sources that publish events do not directly address the receiving parties. The latter are dynamically cho-
sen by the publish-subscribe engine based on the received subscriptions [28]. These systems, however,
normally target on subject or predicate-based �lters over primitive events and not on complex events
� they cannot take into account the history of already received events or relationships between events.
CEP extends this interaction to support composite (i.e., complex) events. It refers to a set of concepts and
principles for processing data and methods for implementing those concepts. Status and plan data can
be handled by the event processing engine in different ways [42]. During �ltering the incoming event
is tested for relevance with uninteresting ones being eliminated while all others are passed through as
output. During transformation the content of the events is modi�ed in such a way that the cardinality of
the number of inputs and outputs is affected. Most importantly to SCEM systems, pattern recognition
examines incoming events for relevant patterns and, as an action, can emit derived events as output in
addition to passing through the incoming events. In that sense CEP is similar to ECA rules in active
databases with the difference that CEP rules can be triggered by arbitrary event messages that constitute
an interesting event pattern. In other words, rules are not limited to database-speci�c events like insert or
update [83]. An event pattern is a template specifying one or more combinations of events. The process
of deciding whether a set of events is an instance of a pattern is called matching and due to the inference
of higher knowledge from primitive events is commonly referred to as CEP.

The outlines indicate that of the three data processing technologies, CEP is seen as the most suitable
one for analysing RFID data streams while the other two have their respective drawbacks. In fact,
FernÆndez et al. [43] observed that ‘in the �eld of [supply chain] event management, Complex Event
Processing (CEP) has evolved into the paradigm of choice for the development of monitoring and reactive
applications.’ The following two subsections consequently introduce CEP in more detail and present
literature on its application in monitoring systems that process RFID data.
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3.3.2 Data Processing through CEP-based Pattern Recognition

According to Zang et al. [194], three points make CEP critical for enterprise information systems based
on RFID. First, it can discover more high level, actionable information behind RFID data and other busi-
ness data. Second, it can extract the time, causal and hierarchical relationships between events. Third,
it can improve the system responsiveness in terms of timely delivery of events. As it was mentioned
earlier, an information system that uses the CEP concept can handle incoming primitive events in various
ways. This review is limited to pattern recognition. It refers to the analysis of incoming streams and
the derivation of complex events, given that certain pre-de�ned conditions are ful�lled. Hence, an event
pattern in de�ned as a template specifying one or more combinations of events as conditions [42].

Similar to the information process, a CEP system in its most basic form consists of producers, consumers
and processing entities. Producers can be RFID readers that detect objects in the supply chain and send
the data to the processing entities like an SCEM system. These look for speci�c patterns and send output
events to consumers such as an instance that noti�es the user of an impending problem. For pattern
recognition, CEP performs three basic tasks. First, during �ltering it selects relevant events from the
streams. In a next step, it intends to match the events to the pre-de�ned pattern base. Given that matching
was successful and certain primitive events satisfy a pattern, the derivation step takes the output from the
matching step and derives a complex event. Literature distinguishes basic and dimensional patterns [42].

Basic patterns perform basic operations on event types or on collections of event types. Two of the most
commonly employed patterns are those based on logical operators and those with thresholds. The former
is based on conjunction, disjunction, and negation. For instance, through a conjunction statement, it
can be ascertained whether all parts that have to be assembled to a car, are present in the production
environment. Threshold patterns involve an aggregation operation, which is performed against the set of
participant events. The result of the aggregation operation is then compared against a threshold value.
Hence, such a pattern can count the number of detected tires in the assembly and return a complex event
as soon as four wheels of the same speci�cation have been identi�ed.

Dimensional patterns relate to the dimensions of time and space. Temporal patterns use the speci�c
timestamps of the event occurrence and can, for instance, detect sequences. Hence, through the ordering
of events, the assembly of parts to a car in the wrong sequence can be ascertained. Spatial patterns relate
to the absolute or relative distance between events that were detected between two or more locations. For
instance, through the utilization of a distance threshold in an absolute maximum distance pattern, detours
of truck drivers between a speci�c supplier and the OEM can be detected. A complex event could then
either hint at a traf�c problem for the usual route or unnecessary detours by the driver. Lastly, spatio-
temporal patterns determine spatial trends over time by ordering events according to their timestamp.
For instance, considering a supply chain, a spatio-temporal pattern can detect the movement of material
towards the OEM by evaluating that each new event occurrence is closer to it than the preceding one.
Hence, a complex event could trigger an alarm when material is moving away from the OEM.

Besides detection of complex patterns, CEP employs techniques such as event correlation and abstrac-
tion, event hierarchies and relationships between events like causality, membership and timing [35]. Two
important concepts for identifying events in supply chains are abstraction and hierarchy. The former
refers to an event that summarizes the information contained in a set of events. More importantly, how-
ever, event hierarchies group conceptually similar types of events into distinct levels. Hence, the types
of events at one level are abstractions of sets of types of events at the level below, level 1 being the raw
input events [106]. Furthermore, there are event pattern maps between levels that compute the events at
one level in terms of sets of events of the types in the levels below. This concept allows to map primitive
item-level events to an abstraction level ‘pallet’ and the pallets to an abstraction level ‘vehicle’.
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Table 3.3: Related work in the �eld of event identi�cation

Technology Publications

Complex Event Processing Gyllstrom et al. [61], Huang et al. [74], Lam-
parter et al. [97], Lepratti et al. [101], Wang
et al. [185], Wu et al. [192], Zang et al. [194]

Model-based monitoring Huang et al. [74], Ko et al. [96]

3.3.3 Literature Review of CEP-based Monitoring Systems

The literature on concrete CEP applications for pattern recognition in a supply chain or manufacturing
context is surprisingly scarce, given the intense interest that industry and academe have shown in RFID
technology for the past decade. In fact, most analyses focus on the scalability of event processing by e.g.,
increasing the number of input events or patterns. Hence, part of the answer is that RFID applications,
CEP-based systems and SCEM have all been investigated in depth but separately. Whereas the literature
of RFID applications focuses on asset visibility (i.e., primitive events) and the resulting bene�ts, CEP lit-
erature is mainly concerned with the development of speci�c processing mechanisms and languages that
allow for increasingly sophisticated capabilities for complex event identi�cation. In other words, RFID-
applications are implemented for tracking and tracing functionalities that do not require the derivation
of complex events from simple readings. Table 3.3 summarizes the related work of which some were
already presented. The following review examines papers that focus primarily on CEP system develop-
ment. They treat the implementation and application of complex event identi�cation in a RFID-enabled
environment as an afterthought.

Wang et al. [185] develop a graph-based RFID event detection engine (RFID Complex Event Detection
Algorithm; RCEDA) and test its performance in a simulator of an RFID-enabled supply chain system
with warehouses, shipping, retail stores and sale to customers. A concrete description of the realization of
the simulation is not provided. To demonstrate the scalability of the engine, they evaluate the total event
processing time versus (i) the number of primitive events and (ii) the number of rules, setting the event
arrival rate at 1,000 events per second. The results show that processing time increases almost linearly
versus the number of events and that the performance versus number of rules is quite scalable. This
�nding shows that processing large amounts of data from supply chain execution is not a limiting factor
for the application of CEP in an SCEM system. The RCEDA approach improves traditional systems
in two ways. First, it allows for temporal constraints on assembly lines where tagged products have
to pass readers within a temporal upper bound. It allows the system to trigger an event, for instance,
when a car is not detected every 60 seconds. Second, it supports the generation of pseudo events that
are not detected by readers. The utilization of pseudo events for complex event identi�cation allows, for
instance, to detect theft by generating a pseudo event for the missing reading at the check-out counter.
The availability of these language constructs is a big advantage of CEP.

Gyllstrom et al. [61] present the application of SASE in a simulated retail scenario. SASE is a monitoring
system designed to perform complex queries over real-time �ows of RFID readings [192]. It de�nes
detecting rules language based on patterns:

EVENT SEQ(SHELF_READING x, !(COUNTER_READING y), EXIT_READING z)
WHERE x.TagId = y.TagId ^ x.TagId = z.TagId
WITHIN 12 hours
RETURN x.TagId, x.ProductName, z.AreaId, _retrieveLocation(z.AreaId)
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The example shows the reasoning for a shoplifting activity using a rule that is composed of three parts.
The EVENT-clause speci�es which events have to be detected and which are the relations between them
using logic operators and sequences. The WHERE-clause is used to de�ne speci�cations of items that
are used for the analysis. The WITHIN-clause expresses the time of validity for the rule; this way it
is possible to de�ne time-based sliding windows. In the retail scenario queries in regard to misplaced
inventory, shoplifting and archiving were demonstrated, showing the real-world applicability of �ow
processing with SASE. Besides temporal constraints, the pattern above indicates another two major
advantages of CEP for the application in SCEM systems: It allows for negation of events and the analysis
of their arrival sequence.

Zang et al. [194] develop the event processing mechanisms RTE-CEP and implement it at a major re-
frigerator manufacturer in China � an application that resembles that of an SCEM system closest. The
performance of RTE-CEP was �rst evaluated against the open source CEP software Esper. It was found
that processing time of the former deteriorates below the performance of the latter when the number of
primitive events exceeds 700,000. Due to elaborate data structures and optimization strategies, however,
RTE-CEP outperforms Esper in event processing capabilities, detecting more complex events within one
second. The implementation of the mechanism proved useful to address problems in operational level,
such as mismatch between parts and refrigerator, inaccurate assessment of work time and quality, and
product shipment errors. To this end, each important part such as the refrigerator or compressor is identi-
�able via an RFID tag and readers are deployed throughout the assembly line. In addition, events can be
extracted from the MES database. All events are preprocessed by event processing agents (for �ltering
duplicate events, rectifying errors, format match etc.) and then aggregated into actionable information
by the event processing engine according to prede�ned rules:

A  AND (REFRIGERATOR, OR (COMPRESSOR01, COMPRESSOR02))
WHERE [compressor_type] INTERVAL 10 min

When a compressor is assembled to the refrigerator at the station ‘condensation assembly’, the types are
identi�ed through the RFID reader. Given that the equivalence test of the WHERE-statement does not
hold true within the speci�c time INTERVAL, then A equals NULL. A is normally the complex event that
is derived from the input data. In case the time window passed, an alert is triggered to tell the worker
that the wrong type of compressor is being assembled. In a similar fashion, rules for assessing work time
and quality as well as for the detection of shipment errors were implemented. Similar rules can be easily
implemented into an SCEM system and transferred to the automotive industry.

The outlines show that CEP provides a lot of features that are very useful for detecting supply chain
events through an SCEM system. There are important shortcomings of the current literature:

� Strong focus on technological aspects of CEP (scalability, language constructs) rather than practi-
cal applications

� With some notable exceptions [50, 97, 101], literature lacks precise CEP examples for detecting
supply chain events from RFID data

� Literature lacks a framework for structuring the de�nition of supply chain events so that as many
occurrences as possible are captured by the de�ned rule base

Furthermore, Huang et al. [74] argued that CEP has two important drawbacks. As shown in Table 3.2,
they monitored a RFID-enabled manufacturing system by combining CEP with a model-based moni-
toring approach for two reasons. First, the de�nition of patterns in CEP becomes time-consuming and
error-prone when relationships between several complex events have to be de�ned and maintained. Sec-
ond, due to the intricate relationships between complex events, the frequent reasoning of these patterns

42



3.4 Modelling Approaches for Impact Analysis

for detection becomes slow and unrealistic, thus violating the timeliness criterion. In a �rst instance, they
propose to use a CEP-based tool with event patterns to process simple events. In a next step, the model-
based programming formalizes simple and complex events and �exibly embeds them into the model that
speci�es the monitoring rules. Finally, the model-based monitoring phase interprets the model and esti-
mates desired states. Processing performance illustrated that hundreds of monitored elements are feasible
but their states should not change too frequently. The system was implemented in a pilot, RFID-enabled
manufacturing system at Tsinghua University. More intuitively, Ko et al. [96] employ a model-based
monitoring procedure that compares the actual path of a product with its planned path. These stud-
ies indicates that, ideally, an SCEM system should be complemented with a model-based monitoring
approach.

3.4 Modelling Approaches for Impact Analysis

The preceding section introduced technologies that an SCEM system can utilize to identify or detect
signi�cant events from RFID data by matching incoming streams to pre-de�ned patterns (or rules). In a
next instance, the impact of the detected occurrence on the company has to be estimated. The earlier an
event is identi�ed in the supply chain, however, the more uncertain becomes the estimation of its effects
on a downstream company. The uncertainty following a RFID reading due to today’s supply chain
complexity results in a dynamic behaviour of subsequent processes where system states (e.g. inventory
levels) change constantly. In fact, a study by Schmitt and Singh [143] in a consumer packaged goods
supply chain reports that the ‘impact of any disruption is heavily dependent on the state of the system in
terms of inventory levels in the system when it hit the system. A disruption that has been benign in the
past does not mean it will remain that way in the future.’ A modelling approach links events and their
effects by modelling the propagation of an event through the network. A simulation then determines
possible outcomes between a certain observation in the supply chain and its �nancial and operational
impact on a downstream company [74, 160]. The analysis supports decision makers in their task of
judging the identi�ed event. This section reviews modelling and simulation approaches and presents a
literature review of their application in the context of supply chain events.

3.4.1 Overview of Modelling Approaches

Modelling in a supply chain context aims at describing the relationship between an occurrence in the
supply chain and its impact on a focal �rm. Two of the most widely used modelling approaches in
supply chain management are discrete event simulation (DES) and System Dynamics (SD). In fact, Tako
and Robinson [162] found that in the period from 1996 to 2006, a total of 86 and 38 peer-reviewed journal
papers used either DES or SD respectively for studying supply chain behaviour. These modelling tools
mimic the discrete and continuous world view of system changes over time and frequently underpin DSS.
The study found that the majority of applications focused on operational and tactical issues like ‘system
performance’,‘information sharing’ and ‘production planning and scheduling’ rather than strategic ones
like ‘supply chain structure’. Thus, these modelling approaches are suitable for the application in an
SCEM context where they estimate the impact of day-to-day, operational events.

System Dynamics (SD). SD builds on the concept of circular causality expressed through feedback loops
that drive dynamic behaviour in complex systems. These loops exists when information resulting from
one action travels through a system and eventually returns in some form to its point of origin, potentially
in�uencing future action [158]. Two loops are distinguished: Reinforcing loops amplify the initial action
and are responsible for growth and system instability while balancing loops stabilize the initial action,
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leading to equilibrium. In a �rst step of SD modelling, in�uence diagrams visualize the interrelation-
ship between variables to qualitatively analyse their individual in�uences on each other [195]. Their
connection expresses the cause and effect relationships among the system elements and generates the
feedback loops. In a next step, rate and level diagrams are used to identify the dominating system loops
by quantitatively analysing the aggregated behaviour of all variables on the overall system [11]. Levels
are accumulations of �ow rates. They are determined by integrating the net difference between in�ow
and out�ow over time. Hence, system states are only described by level variables, which suggests that SD
is suitable for modelling a holistic system (without subsystems) and analysing its aggregated behaviour
to certain policy decisions. Tako and Robinson [162] state, however, that ‘no evidence was found to
support the belief that DES is used more for operational/tactical issues, whereas SD for strategic prob-
lems’. Although the holistic approach of SD is ideal for modelling complex supply chain networks, its
quantitative models are not suitable for SCEM systems. First, the macroscopic world view can ef�ciently
capture the effect of major disasters but not of minor disturbances such as delivery delays. Second, due
to utilizing �ow rates, SD is not capable of tracking individual entities. The latter is crucial, to relate
speci�c supplies (e.g., JIS modules) to productions jobs.

Discrete Event Simulation (DES). DES abstracts time as speci�c time points where an occurrence
marks the transition of the system from one state to another. In marked contrast to SD that has only
one commonly-accepted conceptualization, DES has many different forms to conceptualize a system.
Besides, for instance, state transition models, there are three popular DES approaches. Event-scheduling
places all events in a list that is ordered chronologically. The system state advances by jumping from
one time stamp of an event to the next after which time and state are updated accordingly [21]. Activity-
scanning focuses on activities that consist of an event-pair (a start and an end event). Furthermore,
they require the ful�lment of certain preconditions that, once they are true, trigger the scheduling of the
activity. Petri nets are a modelling formalism that follow this world view [113]. Process-interaction
focuses on processes, which describe the life cycle of one entity in the system. It assumes that entities
in the system will progress through a set of steps and that each step requires one or more resources and
takes a certain (usually stochastic) amount of time [11]. The process view is the most-commonly-used
formalism for DES [113]. The main strength of DES in comparison to SD is its capability to model
distinctive entities with heterogeneous characteristics, which makes it applicable for SCEM systems. At
the same time, however, all entities that describe the structure of the system are passive objects that have
to be de�ned ex-ante by the modeller [11].

Agend-based Modelling (ABM). ABM has been applied in expert systems with SCEM functionalities
[10, 11, 54] because of its ability to cover the complete decision making process. ABM focuses on
describing individual entities (‘agents’) that represent the decision makers of the system as well as their
interaction with each other and their environment. In contrast to SD, the system behaviour then does
not emerge from global variables and their interactions but from the individual behaviour of entities.
The central feature of ABM is that agents make decisions autonomously. They follow pre-de�ned rules
without being subject to a central intelligence. According to Behdani [11], other features of agents are
reactivity, pro-activeness, social ability and adaptiveness. Reactivity allows agents to respond to changes
in their environment with their own actions while pro-activeness allows them to pursue their own goals.
Social ability is the capability of agents to communicate and interact with each other. Lastly, agents
have a memory and consequently learn over time from experience and adapt their behaviour. Agent-
based SCEM systems have the drawback of neglecting knowledge of human decision makers and are not
readily accepted by them.

The three simulation paradigms can be used to model dynamic and complex supply chain processes.
They can also describe the relationship between a supply chain event and its impact on a �rm. Of these
paradigms only DES ful�ls the requirements of the proposed SCEM system. First, unlike SD, it does not
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Table 3.4: Related work in the �eld of impact analysis

Technology Publications

Agent-based modelling Behdani [11], Bearzotti et al. [10], Guarnaschelli et
al. [54]

Discrete event simulation Heinecke et al. [67], Padhi et al. [126], Schmitt and
Singh [143]

Petri nets / Graph modelling Wu et al. [193], Liu et al. [105], Tuncel and Al-
pan [171], Zegordi and Davarzani [196], Adhitya et
al. [2]

Inoperability input-output modelling Santos [140], Wei et al. [187]

System Dynamics Heinecke et al. [63], Köber and Heinecke [90, 92],
Özbayrak et al. [195], Wilson [190]

have a solely global view that completely neglects individual entities. The holistic perspective of SD,
however, is helpful for describing the event-impact relationship. Second, unlike ABM, DES does not
model individual, ‘intelligent’ behaviour of entities but rather maintains a centralized control instance
that follows global objectives. The next subsection presents applications of SD and DES methods to the
modelling of the relationship between a disruption and its impact.

3.4.2 Applications to Disruption Modelling and Impact Estimation

Table 3.4 summarizes the literature review of modelling approaches that are applied to describing the
causal relationship between a supply chain event and its impact. DES tools are frequently used and
encompass graph-based modelling (Markov chains, Petri nets, Bayesian networks).

Schmitt and Singh [143] use the simulation package Arena to model a supply chain of a large consumer
packaged goods �rm that consists of two manufacturers, a packing plant and two distributors. To allow
for disruptions at all major nodes and links in the chain, the frequency and severity of events is deter-
mined through expert assessment. These properties are modelled as functions, with mean and standard
deviation, of the inter-arrival time of events and their duration. The study investigates the optimal in-
ventory levels at the various stages of the supply chain for �ll rates of 90%, 95% and 97%. It is the
percentage of customers whose demand can be immediately satis�ed from stock when it arises. A typ-
ical example is the availability of groceries in the supermarket. The study �nds that in supply chains
where all nodes are prone to events, it is required to have larger �nished goods inventories at all stages in
the supply chain when higher �ll rates are desired. Furthermore, as mitigation response, the study found
that during recovery with limited additional capacity that the primary focus for back-up methods should
be increasing the speed of the response, as opposed to the volume. Thus, after a disruption it is better
to have some products sooner rather than a lot of products later. Another simulation study by Padhi et
al. [126] analyses the impact of disturbances on production line ef�ciency. They combine DES with de-
sign of experiments to facilitate the choice of important line parameters (cycle times, automation levels,
etc.). The former maps the operational dynamics of processes in machining lines through a model. The
latter then analyses a range of scenarios, which subsequently yields process design parameter values.
The study demonstrates the advantage of the approach for an automotive component manufacturer in In-
dia. It shows the percentage of improvements that are possible through adopting various manufacturing

45



3 State-of-the-Art of Science and Technology

strategies in a line layout with a large number of machines connected in series and parallel.

Table 3.4 shows that Petri nets are the most commonly employed activity-scanning DES tool for linking
events to their impact. Liu et al. [105] use Petri nets extended with time and color as formalism for
managing events. They design seven basic patterns to capture modelling concepts that commonly arise
in supply chains. They show how to combine the patterns to build a complete Petri net from which
dependency graphs for cause-effect analysis were extracted. A simulation shows that a faster resolution
to supplier production delays and a higher probability of alternative sourcing increased the �ll rate in
event-prone supply chains, leading to the proposition that by managing events one can manage supply
chain performance. Wu et al. [193] present a network-based approach to model a supply chain and the
performance-based effects of a disruption and perturbation on it. The propagation of the effects of an
event is illustrated in a scenario between four suppliers and a metal fabrication shop. The disruption of
one node, representing a machine breakdown, increases either lead time when the machine is repaired or
unit costs when the machine work is outsourced. More recently, Zegordi and Davarzani [196] extend this
study to include dependencies between different disruptions so that import export sanctions increases the
likelihood of price decreases. In another application, Tuncel and Alpan [171] use Petri nets to evaluate the
impact of a multiple-disruption scenario (manufacturing system, transportation and quality disruptions)
on system performance when the likelihood of the respective events are varied. Using pro�t and multiple
order-related indicators (�ll rate, delayed and cancelled orders, on-time deliveries) it �nds that pro�t
is maximized at medium risk levels while order ful�lment indicators are highest for low risk levels.
This supports the statement of Thun and Hoenig [167] that pro�t-oriented companies should focus on
preventive strategies only for severe risks, while minor day-to-day events require reactive strategies.
In contrast to DES with its hierarchical modelling capabilities, Petri nets have the drawback that they
become very large when a complex system has to be represented.

Wilson [190] uses SD to investigate the effect of transport disruptions between companies on their re-
spective performance. They consider a supply chain consisting of retailer, warehouse, 1st and 2nd tier
suppliers and raw material supplier. Using several performance measures (un�lled customer orders,
inventory levels, and goods in transit), it shows for a traditional retail supply chain that a downstream
transport disruption between the 1st tier and the warehouse results in the gravest impact on the indicators.
A vendor managed inventory counters these problems through sharing of customer demand information
and inventory positions at retail and warehouse level with the supplier. The study illustrates the value of
increased transparency. Rather than focusing on the logistics perspective, Özbayrak et al. [195] use SD
to model a supply chain network with four stages. The OEM, a medium-sized manufacturing company,
operates in a MTO environment. At all stages, performance is measured through inventory and WIP lev-
els, backlogged orders and customer satisfaction. The system is evaluated under eight different scenarios
(including unreliable suppliers) and compared to benchmark conditions. The study �nds that after the
manufacturer is starved of raw material that an unreliable supplier has similar performance-related ef-
fects on downstream instances as a manufacturer internal machine breakdown. Similar to Wilson [190],
the study also shows that sharing of actual demand information reduces inventory levels and lead time.
A more recently study put the observation of Özbayrak et al. on a theoretical foundation. Heinecke et
al. [63] present a causal model that link events with company-internal effects on inventory, lead time, uti-
lization and service levels. They argue that all possible disruptions and deviations (traf�c jam, machine
breakdown, strike, etc.) manifest themselves in either a delay or failure in the timely delivery of inputs
to a system or outputs from a system. Consequently, effects at a company can be measured through the
absence of input material for production processes or the delayed delivery of �nished products. Subse-
quently, Köber and Heinecke [92] extended the proposed SD model to represent the supply chain of a
manufacturer of agricultural machinery that was affected by the dual events of a shortage of JIS modules
and a strike. The simulation showed that a strike at one supplier and the inability of another one to deliver
JIS parts, impacted performance indicators as predicted by the model of Heinecke et al. [63].
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Similar to SD, inoperability input-output models are based on Leontief’s input-output model. They
describe the interdependencies between economic systems and equilibrium behaviour by linking the de-
pendency of the output of one sector to the input of another. It explains the ripple effects among industry
sectors on a macroeconomic scale. Santos [140] uses it for a post 9/11 analysis by considering a 33.2%
and 19.2% drop in air transport and accommodation as model inputs to calculate inoperability, 1-year
and 5-year economic losses. Inoperability represents the percentage gap between a sector’s ‘business-
as-usual’and current levels of production due to demand reductions caused by an event [140]. Using
the 59-sector classi�cation of the US economy, the rippling effects of the two inputs on inoperability
and economic loss on all other sectors were quanti�ed and ranked from most to least affected. Wei et
al. [187] then adapt the approach for supply chain disruption analysis where the interconnection of indi-
vidual companies rather than industries is modelled. Inputs to the system are failures (accidents, natural
hazards, terrorism) while the output is the inoperability as result of a failure. The developed model is
based on a Chinese white alcohol producer who faced supply shortages when a �re limited capacities
at a raw material provider following the 2008 earthquake in Sichuan. Through the ranking of the indi-
vidual partners along the inoperability and economic loss metrics, analogous to Santos [140], a ranking
from most vulnerable to most robust company is established. It highlights critical partners and enables a
focused response by e.g., employing a dual sourcing strategy.

The literature review shows that there are numerous publications that focus on impact modelling in the
context of supply chain disruptions. A recurring theme of virtually all publications is the linkage of the
supply chain event to performance indicators such as inventory levels or customer service rates. Thus,
models are build in such a way that the propagation of effects ultimately manifests itself in a few key
�gures. These are used to judge the severity of the occurrence. The literature review also highlights that
a majority of publications has a focus that is opposed to the proposed solution:

� Retail and consumer goods industries rather than automotive

� Severe disruptions and catastrophes rather than operational occurrences

� Preventive strategies for impact mitigation rather than reactive measures

3.5 Reactions for Impact Mitigation

After the impact of an occurrence is estimated and the necessity for a reaction determined, the last
functionality of a DSS is the proposal of possible reactions. This section presents levers that enable
the mitigation of the impact. Table 3.5 shows that supply chain events can be addressed through re-
active mechanisms that amend either logistics or production processes. Logistics DSS essentially deal
with vehicle breakdown, delays, unplanned or cancelled trips [117]. Along logistics processes reactive
mechanisms to handle disruptions have been studied e.g., through the real-time vehicle routing [48] and
re-routing problems [102]. For instance, Huisman et al. [75] propose a dynamic vehicle scheduling ap-
proach to avoid trips starting late in environments characterized by signi�cant traf�c jams and El Rhalibi
and Kelleher [39] use a genetic algorithm for a container transport problem with unexpected disruptions.
In contrast to reactions in logistics processes, as outline in Section 1.3, the SCEM system focuses on
reactions that amend production processes. The following subsections introduce possible reactions in
more detail and, based on the publications listed in Table 3.5, present a review of related literature.
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Table 3.5: Related work in the �eld of reactions for disruption management

Environment Mitigation strategy Publications

Logistics
processes

Vehicle rescheduling Ghiani et al. [48], Li et al. [102], Huisman et
al. [75], El Rhalibi and Kelleher [39], Ngai et
al. [117]

Production
processes

Adaptive stock levels Ross et al. [135]

Rescheduling Heinecke et al. [64, 65], Lamparter et al. [97],
Katragjini et al. [89], Vieira et al. [179], Ra-
heja and Subramaniam [132]

Resequencing Boysen et al. [17], Ding and Sun [34], Gujjula
and Günther [57], Meissner [110]

3.5.1 Overview of Reactions

The impact of events can be accepted, avoided, transferred and reduced. The transferring of the impact
to downstream instances of the supply chain is not a generally acceptable strategy because of its adverse
effects (e.g., in the form of penalty costs or lost demand). Hence, literature discusses the other three
strategies, although only one of these is truly reactive and appropriate for SCEM systems.

Impact acceptance. The acceptance of an event and its impact is based on two scenarios. First, the
cost of mitigation outweighs the bene�ts because the impact of the detected problem is estimated to be
so small that it is preferable to do nothing. The alteration of processes would in this case introduce
unnecessary nervousness that can lead to negative knock-on effects (e.g., quality problems, material �ow
misalignment, confusion of personnel). These could aggravate a formally uncritical situation. Second,
there are no feasible reactions that could mitigate the impact so that performance reduction is inevitable.
For instance, Ericsson tried too late to �nd another company that could provide the lost capacity after a
�re at a semiconductor company. The company had to accept reduced production volumes and shipments
[151].

Impact avoidance. These strategies are preventive in nature and can focus on spare capacities and in-
ventories. More speci�cally, with the increasing interest in risk management and disruptions, inventory
research has recently taken a turn away from its sole minimization with optimal ordering policies and
towards adaptiveness in event-prone supply chains. This shift comes from the realization that inventory
levels have a direct bearing on increasing demand side risk (caused by uncertainty of demand and fore-
cast error) and supply chain risk (caused by disruptions and supplier reliability) [143]. Literature that is
concerned with adaptive inventory levels stresses proactive ordering policies to cover potential shortages
as result from these risks. For instance, Ross et al. [135] used continuous-time Markov chains for mod-
elling a �rm that faces random demand and receives shipments from a single supplier who faces random
supply. Similar to �uctuating customer demand, the probability of certain disruptions that affect supply
are not constant but vary over time. For example, the occurrence of a hurricane is more likely in the
summer than at any other time during the year, making it a seasonal event. The authors argue that order-
ing policies should also be non-stationary by incorporating the implications of seasonal disruptions into
inventory levels so as to hold a suf�cient amount when a signi�cant event occurs. The authors develop
and compare several policies under various demand, disruption, and cost parameters that include holding
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cost, a �xed cost for orders and a penalty cost for lost demand. The study concludes that non-stationary
policies that vary the order amount in regard to disruption probability can provide an effective balance of
optimality (low cost) and robustness (low sensitivity to errors). Adaptive inventories are severely limited
in the automotive supply chain, however, due to the countless variants of modules where their storage
would not only be inef�cient from a cost perspective but impossible from space requirements [168].
Hence, although adaptive inventory ordering policies are applicable to JIC supply, the concept cannot be
transferred to the rising number of JIS relationships [184].

Impact reduction. In cases of JIS supply, there are no inventories that could prevent an impact. Un-
available material reduces the feasibility of production jobs, making the planned production schedule
suboptimal. To restore optimality under the new circumstances, a rescheduling is required. In practice,
scheduling is driven by uncertainty and its associated risk while rescheduling is driven by the occurrence
of a disturbance [109, 114]. Three applications are distinguished. First, approaches with an off-line focus
(i.e., robust scheduling) devise an initial schedule that is not updated afterwards but contains ‘slack’ to
account for disturbances. For instance, it can use variable processing times at workstations so that every
job has suf�cient time for completion or it can leave sequence positions vacant so that rush jobs can be
inserted later. This approach is rarely pursued in practice because of suboptimal performance. Second,
on-line approaches (i.e., totally reactive scheduling) make all processing decisions locally in real-time
without a preliminary plan. A typical example is the choice of the most appropriate dispatching rule
that prioritizes jobs [85, 150]. When a machine becomes available it chooses the job from its queue
that ful�ls a certain criterion (e.g., earliest due date). Today, small inventories demand a coordination of
plans with suppliers, making this approach infeasible. The most commonly used approach in industry is
predictive-reactive scheduling. It combines scheduling and rescheduling into a two-step approach where
an initial schedule is devised (generation step) and then updated (control step) [179, 132].

Due to its closeness to practical applications in the automotive industry, the outlines in this disserta-
tion are restricted to predictive-reactive scheduling. The following subsection introduces the general
scheduling problem and presents APS systems that are used in industry for devising the initial schedule.
An SCEM system then assumes the control step through a rescheduling in case a supply chain event is
identi�ed. Subsection 3.5.3 then introduces the concept and presents a literature review.

3.5.2 Scheduling in Theory and Practice

Scheduling is the ‘process of assigning operations to resources in the course of time with the objective
of optimizing a criterion’ [131]. A scheduling problem of a manufacturer is speci�ed with the �j�j

notation that refer to the machine environment, processing characteristics and the scheduling objective
[129]. Two of the more complex machine environments are job and �ow shops that are characterized
by the existence or lack of process �ow variability, which is due to a multiple stage production process
[129]. Assembly lines in the automotive industry are �ow shops where every order has to be processed on
the same sequential stages. Assumptions for processing characteristics of �ow shops differ considerably
from job shops and often exclude preemption (i.e., interruption of processing), recirculation, setup times,
and machine breakdowns [137]. One important characteristic of �ow shops is the availability and size
of buffers (i.e., in-process inventories) between stations that are also vital to resequencing operations. A
limited buffer implies blocking while a no-wait system like the tact-driven, constantly moving line con-
sidered for automotive assemblies demands that orders cannot wait between stations. Thus, production
start is delayed until processing is ensured. The scheduling problem of assembly lines in the automotive
industry can be framed as a proportionate �ow shop problem with equal processing times at each station
and without intermittent buffers (the line never stops). The scheduling objective aims either at opera-
tional (asset utilization) or market targets (on-time deliveries). For instance, makespan as an operational
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target is the completion time of the last scheduled order. Its minimization implies a good utilization.
Other measures are often a variation of the earliness and tardiness criterion.

In practice and theory, scheduling is fundamentally in�uenced by the presence of uncertainty [114].
Subsection 2.4.4 already outlined that it generates the plan data for SCEM systems by determining the
timing of production jobs and the resulting material requirements for a speci�c time period. In industry,
scheduling is done by Advanced Planning and Scheduling (APS) systems. They extend Enterprise Re-
source Planning (ERP) systems beyond basic business planning activities and transactions (e.g. customer
orders). They provide planning functionalities for optimizing inventory levels and cycle times [76, 159].
According to Hopp and Spearman [72], most APS are memory-based algorithms for �nite capacity
scheduling, forecasting, available to promise, warehouse management and other functions. Similar to
the market in SCEM software, the market for APS solutions is also fragmented into two groups. Large
vendors provide solutions (SAP Advanced Planning and Optimization (APO), Oracle Advanced Supply
Chain Planning, JDA Production Planning) that integrate local scheduling with global, cross-company
supply planning. Specialized software companies (Asprova APS, Flexis APS, Preactor 500 APS) fo-
cus on speci�c markets so that their functionalities are explicitly adjusted to industry requirements. For
instance, Asprova APS is implemented at 1,850 companies worldwide but its share in the Japanese
scheduling software market is at 52% with important customers being Honda and Toyota. In contrast,
Flexis APS focuses completely on automotive scheduling by providing specialized features (e.g. as-
sembly line balancing, sequencing). These solutions focus on short-term scheduling of production jobs
and planning of material requirements rather than long-term network planning. To illustrate typical con-
straints and optimization objectives of APS systems, the following outlines present two solutions and a
case study.

SAP APO. It provides three capabilities that re�ect the top-down approach from rough to detailed
scheduling that is commonly employed: (i) Supply network planning, (ii) production scheduling and
material requirements planning (MRP) and (iii) detailed scheduling. The system is divided into �ve
modules, of which APO-PP/DS is responsible for production planning and detailed scheduling. As
mentioned earlier, its task refers to timing and quantities: It sets due dates for production orders and
generates replenishment schedules for supplies by considering lead times, buffers, processing times, lot-
sizing rules and others [129]. Job schedules are generated by using a heuristic. Genetic Algorithms are
among the most popular solvers. They use evolutionary principles (selection, recombination, mutation,
etc.) to arrive at the best solution. For a given number of jobs, these heuristics consider constraints such
as expiration dates, storage capacities, setup times and objectives like the minimization of setup times or
due date delays.

Preactor 500 APS. Similar to SAP APO, the software intends to devise an optimal schedule that accounts
for all constraints, given minimization and maximization objectives. The core scheduling engine in
Preactor is a myopic branch-and-bound solver. It can consider objectives such as minimizing WIP levels
or total setup times. It considers simultaneously primary resources (machines, staff) and constraints. The
system integrates with ERP systems for MRP, MES for communicating detailed schedules and systems
for shop �oor data collection.

Case study. Ford Motor Company implemented an APS solution at its Woodhaven Stamping Plant
[129]. The �nal products are fenders, roofs and doors used in the �nal assembly of Ford cars and trucks.
In a �rst stage, cycle planning, a month long production plan is devised. Its optimization targets are
to minimize WIP and optimize staf�ng levels. Among others, it considers constraints regarding due
dates, die sets and labour requirements. The resulting plan is uploaded monthly to the MRP system so
that replenishment schedules can be generated and submitted to the supply base. Second, the detailed
scheduling devises a week long schedule at �ner time granularity but with basically the same constraints.
The schedule is uploaded daily into the Ford MRP system.
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APS systems are responsible for the initial creation of a near-optimal schedule. The detection and re-
action to plan deviations, however, is a known weakness of these systems due to incompatible data
formats and heterogeneous IT landscapes [159]. They inhibit status data exchange. Rescheduling and
resequencing as a reactive measure that updates the initial plan are typically not included within a APS
solution. SCEM systems �ll this gap by detecting irregularities in the supply chain and adapting the
original schedule.

3.5.3 Event-driven Rescheduling

While scheduling refers to the process of determining the speci�c jobs that have to be manufactured
during a speci�c time window, rescheduling is the repair of the initial schedule due to an unforeseen
occurrence. Table 3.6 shows that the rescheduling problem in the automotive industry is rooted in liter-
ature with the dynamic rescheduling environment marked by job arrival variability and �xed processing
routes (i.e., �ow shop production). Furthermore, the rescheduling strategy in the automotive industry is
characterized as predictive-reactive. The interval of an update step is de�ned as periodic, event-driven,
or a combination of both [131]. Whereas the interval for periodic rescheduling is �x, the uncertain nature
of supply problems demands a variable interval. It triggers a rescheduling only when the SCEM system
identi�es a supply chain event. Since they cause a deterioration in performance and consequently trigger
a rescheduling, these events are also called rescheduling factors [179]. A recent paper observed, however,
that the rescheduling factors considered by the majority of literature are machine breakdowns and new
job arrivals [89]. With company-internal and demand-side risks, this covers only two of the three main
risk sources that can cause a rescheduling [184]. In literature, supply-side rescheduling factors � the
focus of an SCEM system � are either mentioned as a delay in the arrival (or shortage) of materials [179]
or the variation in job ready or release times [129]. The latter denotes the earliest time all prerequisites
for a job are ful�lled and processing can start.

A �nal aspect of the rescheduling problem, as illustrated with Table 3.6, is the applied repair method
that takes effect when a policy triggers a rescheduling. It is characterized by the degree to which it
adapts the initial schedule. The employed method is closely related to the scheduling objectives. Besides
optimality in regard to utilization or earliness and tardiness, stability becomes an important metric. It
refers to the degree to which the initial schedule is overhauled (i.e., partial versus complete). A right-shift
or partial rescheduling focuses on the scheduled jobs that are affected by an event and intends to leave
the majority of jobs in their original position. A complete rescheduling allows a complete rearrangement
of all jobs. In other words, the problem of rescheduling �ow shops in regard to performance faces a
trade-off between schedule optimality and its stability. Most of the rescheduling literature has neglected
this trade-off and focused on optimality [89].

Speci�cally in regard to disruptions of �ow shops, a recent paper extends the existing rescheduling
literature in two important aspects through the employment of (i) a bi-objective function and (ii) random
simultaneous schedule disruptions [89]. The bi-objective function considers ef�ciency measured through
the schedule makespan and instability through the number of tasks with altered starting times. The study
further considered three different events that disrupt the predictive schedule: (i) machine breakdowns,
(ii) new job arrivals and (iii) job ready time variation. Employing various disruption recovery routines,
it �nds that the quality of a rescheduling depends strongly on the employed algorithm and the time it is
allowed for calculation. For an SCEM system a duly reaction is paramount so that it should focus on fast
procedures that produce good but not optimal solutions.

Lamparter et al. [97] uses a mixed integer linear program for rescheduling. It also consider the trade-off
between optimality and stability by considering the number of rescheduling steps and due data adher-
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Table 3.6: Rescheduling framework [179]

Rescheduling environments

Static (�nite set of jobs Dynamic (in�nite set of jobs)

Deterministic
(all information
given)

Stochastic
(some informa-
tion uncertain)

No arrival vari-
ability (cyclic
production)

Arrival vari-
ability (�ow
shop)

Process �ow
variability (job
shop)

Rescheduling strategies

Dynamic strategies (no schedule) Rescheduling policies (predictive-reactive schedule)

Dispatching
rules

Control-
theoretic

Periodic Event-driven Hybrid

Rescheduling methods

Schedule generation Schedule repair

Nominal sched-
ules

Robust sched-
ules

Right-shift
scheduling

Partial
rescheduling

Complete
regeneration

ence. Their benchmark methods are right-shift and complete schedule overhaul. The latter focuses
solely on optimality. In comparison to the schedule overhaul, the balanced approach reduces the number
of rescheduling steps by 78% while performance is only 7% worse. This �nding is crucial: By carrying
out only the most effective rescheduling steps through a partial rescheduling, a system can achieve a per-
formance that is almost on par with a schedule overhaul but reduce nervousness considerably. An SCEM
system should avoid complete overhauls because these optimizations introduce a lot of nervousness into
plans and require extensive calculations so that the new solution might already be outdated upon imple-
mentation due to newly available trace data from the supply chain. More recently, Heinecke et al. [64, 65]
also presented a bi-objective rescheduling approach. It accounts explicitly for the scheduling process in
automotive supply networks and includes implications of JIS processes.

It has to be noted that two other concepts are important to the automotive industry. Sequencing is ba-
sically a synonym for scheduling: It is the process of determining a feasible sequence of jobs using a
pre-de�ned set of constraints (e.g., 1 in 13 cars can have an automatic transmission during assembly
[71]). After sequencing but before the jobs enter the production, a sequence repair is a synonym for
rescheduling. Resequencing is the term that refers to the repair of a corrupted sequence after production
has started and the product is on the assembly line. Literature distinguishes two forms of resequencing.
First, physical resequencing requires a buffer that usually takes the form of horizontally or vertically
aligned parallel line segments. They enable to feed the production orders to the successive line segment
in a different sequence than they were received. Virtual resequencing leaves the physical sequence of
jobs unaffected, but instead changes the assignment between workpiece and production order [15]. Rese-
quencing is only required when a supply chain event is identi�ed so late, that production on the affected
order has already started. The analysis of trace data from the supply chain helps to identify events early
enough, so that the system can resort to rescheduling measures rather than resequencing. Regardless, late

52



3.6 Research Gaps and Principal Contributions

identi�cations are probable so that the application of resequencing strategies through a SCEM system is
of interest. These strategies, however, are out of the scope of the dissertation and the developed solution.
Readers that are interested in the resequencing approaches listed in Table 3.5 are referred to Appendix
A.1.

In summary, the three important stages of a predictive-reactive approach that the proposed SCEM system
supports are as follows:

1. It operates in a �ow shop environment where a predictive schedule is �rst generated through an
APS system. Scheduling focuses solely on optimality.

2. The schedule is then updated through an SCEM system in variable intervals using an event-driven
policy. Rescheduling focuses on optimality but should also consider schedule stability.

3. During rescheduling, the method ‘surgically’ repairs the schedule by focusing on the affected
orders to avoid nervousness.

The literature review of this subsection also highlights some important shortcomings of existing reschedul-
ing approaches:

� Most rescheduling approaches focus on schedule optimality rather than stability.

� Although JIS processes are becoming more common-place (especially in the automotive industry),
rescheduling models do not incorporate their implications.

� Disruptions that lead to a rescheduling are mostly limited to machine breakdowns and new job
arrivals, omitting supply-side events [89].

� Several authors acknowledge that there is a large gap between theory and practical applicability of
scheduling and rescheduling approaches [130, 15, 129].

3.6 Research Gaps and Principal Contributions

The contribution of the dissertation can be divided into two major aspects. First, it develops a detailed
concept for the technical integration of an SCEM system with existing IT-infrastructures. The literature
review of Section 3.2 showed that concepts are already available to a certain extend. Bearzotti et al. [10]
placed an SCEM system into the context of planning and execution systems (i.e., ERP and MES), ac-
knowledging the importance of its interaction with other business and control systems. FernÆndez et
al. [43] extended this work by subdividing the SCEM system into a monitoring and control component,
acknowledging the profoundly different functionalities of the system. Both architectures, however, are
very generic and do not include arguments for the embedding of the system in the IT-infrastructure. They
lack outlines for the acquisition of plan and status data through the integration with existing data stan-
dards and information �ows. The presented system is closest to the proposal of Lamparter et al. [97] and
Lepratti et al. [101]: They integrated their system closely with a MES for process execution and obtained
status data from the supply chain through a standardized data exchange. The dissertation builds on this
proposal. The contribution to the technical integration of an SCEM system is presented in Chapter 4 and
is summarized as follows:

� The desired functionalities of an SCEM solution are assessed through a survey of potential users.
It shows that expert systems are least desired.

� A detailed system architecture is derived. It embeds the system into a typical IT-infrastructure.
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� The arguments are presented for coupling the system with the MES-level and a standardized cross-
company data exchange.

Second, besides technical aspects of an SCEM solution, the dissertation contributes to the technologies
that are used to realize the desired functionalities. The shortcomings of the literature were presented in
Sections 3.3, 3.4 and 3.5. First, technologies for event identi�cation are mainly concerned with techno-
logical aspects of RFID data processing and neglect the elaboration of practical applications. Second,
impact modelling and analysis focuses on supply chain risk management (i.e., major disruptions, their
impact and preventive strategies). Third, proposed event-driven rescheduling strategies focus on opti-
mality and neglect implications of JIS processes. The contribution to the technological realization are
presented in Chapters 5 and 6 and are summarized as follows:

� Event identi�cation: The SCEM system applies the CEP concept to event identi�cation from sup-
ply chain status data. It proposes an event classi�cation that allows for a structured de�nition of
the CEP rule base rather than the arbitrary de�nition of occurrence where some are potentially
overlooked. Similar to Huang et al. [74], CEP is complemented with a proposal for a model-based
monitoring approach.

� Impact modelling: The dissertation considers operational events and their performance-related
implications when modelling the event-impact and impact-mitigation relationships.

� Impact mitigation: The SCEM system employs a reactive approach. It proposes a method that
considers sequenced deliveries and a bi-objective approach (i.e., schedule optimality and stability).
The approach is derived from industry practice so that it narrows the gap between theoretical
feasibility and practical applicability.
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This chapter develops a system concept and an IT-architecture into which the SCEM system can be em-
bedded. It answers the research hypotheses concerning the positioning of the system and the technical
feasibility of the concept. To give design guidelines for embedding an SCEM system into a company’s
IT-infrastructure, however, it is �rst necessary to (i) assess the need for such a system and (ii) conduct an
analysis of the state-of-the-art of the current practice in manufacturing IT-infrastructures and communi-
cation. In regard to the �rst point, Section 4.1 presents the results of a survey of the German automotive
industry. It investigates the current vulnerability of supply networks and presents the importance of
system functionalities to decision makers. The next sections then address two questions regarding the
implementation of the system into the IT-landscape:

1. How is data currently transmitted between partners and is the approach feasible to integrate RFID
data from the supply chain into the system?

2. How is plan data currently communicated within companies and is the approach feasible for inte-
grating plan data from production and material requirements planning into the system?

To answer the �rst question, Section 4.2 investigates the current cross-company data exchange and
presents the advantages of three possible solutions that are capable of integrating the required status data
from supply chain processes. Section 4.3 then presents the company-internal IT-infrastructure and com-
munication links that enable a communication of status data from the shop �oor and plan data from the
business level. It presents the arguments for the positioning of an SCEM system within IT-landscape of
a company. With preliminaries for an SCEM system ful�lled and crucial requirements covered, Section
4.4 then presents the amended IT-architecture and the system concept. Chapter 4 concludes in Section
4.5 with a summary that answers the two research hypothesis.
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Figure 4.1: Automotive supply chain trends and the likelihood of different events

4.1 Requirements of the German Automotive Industry

To derive industry requirements for the SCEM system, experts from eleven different plants (�rst tier sup-
pliers and OEMs) were questioned about issues ranging from the vulnerability of their company towards
supply chain events to desired functionalities of an SCEM system. In contrast to the frequently employed
�ve-point Likert scale [167, 184], a six-point scale is used for the propositions so that respondents could
not take a neutral position to the question. Hence, they are ‘forced’ to either agree or disagree with the
respective statement. This approach facilitates the extraction of desired requirements prior to system de-
velopment by having future users take a clear position towards issues such as the necessity of the system
and its functionalities. Unless otherwise noted, the following diagrams contain two information. The
dark grey line is the mean value across responses while the light grey line is the respective standard
deviation. The latter is an indication for the overall agreement of the respondents. All items were scored
so that higher numbers re�ect increased support for the underlying proposition. The survey can be found
in Appendix A.2.

The �rst two Figures 4.1 and 4.2 illustrate the necessity of an SCEM system. Figure 4.1 supports the
proposition that the automotive industry is undergoing various trends simultaneously while its processes
are prone to signi�cant events. More speci�cally, the upper diagram shows that all the mentioned trends
are seen as relevant to the industry. Trends with the highest score and the highest level of agreement
of respondents (i.e., low standard deviation) are supplier integration, globalisation, inventory reduction
and mass customization. As outlined before, the latter three increase the vulnerability of supply chain
networks to signi�cant events. The lower diagram of Figure 4.1 supports this assessment: While virtually
all demand-side and supply-side categories are seen as very likely sources for signi�cant events, internal
problems are ranked low across the board. Hence, respondents see the demand ful�lment and supply
chain processes as critical to their operations.
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Figure 4.2: Event occurrences and their consequences for affected companies

For the upper diagram in Figure 4.2 respondents were asked which of the mentioned events affected their
plant between mid-2011 and mid-2012. The comparison of Figures 4.1 and 4.2 shows that the likelihood
is mirrored by the actual occurrence of a signi�cant event for demand-side and supply-side issues. At the
same time, however, the upper diagram in Figure 4.2 shows that, for instance, machine failures and natu-
ral catastrophes are more commonplace than the lower diagram of Figure 4.1 indicated. This supports the
proposition that in global supply chains, catastrophes are still wrongly perceived as low-frequency occur-
rences. The main consequence of these occurrences is seen in poor planning reliability, indicating that
events frequently make schedules obsolete. All consequences that are shown in the left-hand diagram
of Figure 4.2, bar poor capacity utilization, are seen to be in�uenced above average. Due the frequency
and severity of events, respondents indicted that risk management strategies like local and dual sourcing
are commonplace. The occurrences of events support the statement that despite widespread application
of preventive risk management, major and minor incidents cannot be excluded. Hence, a preventive ap-
proach should always be supplemented with a reactive one. The right-hand diagram of Figure 4.2 also
shows, that make-to-stock and safety stocks as impact avoidance strategies are less popular because both
compromise the ef�ciency gains of lean principles.

The preceding two Figures 4.1 and 4.2 illustrated the need for an SCEM system. In a next instance the
survey assessed the most important requirement for SCEM systems: The availability of object status
and plan data. The diagram on the lower left-hand side of Figure 4.3 illustrates that barcodes are the
leading technology for capturing status data during process execution. All other technologies, including
RFID, are less common. The upper diagram of Figure 4.3 shows that applications of RFID technology
are expected to become more frequent in future (Q2) so that real-time data should be increasingly and
readily available. This is crucial because an earlier recognition is clearly thought to be associated with
higher chances for mitigating the impact (Q3). Furthermore, the �rst question indicates that there is still
scope for improvement in this regard: Current supply chain events are often not immediately recognized
(Q1).

57



4 System Concept

Figure 4.3: Data availability for the identi�cation of signi�cant events

Another two questions support this assessment: Visibility is not as good for supply chain processes (Q5)
as for internal processes (Q4) and responses are more uncertain (i.e., higher standard deviation). Thus,
the timeliness of data in the respective systems suf�ces for most respondents to mirror the actual status
of internal processes (Q4). In other words, the whereabouts of objects and assets are captured in enough
detail so that at any time the saved data can be accessed by users to retrieve the current status. Part of
the explanation for the lower visibility in supply chains can be that data is either not easily or readily
shared across companies. Respondents indicated, however, that they would be willing to share trace data
(Q6). Hence, the only valid explanation is that today data cannot be easily shared across companies.
The last question (Q7) from the upper diagram of Figure 4.3 indicates that current data and systems are
not capable of identifying target-performance deviations to the full satisfaction of the respondents. In
regard to the availability of plan data, the diagram on the lower right-hand side of Figure 4.3 shows that
important metrics that concern timeliness, quantity and spatial status are generally available.

The results indicate that the German automotive industry is vulnerable to supply chain events. They
cause poor planning reliability and other negative consequences. At the same time, deviations through
target-performance comparisons are rarely possible, although status data from barcode readings and plan
data from ERP systems is available. Since an SCEM system �lls this gap, the survey asked respondents to
rank the importance of its functionalities. Figure 4.4 shows that the identi�cation of events is clearly seen
as the major functionality. The analysis of its impact, discovery of possible reactions and the assessment
of their effectiveness are also seen as vitally important. Interestingly, less important are the proposal of
a reaction and its execution through the system. Respondents prefer a system with DSS functionalities
over one that mirrors an expert system. This observations supports the statement that decision makers
intend to retain control over the �nal decisions, maybe lacking trust in the ability of the system to make
the correct decision. From this perspective it is less surprising that respondents want the choice and
execution of a reaction to be in the domain of the user rather than the system.
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Figure 4.4: Alarm and DSS functionalities are most important to decision makers

4.2 Information Flow Between Companies

After the necessity for an SCEM system has been con�rmed, the technical feasibility of the concept
in current industrial environments is investigated. A �rst requirement is the availability of trace data.
It is generated during process execution within enterprises has to be made accessible for supply chain
partners. This section answers the question, how data is currently transmitted between partners. It then
proposes a solution that accommodates the requirement of an SCEM system for the timely availability
of status data from the supply chain. There are two prime candidates for the cross-company data ex-
change that enables the embedding of RFID data into an SCEM application. First, the Electronic Data
Interchange (EDI) standard is used for virtually all kinds of business transactions across most sectors,
including the automotive industry. Second, the EPCglobal Network is especially prevalent in retail and
was explicitly created for dealing with RFID data in a supply chain context. Subsections 4.2.1 and 4.2.2
present a short overview of the standards. Subsection 4.2.3 then outlines the current practice of pro-
duction scheduling and information transmission in the German automotive industry. It illustrates the
time horizon that an SCEM system has for devising a reaction. Subsection 4.2.4 then presents the argu-
ments for realizing the exchange of status data with the EPCglobal Network, rather than EDI or a hybrid
solution.

4.2.1 Electronic Data Interchange

The EDI standard has established itself � especially in the automotive industry � as the dominant form
of automated inter-enterprise communication [159]. It is de�ned as the transfer of structured data, by
agreed message standards, from one computer system to another without human intervention. There are
essentially three components of EDI: The interface protocol, the network and a message format. There
are various speci�cations of EDI whose popularity depends on region and industry. EDI messages that
are based on the EDIFACT standard, however, are the only internationally recognized ones (DIN ISO
9735). It prescribes speci�c data structures for frequently used business messages that are used during
the order ful�lment process. Hence, it standardizes most documents that are used in inter-enterprise
communication to coordinate the various business transactions. Typical examples for standardized EDI
messages are quotations (QUOTES), invoices (INVOIC), raw material orders (ORDERS) and call-offs
(DELFOR or DELJIT). Today, EDI communication is mainly carried out between the ERP systems of the
respective supply chain partners. These convert internal data of ERP systems into EDIFACT messages
(outbound) and vice versa (inbound). Since EDIFACT is designed to be �exible and adaptable to various
business areas and scenarios, it cannot be directly transferred to the automotive industry. Hence, it is
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common practice to develop and publish message implementation guidelines that adapt the standard to
a speci�c industry and business process. As a result there are various industry-speci�c standards. Two
subsets of EDIFACT are VDA recommendations for the German automotive industry and the Odette-EDI
for the European one. The following example presents its syntax.

DTM+2:201304130820:250’RFF

The EDIFACT syntax is strictly hierarchical. It also contains the rules that standardizes messages so
that their interpretation through supply chain partners is facilitated. The example above indicates the
syntax for one segment of a DELJIT message. It speci�es the requested delivery time for JIT parts
as a �nal result from the MRP. A segment is marked by a three-letter acronym. It subsumes logi-
cally connected data elements or composites (e.g., bank account details, delivery address, dates, etc.)
that are distinguishable through separators. The apostrophe terminates a segment. Several segments
are then contained in a message. The begin of a message is indicated with the header segment UNH
while its termination is described with the trailer segment UNT. A message summarizes all informa-
tion that is required for the business transaction. For a JIT delivery � e.g., speci�ed through the header
UNH+1+DELJIT:D:96A:UN:A10011’ � the segments then contain information of the unloading
point, required quantities, delivery time, order number and others. On the next higher level it is possi-
ble to insert functional groups. They subsume several messages that are of the same type and for the
same receiver. Their begin marks a UNG segment and ends with UNE. Hence, an EDIFACT message can
contain several functional groups and messages. On the highest level an EDIFACT message is started
with the interchange header UNB and ended with the trailer segment UNZ. This bundling of information
reduces the communication effort sot hat the material requirements for several products can be sent at
once.

4.2.2 EPCglobal Network

The EPCglobal Network is a framework that consists of several components with separate recommen-
dations. It describes the capturing, transformation and communication of RFID-based trace data from
their source to the processing application. Figure 4.5 illustrates that the capturing of RFID data starts
with the reader making multiple observations of the respective tags as long as they are in the read zone.
The interface between transponder and reader antennae is provided by standards such as the EPCglobal
Class-1 Generation 2 protocol for passive passive transponders. Figure 4.5 shows that RFID readers read
the EPCs of tags that are in the proximity of one or more antennae and report it to a middleware that
acts as a so-called Filtering & Collection role. Hence, as Figure 4.6 shows, the latter receives raw tag
reads from one or more RFID readers. Its main functionality is the collection and elimination of dupli-
cate readings by one or more RFID readers that occur as long as an object is in their respective area of
detection over a certain time interval. It can also contain some pre-processing logic such as reporting the
EPC count rather than the EPC values themselves. It then converts these reads into streams of primitive
RFID-events that are more suitable for processing through application logic.

For a standardized delivery of the �ltered and collected tag read data to higher-level client applications
(e.g. MES, SCEM system, etc.), Figure 4.5 shows that EPCglobal foresees the application level event
(ALE) standard. It provides means to manage the variety of RFID devices from different vendors by
grouping them into the real business location. For one or more client applications, it provides means
for requesting EPC data from one or more tag sources. ALE also provides declarative means for client
applications to specify what operations (e.g., �ltering, aggregation or counting) should be performed on
EPC data by the middleware. Hence, it only delivers data that are collected and �ltered in such a way
as it was previously de�ned in the ALE �ltering speci�cation. In other words, ALE is the gateway that
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Figure 4.5: Simpli�ed architecture of the EPCglobal Network

provides the means to reduce the amount of data that is reported from the device level to the application
level. Its output are ready-to-share ALE reports, illustrated in Figure 4.6, that contain a list of unique
EPCs, �ltered according to the pre-de�ned criteria, that were observed at a speci�c location.

Figure 4.5 shows that the next important instances of the EPCglobal Network are components that are
de�ned through the EPCIS (EPC Information Services) standard [41]. Its �rst instance is the EPCIS
Capturing Application that receives ALE reports, for instance, from a factory subsystem (e.g., conveyor,
receiving department, etc.) and, as illustrated with Figure 4.6, converts them into EPCIS-events that
are based on an XML schema. These events contain information on what was, when, where and why.
Figure 4.6 shows that during the transformation, the capture application can enrich the data with addi-
tional context by coordinating with other sources of information involved in executing a particular step
of a business process (e.g., ERP). The events from the middleware and capture application, however, can
also be so similar that no actual processing is necessary. The capture application then merely con�gures
and routes events from the ALE interface directly to an EPCIS-enabled repository. The EPCIS Capture
Interface de�nes the routing of EPCIS-events to consumers that process the data. The EPCIS-Repository
records EPCIS-level events generated by one or more EPCIS Capturing Applications and makes them
available for queries from EPCIS Accessing Applications. Hence, a repository can be located at plant
level and receive EPCIS-events from capture applications that cover all steps from the receiving to the
shipping department. The EPCIS Query Control Interface de�nes means for EPCIS Accessing Applica-
tions and, more importantly, supply chain partners to obtain EPCIS data subsequent to capture, typically
by interacting with a repository. Figure 4.5 shows that the last instance of the EPCglobal Network are
accessing applications like an SCEM system.

For the reception of data by an accessing application, the standard foresees two operations modes. The
on-demand mode equates to a polling of the query interface by the application when it needs the data.
The standing query mode is based on a subscription by the system for a periodic query. In the context of
a cross-company application of an SCEM solution with the EPCglobal Network, Tribowski et al. [170]
�nd that the passive pushing of data through subscriptions is advantageous for supply chains of up to
three stages. Because the system requires primarily information about the material �ow that is in close
proximity to the OEM, the query or push mode should suf�ce for an SCEM application.
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Figure 4.6: Conversion of raw transponder reads into EPCIS-events; adapted from [101]

4.2.3 Information Flow in Automotive Supply Networks

This section presents the process through which production sequences are determined at OEMs and the
information �ow to the supply base. Although this will be done on the example of automotive assembly
lines, the outlines are transferable to other �ow and job shops albeit with somewhat different time hori-
zons as in the case of agricultural machinery [64]. Figure 4.7 shows that the entire information �ow be-
tween automotive OEMs and their supply base is accomplished through the exchange of EDI/EDIFACT
messages of the respective ERP systems. During the production planning and scheduling process at the
OEM, the supply base receives information in up to �ve different forms of different time horizons and
concreteness (see Figure 4.7).

The �rst information is the monthly production program that is communicated regularly on a rolling
horizon basis as a demand preview to the supply base. It contains the rough, monthly delivery schedule of
the OEM for up to 12 months, which allows suppliers some long-term capacity planning [71, 172, 174].
This stage of balancing demand forecasts with available plant capacities is also frequently called master
planning [157]. It is determined through an APS system and results in a model-mix forecast [71, 157].
It describes the quantity of different product variants that a company plans to assemble over the coming
months.

The second information is a more detailed delivery schedule that is provided daily to the supply base
and contains information about orders that are scheduled for assembly within the next 6 to 10 weeks
[71]. These weekly and, for earlier periods of up to 4 weeks before assembly (compare Figure 4.7),
daily schedule builds are customer orders taken from the Virtual Order Bank (VOB) that are �tted to
the forecasted production programme [70, 173]. The choice for their position in the schedule and the
subsequent assignment of the estimated build date in the daily schedules is based on priority (i.e. order
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Figure 4.7: Production planning and scheduling in the automotive industry

due date) [71, 64]. The supply base uses this information to plan its own production sequences and
material procurement.

About one week before assembly the daily schedule with the EBD is converted into a production se-
quence (‘pearl chain’) with �xed build dates. As shown in Figure 4.7, the resulting one-day production
sequence then enters the ‘frozen zone’. This sequence is the third form of information that is commu-
nicated daily as call-off to the (JIS) supply base (i.e., DELJIT EDI message). It represents the �nal
order con�rmation [71]. This signal is especially important to some JIS suppliers as a trigger to release
complex modules for production.

Due to internal events and technical constraints the ‘frozen’ sequence changes so that the call-off is up-
dated regularly [24]. To this end, as indicated in Figure 4.7, the OEM communicates hourly the sequence
that has entered the body shop (body-in) and assembly line (assembly-in) � these are the information four
and �ve that are provided regularly to the JIS supply base [57, 172]. The assembly-in sequence is pro-
vided between 2 to 8 hours before modules are scheduled for installation in the respective vehicle [71].
Hence, these sequence information are less relevant to the supplier in regard to coordinating production
sequences but rather to prioritize orders and ensure the correct delivery sequence to the OEM.

In regard to the IT landscape, Figure 4.7 shows that the daily scheduling and especially the subsequent
sequencing tasks are a grey area that can be covered either by ERP/APS systems or MES [81]. Current
practice is the employment of ERP/APS systems for this task due to their industry-wide diffusion and
available communication links to suppliers [70, 157]. Using a MES-based sequencing, however, has
four major advantages. First, similar to the daily schedules, sequencing requires precise and up-to-date
information about available capacities in the body shop, rules for batching in the paint shop and labour
constraints along the assembly line [71]. Thus, a direct connection to the various cells within �ow or
job shops helps to better match their current states (i.e., utilization, yield, etc.) and constraints with
production schedule requirements. Second, in contrast to short-term operations management of MES,
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legacy ERP systems focus on business planning and were thus implemented with longer time horizons
and sluggish reaction times. For instance, the requirement of legacy IT systems for overnight updates to
transfer information to suppliers accounts for up to 5 days in delay in the overall automotive production
process [70]. Third, ISA-95 or IEC 62264 (and VDI5600, [178]) as the norm that de�nes the scope
for MES through the operations management layer includes detailed scheduling as one of its functions.
This includes the matching of resources and production tasks and the assignment of starting times [81].
Fourth and last, since MES monitors the shop-�oor level and collects related data from SCADA systems
via OPC, it is well-placed for the planning and execution of frequent sequence rescheduling tasks that
occur shortly before and throughout the production processes [15, 57, 70]. Thus, sequence planning and
control is suitable for MES.

4.2.4 Argument for Status Data Exchange with the EPCglobal Network

The outlines regarding cross-company communication illustrate that EDI in general and EDIFACT in
speci�c handle virtually all the communication of important business transactions between companies
whereas the EPCglobal Network is responsible for supply chain visibility. Both have the objective to
achieve the synchronisation of material and information �ows in supply chains. This raises the question
whether an integrated or separated approach of EDI and EPCglobal to data sharing is most suitable for
an SCEM system?

The application of EDI for cross-company data exchange of status data has several advantages that
are primarily due to its large install base. First, it would use existing infrastructures and communication
channels, reducing installation efforts and costs. Second, it would avoid additional new information �ows
and data formats, reducing IT-related problems such as incompatibility, downtimes and other errors.
Third, separate systems for EDI and EPC would create redundancy of two systems with similar purposes
alongside each other. The system has the drawback, however, that its domain are business transactions
where real-time data processing is of less importance. The explanation of the EDI syntax indicated that
messages are sent in batches rather than each event separately. More importantly, without extensions, the
EDI syntax is not directly transferable to RFID applications.

The synchronization of both approaches has the major advantage of using existing communication chan-
nels rather than an EPCIS-Repository to exchange data. It is hindered by a fundamental difference in
the principle of which supply chain entity triggers the communication. More speci�cally, the EPCglobal
Network is build on the principle that accessing applications retrieve data from the individual reposito-
ries of their supply chain partners. This ‘pull’ approach stands in marked contrast to the ‘push’ method,
where data is actively transmitted from one company to another through their ERP systems. The inte-
gration is possible, however, when the EDI message standards is extended with additional data �elds.
Thiesse and Condea [166] report that one integration proposal de�nes a DESADV (i.e., a dispatch advice)
EDI messages that includes EPC codes (i.e., SGTIN or SSCC) and is sent by the supplier to its customer
when shipping started. The receiving party can then compare the EPC in the message with those of the
objects that it received.

This approach violates the timeliness criterion of the status data that is required by the SCEM system.
Whereas the EPCglobal Network is a scalable architecture that allows the capturing, storage and distri-
bution of very large amounts of real time data, the EDI message standard is based on the most important
business transactions. Hence, the transmission frequency is too low for EDI messages in comparison to
the large quantities of item-level tracing data that is generated during process execution. Furthermore,
Figure 4.7 shows that besides planning data that also status information from the shop �oor to the supply
base is communicated through EDI messages from MES via ERP systems. Call-offs from the OEM as
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well as production processes at suppliers are all triggered only a few days before production start. Due
to the slow reaction times of ERP systems, the information exchange should be directly linked with the
MES of the supply chain partners. Since the sequences of body and assembly shop are already based on
physical objects that are identi�able through EPC numbers, it is possible to communicate the sequences
via the EPCglobal Network. This approach avoids the detour through ERP systems and, more impor-
tantly, provides the sequence data in near real time to the supply base. It is then capable of identifying
deviations between planned and actual sequence at the OEM and adjust their own operations accordingly.

Figure 4.7 also illustrates that the current system with the BIW and PBS inventories allows the OEM
a change to production sequences until shortly before assembly starts. These changes become neces-
sary due to internal and demand-side events (e.g., machine breakdown, product recon�guration by the
customer, rush jobs, etc.) and are communicated through the various call-offs to the supply base. This
communication, however, is unidirectional from OEM to the supply base and supply-side events are con-
sequently not included in rescheduling and resequencing processes at the OEM e.g., between paint and
assembly. At the same time, the supply base also has insuf�cient visibility of production sequences at the
OEM to ensure the synchronized module delivery. An SCEM system in conjunction with the EPCglobal
Network �lls precisely these gaps by using near real-time demand and supply information for internal
resequencing operations of the supply base and the OEM respectively.

In summary, for an SCEM system it is important that it receives all of the most recent tracing data as
fast as possible, making the application of the EPCglobal Network for data exchange preferable. The
IT-architecture into which the system is embedded has to be complemented with the EPCglobal Network
for the exchange of status data from supply chain partners. It is the preferred option to EDI even though
it requires the installation of an additional infrastructure to establish supply chain visibility and make
individualized tracing data accessible to an SCEM application. Several research papers already deal with
the provisioning of real-time tracing data in a cross-company environment with the EPCglobal Network
(e.g., [96, 84, 170]).

4.3 Information Flow Between Shop Floor and Business Level

This section is concerned with the question, how plan data is currently communicated within companies
and whether amendments are required to make the data accessible for an SCEM system. Although
possible, in this case the detour via the EPCglobal Network is not necessary because existing systems
offer (standardized) data interfaces that enable a direct and internal communication. To present the
embedding of the data �ows, this section outlines the typical IT-infrastructure as well as the information
�ow between the shop �oor and business level systems that can be found in today’s production plants.
Roughly speaking, data from the business level to the shop �oor serves to convey commands for the
execution of physical processes while the opposite direction reports on the success of the execution.

More speci�cally, Figure 4.8 illustrates that the information �ow of trace and status data starts on the
shop �oor where sensors on machines and products generate un�ltered data that are collected through
Supervisory Control and Data Acquisition (SCADA) systems. These systems monitor process execution
of a work station or single machine and provide an interface for users that enables the control of the line or
machine. Alternatively, un�ltered data can be directly communicated to the next level by connecting it to
the programmable logic controllers (PLC). From the various PLC and SCADA systems that are installed
on the shop �oor, collected data is passed to the manufacturing execution system (MES). It operates on
the level of a production line or entire plant so that only one instance of the system is required. The MES
coordinates the entire production process by sending work orders down to the respective systems. Hence,
in contrast to a time frame between hours and seconds for a SCADA system, a MES gives access to data
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Figure 4.8: Conceptual link between generation and execution of production plans

for a time horizon of days to minutes. Furthermore, it collects the data from all shop �oor systems,
compresses it and passes it to data warehouses where they are later retrieved for speci�c analyses (e.g.,
capacity utilization, lead times, etc.). Only very little data is actually passed from the MES to upper
levels for long-term analyses. The enterprise resource planning system (ERP) deals with data that has a
time horizon of days to months. Figure 4.8 shows that it manages long-term production planning through
the dimensions of timing (i.e., master scheduling) and quantities (i.e., material requirements planning).
It passes customer orders to the MES.

The preceding outlines indicate that the system landscape in manufacturing plants is highly complex. To
make the various software applications with their different purposes and their interactions manageable,
several consortia are devising standards that de�ne and normalize the �ow of information as an exchange
of data between different business levels. In addition they de�ne the tasks that have to be completed by
speci�c applications and the information that has to be kept on every level. The application of a standard
promises to facilitate the integration of an SCEM system into the existing infrastructures. Hence, the fol-
lowing two Subsections 4.3.1 present the Purdue Reference Model and the ISA-95 standard family as its
successor. These frameworks intend to draw boundaries between the enterprise systems and the control
systems so that they facilitate the positioning of an SCEM system. Subsection 4.3.2 then presents the
communication interfaces that connect the layers of the IT-architecture. Based on these considerations,
Subsection 4.3.3 presents the advantages of positioning the SCEM system on the same level as the MES.

4.3.1 The Purdue Reference Model and ISA-95

The Purdue Reference Model describes a general design for the operations of any production plant.
It consists of six levels of varying computing functionality that are derived from the hierarchy of the
company. Although the model provides descriptions for all six levels with their respective functions in a
generic plant, its scope lies between levels 2 and 5. It also provides de�nitions for the information �ow.
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� Level 1: It refers to the processes that are carried out on the equipment (e.g., machines, robots,
conveyors, etc.). It is the realization of the commands that were received from level 2.

� Level 2: It controls plant units and equipment as well as coordinates shop �oor activities. It
detects and responds to emergency situations. Furthermore, it collects information on production,
raw material consumption and energy usage and transmits the results to level 3 [83]. PLCs are
representatives of this level.

� Level 3: It coordinates multiple machines and operations. It sequences and supervises jobs on
the shop �oor. It also collects and maintains data of production, inventory levels, raw material
consumption and energy usage but on an aggregated scale for all the units under its control. It also
responds to emergency conditions in its region of the plant. SCADA are located on this level.

� Level 4: It details the production scheduling for one subdivision of a production plant. It en-
sures that the production schedule is carried out and modi�es it to account for interruptions of the
production, which may occur in its area of responsibility. The level also controls the obtaining,
allocation and supervision of materials and resources.

� Level 5: It plans the production for the whole plant and coordinates with this schedule to determine
optimal inventory levels. Furthermore, it collects all status information from level 4 entities and
supplies it as regular production and status reports to the plant management.

� Level 6: It is considered as an external entity with a scope that spans the entire company with all
its plants. Tasks include �nance, marketing and others.

From the outlines the positioning of SCEM system on level 4 of an organization appears advantageous:
On this level modi�cations to the production plan are carried out and reactions can be duly implemented
due to the proximity to the shop �oor. More recently, ANSI/ISA-95, which is also known as IEC/ISO-
62264 [81], adapted this multi-level functional reference model for production plants. Figure 4.9 shows
that it de�nes 5 functional levels of different abstraction for production plants that can be arranged in
three layers.

� Levels 0 through 2 describe the process control layer: More speci�cally, on level 0 the production
processes are located. Level 1 are instances that sense and manipulate physical processes such as
sensors, actuators and RFID readers. Level 2 are devices that monitor and control the physical
processes (e.g., PLCs). It has a relevant time frame of sub-seconds to hours. The objective is the
control of equipment, in order to execute production processes that result in �nished products.

� Level 3 is the manufacturing operations and control layer. Figure 4.9 presents that it subsumes
several activities (e.g., detailed scheduling, production tracking, etc.) that must be executed to
prepare, monitor and complete the production process that is subsequently executed at the lower
levels. The relevant time frame for these activities ranges from seconds to days.

� Level 4 is the business planning layer: It subsumes activities (e.g., sales, procurement) needed
to manage a manufacturing organization but that are not directly related to production. Important
activities include establishing the basic plant schedule (i.e., material use, delivery and shipping),
determining inventory levels and ensuring that materials are delivered on time to the right place for
production. Level 3 information is critical to Level 4 activities and vice versa. Level 4 typically
operates on time frames from days to months.

To the better understand the interaction between layers, Figure 4.10 shows an exemplary allocation of
hardware and software to the respective layers and the resulting information �ow between them. It uses
the example of an RFID tag read on the shop �oor that is communicated to the other levels. The RFID
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Figure 4.9: ISA-95 activity model of production operations management [81]

tags themselves correspond to ISA-95 level 0. RFID readers offer level 1 functionality. They read or
write information to RFID tags. Figure 4.10 illustrates that one or more RFID readers can be connected
to a PLC. It provides level 2 functionalities through, for instance, reading routing information from the
tag and generating alerts when errors from an assembly process are noticed. The various PLCs of a work
station are then generally connected to SCADA systems that are mainly providing level 2 functionalities.
They aggregate RFID readings and other process values and provide the interface to higher-level control
systems such as a MES or an ERP system where the data is analysed. At this point it has to be noted,
that the con�nement of speci�c activities to a respective layer conveys the false impression that their
assignment is always clear in practice. In fact, the border between hardware controllers (level 2) and
MES (level 3) is equally fuzzy, as is the border between MES and ERP (level 4). SCADA systems are
not con�ned to level 2 but can just as well execute level 3 activities. The Industry 4.0 development
mentioned earlier supports the assessment that the strict separation into levels and system boundaries
will be replaced with a more modular and �exible service-oriented architecture [83].

The outlines of the different levels indicate that the positioning of an SCEM system on level 3 is most
appropriate for the same reasons as outline with the reference model. Before the argument for or against
the coupling of an SCEM system with systems that cover one of the layers is made, it is important to
assess the connectivity of each layer to important company-internal data sources through interfaces. A
key determinant for the positioning of an SCEM system is access to plan data and shop �oor connectivity
so that status data is collected and reactions can be duly implemented.

4.3.2 Shop Floor and Business Level Communication Interfaces

Despite the de�nition of �ve levels for structuring company-internal IT-infrastructures, Figure 4.9 il-
lustrates that the focus of ISA-95 is the integration of level 3 � the ‘MES layer’ � with the respective
layers above and below. This also includes the information �ow between the three levels via interfaces.
ISA-95 explicitly addresses the interfaces between level 3 and 4, describing the information that is being
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Figure 4.10: Exemplary interaction of hardware and software for data integration; adapted from [83]

communicated between the MES and the back-end ERP system. Part two of ISA-95 provides abstract
de�nitions of so-called object models. These describe a production order, the equipment to be used for
the execution, personnel, material and other production-related entities. RFID itself is not explicitly con-
sidered within ISA-95. However, many of the object models include identi�cation information such as
data to identify a particular material. These data may be saved on an RFID tag attached to the material.
A concrete implementation of ISA-95 is the B2MML (Business-to-Manufacturing Markup Language)
standard that describes a set of XML schemas, one schema per object model. Hence, B2MML is used to
integrate business systems such as ERP and SCM with manufacturing systems such as control systems
and MES. The schemas and documents are organized around the ISA-95 object models with an extra
document for the common schema, which includes complex and simple types used in the other schemas.

Whereas the interface between level 3 and 4 is explicitly featured in ISA-95, the same does not account
for the interface between level 3 and the process control layer (levels 0, 1 and 2). This void is �lled
with the OPC family of standards that ensures the interoperability among different shop �oor devices
and provides a standardized way for applications to communicate with sensors, PLCs and the like. It is
the industry standard for plant �oor connectivity and is crucial for embedding RFID data from the shop
�oor in higher level applications. The OPC architecture is based on the client-server computer model. In
this model an OPC-server is a data source and is directly connected to the shop �oor device. After the
server receives requests for data from an OPC-client, it obtains the data from the device and serves the
data to the client. Similar to ISA-95, the OPC standard also contains several separate speci�cations. The
�rst was the OPC Data Access Speci�cation (OPC DA). It rules the acquisition of real-time data from
data acquisition devices that are located on the shop �oor through production control stations, MES and
even ERP systems.

The ease of communication with upper levels makes the OPC DA standard particularly well-suited for
an SCEM system that is integrated with a MES but intends to retrieve additional status data from shop
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�oor processes. OPC DA is the most commonly used OPC interface because it enables reading, writing,
and monitoring of variables containing current process data. More speci�cally, the client connects to the
server running on a shop-�oor device or industrial PC close to the shop �oor via �eld buses and an OPC-
Server object. The latter offers methods to navigate through the address space hierarchy to �nd items and
their properties like data type and access rights. The client also creates an OPCGroup object that groups
the OPC items with identical settings (e.g., update time). When added to a group, items can be read or
written by the client. Since data may not be permanently accessible due to the communication with a
device being temporarily interrupted, the standard demands that a request of a client is always returned
with three attributes: The value that the client requested, the quality of the value and a timestamp. The
quality of a value speci�es if the data is accurate (good), not available (bad), or unknown (uncertain).
Besides the OPC DA there are several other OPC standards. For instance, since OPC DA only deals with
accessing real-time data from the shop �oor, OPC Historical Data Access speci�es the way that archived
data can be accessed. Furthermore, the OPC Alarm & Events Speci�cation allows OPC clients to regis-
ter noti�cations in case of events or alarm conditions through an OPCEventSubscription object. Hence,
rather than continuously querying the server with the OPC DA, the client only receives information when
something of interest happens.

4.3.3 Argument for an SCEM System on the MES Level

The outlines indicated that a MES on level 3 has a very central position in the manufacturing company.
If an SCEM system is tightly coupled with a MES, then the former could exploit this position to its
advantage. Figure 4.11 illustrates that the MES can be seen as a central information hub that receives
and distributes important data. First, the B2MML speci�cation enables its integration with the busi-
ness planning layer. From the ERP it receives the master schedule with order requirements (e.g., due
date, speci�cations, scheduled build date) while it returns data for long-term analysis such as production
performance results, produced and consumed material.

Figure 4.11 also shows that a MES is not isolated on the operations management layer. Instead, there is
also a data exchange between different systems that allows a MES to access data that can be of interest
to an SCEM system � besides, for instance, the scheduling functionalities that a MES already offers.
For instance, the connection of a MES to a Warehouse Management System (WMS) allows it to send
material request orders and, more importantly, to receive information on material availability. Inventory
levels are important information when an SCEM system wants to determine the signi�cance of an event.
Similarly, a connection with a Computerized Maintenance Management System (CMMS) enables a MES
to send equipment running data while it can retrieve equipment capabilities or maintenance schedules.

Furthermore, the MES is directly connected to the various process control systems (i.e., SCADA and
PLCs) to issue work orders and recipes to the respective work stations and machines. In contrast to
ERP systems, it allows short-term adjustments of production plans. As outlined earlier, the utilization
of the OPC DA interface allows the MES to monitor process values or retrieve production results. Via
the OPC Events & Alarms it is even possible for a MES to receive noti�cations in case that a severe
situation (e.g., machine failure) occurs on the shop �oor. Hence, the shop �oor connectivity of a MES is
bene�cial for an SCEM system because it can receive internal events as well as retrieve trace and status
data from internal production processes. At the same time, MES currently lack the DSS capabilities that
the proposed SCEM system offers. More speci�cally, in their comprehensive literature review of MES,
Saenz De Ugarte et al. [138] observe that ‘MES applications still fall short of adding capabilities for
decision-making tools in very dynamic organisations where adaptive execution strategies are required to
replenish the supply chain while dynamically responding to unpredicted change.’
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Figure 4.11: Positioning and interfaces of systems in general IT-infrastructure of a company

From these outlines it becomes clear that it makes sense to couple the proposed SCEM system with a
MES because the latter has already access to most of the required data. In proximity to a MES, an SCEM
system is capable of retrieving all the required plan data from the various IT-systems on levels 3 and 4
while it also has ready access to trace and status data from the shop �oor. The �nal prerequisite for an
SCEM system in the form of trace data from supply chain processes can be accomplished when utiliz-
ing the EPCglobal Network. Thus, a MES is uniquely positioned in a production plant for supporting
an SCEM system and, according to ISA-95, it also subsumes highly relevant activities (e.g., detailed
production scheduling). More speci�cally, during a reaction in the form of a rescheduling, the SCEM
system can retrieve the schedule from the MES system, repair it and then send the update back to the
MES. The new schedule is then communicated as usual from the MES to the shop �oor. In summary, the
advantages of coupling an SCEM system with a MES are as follows:

� SCEM system introduces the DSS functionalities that a MES currently lacks

� Direct access to status data from the shop �oor and plan data from detailed production planning

� Duly implementation of a reaction in production plans and on the shop �oor

4.4 Proposed System Architecture and Concept

From the considerations of the preceding sections, the next task is to integrate the SCEM system with
the current cross- and intra-company information �ow and to place its components into the existing
system landscape. It was already argued that a solution should integrate with the EPCglobal Network
and ideally be coupled with a MES solution. Using these considerations in conjunction with the activity
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Figure 4.12: The proposed system architecture extends ISA-95 with event management functionalities

model of ISA-95, Subsection 4.4.1 presents the proposal for an architecture that integrates the SCEM
system with commonly occurring IT-infrastructures. It is further argued that the SCEM system consists
of two components that provide the desired functionalities. Subsection 4.4.2 presents the system concept
through a technological description of the components.

4.4.1 Architecture for an SCEM System on MES Level

Building on the scheduling process described in Subsection 4.2.3, Figure 4.12 shows that production
planning is summarized as a three stage process. Capacity and production planning are part of level 4
and are executed through ERP and APS systems. They can include all scheduling activities up to the
order sequencing. They synchronize their schedules with the supply base by communicating business
transactions based on EDI messages. In a next instance, the plans are communicated to the APS or MES
for a detailed production planning by using, for instance, the B2MML interface. The short-term material
requirements (‘call-offs’) are sent to the supply base shortly before production start using DELJIT EDI
messages. The sequence is then communicated to the work stations on the shop �oor through the dispatch
activity that is also part of the MES functionalities. For this purpose it can use the OPC interface. On
the shop �oor the feedback is collected through sensors, PLCs and SCADA systems and communicated
back to the MES via the tracking activity. This information �ow constitutes the ISA-95 framework that
is extended through the proposal for the integration of an SCEM system.

The previous sections have argued that an SCEM system is preferably located on the MES level and re-
ceives trace data through the EPCglobal Network. The dashed lines in Figure 4.12 illustrate components
and information �ows that need to supplement current installations to enable SCEM. This architecture
extends the presented literature by (i) integrating the EPCglobal Network with the SCEM system and
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(ii) using activity de�nitions of IEC 62264 to place it into the context of current IT infrastructures and
planning processes. The SCEM system receives object information through EPCIS-Repositories that are
located at the respective supply chain partners and contain collected data from logistics and production
processes. The data is exchanged through pushing or pulling. The SCEM system receives internal moni-
toring and tracing data through the tracking activity of the MES. It is communicated from the shop �oor
through the OPC interface. The data is also stored in the EPCIS-Repository and, in this way, not only
made available to the local SCEM system but other supply chain partners.

This bidirectional communication between OEM and supply base has several advantages. For instance,
rather than communicating changes to the schedule with call-off EDI messages, the concept allows a
direct communication of changes at the OEM from the MES-based data collection functionalities to the
supplier via the EPCglobal Network. The SCEM system of the supplier recognizes deviations between
previously communicated and actual sequence at the OEM. Based on whether production has started, it
then either updates local production schedules or the delivery schedule. The sequences visibility enables
a production and delivery that is in sync with the OEM. Similarly, if problems with supply components
occur, the component-related status data is communicated to the OEM via the EPCglobal Network and
analysed through his proprietary SCEM system. In case that the planned schedule is affected, the im-
plications of the problem are incorporated in the rescheduling operations that occur prior to production.
Hence, the introduction of an SCEM system allows either party to produce in sync and, in case of distur-
bances, adjust operations accordingly.

Similar to Lamparter et al. [97] or FernÆndez et al. [43], Figure 4.12 illustrates that the SCEM system is
divided into two components: Event Processor and Exception Manager. The Event Processor receives
plan and schedule data from the detailed production scheduling activity of the MES. It then aims to
identify exceptions by comparing status data from the EPCIS-Repository and plan data from the MES
and ERP. In case an exception is identi�ed it is communicated to the Exception Manager. It uses the
information regarding the exception and the current production schedule for its update. The adapted
schedule is then returned to the MES. A detailed concept for the technological realization of the two
components is presented in the next subsection.

4.4.2 Concept for an SCEM System with DSS Functionalities

It was already outlined that the proposed SCEM system is a DSS that detects deviations, estimates their
impact and proposes solutions that minimize its impact. Building on the generic IT-architecture of Figure
4.12, Figure 4.13 visualizes the two components of the SCEM system in detail. The input of the system
is a continuous in�ow of events from producers such as the objects that traverse the supply chain and
plan data from planning systems. It is primarily the trace data that comes from the supply chain and
internal processes through the EPCIS-Repository. Since SCEM systems in particular aim at identifying
current supply chain events, only the most recent trace and plan data is required and not all the historic
data that is archived in data warehouses. Hence, for event identi�cation the system follows an online
processing approach that distinguishes itself through the processing of data (including events) element-
by-element (and event-by-event), serially without having the entire problem space available from the
beginning. Due to one-time processing, this approach is generally associated with (near) real-time data
processing capability. It refers to a short response time between data generation and information output
by the Event Processing Engine. In accordance with the proposal of Huang et al. [74], the system also
combines CEP and a model-based monitoring approach to process the incoming event streams.

To create output events from stream processing using CEP, the system requires knowledge codi�ed as
patterns that imply a certain meaning and that enables the system to reason about the input events. These
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Figure 4.13: Detailed overview of the work�ow of an SCEM system

patterns have to be de�ned before stream processing is possible. In contrast to online data processing that
works element-by-element, as illustrated in Figure 4.13, pattern de�nition is done of�ine. Section 5.2 in
Chapter 5 presents the de�nition of a rule base for an SCEM system. Besides the intricate relationships
between complex event when de�ning a rule base, CEP has the additional drawback that the input stream
either matches the pattern or not. Since the precise impact of an event is probabilistic, the black-and-
white distinction of a CEP rule can misjudge situations as too critical or too unproblematic. To eliminate
the drawbacks of CEP, event identi�cation is complemented with a model-based approach. Figure 4.13
shows that it uses a supply chain model that is presented in Section 5.3. It is based on the historic
information from the archived events and the most recent events to estimate the probable future state of
the supply chain.

After a situation is detected, the Exception Manager is concerned with impact analysis. It uses an an-
alytic impact model to estimate the effect of the detected disturbance on company operations. Figure
4.13 shows that it has two tasks that also affect the Exception Manager. The model describes the rela-
tionship (i) between an event and its impact on a focal �rm and (ii) between possible reaction strategies
and their ability to mitigate the impact. To measure the respective effects, it has to de�ne indicators that
are relevant to company performance and that are in�uenced by the event as well as the reaction. For
the �rst case, the results yield a distinction between uncritical situations and exceptions. The latter are
communicated to the decision maker as event consumer via a graphical user interface. For the second
case, the model examines the effectiveness of counter-measures. Proposals for appropriate reactions to a
certain exception are also communicated to the user. The impact model is a tool that mimics and subse-
quently predicts the behaviour of complex and dynamic supply chains in the face of certain occurrences
and reactions. Plan data for its analysis comes in the form of a new customer order, a scheduled job
or the material requirements for a particular job. Its realization for the SCEM concept is presented in
Section 6.2.

Besides the functionalities for impact and mitigation analysis, the last important instance of the SCEM
system is the Rescheduling Engine of the Exception Manager. It requires a production and rescheduling
model that speci�es mitigation strategies. It de�nes constraints that the engine has to consider and
rescheduling strategies that it can carry out. The output is a new production plan that is subsequently
tested for its effectiveness to mitigate the impact of an event. The resulting proposal is then sent to the
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event consumer. It is �rst the user that has to approve a reaction and then second the MES that receives
the adapted production plan. From there it communicated to the shop �oor for implementation. The
production model is presented in Section 6.2 and the event-driven rescheduling strategies for automotive
�ow shops are presented in Section 6.3.

4.5 Chapter Summary

The research objectives in Section 1.3 state the hypotheses that an SCEM system is technical feasible
with existing infrastructures and that it should be located on the MES level. This chapter addresses
the question of how an SCEM system can be integrated in today’s intra-company IT infrastructure and
cross-company data exchange to close the gap between the availability of plan and status data. Building
on the two objectives, Section 3.6 speci�ed principal contributions of the work that extend the existing
literature:

� Derive system requirements through feedback of potential users (e.g., today’s availability of plan
and status data).

� Propose an IT-architecture that integrates an SCEM system and that builds on existing, cross-
company communication standards and the hierarchy of company-internal IT-systems.

� Present the functional and technical argument for coupling an SCEM system with a MES rather
than ERP system.

Chapter 4 addressed each of these points regarding the technical integration of the system. Section 4.1
summarized the feedback from a survey of potential system users. Among other things, it illustrated that
supply chains are indeed vulnerable to a wide variety of supply chain events, making the application of
an SCEM system bene�cial. Furthermore, it found that RFID is rarely used for tracing purposes and
that supply chain data is not timely enough to enable the identi�cation of target-performance deviations.
Crucially, it found that users see the process from event identi�cation through mitigation analysis as the
main functionalities of the DSS whereas the actual reaction should remain in the domain of the decision
maker. The survey highlighted the necessity of an SCEM system and provides preferred functionalities
that should be the focus when developing such a system.

Sections 4.2 and 4.3 then respectively outlined the standards for communication between companies and
between the various levels of a company. Cross-company data exchange is currently realized with EDI
messages. It was argued that the push strategy and low transmission frequencies make EDI messages
inappropriate for delivering tracing data from the supply chain. The outlines of the current scheduling
process and information �ow showed that an SCEM solution requires a data exchange via the EPC-
global Network. It is then enabled to provide reactivity shortly before production start. It �lls the gap
where current ERP and MES solutions lack capabilities. Second, company-internal infrastructures and
communication are described with the ISA-95 reference model. Section 4.3 presented the argument for
positioning the system on the MES level. The advantages are summarized as follows: Extension of
current MES functionalities, data availability and shop �oor connectivity. The MES is uniquely situated
between the business level and shop �oor, facilitating the embedding of plan and status data from various
sources into the SCEM application for further processing.

Building on the insights of the previous outlines, Section 4.4 then proposed an architecture that placed
the system into the activity model of ISA-95 and coupled it with the EPCglobal Network. This speci�c
setup allows for a bidirectional communication between suppliers and OEMs. The proposal divides
the system into two components: The Event Processor and the Exception Manager that incorporate the
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desired functionalities. They were subsequently presented in more detail. The proposal of the system
concepts includes a dual monitoring approach that combines CEP and a model-based approach. It uses an
impact analysis model to establish the signi�cance of an occurrence and it de�nes rescheduling strategies
that a Rescheduling Engine can use to update production schedules. The concrete realization of the three
functionalities is presented in the next two chapters. Chapter 5 presents the Event Processor with its
event identi�cation methods. Chapter 6 then details impact analysis of the Exception Manager and its
mitigation strategies in the form of different rescheduling approaches.
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Event Identi�cation in Lean Supply Chains

Chapter 5 presents the concept for the realization of the Event Processor of an SCEM application. It uses
the event processing stages depicted in Figure 5.1 to identify exceptions that are subsequently send to
the Exception Manager. These stages constitute a successive �ltering of increasingly important, context-
enriched event patterns, of which only the most signi�cant ones are reported to the user. This chapter
describes the conceptual basis and technological realization of the methods that are required to identify
exceptions. Beforehand, it is essential to carefully de�ne possible occurrences during the engineering
phase so that exceptions are identi�ed reliably during the operation of the system. Hence, Section 5.1
presents the conceptual basis of the Event Processor. Its task is the de�nition and qualitative description
of (i) supply chain occurrences, (ii) impact measures and (iii) the event-impact relationship.

Sections 5.2 and 5.3 then present the realization of the event identi�cation. They translate the considera-
tions from Section 5.1 into methods that can be used by the SCEM system during run-time for the on-line
identi�cation of signi�cant events. Section 5.2 outlines an approach for the non-probabilistic detection
of signi�cant events. This CEP-based method is based on rules that, given that the EPCIS-event stream
matches the pre-de�ned patterns, trigger a reaction. These rules, however, have the drawback of being
static and non-probabilistic. This means that aspects that are not covered by rules will not be identi�ed
and that the triggering of the reaction is based on a binary distinction. To circumvent these drawbacks, a
probabilistic method is proposed in Section 5.3 that uses the EPCIS-events as inputs for a supply chain
model to predict probabilities for signi�cant events. This approach translates the binary distinction into
a probability density function. Chapter 5 is concluded with a summary in Section 5.4 that links the
contents of the chapter to the formerly stated research objectives and principal contributions.

5.1 Conceptual Basis of the Event Processor

This section describes the conceptual basis of the Event Processor. It focuses on three tasks that are
necessary before concrete event identi�cation methods can be developed:
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Figure 5.1: Event processing stages for extracting increasingly relevant information

1. De�nition of occurrences that constitute supply chain events and that can be identi�ed through
monitoring approaches.

2. De�nition of performance measures that are in�uenced when the event affects a company.

3. Description of the causal event-impact relationship that enables an impact analysis after event
identi�cation.

Subsection 5.1.1 �rst derives the requirements for the Event Processor from the survey of the German
automotive industry. Among other things, it presents performance indicators that decision makers �nd
most useful for measuring the impact of an occurrence. Subsections 5.1.2 through 5.1.4 use these re-
quirements to describe the conceptual basis that can be used during the engineering phase to realize the
event identi�cation. To this end, Figure 5.1 illustrates the required processing stages. After �ltering,
which is done at the respective RFID readers to eliminate duplicate readings, a �rst step is the detection
of complex events that are derived from the presence of multiple primitive events. These complex events
de�ne interesting patterns � in this case occurrences that impede the material �ow � that have to be de-
�ned during engineering. Hence, Section 5.1.2 de�nes occurrences that can be derived from status data.
Not all of these patterns, however, are of signi�cance to a focal company and require the noti�cation of
system users � i.e., only occurrences that have a measurable effect on performance are important. Thus,
Section 5.1.3 introduces meaningful performance indicators that can be used to put interesting events in
the context of operational performance. Section 5.1.4 then combines the considerations of occurrences
in the supply chain with their impact on performance indicators through a causal model that establishes
the event-impact relationship.

5.1.1 Requirements of the German Automotive Industry

To identify events, the system has to know what to look for in the data. The previously presented results
from the survey showed that there are numerous likely occurrences, ranging from machine failures to
severe weather. Hence, a �rst task for the development of the Event Processor is to �nd a common
characteristic of events to facilitate their detection. This will be further detailed in Section 5.1.2. In order
to de�ne meaningful occurrences, complex events have to be related to an impact. Performance-target
deviation in regard to time, place or quantity are important information but do not necessarily constitute
a signi�cant event, making a subsequent reaction obsolete. To establish the signi�cance of an event,
the survey asked respondents to relate supply chain events to their impact on typical key performance
indicators (KPI).

The diagram on the left-hand side of Figure 5.2 shows that respondents thought that all listed KPI are
equally strong in�uenced, regardless of operational (e.g., throughput or utilization) or market indicators
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Figure 5.2: Supply chain events and their impact on key performance indicators

(e.g., pro�tability or delivery reliability). The right-hand diagram in Figure 5.2 shows the assessment of
the respondents to indicators that are meaningful for judging the severity of an event’s impact. Material
and �nished goods inventories are ranked highest. The former is affected �rst when an event delays or
stops material �ows to a company. It mirrors potential material shortages that can lead to bottlenecks
during production, which then has a secondary effect on utilization and other indicators. A large �nished
goods inventory on the other hand indicates a problem either on the demand-side or rework due to miss-
ing components during the production process. Finished goods inventory is problematic due its space
requirements and high value. The next two indicators are delivery reliability and company pro�tability.
While the former is crucial for a high market performance, the latter is a measure that aggregates the
other KPI. This illustrates that an SCEM system should consider non-�nancial as well as �nancial indi-
cators. This requirement and the highlighted KPI will be further elaborated when choosing appropriate
indicators for the Event Processor in Section 5.1.3. For instance, the four highest ranked indicators can
be used for the dashboard of the SCEM system.

The next Figure 5.3 displays the modes that are currently used to detect events. It shows that unstructured
communication exchange (i.e., telephone calls) between supply chain entities is the most commonly used
mode. Although it is not an ef�cient approach, it leaves suf�cient time between the identi�cation of the
event and its impact so that a company can prepare a reaction. The second most frequently occurring
case is the recognition of the supply chain event only when its effects reach the company. This mode of
detection is problematic because it leaves minimal time for a reaction. At this stage, most options are not
feasible any more, which endangers operational performance. Especially for quality-related problems the
detection can be delayed even longer: The Bosch incident of injector pumps described in Wagner [181]
or the frequent recalls by major automotive OEMs illustrate that problems are sometimes only noted
when customer complaints are received. This is the worst case scenario because it directly threatens
company reputation and market performance. From the previously presented results of the survey it is
not surprising that monitoring systems are the least commonly used mode for event detection. The survey
outlined that there are neither many comprehensive software solutions on the market and most companies
do not have the required process visibility that would enable such a system to function effectively. The
two approaches for event identi�cation through the Event Processor that are presented in Sections 5.2
and 5.3 combine several advantages: (i) They use a structured communication as it was presented in
Chapter 4 and (ii) they recognize signi�cant events earlier and more reliable than today’s unstructured
communication between entities.
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Figure 5.3: Current modes of identi�cation of supply chain events

5.1.2 Event De�nition with an EPCIS-based Classi�cation

To enable an SCEM system to identify exceptions from data streams, the possible occurrences have to be
de�ned before they can be translated into patterns. To facilitate the event de�nition process, risk classi-
�cations of SCRM that place speci�c occurrences into general classes can be transferred to SCEM. The
left-hand side of Figure 5.4 illustrate the allocation of occurrences into four distinct classes. Obviously,
this and most other classi�cations leave it to the decision maker to specify concrete events. This ap-
proach is arbitrary because in complex systems, events are certainly overlooked and allocation of events
to speci�c classes is bound to be ambiguous at times. Furthermore, an SCEM system is based on trace
data from the supply chain from which it has to infer a situation, which often precludes the identi�ca-
tion of a root cause. For instance, the detection of a machine breakdown at a supplier from this data
is virtually impossible. To avoid these drawbacks and to reduce the complexity of the event de�nition
process, it is proposed to employ an approach that is based on the immediate, object-related effects of
an event. The major advantage of this classi�cation is that the object-related effects can be derived from
the presence or absence of observations at monitoring points along the supply chain. More speci�cally,
using the EPCglobal Network, RFID data is transformed from ALE reports into EPCIS telegrams [41]
by the EPCIS Capturing Applications. These telegrams contain information of primitive events that es-
sentially answer the question of what object is when, where and why. A simpli�ed EPCIS-event of the
type ObjectEvent can be described as follows in the XML-format:

<ObjectEvent>
<eventTime>2013-13-04T08:20:25>/eventTime>
<epcList>urn:epc:id:sgtin:0614141.100734.2001</epcList>
<readPoint>urn:epc:id:sgln:0614141.07347.1234</readPoint>
<bizLocation>urn:epc:id:sgln:0614141.33254.0</bizLocation>
</ObjectEvent>

Since its release, the EPCIS standard has been a widely studied standard for the purpose of cross-
company data exchange [14, 84, 96, 99, 170]. It de�nes an XML-based speci�cation for (i) event data
(e.g., the ObjectEvent formulated above) that is generated during the execution of business trans-
actions and accumulates over time as well as (ii) master data that forms a �xed vocabulary referred to
from within events [41]. Figure 5.5 illustrates that the EPCIS standard allows for four basic types of
primitive events that are identi�ed by the EPC: Object, aggregation, transaction and quantity events. The
ObjectEvent indicates that objects with given EPCs (epcList) have been observed at a given time
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Figure 5.4: Classi�cation of signi�cant events based on timely availability for processes [63]

(eventTime), at a certain location (bizLocation and readPoint) and within a certain business
context (bizStep and disposition). An AggregationEvent contains the additional informa-
tion of parent and child EPC numbers that are essential when objects are combined or unbundled. For
instance, in case of transformations during production or assembly, this combining of objects is perma-
nent while it is temporary when, for instance, a certain number of objects is packaged into a carrier (e.g.,
pallet, container or vehicle). As the name suggests, QuantityEvent count the number of objects from
a speci�c class. Finally, TransactionEvent serve to connect objects with one or more transactions
(e.g., shipping).

Figure 5.4 shows that the information that is contained in these EPCIS-events can be leveraged to notice
cases when the supply chain fails to ful�l its purpose: To bring the right product, at the right time, to
the right place and in the right quantity. These four classes can be easily identi�ed from data that is
contained in the existing standard EPCIS-event types through a comparison of reality (i.e., observation
or its absence at a monitoring point) with plan data from central databases. In fact, Figure 5.4 illustrates
that most events that can hamper supply processes are subsumed in this classi�cation. For instance,
suppose a traf�c jam delays a truck delivery for two hours. The monitoring system �rst notices that
the truck has not passed the monitoring point at the scheduled (i.e., planned) time. Once it passes the
monitoring point, the delay can be quanti�ed and expected effects on performance indicators gauged.
When the material arrives, however, the bulk-reading of the cargo, in conjunction with information from
the database, reveals that too little was delivered. Thus, a delay becomes more severe when only part of
the required material arrives.

The example illustrates the major advantage of using an event classi�cation that builds on the information
provided through the EPCIS format: Once the resulting effects of each of these four classes on the
subsequent processes of an affected company are examined more closely, it is apparent that they can
result in only two distinct cases of a supply-side cause-effect relationship � regardless of the original root
cause that is responsible for the problem. First, material delivery delay constitutes an event where the
observation at a speci�c point of the monitoring system was delayed. Second, material delivery failure
constitutes an event where all or part of a shipment is useless (i.e. wrong product) or unful�lled (wrong
quantity or place). It is apparent that an effects-based classi�cation of external events reduces them to
two distinct cases that ultimately in�uence material availability for production processes at the affected
company. The classi�cation also relates all events to time as the sole measuring unit so that they, based
on their effects, are always placed in a temporal context.
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Figure 5.5: EPCglobal distinguishes four major EPCIS-Events [41]

5.1.3 De�nition of Performance Indicators for Impact Analysis

Linking primitive EPCIS-event with their object-related effects is suf�cient for the description of inter-
esting patterns such as the following one that describes a JIC delivery scenario:

IF X batteries are detected in receiving AND ordered quantity was Y
THEN alert user that the delivery contained insuf�cient batteries

The example illustrates that the identi�cation of interesting patterns frequently requires plan data. In this
case, the complex event can only be detected when the system combines the information of the actual
delivery quantity with the one that was ordered through the material requirements planning of the ERP
system. An example for the identi�cation of an interesting pattern can also easily be constructed for a
JIS delivery scenario that does not require plan data:

IF car engine is detected in body shop
THEN alert user that part is in the wrong location

Both patterns, however, do not tell the user anything about the signi�cance of this particular occurrence.
There could be enough batteries on stock so that the scheduled assembly sequence for the day can still be
executed. The engine could be simply re-routed through the body shop on its way to the assembly or the
car requiring this particular engine might not be built for a few days. All the presented scenarios would
make a noti�cation of the user less relevant and, in any case, a reaction in form of a rescheduling of
the assembly sequence unnecessary. To avoid needless reactions, the signi�cance of the event has to be
established through the quanti�cation of the impact on performance. An earlier version of the following
outlines was published in Heinecke et al. [63, 67].

An SCEM system is based on performance indicators for two major reasons. First, the indicators enable
the system to objectively classify events as signi�cant or uncritical. This distinction is crucial because it
establishes the need for a user noti�cation and potential reaction that mitigates the effects of the event.
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For instance, the rule above would trigger user noti�cations whenever an engine is detected in the body
shop, regardless of any further considerations that might make such a noti�cation obsolete. For an
effective SCEM system it is paramount to avoid frequent but unnecessary distractions of the user. Second,
besides the data processing capabilities, an SCEM application utilizes an executive information system
(EIS) to presents all the important information to the decision maker to support situation assessment
and the subsequent decision. These EIS use ‘dashboard’ interfaces that display all relevant performance
indicators on one screen. This overview facilitates the decision making in regard, for instance, to the
necessity of triggering a rescheduling. Hence, the task for an SCEM system is to relate one or more
primitive EPCIS-events from the supply chain � i.e., a delay or failure in material delivery � to the
success of the company. These effects are �rst noticed in production processes when required material
is delayed or missing. Rather than approaching performance measurement from a strategic, long-term
perspective (e.g., customer satisfaction, shareholder value), operational indicators have to be displayed
on the dashboard because they are affected �rst and allow a quick assessment of the severity of an impact.

There are a lot of performance indicators proposed in literature. A good overview of supply chain related
metrics is given by Gunasekaran et al. [60]. The choice of appropriate performance indicators for a dash-
board of an SCEM system is not straight-forward. First, there is an almost exclusive focus in literature
on the impact of disruptive and disastrous occurrences that seriously affect all indicators, regardless of
being strategic or operational [3, 13, 69, 95, 115]. Ambiguous effects of the frequently occurring but
smaller deviations are largely absent. Second, performance is often measured on a supply chain level,
which is appropriate in strategic SCRM assessments but over-emphasizes �nancial over operational met-
rics [59, 79]. SCEM systems are proprietary systems that operate within the boundaries of a company
and consequently aim at optimizing local objectives as much as global ones, requiring a balanced ap-
proach to performance measurement [59]. Third, literature de�nes and uses many different indicators
for measuring performance [51, 58, 60]. Thus, there is a lack of agreement over which indicators are
best suited to measure performance in SCEM and SCRM. Fourth and last, using only a single indicator
like the customer service rate to estimate the effect of supply chain events, does not capture performance
comprehensively enough for decision-makers to make an informed choice about the signi�cance of a
supply chain event. Companies generally pursue multiple goals simultaneously, making performance
measurement in regard to these goals also a multi-dimensional concept.

Figure 5.6 illustrates the most commonly employed framework that de�nes the optimization objectives
of individual entities in a supply chain network. These objectives can be summarized as maximizing
equipment utilization and the customer service rate while minimizing inventory levels and the produc-
tion lead time [122, 72]. This framework is largely in accordance with the results from the survey:
The respondents clearly preferred inventory levels and service rates (in form of delivery reliability) for
judging the signi�cance of an interesting event � lead time and utilization were of less importance. The
proposed measures also match with the survey of Gunasekaran et al. [59] that found capacity utilization
and customer service rate to be of high importance while (order) lead time was found to be of moderate
importance. Furthermore, Kleijnen and Smits [94] found that a multinational company primarily used
service rate, lead time (measured in terms of delivery delay) and stock to measure performance. Hence,
the measures and objectives in Figure 5.6 are a set of indicators that practitioners can agree upon. These
indicators are further grouped by either targeting market or operational performance [188]. They are
brie�y de�ned in the following.

Inventory. Inventory can be split into three broad categories: Raw material, work in process (WIP)
and �nished goods. In the automotive industry, it usually takes the measure of units or value. Whereas
�nancial controlling requires information about the value of the inventory, production planning demands
quantity measures. Material inventory is the stock that the company is holding for production processes.
Second, WIP is the number of parts between the start and end points of production [72]. Second, �nished
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Figure 5.6: Optimization objectives in production logistics [67]

and semi-�nished product inventory is the number of products that have left production and are either
ready for shipment or have to be reworked off-line due to problems (e.g., missing material, quality, etc.).

Equipment Utilization. According to Schönsleben [145], equipment utilization is a measure of how
intensively a resource is being used to produce a good or service. Traditionally, it is the ratio of a
machine’s actual load to its theoretical capacity. In other words, the equipment utilization is de�ned as
the fraction of time that it is not idle for a lack of parts [72].

Lead time. It is de�ned for a manufacturer as the time span that starts with the release of raw material
and ends when the fully assembled product is ready for shipment or becomes part of the �nished goods
inventory [19]. The concept can be transferred to all other supply chain entities and across entities,
for instance, in the form of the order-to-delivery time. It is the duration between the placement of an
order by a customer and the delivery of the product. The terms of lead and cycle time are often used
interchangeably in literature. Hopp and Spearman [72] distinguish cycle time as the random realization
of the lead time. In their de�nition lead time is a management constant that is used for planning purposes.
To avoid confusion, this work adopts the terms of actual and planned lead times for the same distinction.

Service rate. The service rate captures the ability of a company to meet due dates. Other indicators
for the same purpose are the �ll rate, lateness and tardiness [129, 72]. In a BTO environment like the
automotive industry, the service rate is de�ned as the number of products delivered on the desired date
divided by number of products ordered [145]. It is the fraction of orders that are ful�lled on time. The
de�nition is similar for a BTS environment: It is the fraction of orders that are �lled from �nished product
inventory upon the arrival of customer demand.

5.1.4 Describing the Event-Impact Relationship

The previous Subsections 5.1.2 and 5.1.3 have de�ned the possible occurrences that can be derived from
EPCIS-data and operational performance indicators that are in�uenced by their effects. They already
hinted at the causal relationship that �rst affects inventory levels before propagating through production
processes and ultimately affects customers. This subsection explicitly focuses on combining the two
aspects into a supply chain model that describes the general causality of the event-impact relationship.
It illustrates that the central link that connects supply chain events to performance deterioration at manu-
facturers is unavailable material at scheduled times. It also shows that all the indicators mentioned in the
survey are affected by supply chain events, validating the intuition of the respondents. This observation
supports the concept of ripple effects. It states that due to the tight coupling of entities that effects are
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never isolated but spread to all other entities, including customers, that are further downstream in the
supply chain network. To visualize the interrelationship and dynamics of the involved variables in an
event prone supply chain, a three-part causal in�uence diagram is derived. An earlier version of this
work was published in Heinecke et al. [63] and Köber and Heinecke [92].

The supply process is depicted in Figure 5.7 for two suppliers to illustrate the general concept. The
process is triggered by the customer order rate that directly translates, via the material requirements
planning from the OEM scheduling process, into the material order rate for the respective materials. A
rate hereby refers to the throughput of a certain number of units (e.g., orders, raw material, products,
etc.) per time step while the ‘+ ’ relationship between two rates indicates a mutual increase or decrease.
It has to be noted, that the association of the material requirements planning with current inventory levels
indicates a stock-based supply policy. The system, however, can be easily amended for JIS supply: Given
that no inventories for the materials are present then the order rate directly translates into the material
requirements of the OEM. In accordance with the preceding de�nition of supply events, the material
delivery rate of each supplier is in�uenced by the failure and delay rate for the materials. The former
encompasses insuf�cient quantities, wrong product deliveries or quality issues and directly translates into
an additional increase of the material order rate. This translation into renewed orders is delayed, indicated
with the k sign, by the time that it takes from the original order to the identi�cation of the delivery failure.
Delivery failures result in a reinforcing loop (R Del Failure): A high order rate increases the failure rate
which in turn in�ates the order rate further. The failure-free material refers to the remaining part of the
material orders that are shipped to the OEM with a certain delay that is either the OTD of the respective
supplier (i.e., on-time deliveries) or the OTD plus a certain delay. The material that arrives at the OEM
is the material delivery rate.

At the OEM, which is illustrated in Figure 5.8, the causal diagram can be divided into three parts: re-
ceiving, production and shipping. During receiving, material arrives from the suppliers and increases
the respective inventory levels. The required materials per products in conjunction with the inventory,
translates into the feasible productions starts for each material. Given that the suppliers operate in an
event-prone supply chain, a delay or failure that affects one supplier leads to an imbalance of feasible
production starts between the two types of material. This imbalance �xes an upper limit on the produc-
tion start rate. The production starts commit the respective material to an order and reduce the respective
inventories, resulting in a balancing loop that stabilizes inventory levels (B Inv). Here the ‘�’ relation-
ship indicates an opposed increase or decrease of the connected rates. A high production start rate then
increases the WIP inventory of released production orders that, according to Little’s law [72], results
in longer queues in front of machines and thus, increases production lead times. Although having an
adverse effect on lead time, a large WIP allows a high production rate and utilization. A high production
rate decreases the WIP and results in inventories of �nished products that are depleted by the shipping
rate. Similar to the supply process, at an OEM that employs the BTO approach, production is triggered
by the customer order rate. First, it increases order backlog. Since the system operates in a BTO envi-
ronment in the automotive industry, the translation of the order backlog into the desired production start
rate is delayed by the longest OTD time of a supplier (i.e., either supplier of material 1 or 2). This guar-
antees all suppliers suf�cient time from order placement by the customer to the delivery of the required
components to the manufacturer. Second, the customer order rate translates into the desired shipment
rate. Since a company in a BTO environment does not ship products from stock, it is necessary that this
translation is delayed by the OTD of the supply chain system (i.e., the slowest supplier plus the cycle
time of the manufacturer).

The last instance of the causal diagram, depicted in Figure 5.9, establishes the connection between supply
chain events from Subsection 5.1.2 and the performance indicators from Subsection 5.1.3. Lead time as
a factor that is in�uence by internal events has already been outlined. The delivery delay of product ship-

85



5 Event Identi�cation in Lean Supply Chains

Figure 5.7: Causal diagram of the order and supply process

Figure 5.8: Causal diagram of production process at OEM
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ment to customers is determined by the backlog and the shipment rate. Both delays combined determine
the service rate of the system. A high service rate is associated with customer satisfaction that in turn
guarantees for follow-up orders and positive word-of-mouth that both increases the customer order rate.
Utilization and inventory levels are operational performance indicators that also in�uence pro�tability:
An increase in utilization equates to a higher output at the same costs, while lower inventory reduces the
amount of unproductive capital. These cost advantages can then be used by a company to gain market
shares by reducing product prices, which positively affects the customer order rate. The analysis con-
cludes with the feedback on the customer order rate that is the origin and end of the in�uence diagram:
It triggers the supply processes that �rst affects company performance and then affects the order rate,
which then restarts the whole cycle. Figure 5.9 shows that a good company performance is associated
with a high pro�tability and high service rates. As outlined earlier, however, company-internal objectives
of low inventories and short cycle times are opposed to a high utilization. An event-prone supply chain
complicates matters further by introducing uncertainty into the supply process that a manufacturer has to
deal with.

Figure 5.9: Causal diagram of performance indicators

5.1.5 Section Summary

This section argued that event identi�cation has to focus primarily on two occurrences, regardless of the
root cause that created the adverse supply chain conditions. First, material delivery delays refer to the
temporal aspect of an expected delivery. Second, material delivery failures refer to the correctness of the
delivery where part or all of the shipment might still be on time but is faulty or missing. It was further
argued that although the noti�cation about a part in the wrong location or quantity is an interesting and
possibly relevant occurrence, it does not necessarily demand a reaction such as a rescheduling. Both
cases have to be evaluated in regard to their signi�cance to performance. A delay or failure of one or
more material deliveries �rst affects inbound inventory levels and material availability for production
jobs. This problem subsequently manifests itself in an impact on operational performance (e.g., lower
utilization) and effects on market performance (e.g., high delivery delays). The primary task of the
event identi�cation methods that are presented in Sections 5.2 and 5.3 is consequently the calculation of
material availability for scheduled production processes.

Given these information, the impact analysis can calculate the predicted company performance when the
effects of the event reach the company. The impact of material supply problems are largely dependent
on the replenishment strategy that a company employs. Given that the company pursues a JIC supply
for the affected component, consequences can range from no adverse effects due to large safety stocks
to a partial material shortage for some of the scheduled orders. In case that a JIS strategy is pursued, the
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effects of a delay are by de�nition that certain scheduled jobs are short of material because order-speci�c
components are not delivered on time. Given that production jobs cannot be carried out as originally
scheduled, the major effects on operational performance are a lower capacity utilization. In regard to
market targets, a delayed component endangers the timely delivery of the product to the customer, which
jeopardizes the target due date.

5.2 Non-Probabilistic Event Identi�cation with CEP

This section is dedicated to the run-time identi�cation of signi�cant events from EPCIS-data by applying
CEP rules. The preceding outlines have made clear that a company is mainly affected by supply chain
events � regardless of whether the supply chain event affects the timeliness or the correctness dimension
of a delivery � in its operational and market performance. Figure 5.10 illustrates that the primary impact
is the unavailability of the required material for scheduled production jobs while its secondary impact is
the delayed delivery of �nished products to the customer. The CEP rules have to be de�ned in such a way
that they identify material in the supply chain that is predicted to be too late for scheduled manufacturing
processes. The resulting consequences of this scenario are the effects on the proposed performance
indicators that are also tracked by the SCEM system. The examples from the previous section can be
reformulated for the detection of a signi�cant event due to unavailable material:

IF X batteries are detected in receiving AND stock is Z AND assembly sequence is longer than X + Z
THEN alert user that insuf�cient batteries are available for the planned production programme

IF car is at engine assembly station AND dedicated car engine is in body shop
THEN alert user that dedicated component is missing for seamless assembly processes

These and other rules constitute signi�cant events through the combination of implications in regard to
its dimension (i.e., wrong quantity and place) and its performance-related effects (i.e., seamless assembly
is prevented). To formulate CEP rules that can be applied during the run-time of SCEM applications,
Subsection 5.2.1 �rst presents the applied language ETALIS and the translation of primitive EPCIS-
events from their native XML schema into a predicate-based syntax. Subsections 5.2.2 and 5.2.3 then
apply ETALIS for the de�nition of a rule concerning a simple supply chain scenario to illustrate further
concepts of the language and, most importantly, the enrichment of complex events with planning data.
Subsection 5.2.4 then de�nes rules for the identi�cation of complex events that affect the timeliness or
correctness dimension of the material traversing the supply chain. It builds on the object-based EPCIS-
classi�cation that was presented in Section 5.1. Next, Subsection 5.2.5 de�nes rules for occurrences that
are signi�cant insofar that they potentially compromise scheduled processes at the affected supply chain
entity. The section concludes with a short discussion of the drawbacks of applying a rule-based CEP
system for real-time monitoring purposes in Subsection 5.2.6.

5.2.1 Rule-Based Language for EPCIS-Events

Figure 5.11 illustrates that the starting point for the de�nition of patterns is the trace data that is captured
during the execution of supply chain processes. The resulting EPCIS-events of the detection of a truck
on the highway, is submitted to the SCEM system in an XML telegram:

<ObjectEvent>
<eventTime>2013-13-04T08:20:25>/eventTime>
<epcList>urn:epc:id:sgtin:0614141.100734.2001</epcList>
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Figure 5.10: Result of applying rules with a non-probabilistic interpretation of EPCIS-events

Figure 5.11: Detection of a truck in the supply chain

<readPoint>urn:epc:id:sgln:0614141.07347.1234</readPoint>
<bizLocation>urn:epc:id:sgln:0614141.33254.0</bizLocation>
</ObjectEvent>

At this point the distinction between event and master data becomes important because the data contained
in an EPCIS-event by itself is meaningless. Event data arises in the course of carrying out business
processes. Master data is additional data that provides the necessary context for interpreting the event
data. Hence, whereas event data refers to the observance of an object .2001 at Location .33254.0,
the master data de�nes that the object was a truck while the location is the shipping department of the
seat manufacturer.

Furthermore, while this XML syntax of EPCIS-events is suf�cient for standardized information exchange
between companies via the EPCglobal Network, the lack of formal semantics obstructs their automated
interpretation and analysis through an SCEM system. To this end, ontologies [53] are used for specifying
relations between vocabulary terms and for organizing situations, locations, products and other supply-
chain-relevant notions in class and relation hierarchies, including EPCIS-events as a basis. To ground
all relevant vocabulary in formal semantics, a CEP-style ontology and rule language is used. Its syntax
resembles that of �rst-order predicate logic extended with CEP-speci�c constructs for timely correlation
of events.

More speci�cally, the de�nition of rules is based on the ETALIS language [5]. It belongs to the group of
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logic programming languages that are based on logical assertions [42]. The identi�ed events can be either
atomic or complex. The former enter together with their timestamps and possibly further associated data
(e.g., involved entities, numerical parameters of the event) the Event Processor in the order of their
occurrence. Complex events are composed of atomic events via event patterns. Atomic and complex
events are constructed from patterns that are de�ned formally as follows:

pr(g1; :::; gn )  p

Hereby p is an event pattern that contains all variables occurring in pr(g1; :::; gn ). For this de�nition
pr is a predicated name with arity n and gi denote terms. They can contain arguments in the form
of constants or variables. Every rule is of a boolean type: An event pattern either matches the rule or
not, resulting in a distinction between true or false. Atomic events are combined into complex events
depending on their temporal, causal and semantic relations. To this end, the language de�nes binary
operators such as SEQ, AND, OR, NOT and others. Using this language, a rule for an atomic EPCIS-event
and its related parameters is formulated as follows:

ObjectEvent(e; t; act; epc; loc)  
eventTime(e; t) AND epcList(e; epca) AND
action(e; act) AND bizStep(e; s) AND bizLocation(e; loc)

The example above illustrates that a rule of type ObjectEvent is associated with several subclasses
of attributes (e.g., eventTime) that are taken from the related data entries in the XML telegram of the
EPCIS-event. Note that speci�c data from the XML telegram (e.g., bizStep, readPoint, etc.) is
excluded from the rule de�nition. This is an effective approach because patterns usually build only on
few pieces of data (e.g., time and EPC) while the rest is of no importance (e.g., business context) and
consequently does not have to be considered during processing. Hence, an SCEM system uses CEP and
the related patterns to specify interdependency between several data entries of various primitive events.
As mentioned before, event patterns can be seen as templates that match certain combinations of atomic
or primitive events.

5.2.2 Detection of Complex Events Without Planning Data

The complex event illustrated in Figure 5.12 shows that some interesting supply chain events can be
derived merely from the primitive EPCIS-events without requiring plan information. Using the same
case of a simple truck identi�cation, the SCEM system interprets the occurrence of event e3 as a sequence
violation. To this end, the SCEM system uses its working memory where EPCIS-events are saved for a
particular time until it is discarded. Hence, the working memory allows the system to store older input
events (i.e., e1 and e2 in Figure 5.12) in order to match them and subsequent events to the pattern base.
The time that events are kept for processing purposes are called windows that almost all languages in
existing systems use. They are language constructs that can be applied to operators to limit the scope of
their action.

More formally stated, it is often necessary to de�ne which portions of the input �ows have to be con-
sidered during the execution of operators. Information �ows that CEP systems consider are unbounded,
however, which means that the system would have to consider the complete input �ow before returning
results. Hence, temporal or count-based windows impose constraints over the number of events that have
to be considered. In a count-based window approach, events are discarded from the analysis through the
arrival of a new event (i.e., total count remains constant) while the time-based approach removes events
after the elapsing of a certain time span (i.e., every event older than one day). Figure 5.12 illustrates that
the sequence violation is detected from a total of at least three object events where the system considers
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Figure 5.12: Detection of a sequence violation from the detection of a truck

a time-based window of pre-de�ned length. The according rule for the detection of a generic sequence
violation that assumes the �rst-in �rst-out principle can be de�ned as follows:

SequenceViolation(epca; epcb; locA ; locB )  
ObjectEvent(e1; t1; OBSERV E; epca; locA ) SEQ
ObjectEvent(e2; t2; OBSERV E; epcb; locA ) SEQ
ObjectEvent(e3; t3; OBSERV E; epcb; locB ) SEQ
ObjectEvent(e4; t4; OBSERV E; epca; locB ) WHERE epca 6= epcb AND locA 6= locB

This sequence pattern describes a temporal order of EPCIS-events, placing it in the category of dimen-
sional patterns that relate to time or space [42]. Note that the rule makes use of the sequence operator
e1 SEQ e2 that speci�es that two rules of type ObjectEvent occur in a timely sequence [185]. Rather
than using any plan data, this situation is solely detected from observations and the peculiarities of occur-
ring event patterns: While epca is observed before epcb at locA , the reverse sequence is detected at locB .
It has to be noted that e4 is not explicitly required for the detection of the event. Figure 5.12 illustrates
the approach with only three object events, where the fourth one is still lying sometime in the future.
This approach has the advantage that the system does not ‘wait’ until the fourth object event before the
rule is triggered. Although being generally applicable, this particular description of the pattern has the
drawback that it is not obvious which objects changed their sequence. To this end it is necessary that the
SCEM system uses its master data to identify which objects are out of sequence. Hence, to adapt the rule
for the case that is depicted in Figure 5.12, it has to be supplemented with background knowledge.

5.2.3 Enrichment and Binarization of CEP Rules

Building on the generic SequenceViolation rule presented previously, this subsection presents two
important CEP concepts. First, the enrichment of an event with additional information from databases
can be added to the rule de�nition:

VehicleSequenceViolation(epca; epcb)  
SequenceViolation(epca; epcb; locA ; locB ) WHERE Truck(epca) AND Truck(epcb)

This rule allows the detection of a logistics problem where two trucks changed their original sequence.
This information is taken form a database relation Truck, and can be pulled through the matching
of the respective EPC numbers that identify the objects as vehicles. This particular rule, however, is
not of immediate signi�cance to a system user. It has to be established through further enrichment.
For instance, given that the trucks contain JIS modules (e.g., seats) the sequence violation is a serious
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Figure 5.13: A modular rule base structures complex events by adding context; adapted from [101]

problem with implications for operational performance: A JIS approach dictates that deliveries occur in
the same sequence as the one that is scheduled to be built on an OEMs assembly line. Hence, since the
JIS module sequences for seats at locA and locB have to be the same as the �nal assembly sequence,
the early detection of JIS sequence deviations avoids either the assembly of wrong JIS modules or their
short-term reshuf�ing at the assembly line.

The example of a sequence change illustrates binarization as a second important principle of CEP
languages. They construct the rule base on the binary comparison of events. For instance, the rule
r  ((a SEQ b) SEQ c) is then rewritten as r1  a SEQ b and r  r1 SEQ c [5]. This approach
has the advantage of easier implementation and management, facilitating the de�nition and subsequent
maintenance processes of the rule base. Most importantly, it allows higher-class rules the sharing of
intermediate complex events. Hence, this concept is closely related to the principle of rule hierarchies
as illustrated with Figure 5.13. It allows the separation of irrelevant situations from signi�cant events
through successive re�nement. It has the major advantage that the rule base is clearly structured and
subsequent changes only have to made to certain parts of the hierarchy and not the complete rule base.
With this approach, as shown with Figure 5.13, a generic sequence violation is increasingly speci�ed
through additional data until a signi�cant event is identi�ed.
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More speci�cally, after the VehicleSequenceChange is detected, the loading situation of the vehi-
cle becomes important. It has loaded various products that are packaged in certain types of containers,
which are themselves stacked onto pallets within the vehicle’s cargo space. To capture this loading sit-
uation, EPCIS foresees aggregation events with the actions ADD and DELETE that document the
physical connection of two objects. The atomic AggregationEvent(e1; t1; ADD; epcp; epcm ), de-
�ned the same way as the ObjectEvent, captures the packaging of material epcm onto a pallet epcp.
At some later time, the material will be taken off the pallet, which is documented in a similar event but
with actionDELETE. To know the loading situation of any vehicle (or container-like object in general)
at any time, the following two rules specify the binary predicate contains(epcb; epcp) by means of
aggregation events, which represents the truck with epcb ‘containing’ the pallet epcp with material epcm :

contains(epcb; epcp)  
AggregationEvent(e1; t1; ADD; epcb; epcp) AND
NOT (e1 SEQ AggregationEvent(e2; t2; DELETE; epcb; epcp))

contains(epcb; epcm )  
contains(epcb; epcp) AND contains(epcp; epcm )

The �rst rule speci�es epcb (i.e., the truck from Figure 5.12) to contain epcp whenever a respective
aggregation event with action ADD was captured and is not followed by a similar aggregation event
with action DELETE in time. By this, contains(epcb; epcp) is valid from when the �rst event e1

was observed, and automatically invalidated when the second event e2 arrives. The second rule speci�es
the contains predicate to be transitive, such that containment is propagated from material to pallets,
from pallets to vehicles, and so on. Observe, that the �rst rule is an example for taking advantage of
both logical connectives of formal rule languages and CEP constructs for timely correlation of events.
Negation is used in combination with the sequence operator for excluding certain events to occur after
others, which provides for a very compact and convenient way of specifying event patterns declaratively.

Figure 5.13 illustrates that the reasoning in regard to a VehicleSequenceViolation in conjunc-
tion with the contains rule allows to detect a MaterialSequenceViolation. This successive
speci�cation can then be continued further until a JobSequenceViolation is detected. This event
implies that due to the sequence change of the two trucks that material will arrive in a different sequence
then the scheduled production jobs. Hence, rather than notifying the user in case that two vehicles have
switched their sequence, the SCEM system triggers the message only when this occurrence also entails
a switch of scheduled production orders.

5.2.4 CEP Rules for the Detection of Complex Events

Building on the proposed event classi�cation of Section 5.1, this section presents rules that help to detect
cases when two successive identi�cations of an object yield an actual deviation in the timeliness or
correctness dimensions due to a supply chain event � i.e., in regard to time, place, product or quantity.
Building on the same example of an identi�cation of a truck in the supply chain, Figure 5.14 illustrates the
according interpretation of the SCEM system. This interpretation refers to the most recent EPCIS-event
and the preceding one where values differ from those that were expected. The �rst two example patterns
refer to the timeliness dimension where a delay between two sequential identi�cations is identi�ed. To
interpret the actual and expected duration between two detections, the Event Processor uses a threshold
pattern through the introduction of a relational operator [42].

WrongTime(epcm ; t2; � t; locB )  
ObjectEvent(e1; t1; OBSERV E; epcb; locA ) SEQ

93



5 Event Identi�cation in Lean Supply Chains

Figure 5.14: Identi�cation of situations with thresholds that serve as plan data

ObjectEvent(e2; t2; OBSERV E; epcb; locB )
WHERE contains(epcb; epcm ) AND � t = t2 � t1 AND Breach(locA ; locB ; � t)

The rule above is described through two sequential instances ObjectEvent for an item with epcb at
two locations locA and locB . Note that this rule and all following ones build on the contains rule
in order to specify the EPC that belongs to material epcm rather than truck epcb. At the same time, the
rule does not specify the material type to which epcm belongs, keeping it more generic and enabling a
successive re�nement through additional information. Since the rule aims at identifying a transport or
production delay, the inter-event time between the two sequential detections is important. Hence, the
WHERE clause quanti�es the lead time � t between the occurrences of e1 and e2. The built-in Breach
then checks two things: (i) The two locations where the object was identi�ed in sequence and (ii) the
duration. For this purpose it has to refer to a knowledge base that could be de�ned as follows:

Threshold(locA ; locB ; � tA;B )
Threshold(locB ; locD ; � tB;D )
...

These thresholds are maximum lead time durations that are de�ned between all locations that stand in
succession to each other and where subsequent EPCIS-events for objects are triggered. These informa-
tion can also be retrieved from databases similar to the relation Truck. The following rule now uses the
information from the WrongTime rule for matching locations and comparing calculated and maximum
de�ned lead time durations:

Breach(locA ; locB ; � t) : �Threshold(locA ; locB ; � tA;B ) AND � t > � tA;B

Thus, given that the duration between e1 and e2 exceeds the planned lead time duration of � tA;B , the
rule triggers the complex event of a timeliness problem that quanti�es the delay with the variable � t.
Note that the WrongTime rule in its current form has to be de�ned only once and is then is applicable
for identifying delays between any two successive locations (e.g., locB and locD ) for which a maximum
lead time is de�ned. The drawback of the speci�c formulation above, however, is that the system has to
‘wait’ for the second ObjectEvent from the supply chain processes.

WrongTimeAB(epcm ; t1; � tA;B ; locB )  
ObjectEvent(e1; t1; OBSERV E; epcb; locA ) AND
NOT (e1 SEQ ObjectEvent(e2; t2; OBSERV E; epcb; locB ):� tA;B )
WHERE contains(epcb; epcm ) AND Threshold(locA ; locB ; � tA;B )

To overcome this drawback, the rule above reformulates the conditions with a NOT statement. Given
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that a second ObjectEvent for epcb at locB is not recognized within the maximum lead time duration
� tA;B , the rule triggers the complex event. Notice, that the rule uses the CEP construct SEQ as an
operator that describes a timely correlation of events. Instead of the built-in, this rule directly relies
on the planning data that returns the two subsequent locations and the maximum allowed duration. This
approach has the drawback, however, that the rule is only applicable to two speci�c, succeeding locations.
Hence, a better de�nition would be based on another built-in. Thresholds that were used in the last rules
are often determined on the basis of past experiences. Alternatively, a more dynamic planning of arrival
times could be employed, where speci�c expected arrivals are communicated to the Event Processor for
each vehicle to arrive at any particular location. Both patterns subsume various causes that could have
led to the time-based deviation between locA and locB � e.g., vehicle breakdown, traf�c jam, unplanned
idle times and others.

Rather than referring to the timeliness dimension of an EPCIS-event, the next rule formulates a problem
in the correctness dimension. It uses two sequential instances of class ObjectEvent to identify that a
delivery does not take the prescribed route. More precisely, instead of following the standard route via
locB to arrive at locD (i.e., the OEM), the driver takes a detour via locC , which could indicate a traf�c
problem with the usual route. Similar to the previous rules, the problem is identi�ed through the negation
of the built-in BOP. It describes that the two sequential detections are not part of the routing in the bill of
process that is stored as part of the knowledge base.

WrongPlace(epcm ; t2; locC )  
ObjectEvent(e1; t1; OBSERV E; epca; locA ) SEQ
ObjectEvent(e2; t2; OBSERV E; epca; locC )
WHERE contains(epca; epcm ) AND NOT BOP(locA ; locC )

Another issue of the correctness dimension is the right quantity. The next rule presents the detection
of missing material with epcm2. It has to be noted that RFID readers detect individually tagged ob-
jects through separate readings. The EPCIS standard generally aggregates readings at the same loca-
tion at the same time into the epcList of an object event. As de�ned earlier, however, the predicate
ObjectEvent has a �xed arity that contains only one EPC number. Hence, the Event Processor will
split the arriving object event in as many ObjectEvents as the former contains EPC numbers. The
rule assumes that in addition to the vehicle that also the individually tagged objects are identi�ed. Hereby
the sequential reading of epcm1 does not entail a sequential reading of epcm2. Through the where clause
the rule identi�es that both EPC numbers where detected at the same location at the same time while the
contains rule for epcm2 is still valid, meaning that a disaggregation has not occurred. Hence, the rule
indicates occurrences such as theft.

MissingEPC(epcm2; t2; locB )  
ObjectEvent(e1; t1; OBSERV E; epcm1; locA ) AND
ObjectEvent(e2; t2; OBSERV E; epcm1; locB ) AND
ObjectEvent(e3; t3; OBSERV E; epcm2; locA ) AND
(e1 SEQ e2) AND NOT (e3 SEQ ObjectEvent(e4; t4; OBSERV E; epcm2; locB ))
WHERE contains(epcb; epcm1) AND contains(epcb; epcm2) AND
t1 = t3 AND locA 6= locB AND epcm1 6= epcm2

While all previous examples basically build on a sequential detection of the same object, i.e., r  
e1 SEQ e2, the �nal rule describes the detection of a wrong product. It uses the build-in operator BOM
that aims at associating material epcm with a production job epcj through the knowledge base. Its
negation means that the association does not exist and consequently the related material must be wrongly
delivered. This approach is similar to the combination of EDI messages and the EPCglobal Network
through the DESADV message that was described in Section 4.2.4.
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WrongMaterial(epcm )  
ObjectEvent(e1; t1; OBSERV E; epcb; locA )
WHERE contains(epcb; epcm ) AND NOT BOM(epcm ; epcj )

5.2.5 CEP Rules for the Detection of Signi�cant Events

The previous rule examples illustrated that the mere peculiarities of occurring event patterns from EPCIS-
events is in virtually all cases insuf�cient for the identi�cation of complex events in a supply chain
setting. For most scenarios, it is necessary to retrieve appropriate plan data from internal systems on
MES or ERP level to compare the status of actual and planned material �ows. The identi�cation of
a deviation through a target-performance comparison is insuf�cient for SCEM systems. As outlined
earlier, every actual deviation in regard to the timeliness or correctness dimension eventually manifests
itself in either a delay or failure in the timely delivery of inputs to a system or outputs from a system [63].
Hence, the manufacturer notices an impact only when material is unavailable for scheduled production
processes. Thus, it is necessary to further re�ne the proposed CEP rules from the preceding subsection
by supplementing them with a predictive element that allows a judgement about the signi�cance of the
event to the affected entity.

For the further re�nement of the rules, internal plan data in regard to production timing and required
material quantities is important. A customer order triggers the scheduling and the material requirements
planning that provide three essential information for the determination of performance-relevant, signi�-
cant events: Schedule(o; j; tbuild ), MRP(o;m; tdel) and, if necessary, VOB(o; tdue). First, the relation
Schedule contains the customer order number o that is associated with a job number j and target build
date tbuild . Similarly, MRP contains a tuple of the customer order and the speci�c material requirements
m that have to be delivered at tdel (tbuild = tdel in JIS relationships). Third, the relation VOB contains
the original customer order number that is associated with a due date tdue. The following rule describes
a material delivery delay by using the mentioned relations:

JIS_Delay(o; j; epcm ; � tbuild )  
WrongTime(epcm ; t2; � t; locB )
WHERE JIS(epcm ) AND epcMaterial(m; epcm ) AND Threshold(locB ; locD ; � tB;D ) AND
Schedule(o; j; tbuild ) AND (� tbuild = t2 + � tB;D � tbuild ) > 0

The event classi�cation that was presented earlier argued that events are only signi�cant if they describe
delivery delays or failures that manifest themselves in unavailable material for scheduled production pro-
cesses. The rule above indicates such a signi�cant event by further enriching the original WrongTime
event from the preceding subsection with additional plan data. The JIS_Delay rule describes the iden-
ti�cation of material epcm that is on truck epcb at locB and supplements the data in such a way that a
delivery delay of a JIS module is detected. Similar to the modular rule base (Figure 5.13), Figure 5.15
illustrates that signi�cant events also build on a successive re�nement of patterns. It depicts the interre-
lationship of the Event Processor with plan data from ERP and MES systems and individualized tracing
data from EPCIS-events for the de�nition of the pattern.

More speci�cally, the JIS_Delay rule describes a pattern that matches the identi�ed material with
epcm to a relation JIS to establish the importance of the material � inventory items are less time-critical
than JIS modules. In a next instance, it uses a lower-level pattern epcMaterial. As it is depicted in
Figure 5.15, this built-in uses an initial transaction event that links the material with epcm to a speci�c
material orderm that was issued by the manufacturer during the MRP process. Next, in order to estimate
the predicted arrival of epcm , the system has to retrieve the maximum lead time between its current
location and the manufacturer. For this purpose it can use the Threshold relation that was introduced
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Figure 5.15: Combination of facts and EPCIS-events for detecting a JIS delivery delay

earlier. In a last instance, the system has to retrieve plan data in the form of the planned production
start time tbuild . Thus, the Event Processor issues a query to a database (e.g., data warehouse) to access
the respective relation Schedule that can put the WrongTime event into context. With all necessary
information linked to the pattern, the system calculates whether the delayed observance t2 at locB and
the required transport time � tB;D from locB to locD surpasses the scheduled production start time tbuild .
Figure 5.15 shows that the predicted arrival time, which is derived from � tB;D , is a crucial information
around which the entire event detection revolves � this prediction ultimately decides the effectiveness of
the Event Processor in speci�c and the SCEM system in general.

It has to be noted that the de�nition of the pattern relies solely on the time of detection t2 of epcm

at its last location. Hence, it is apparent that the JIS_Delay rule does not have to be based on the
WrongTime rule but can be derived from every primitive EPCIS-event, regardless of whether a delivery
is delayed between two successive read points. The de�nition above has the advantage, however, that
a preliminary �ltering is employed so that the Event Processor does not have to retrieve the appropriate
plan data every time an ObjectEvent enters the Event Processor. Furthermore, the pattern can be
easily adapted for the WrongPlace rule through the predicted lead time tC;D between the respective
locations locC and locD . Hence, a deviation in the time or place dimension results in a delivery delay
that can yield a deviation � tbuild in regard to the scheduled build date.

The next rule shows an example for a delivery failure rule that builds on the MissingEPC rule presented
earlier. Similar to the delivery delay of JIS modules, the pattern �rst establishes the importance of the
material through the class JIS. JIS modules are in most cases customer-speci�c and in any case already
committed to a speci�c product. To be able to reference the missing material to the affected customer
order and production job, the respective relations epcMaterial and Schedule are retrieved:

JIS_Failure(o; j; epcm )  
MissingEPC(epcm 2; t2; locB )
WHERE JIS(epcm ) AND epcMaterial(m; epcm ) AND Schedule(o; j; tbuild )

The signi�cance of both rules can be further supplemented through a comparison of the arrival time
with the due date that was speci�ed by the customer in order to detect highly signi�cant delays. In any
case, once a signi�cant event is detected, it is communicated to the Exception Manager using the rule
mechanism in the form notify(g1; :::; gn )  p. As mentioned before, p is a situation description in
form of an event pattern and notify a conjunction of custom built-in predicates that trigger routines
of the Exception Manager. Using the example of a delivery delay, the rule will notify the Exception
Manager whenever JIS modules arrive later than the scheduled build date. Besides the material EPC, it
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Figure 5.16: Comparison of probabilistic and non-probabilistic interpretation of EPCIS-events

communicates the affected customer order, production job as well as the predicted delay in the arrival
time of material epcm . This information allows the Exception Manager, for instance, to reschedule the
production order j to a time slot in the production schedule beyond the predicted material arrival.

NotifyExceptionManager(o; j; epcm ; � tbuild )  
JIS_Delay(o; j; epcm ; � tbuild )

5.2.6 Discussion

The presented rules have indicated that the crucial question, after an event of class ObjectEvent
is registered with the Event Processor, is the predicted time until the material arrives at the manufac-
turer. The rules that were presented in this section are all based on pre-de�ned thresholds that en-
able a calculation of whether the arrival time of the material surpasses the planned production start;
(� tbuild = te2 + � tB;D ) > tbuild . For instance, using the ObjectEvent from the beginning of Sec-
tion 5.2, the last detection e2 of the truck was registered at 8:20. Given that the estimated time until
arrival is assumed to be on average 7 hours and 40 minutes, the delivery is predicted to arrive at 16:00.
The diagram on the right hand side of Figure 5.16 illustrates that from this point forward the material
is available with complete certainty. Hence, depending on whether the scheduled build date tbuild is
to the right or left side of the expected arrival time in Figure 5.16, the material is available or missing
respectively.

The step function on the right side of Figure 5.16 illustrates that the utilization of an average but �xed
value has the drawback that material availability is modelled as a non-probabilistic, binary variable. The
temporal aspect of virtually all processes in reality, however, is described by a lead time distribution. Due
to the spontaneous occurrence of supply chain events (e.g., vehicle breakdown, traf�c jam) the assertion
is also true for transport times between two entities in a supply chain. Hence, it is in fact no less certain
that the material is present at 15:50 than it is at 16:10. For instance, using the example of an expected
arrival at 16:00 and a scheduled build date at 16:10, the Event Processor would be deceiving the user by
communicating � immediately after e2 was registered � a complete security about material availability
that actually does not exist. Conversely, it would propose a rescheduling for a scheduled build date at
15:50. Furthermore, the example patterns illustrated another drawback of rule-based systems: They are
based on static rules and thresholds that require repetitive maintenance efforts to keep them updated.

To avoid the mentioned drawbacks, the following Section 5.3 presents a probabilistic interpretation of
EPCIS-events. The exemplary cumulative distribution function on the left hand side of Figure 5.16 shows
that this approach returns speci�c probabilities for different arrival times. The approach consequently
revolves around the material availability at the build date rather than the expected arrival time that is
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based on a �xed, average value. For instance, given a build date of 15:50 the probability for material
availability is 40% while it is 60% for a build date at 16:10.

5.3 Probabilistic Event Identi�cation

In contrast to the non-probabilistic situation recognition, Figure 5.17 illustrates the result of a probabilis-
tic interpretation of EPCIS-events. Rather than conveying certainty about material availability, it shows
that the aim is the calculation of precise arrival probabilities from EPCIS-events for every object that
is traversing the supply chain. For an assembly line, as shown in Figure 5.17, the reasoning allows for
instance the calculation of the individual probabilities that the required JIS modules will be present at the
respective stations when assembly is scheduled to start. The aggregated individual arrival probabilities
of all customer-speci�c components that are required for a speci�c product such as a car, allows in a
next step the calculation of the probability that it can be assembled at the time for which it was originally
scheduled.

Figure 5.17: Result of applying a model with a probabilistic interpretation of EPCIS-events

<ObjectEvent>
<eventTime>2013-13-04T08:20:25>/eventTime>
<epcList>urn:epc:id:sgtin:0614141.100734.2001</epcList>
<readPoint>urn:epc:id:sgln:0614141.07347.1234</readPoint>
<bizLocation>urn:epc:id:sgln:0614141.33254.0</bizLocation>
</ObjectEvent>

As it was the case for the rule-based event detection, the starting point for the model-based approach
are EPCIS-events like the one above. The method then follows a two stage process. First, Subsection
5.3.1 presents the engineering stage of the model-based approach where a data mining procedure is
employed to derive probability distributions from archived data. The resulting data serves as basis for
the probabilistic, on-line interpretation of incoming object EPCIS-events during the operational stage
of the Event Processor. It uses a Bayesian network to estimate the probability for the realization of
different states. Subsection 5.3.2 describes the precise reasoning procedure that it is following to arrive
at probabilities for the timely arrival of material that ultimately determines the feasibility of scheduled
jobs.
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Figure 5.18: The progress of material in a supply chain is captured through successive read points

5.3.1 Data Mining

The proposed approach builds on a model that is based (i) on actual observations in the supply chain
and (ii) historic data that describes the probabilistic behaviour of the supply chain system. Data mining
is employed to derive this probabilistic behaviour that essentially expresses itself in two dimensions.
Their estimation is presented in this subsection. First, the Event Processor has to retrieve and analyse
historic EPCIS-events that describe the behavioural visibility of objects from the respective database.
As it is shown with the schematic supplier-buyer relationship in Figure 5.18, it is assumed that objects
of the same kind (e.g., car seats, engine, etc.) also follow the same sequential production and transport
processes. Hence, from production start at the respective supplier to the eventual delivery to the OEM,
it is also possible to measure individual progress through the detection of the material at successive
readings along the various processes. Hence, the various times between two successive readings describe
the lead time density distribution that stands for the varying execution times � t (e.g., due to unforeseen
occurrences) of a production or transport process that occurred in-between. Second, Figure 5.18 shows
that besides variation in the actual duration of the execution of processes, it is also possible that there is a
deviation in plan adherence between the originally planned build dates tplan and actual production start
tbuild due to unforeseen plan changes. Hence, the Event Processor also has to retrieve the respective data
from the MES and estimate the plan deviation density distribution from planned production and transport
processes.

Lead time density distribution. From successive readings of EPCIS-events of the same object it is
possible to distinguish two distinct processes. First, two successive readings of the same object at dif-
ferent locations implies a linear process where the object is transported from one point to another (e.g.,
between companies, on an assembly line, etc.). Second, the successive readings of the same object occur
at the same location, implying a cyclic process where an object leaves the process the same way that it
entered (e.g., inventory or work cells, etc.). Figure 5.18 shows that in both cases, however, a certain time
� t passes in between the two readings during which a process is carried out. These so-called lead times
� those that were assumed as average values in the patterns that were presented in the preceding section
� are important for production planning purposes. Due to unforeseen occurrences and other deviations,
however, the lead time �uctuates around an average value. To relax the assumption of �xed, average lead
time durations from Section 5.2, the data mining procedure estimates the respective lead time density
distributions between successive readings.

The estimation of the lead time density distribution (P [� tA;B ]) for two successive readings of the same
object will be explained for the example of a gate-to-gate delivery process that was used throughout
this chapter and that is displayed again in Figure 5.19. Thus, an object is identi�ed at a locA and the
subsequent locB with a transport process occurring in between the two readings. From the historic
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Figure 5.19: Deriving the lead time density distribution through data mining

EPCIS-events, it is possible to extract individual durations � tA;B (epci ) for a recorded transport by
subtracting the time of the second reading te2(epci ) from the �rst one te1(epci ). The individual lead
times are then placed into speci�c intervals xi of pre-de�ned length, establishing the domains of the
density function:

x0 = � tmin
A;B � (� tmin

A;B mod r)

xi = x0 + r � i with i 2 N; i �
� tmax

A;B � x0

r

(5.1)

These discrete intervals serve two distinct purposes. First, they signi�cantly reduce processing time dur-
ing on-line operation of the Event Processor when considering individual EPCIS-events from the supply
chain. Second, describing the density function with the smallest possible resolution of, for instance, 1
second is needlessly accurate for a delivery process that can take between 2 to 6 hours. With the chosen
resolution r the density function is then established by determining the number of readings n with lead
times that fall into the distinct intervals xi and placing their number into the context of all objects ntot

that were recorded between the two locations:

Pr [� tA;B = xi ] =
x i + r � 1X

x i

n(� tx i
A;B )

ntot
with ntot =

X

i

n[� tA;B (epci )] (5.2)

Note that the density function with its time intervals is bounded by the respective minimum � tmin
A;B

and maximum lead times � tmax
A;B that were recorded (compare Figure 5.19). Thus far, however, it is

only possible to describe the lead time � tA;B that was used in Section 5.2 for the identi�cation of
a Wrong_Time pattern. It was outlined then that this information is insuf�cient for a manufacturer
to estimate a deviation in the expected arrival time of the material that could subsequently lead to a
shortage for production processes. To this end it is necessary that not only the individual lead time
density distributions between two successive readings are known but moreover, that the lead time for
reading to receipt at the next supply chain entity is estimated. Hence, continuing the aforementioned
example it is necessary to estimate the gate-to-OEM lead time density distribution Pr = [� tB;D ].

For the gate-to-OEM lead time density function it is necessary to convolute the individual lead time
densities between the successive readings until the delivery arrives at the next supply chain entity � the
OEM in Figure 5.19. Hence, the aforementioned estimation of the gate-to-gate density is repeated during
the data mining procedure. Since highest accuracy for the convoluted density function is preferable, the
estimation of the individual gate-to-gate density functions is carried out for the smallest possible length
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(r = 1 ) of a time interval. The respective boundaries of the convoluted lead time density are determined
by adding the respective shortest and longest lead times of all density functions. The convolution of the
successive density functions that describe the progress from start to �nish of a production or transport
process is formulated as follows for this resolution:

P1[� tB;D = yi ] = P1[� tB;::: = yi ] � ::: � P1[� t:::;D = yi ] with � tmin
B;D � yi � � tmax

B;D (5.3)

The discrete convolution of two functions is de�ned as follows:

P [n] �Q[n] =
1X

m= �1

P [m]Q[n�m] (5.4)

The resulting distribution now has the minimum possible resolution with r = 1 , which is unproblematic
when computing time can be neglected. During on-line event processing, however, the resolution plays
an important role in making the system scalable for high arrival rates of object events. Hence, as it
was the case with the gate-to-gate lead time density function, it is proposed that the convoluted density
function is also discretized to achieve good system performance. The determination of its domain is done
in an analogous fashion to the one presented for the gate-to-gate density function (5.1). The number of
individual lead times are subsequently placed into the respective speci�c intervals xi of length r.

Pr [� tB;D = xi ] =
x i + r � 1X

x i

P1[� tB;D = y] (5.5)

Density distribution of production plan deviations. In the preceding Section 5.2 that presented pat-
terns, it was assumed that the scheduled build time is a variable that the OEM (or any supplier) will adhere
to with complete certainty. Hence, given that the estimated arrival time � tB;D for required material is
before the scheduled build time tbuild , then the schedule can be executed as originally planned. It was
outlined earlier, however, that OEMs change production schedules until the last minute due to internal cir-
cumstances that have nothing to do with an imminent material shortage [71]. Hence, a non-probabilistic
build date is an assumption that a probabilistic model-based approach can relax. The individual plan
deviation � tplan (epci ) is derived by subtracting the registered time of the TransactionEvent that
indicates the actual production start from the planned time that is recorded in the MES or ERP system.
The former EPCIS-event relates a product EPC to a speci�c order from the virtual order bank.

� tplan (epci ) = tplan (epci ) � tbuild (epci ) (5.6)

In a next step, the density function for the deviations has to be generated. Similar to the lead time density
distributions, the boundaries are then determined by the respective smallest and largest recorded plan
deviation (i.e., � tmin

plan and � tmax
plan ) and by �tting the density to the resolution r:

Pr [� tplan = xi ] =
x i � 1X

x i � r

n[� tx i ]
ntot

with ntot =
X

i

n[� tplan (epci )] (5.7)

It has to be noted, that an SCEM system not only deal with deviations in planned build dates � tplan

at the OEM where the data is accessible from MES or ERP systems but also has to consider plan data
from suppliers to predict material arrival beyond the delivery process between the supplier and the OEM.
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Figure 5.20: Plan deviation in production start and transport departure

When plan data is not readily available, it has to be derived from historic EPCIS-events. In this case the
Event Processor has to estimate the OTD density distribution. It describes the time that passes between
order entry for speci�c material from the OEM and the subsequent production start at the supplier that is
accessible from historic trace data:

otd(epci ) = torder (epci ) � tbuild (epci ) (5.8)

Analogous to the estimation of Pr [� tplan = xi ], the OTD density distribution Pr [otd = xi ] has to be
de�ned for the resolution r in the respective boundaries of the minimum and maximum recorded otd.
For further details on the procedure, the reader is referred to Warhanek [186].

Density distribution of deviations in transport departures. Figure 5.20 illustrates two different types
of density functions. The preceding outlines argued that production processes can start behind schedule
or ahead of it due to unforeseen changes. If transports also start at any time, the model behaviour for
the time span between scheduled and actual transport departure is identical to the previous outlines.
The same does not account for periodic transport processes that are often employed for replenishment
policies of JIC parts. In contrast to production processes it is assumed that these transports do not leave
ahead of schedule. They can only be delayed because, for instance, a shipment is not yet complete at
the scheduled time with some material still missing. As indicated in Figure 5.20, the schedule is derived
by describing the probability density of transport departures at any time during a speci�c time window
(e.g., one day or one week). Hence, the Event Processor has to analyse all the object events for an EPC
of type Vehicle. As it was the case for production plan deviations, �rst the plan departures tjplan have
to be �tted to the resolution r and then a separate density function for each departure time j is derived.
Through the division of the number of occurrences in each interval xi;j by the total number of recorded
transports, it is possible to describe the density function Pr (� tjplan = xi;j ).

5.3.2 Probabilistic Arrival Time Prediction

As outlined in the preceding subsection, to estimate arrival and availability probabilities for the material
the model uses the most recent tracing information of all objects that are traversing the supply chain in
conjunction with the historic information that was derived through the data mining process. Building on
the example of Figure 5.21 where a truck with material epcm is detected at a locA , the resulting object
event would immediately trigger the Update_model rule at time t0 (with tA = t0):
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Figure 5.21: Example case of arrival time prediction

Update_model(tA ; epcm ; locA )  
ObjectEvent(e1; tA ; OBSERV E; epcm ; locA )

This rule subsequently triggers routines in the Event Processor that update the arrival and availability
probabilities for all objects that are traversing the supply chain at this moment. It has to be remembered
that � contrary to what the ObjectEvent suggests � not only the information of epcm arriving at locA

in tA is noteworthy but also that a certain time between the preceding object event and the one concern-
ing epcm has passed without any other detection. In other words, the model has to update all arrival and
availability probabilities precisely because all other objects have not yet arrived at their subsequent des-
tination during the time span since the last object event was registered. Figure 5.21 illustrates this point
at locA : While epcm has arrived in tA , epcn is still missing. Because the passage of t0 and the miss-
ing epcn are important information, they have to be incorporated into the arrival probability ptA (epcn )
at locA and subsequent destinations (e.g., ptD (epcn )). Hence, as Figure 5.21 shows, the probabilistic
model is mainly described through (i) a list of all objects with their last con�rmed detection at a spe-
ci�c location in the past and (ii) lists for every location in the supply chain that contain the arrival and
availability probabilities of objects that are scheduled to arrive at some point in the future.

In the following, the estimation procedure that is employed by the Event Processor for transport and
production processes alike is explained on the example of the JIS delivery that is depicted in Figure
5.21. As outlined before, the procedure is triggered through the occurrence of an ObjectEvent and
consequently executed at a distinct point in time t0. It is composed of three steps and applies a discrete
event modelling approach in the form of a Bayesian network. During the �rst step, the initial condition of
the Bayesian network is estimated. It describes the probability of an object arriving at its subsequent, i.e.
next, location. Hence, in regard to the example, it estimates the probabilities ptB of the truck arriving at
locB at different times in the future. In the second step, the convoluted arrival time density is estimated
for the arrival of the object at the next supply chain entity; in the case of Figure 5.21 it is the arrival
time of the transport at the OEM (i.e., locD ) at some point in future. Given the probability for material
availability ptD , it is possible to calculate the probability that the transport or, for the depicted example,
the production job that requires the related material can be executed as planned at the OEM. The three
steps will be explained in detail in the following paragraphs.

Semi-Markov initial condition. The initial condition is a set of nodes in the Bayesian network that
describe probabilities for different times at which an object is predicted to arrive at the respective next
scheduled location (e.g., epcM at locB ). For its formulation the Event Processor has to analyse the
EPCIS-events that describe the progress of an object in the supply chain. Figure 5.22 shows that the
progress of an object can be modelled as a chain of discrete time steps that are pervaded with intermittent
occurrences of EPCIS-events whenever the object is detected at a new location. From all EPCIS-events
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Figure 5.22: De�nition of initial condition and generation of Bayesian network

only the most recent one is important, however, because older detections do not in�uence the probability
that a disturbance of the current process occurs. In other words, the probability of a future EPCIS-event
is independent from those that occurred in the past. A chain of events where their history is irrelevant
is described by the Markov process. The Markov or memoryless property dictates (i) that past state
information is irrelevant because a future system state depends only on the present state and (ii) that the
sojourn time within the current state is irrelevant (no state age memory) [21]. Hence, using a Markov
process for data analysis, Figure 5.22 indicates that the Event Processor only has to consider the most
recent EPCIS-event while older ones are neglected during the prediction of arrival times at subsequent
locations.

The second assumption, however, imposes a serious constraint on EPCIS-event analysis: The Markov
process models inter-event times as geometric distribution for discrete time space or exponential distri-
bution as its continuous analogue. The subsection on data mining showed that the variation of lead times
(P [� tA;B ]) between two successive EPCIS-events takes different forms of distributions. A prediction
based on this assumption would consequently be highly inaccurate. Employing a semi-Markov pro-
cess relaxes the assumption so that inter-event times can take arbitrary probability distributions. Hence,
analysing EPCIS-events in regard to the initial condition for the Bayesian network with this approach
allows the consideration of the last detection and the delay time since the detection for the arrival time
prediction. Figure 5.23 shows that there are two distinct cases for calculating the arrival time probabilities
that form the initial condition of the Bayesian network.

The �rst case is valid when the minimum recorded lead time of an objects’ transition between two
successive locations has not yet passed. This case applies to the object with epcm that triggered the
Model_Update rule and all objects where the time span since their last detection has not yet surpassed
the minimum lead time; i.e., t0 � tA (epcm ) � � tmin

A;B . In this case the probability to arrive at a certain
point tBi in future can be directly derived from the probability density function P [� tA;B ] for two suc-
cessive readings as it was presented for the data mining process. Figure 5.23 indicates that the estimation
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Figure 5.23: Case distinction for the formulation of the initial condition

for epcm results, for instance, in a 20% probability of arriving at locB at 09:00:

ptBi (epcm ) = P [� tA;B = tBi � tA (epcm )] with tBi � tA (epcm ) + � tmin
A;B (5.9)

The second case applies when the minimum recorded lead time for the transition of an object from
one location to the next has already passed; i.e., t0 � tA (epcm ) > � tmin

A;B . In this case the additional
information that the object has not yet arrived has to be incorporated with a correction factor into the
calculation of the arrival probability. Figure 5.23 illustrates the adaptation of the probability density for
the case that the model update is triggered after the minimum duration of a process � tmin

A;B has passed for
a certain object:

ptBi (epcm ) =
P [� tA;B = tBi � tA (epcm )]

1� P [� tA;B < t0 � tA (epcm )]
with tBi � t0 (5.10)

Convoluted arrival time density. Figure 5.22 illustrates exemplary for an object epc and locB the
derivation of the initial condition and the Bayesian network that is build on it. In the same fashion the
initial condition de�nes arrival probabilities at the respective next location for all objects in the supply
chain. In a next step the individual arrival probabilities at locB can be aggregated into a probability
density function; i.e., pBi (epc) = P [tB (epcm ) = tBi ]. This density function describes the arrival
probability at discrete points in time. In a Bayesian network these discrete time points are represented by
a node that are de�ned based on the resolution r. Considering the example of the JIS delivery of epcm ,
a node of the initial condition then describes the probability of the transport to arrive, for instance, at 9
o’clock at locB with a 20% chance.

Similar to the pattern detection of delays between two successive locations, the arrival time prediction
for locB is irrelevant to the manufacturer if the material still arrives on time at locD . To estimate the
according probabilities, Figure 5.22 shows that the probability density P [tB (epcm )] is convoluted with
the lead time density to the next supply chain entity (i.e., P [� tB;D ]) that was derived during the data
mining process (compare Figure 5.19):

P [tD (epcm ) = tDi ] = P [tB (epcm ) = tBi ] � P [� tB;D = tDi ] (5.11)

Figure 5.24 shows that the result is a probability density function P [tD (epcm )] that describes the various
arrival times with their according probabilities. Analogous to the initial condition, these discrete time
points are represented by nodes of the Bayesian network that are de�ned based on the resolution r. As

106



5.3 Probabilistic Event Identi�cation

illustrated with Figure 5.24, all subsequent calculations that refer to the material availability are carried
out within a node of the network.

Node probability estimation. The previous step has provided the probability density function for the
arrival of a certain object at the respective next supply chain entity that can be either a manufacturer
or logistics service provider. Besides material availability, the calculation of the probability for job
execution or transport departure requires the estimation of the plan adherence probability � i.e., that a
speci�c job or transport is actually started as planned. Recalling Figure 5.20 that illustrated the potential
delays from the planned start, the attempt probability for a job epcj is the distance between the time of
the node tDi and the planned production start for the job that is associated with the respective material:

patt
tDi

(epcj ) = P [� tplan = tplan (epcj ) � tDi ] (5.12)

The probability estimation is analogous for transport departures j with P [� tjplan ]. Hence, given the case
tplan (epcj ) = tDi , then the function returns the probability of starting production or the transport on
time. It has to be noted, however, that tplan (epcj ) is planning data that suppliers would not necessarily
make available for analysis by the OEM and other downstream entities. In this case the probability
is sampled from the OTD density distribution P [otd] (compare 5.8) that was described in Subsection
5.3.1. Hence, the probability is calculated with the respective time of the node tDi and the order-speci�c
delivery deadline of the production or transport.

Figure 5.24: Procedure for feasibility estimation in a node of the Bayesian network
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Figure 5.24 illustrates that the next step is the transformation of the probability densities for material
availability and plan adherence into their respective cumulative counterparts. In contrast to the density
function, which describes the probability of an event at tDi , the cumulative density function describes the
probability of a speci�c event occurring up to tDi . Figure 5.24 shows the transformation for the arrival
time density. The respective functions consequently display the probability of material availability up
to tDi and that a transport or production job has already been started up to tDi . To avoid skipping any
nodes during the cumulation procedure, it is started at the node with the lowest tDi and then continued
for all successive nodes of the Bayesian networks with P [tD (epcm )] in chronological order. Hence, the
example in Figure 5.22 that is derived from the truck identi�cation in the supply chain, the procedure
starts with tD 1 and then continues in chronological order:

P [tD (epcm ) � tDi ] = PtDi (epcm ) = PtDi � 1 (epcm ) + ptDi (epcm )

P [tatt
D (epcj ) � tDi ] = P att

tDi
(epcj ) = P att

tDi � 1
(epcj ) + patt

tDi
(epcj )

(5.13)

The cumulation steps have provided the probabilities both for the availability of each component and
of the attempts to use these components for a production or transport process at each discrete point
in time, represented by the nodes of the Bayesian network. The next step is the combination of these
probabilities to derive the actual build probability of a production job or of a transport departure. To
this end it has to be remembered that a schedule contains a number of production jobs that are started
successively and that each requires several different inputs. Depending on whether there is a dependence
between components and production jobs, two cases can be distinguished. First, the calculation of the
build probability P build

tDi
(epcj ) of a production job is trivial when the product is assembled solely from

JIS components. These are generally customer-speci�c and, even if not, already committed to a speci�c
production job when the component is ordered. For example, Figure 5.24 shows that a 95% availability
for a component and a 60% probability of production start result in an overall build probability of 57%.
Hence, in the case that a product is only composed of committed JIS modules, the probability for a
successful production start at tDi is simply the product of the plan adherence and the various component
availabilities that are dedicated to the production job:

P [tbuild
Di (epcj ) � tDi ] = P [tatt

D (epcj ) � tDi ] �
Y

P [tD (epcm ) � tDi ] (5.14)

However, most production processes at the OEM and suppliers also require JIC parts that are neither
customer speci�c nor committed to any job before production start. Hence, rather than �xed component
availability P (tD (epcm ) � tDi ), in this case the availability of a component is dependent on the number
of production starts at tDi . In other words, due to the �rst-come, �rst-serve principle, production jobs that
are started earlier get the required parts, limiting availability of components for the remaining jobs. More
formally, for n production jobs that can be attempted during tDi , the availability of at least one, at least
two, ..., at least n parts has to be calculated; i.e.,

� N
n

�
. Figure 5.24 shows that as an additional step at each

node, the overall availability of certain product types has to be estimated. Referring back to the object
event that was introduced at the beginning of this section, the material type is described with the number
.100734. The combinatorial task of probabilistic job attempts that in�uence material availability (and
vice versa), however, results in an immense number of possible combinations that prohibit analytical
solutions that calculate the exact individual build probabilities for the various jobs.

Thus, the calculation of the build probability of a product that requires JIC parts is approximated using
the Monte-Carlo simple sampling simulation. Through entering random variables for all uncertain pa-
rameters and repeating the simulation for a certain amount of times, most feasible outcomes are covered
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Figure 5.25: Monte-Carlo simulation procedure for the �rst repetition

and weighted by the number of their occurrences. The procedure �rst covers all scheduled jobs and ma-
terials at time tDi that are completely certain by allocating material to jobs, thereby reducing the number
of available parts for the remaining ones. The procedure then adds a counter x(epcj ) for all remaining
jobs that are only realized with a certain probability; i.e., P att

tDi
(epcj ) < 100%. The following procedure

is then repeated rep times. Figure 5.25 illustrates the approach for the �rst repetition.

PtDi (epcm ) > prand �! available with 0� prand < 1 (5.15)

In a �rst instance, as the formula above shows, the simulation is applied to each component that is not
available with complete certainty; i.e., PtDi (epcm ) < 100%. The inequality demands that a random seed
is smaller than the probability of material availability. If the inequality is true, then the component is
assumed to be available for production or transport purposes in tDi . Since deliveries from the supply
chain to an OEM, as illustrated with the truck example in Figure 5.21, contain a complete shipment
of components, their individual arrival probability is clearly not independent from each other. Hence,
given that the inequality is true for one component that is contained in a shipment and it is consequently
assumed to be available then all components have to be available as well. Once material availability was
simulated, Figure 5.25 shows that the procedure moves to the simulation of the jobs that are only executed
with a certain probability � as outlined earlier, all completely certain jobs where already handled through
the allocation of the required material.

P att
tDi

(epcj ) > prand �! attempt with 0� prand < 1 (5.16)

Uncertain production jobs are then handled in chronological order on the time line. Hence, the algorithm
moves from one production job to the next, starting with the one that has the highest attempt probability
in tDi . In other words, the Monte-Carlo method �rst simulates the execution of the �rst job in the
schedule and then moves successively to the subsequent jobs. Similar to the component availability,
the inequality above indicates that if a random seed is larger than the probability of the attempt of a
production job, then the job is not attempted during tDi . The simulation then skips the job and moves to
the next one in the schedule. If the job is attempted, however, then the required materials are looked up
in the bill of material. Given that all required materials from the preceding simulation were determined
to be available, then they are committed to the respective production job. Since this is a successful
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attempt for the execution of a production job, the respective counter for the affected production job is
incremented; i.e., x(epcj ) = x(epcj ) + 1 . If insuf�cient components are available for a production job,
although the attempt is intended to be realized, then the attempt is aborted, the material not committed
and the counter is not incremented. This procedure is done for all production jobs that can be attempted
during tDi . Once all material availabilities and job executions were simulated, the repetitive part of the
Monte-Carlo simulation concludes and the next repetition is started. The �nal step after the Monte-Carlo
simulation is the calculation of the probability of a transport or production job to be carried out in tDi by
diving the counter of each job by the number of overall samples:

P build
tDi

(epcj ) =
x(epcj )
rep

(5.17)

After the probabilities are estimated, the calculation moves to the next node at tDi +1 in the Bayesian
network to estimate the respective production and transport probabilities. Figure 5.24 shows that once
the probabilities are calculated for all nodes, they can be aggregated into a cumulative probability density
function. It describes the probability of starting a speci�c production job at various discrete time steps:

P [tbuild
D (epcj ) � tDi ] = P build

tDi
(epcj ) (5.18)

5.3.3 Discussion of the Probabilistic EPCIS-Event Interpretation

The preceding outlines have presented the probabilistic interpretation of EPCIS-events. The approach is
summarized in its most important aspects in Figure 5.26. The approach consists of two distinct stages.
Subsection 5.3.1 presented the data mining that is used during the engineering phase. Figure 5.26 shows
that it estimates lead time densities that describe historic durations between two successive readings.
Besides the durations, however, there is also a probability that supply chain entities do not adhere to their
original schedules. Hence, during data mining it is also possible to derive the deviations between actual
and target execution times of a production or transport job.

Subsection 5.3.2 then proposed a model that uses the information of an EPCIS-event to estimate the
probabilities of the arrival of the associated material at different points in the future. Ultimately the
end result of the calculations of the model returns � given the predicted situation in regard to material
availability from the supply chain and internal plan adherence � the build probabilities of production jobs
at suppliers and OEMs or departure probabilities for transport jobs of logistics service providers. These
probabilities can be used (i) to estimate business performance through the calculation of the expected KPI
development (given the current supply chain situation) and (ii) to determine production jobs that have
such a low realization probability (e.g., due to a supply chain event) that the SCEM system should trigger
a reaction in the form of a rescheduling. For further information regarding the model-based detection of
signi�cant events, the interested reader is referred to the respective master thesis [186].

5.4 Chapter Summary

Chapter 5 presented the Event Processor as the �rst important component of an SCEM application. It
detects events from the EPCIS-data streams. Hence, the chapter addressed the third research objective
that was stated in Section 1.3: Through which methods can an SCEM application detect signi�cant
events early and retrieve actionable information for decision makers? Based on this question, Section
3.6 identi�ed several gaps that this work should address as principal contributions:
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Figure 5.26: Summary of the probabilistic interpretation of EPCIS-events

� Literature on event management is based on root-cause classi�cations that are not applicable for
structuring the identi�cation process that relies on trace data

� Event-impact relationship are studied in the context of disasters and severe disruptions but not
day-to-day, operational occurrences

� Practical applications of CEP in a supply chain scenario in general and for detecting supply chain
events in particular are missing

� Other methods for on-line RFID data processing in a supply chain scenario are rare although
Huang [74] stated that a stand-alone CEP solution is insuf�cient for real-time monitoring

Section 5.1 addressed the �rst gap by presenting a classi�cation that �rst delineated an object-based
event classi�cation form the information contained in EPCIS-event. It was then argued that all possible
occurrences eventually manifest themselves at an affected entity through the delayed or failed delivery
of material. This dual classi�cation considerably facilitates the de�nition of interesting event patterns
because they can be easily related to their respective effect. The next subsection then introduced mean-
ingful indicators that can be used by an SCEM application to objectively judge the impact of an event on
an affected company. The second research gap was then addressed with a in�uence diagram that links
the two proposed event classes to operational performance indicators.

After the de�nition of possible supply chain occurrences, Sections 5.2 and 5.3 focused on the realization
of the on-line processing of RFID data. They addressed the last two research gaps. Section 5.2 �rst
presented the application of CEP rules to the problem of detecting supply chain events from EPCIS-data.
It illustrated the difference between the de�nition of patterns for complex events that are solely based on
the classi�cation of Section 5.1 and signi�cant events that include performance implications. Section 5.3
then presented an alternative approach for data processing of EPCIS-events. The probabilistic method
aims at predicting arrival time probabilities for the material that is traversing the supply chain from RFID
data streams. In contrast to the black-and-white decision of CEP rules (material is delayed or not) that
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convey complete certainty about events, the approach returns probabilities that allow a more precise
distinction. Both approaches yield an estimation for the availability of speci�c material for scheduled
production jobs.

After the Event Processor has identi�ed events, the information regarding the material availability for
production processes is communicated to the Exception Manager. It calculates the effects on performance
indicators through an impact model and identi�es appropriate reactions. It is presented in Chapter 6.
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Exception Management in Flow Shops

The Exception Manager is the second component of an SCEM application. It receives information
regarding material availability from the Event Processor. The Exception Manager has two tasks. First, to
estimate the impact of the current supply chain situation on company performance. Second, to identify
possible reactions and assess their effectiveness in mitigating the impact of an event. The �rst Section
6.1 is concerned with the conceptual basis of the component. The foundation of the Exception Manager
is a �ow shop model with JIS deliveries. It is described in Section 6.2. Using this model, the information
from the two identi�cation approaches can be used to calculate the expected performance when the
effects of the detected event reach the company. It aims at determining the signi�cance of the identi�ed
supply chain event. Section 6.3 then present the details of a rule-based approach to the rescheduling of
production jobs. It distinguishes itself from typical optimization problems in that it repairs the schedule
instead of overhauling it completely. The former focuses on jobs that are affected whereas an overhaul
intends to �nd a new optimal schedule for all jobs in regard to a global objective (e.g., minimizing overall
makespan of the schedule). It receives a list of affected production jobs from the impact analysis. They
demand a change in their sequence position so that material availability is ensured. The section describes
rescheduling strategies that can be applied for repairing a schedule that has become obsolete due to the
identi�cation of a signi�cant event. Chapter 6 is concluded with a summary in Section 6.4 that links the
contents of the chapter to the formerly stated research objectives and principal contributions.

6.1 Conceptual Basis of the Exception Manager

This section presents the results from the survey that give an overview of possible and preferred reactions
from the practitioners point of view. It reveals that the preferred reaction is a MES-based rescheduling
of production jobs. It then continues with an outline of the interaction between the two components of
the SCEM solution.
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Figure 6.1: Current and desired reactions to supply chain events

6.1.1 Requirements of the German Automotive Industry

One of the tasks of the Exception Manager is the identi�cation of reactions and the assessment of their
effectiveness in mitigating the impact. To obtain feedback from potential users, the respondents of the
survey were questioned in regard to currently employed measures and desired reactions. The diagram on
the upper right-hand side shows that emergency logistics is the most frequently cited counter-measures
when supply chain events occur. It is costly and scope for reactions is limited. Another reaction is the
utilization of �exibilities like spare production capacities or additional workforce that can help a company
cope with the unbalanced workloads. Spare capacities that are only required in exceptional situations,
however, are very costly to create and maintain. Two other frequently used strategies are a MES-based
rescheduling and a production resequencing. The former refers to changes in the detailed job scheduling
where the virtual order sequence is altered so that the affected jobs receive new production start times.
This strategy is applicable when an event is detected early enough (i.e., in the supply chain) and the
related jobs have not entered the production. A resequencing is employed at a later point in time when the
affected production job is already started. In case of a material shortage the workpiece is then buffered
in the production area until the material is available. Through this approach the physical sequence of
production jobs is altered. Less commonly employed reactions are an ERP-based rescheduling due to its
long time horizons and larger safety stocks due to their incompatibility with lean principles.

In comparison to the currently employed reactions, the diagram on the upper left-hand side of Figure 6.1
illustrates the desired reactions that an SCEM system should offer. An MES-based rescheduling of job
sequences emerges as the most favoured option by the respondents. Another option is the exploitation
of available �exibilities in, for instance, capacity or product routing. The least favoured reaction options
are the ignoring of the event and the waiting of the system until it has more speci�c and certain infor-
mation. This indicates that once a potential problem is identi�ed that it should be dealt with rather than
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to postpone the decision any longer. Similar to the former diagram, an ERP-based rescheduling is again
among the least favoured reactions.

The lower left-hand diagram of Figure 6.1 shows the reason why the respondents prefer a MES-based
rescheduling. The diagram is based on the question how far before production start a production schedule
can still be adapted. As it was mentioned before, the time horizon that ERP system supervise are much
longer than that of a MES. Hence, ERP systems have sluggish reaction times and require over-night
updates because they were not intended for short-term, reactive schedule adaptations. The diagram
shows that on the MES level respondents agree that a rescheduling is possible on the same day of the
scheduled production start. This assessment becomes even more certain for the time period from 1 to 5
days prior to production start. Meanwhile, a rescheduling on ERP level is only possible when production
start is 1 to 2 weeks into the future. Since most supply chain events affect companies in the short-term,
a reaction on ERP level is rarely possible.

Since a rescheduling seems to be the favour option, in a next step it is important to identify the opti-
mization criteria from respondents that should be considered during the rescheduling process. The last
diagram on the lower right-hand side of Figure 6.1 shows that due date adherence is ranked highest.
Hence, the rescheduling procedure should be carried out in such a way that customers are not affected
by a supply chain event. More interestingly, plan stability is also ranked high. This criterion aims at
carrying out the minimal number of sequence alterations so that schedule nervousness is minimized or,
conversely, schedule stability is maximized. The criterion that is thought to be of least importance is
schedule robustness. This measure aim to execute the rescheduling operations in such a way that the new
schedule does not become obsolete in case that another event occurs.

Hence, the requirements for the Exception Manager can be summarized as follows: It should allow a
rescheduling on MES level and it should consider a bi-objective approach of schedule optimality (i.e.,
due date adherence) in conjunction with schedule stability.

6.1.2 Interaction of Event Processor and Exception Manager

Figure 6.2 depicts the schematic work�ow of the two SCEM components. The Event Processor receives
EPCIS-events that it uses to identify events. The two event identi�cation approaches of the Event Pro-
cessor that were presented in Sections 5.2 and 5.3 are de�ned in such a way that they calculate the
availability of material for scheduled production processes. Resuming the example of the truck delivery
that is detected at a locB at time tB , the CEP-based approach from Section 5.2 results in a boolean,
non-probabilistic distinction:

P [tD (epcm ) � tbuild
Di (epcj )] =

(
0; if � tbuild

Di > 0 and JIS_Delay is true
1; if � tbuild

Di � 0 and JIS_Delay is false
(6.1)

The equation describes the probability that material epcm arrives prior to the scheduled production start
time tbuild

Di of production job epcj . Recalling the JIS_Delay rule from Subsection 5.2.5, it is triggered
when (i) the vehicle is delayed between locA and locB and (ii) there is a deviation between tbuild

Di and
the average transport duration � tB;D between locB and locD . This deviation is captured in the variable
� tbuild

Di . If the rule triggers, the probability that the material still arrives on time is estimated at 0%.
Equivalently, for the affected production job epcj it then has to be presumed that it cannot be produced
at the scheduled time. It was argued before that this binary distinction, which can depend on minutes, is
too static. Hence, the approach that was presented in Section 5.3 exchanged CEP patterns with a supply
chain model and the boolean distinction with a density function of the predicted arrival time:
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Figure 6.2: Schematic interaction of Event Processor and Exception Manager

P [tD (epcm ) � tbuild
Di (epcj )] = PtDi (epcm ) (6.2)

In contrast to CEP patterns, the approach builds on comparatively less information: It requires the most
recent EPCIS-event of the monitored object epcm and the interval that has passed since the identi�cation.
Based on historic data, it then derives a density function that describes the precise probability PtDi (epcm )
that the object arrives prior to the scheduled production start time. For all objects that currently traverse
the supply chain, both approaches return their probabilistic availability at a certain time in future. The
individual probabilities, however, do not support a user suf�ciently enough in their task of assessing the
severity of the current supply chain situation.

After the detection of events, their signi�cance to company performance is determined. The impact anal-
ysis uses the input from the event detection to estimate expected performance. Figure 6.2 indicates that
the system predicts different performance trends for the same EPCIS-event due the calculated material
availability. Figure 6.2 shows that the non-probabilistic method assumes certainty where material is ei-
ther available or not. This assumption equates to the assertion that that affected jobs cannot be completed
as scheduled, resulting in comparatively heavy losses in expected performance.

After the signi�cance of the event is determined, the Exception Manager identi�es potential reschedul-
ing strategies for the affected jobs. Figure 6.2 exemplary shows with job sj = 12 that the difference
between the two event detection methods also results in a different number of necessary rescheduling
operations. The material availability for this job is suf�cient when using the probabilistic approach.
The �nal step is the mitigation analysis. Figure 6.2 illustrates that performance-related effects are also
mitigated differently according to the employed rescheduling strategy and event detection method. The
result from the Exception Manager are different reaction proposals and their respective performance that
is communicated to the decision maker.
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Figure 6.3: Predictive-reactive scheduling in monitored supply chains [65]

6.2 A Flow Shop Model with Unreliable Supply for Impact Analysis

Before the impact on the production system or possible reactions can be analysed, the �rst task is to
de�ne a supply-assembly model. Since it has to describe the processes of the automotive industry, it has
to employ a predictive-reactive scheduling of assembly sequences and include implications of just-in-
sequence (JIS) delivery processes. Subsection 6.2.1 presents the order and delivery processes of which
the latter is based on the event identi�cation methods from Chapter 5. Subsection 6.2.2 then outlines
the �ow shop model. It is required for the impact analysis of supply chain events that is presented in
Subsection 6.2.3. An earlier version of the presented work was published in Heinecke et al. [67, 64, 65].

6.2.1 Order and Delivery Processes

Figure 6.3 schematically depicts the order and delivery process. During the order process, customers
choose their individual con�gurations from various component options, indicated with different shades
of grey, and specify a due date tdue

j for the desired time of the product delivery. The sum of components
ordered by a customer constitutes his individual product con�guration that is sourced from the supply
base. It is illustrated with the vertically alignment of the customer order with its respective component
orders. The virtual order bank (VOB) then contains all unscheduled customer orders from which a
certain batch is sequenced on a weekly or daily basis to �x its production program for a speci�c time
period (e.g., one day or one week). As outlined before, scheduling from the VOB is frequently based
on priority where orders are sorted according to their due date from latest to earliest. Figure 6.3 shows
that the result of the sequencing is the predictive schedule that describes the assembly sequence that the
OEM initially plans.

From this batch of scheduled orders, the MRP process extracts the bill of materials with the required
components. Figure 6.3 shows that the component orders are sent to the respective suppliers right af-
ter sequencing. With this step the scheduled orders then successively enter the ‘Frozen Zone’, which
provides short-term planning stability for the supply base. Its length is roughly determined by the sup-
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plier that requires the longest order-to-delivery time (OTD) � i.e., the time from placing an order for a
customer-speci�c component until its delivery. The subsequent order sequence constitutes the reactive
schedule of the OEM where rescheduling has to be applied whenever the position of speci�c orders in the
sequence become obsolete due to a supply chain event. Hence, for the OEM the ‘Frozen Zone’ is a pearl
chain of customer-speci�c orders that will be assembled over the coming time periods. The lightnings
in Figure 6.3 illustrates that a schedule repair is required at the OEM either due to perturbations of the
order sequence at the OEM (e.g., within the BIW and PBS) or of the component sequences at the various
suppliers. By monitoring the material �ow of the supply base, the SCEM solution can identify these
events.

Furthermore, Figure 6.10 illustrates that each sequenced order j (1 � j � J) is associated with a �xed
sequence position sj and a build date tbuild

j when �nal assembly is scheduled to start. The supply chain
consists of W suppliers (1 � w � W ). Since 1:1 relationships are commonly employed in JIS settings
[184], each supplier w is responsible for component availability at their corresponding workstation of
the assembly line. Furthermore, each supplier delivers a component family that comprises M products
(1 � m �M ) and from which a customer chooses a speci�c version epcm to customize the end-product.
Thus, the assembly line produces a total ofmw possible con�gurations. Once an order enters the ‘Frozen
Zone’ of supplier w, indicated with the process arrows in Figure 6.3, the production of component epcm

for order j has begun. Each supplier has a speci�c OTD time � tOT D
w that is subject to random variation

due to disturbances.

To include implications of JIS deliveries in the model, the production processes of supplier and buyer are
insofar synchronized that production of epcm at the supplier w is only triggered when the distance to the
build date tbuild

j of order j at the OEM is the supplier-individual OTD time � tOT D
w . This approach avoids

any inventories between the supplier and OEM. Due to stochastic in�uences, JIS deliveries are unreliable
to a small percentage, so that the delivery time � tOT D

w (epcm ) of component epcm can take a random
non-negative real value that is larger than the OTD time (i.e., � tOT D

w (epcm ) > � tOT D
w ). To identify the

events, the supply chain is equipped with real-time component monitoring capabilities (see Figure 6.3)
that allow feedback when JIS supply processes fail to bring the right product, at the right time, to the right
place, in the right quality and quantity. Supply-side problems have a temporal dimension and are noticed
at monitoring points through a delayed or missing reading of a component that ultimately materializes
at the OEM through a delivery delay or delivery failure � the latter implying that components are of the
wrong quantity or quality. The SCEM system identi�es these deviations and calculates, based on the
event identi�cation methods from Chapter 5, the probabilities that the required material is available.

6.2.2 A Proportionate Flow Shop Model

Figure 6.4 shows that the assembly line consists ofW work stations that are supplied by an equal number
of suppliers. Using the �j�j
 notation introduced in Section 3.5 and the systems presented in Pinedo
[129], a Fw j� twj = � tj

P
� tdue

j =J production system is modelled. It closely resembles automotive as-
sembly lines: It is a proportionate �ow shop problem (Fw) withW work stations in series; the processing
times � twj of order j on station w are identical and equal to � t; the objective function during schedul-
ing is priority-based with the aim to minimize the average order-related tardiness. Since the model is
supposed to focus on unreliable supply processes, it is assumed that the assembly line is a black box
where processing times are deterministic and known. To isolate the effects of supply events, internal
occurrences like quality problems or machine breakdowns that prolong production times are excluded.

The assembly line runs at a constant pace with a ‘tact’ time � t for each station to complete all its tasks.
A resequencing is excluded after a workpiece (i.e., the chassis) has entered the assembly line. There are
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Figure 6.4: Supply model for work stations of an assembly line

no mixed-bank buffers where workpieces can be intermittently stored and the sequence can be altered.
An SCEM solution intends to identify the majority of supply chains events early enough that so buffers
along assembly lines become largely obsolete. Events that occur after production has started result in
rework after assembly in off-line areas. In summary, the �ow shop is characterized by no buffers, equal
and deterministic station processing times, connection of stations by a paced conveyor, placement of jobs
in the same intervals, and closed stations. This setup closely resembles automotive �ow shops with the
difference that a resequencing and line balancing issues are excluded.

Depending on the individual delivery time � tOT D
w (epcm ) of component epcm there are three distinct

cases of how the W customer-speci�c sequences merge on the described assembly line: (i) Component
and order are ready so that assembly proceeds as planned; (ii) Component is ready before the customer
order is scheduled at the respective station, resulting in its temporary storage; (iii) Component is either
delayed or failed but the customer order is scheduled to be processed. In accordance with industry
practice [15], it is assumed for the last case that processing continues. Components are independent,
meaning that the lack of one component does not compromise the assembly of another. Figure 6.4 shows
that the incomplete product is subsequently send to an off-line rework area that consists of R parallel
stations that each have the capacity for one product. It is preceded by a queue qR that operates according
to the �rst-in, �rst-out principle. The rework area has a service rate � at which frequency it can rework
the incoming, un�nished products from the queue. Orders remain in the rework area until all missing
components are assembled. Once an order is completed (i.e., after it comes from the assembly line or
the rework station), it is directly shipped to the customer and the order-speci�c tardiness is recorded.

Due to monitored supply processes, the SCEM system identi�es deviations between the actual delivery
time � tOT D

w (epcm ) of a component and the planned assembly date tbuild
j of the associated order. These

result in different expected material availabilities at the individual work stations. This is illustrated with
Table 6.1. It shows that material availabilities at each station vary with the passing of an interval of
length � t (e.g., t1 = t0 + � t). Since each work station has a �xed processing time, a product requires
an interval of length W � � t until completion. Based on Table 6.1, the build probability of an order j is
consequently the diagonal multiplication of the individual probabilities that material is available:
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Table 6.1: Material availability at the work stations of the assembly

Work station of the assembly line

Tact 1 2 ... w ... W qR R

t0 P 1
t0

(epcm ) P 2
t0

(epcm ) ... Pw
t0

(epcm ) ... PW
t0

(epcm ) qR (t0) �(t0)

t1 P 1
t1

(epcm ) P 2
t1

(epcm ) ... Pw
t1

(epcm ) ... PW
t1

(epcm ) qR (t1) �(t1)

t2 P 1
t2

(epcm ) P 2
t2

(epcm ) ... Pw
t2

(epcm ) ... PW
t2

(epcm ) qR (t2) �(t2)

... ... ... ... ... ... ... ... ...

ti P 1
t i

(epcm ) P 2
t i

(epcm ) ... Pw
t i

(epcm ) ... PW
t i

(epcm ) qR (ti ) �(ti )

P build
t i

(epcj ) = P 1
t i

(epcm ) � P 2
t i +� t (epcm ) � ... � PW

t i +� t �W (epcm ) =
t i +� t �WY

t= t i

WY

w=1

Pw;j
t (epcm ) (6.3)

6.2.3 Calculation of Expected Performance for Impact Analysis

The presented �ow shop model can now be used to quantify the impact of a supply event on a company.
There are multiple options to estimate the severity of the current supply chain situation. The most in-
tuitive approach is based on order feasibility. The terms build probability and order feasibility are used
interchangeably. It aggregates the individual material availabilities for one production job. With the
choice of a cut-off value, it then prioritizes jobs for a potential reaction. There are two problems with
this approach. First, a cut-off value of 70% order feasibility is a rule that, for instance, would dictate that
a reaction is triggered for a job with 69% feasibility whereas one with 70% would not demand a reac-
tion. Second, a low overall order feasibility can result from one unreliable supplier or several suppliers
with middling availabilities. This subsection presents an approach that goes one step further. It presents
an analytic model that estimates the impact on the four KPI that were selected earlier � inventory, lead
time, service rate and utilization. Rather than providing probabilities for the arrival of individual compo-
nents, this approach provides the decision maker with an aggregated overview of the future state of the
organization.

Table 6.1 indicates that the state of the system is described by the calculated material availabilities. These
only change with the tact time. Thus, the calculation of the expected performance is based on the same
interval. The calculation starts at a point in time t0 that describes the present situation of the supply
chain. It is the time for which the SCEM system has calculated the probabilities and when it triggers the
procedures for impact analysis. It then estimates the expected performance regarding the four indicators
for a �nite number ti of future time steps. The expected value of a random variable X is a weighted
average of all possible values that X can take on. A realization of this variable xk is weighted by the
probability p(xk ) that X assumes that value:

E[X] =
X

k� 1

xk � p(xk ) (6.4)

Equipment utilization. Utilization is calculated for an assembly line station w and for a speci�c time
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point ti that lies in future. It is a binary variable that is based on the material availability Pw
t i

(epcm ) at
the respective station: If material is present then the scheduled job can be executed whereas the station is
idle when material is missing. The sum of the individual values is then averaged across all stations. The
multiplication of the horizontally aligned probabilities in Table 6.1 returns the expected utilization for a
speci�c time.

E[u(ti )] =
P W

w=1 [uw(ti )]
W

=

P W
w=1 P

w
t i

(epcm ) � 100%
W

(6.5)

Inventory. The inventory refers to the queue of un�nished products in front of the rework area (compare
Figure 6.4). It accumulates due to production jobs where components were missing during the assembly.
These jobs have to be reworked. The rework queue qR is a function of the arrival and service rates. The
arrival rate during a time step ti is determined by the number of un�nished jobs that leave the assembly
line and their respective components. The service rate � is the number of jobs and components on which
rework is started and which consequently leave the queue. Determining the queue length is is a two-step
procedure. First, the expected number of components per production job that are predicted to be delayed
are calculated. The amount of components in front of the rework area is then the sum of all components
that enter the rework area until ti . This number is reduced by the number that can be reworked.

� =
c

� t
(6.6)

E[qR (ti )] = q(t0) +
t iX

t= t0

WX

w=1

[1� Pw
t (epcm )] � cw � � (6.7)

Lead time. Similar to utilization, lead time is reduced to two cases. The �rst case refers to perfect
material availability for a production job. The lead time is then the sum of the processing times of each
station. In a paced assembly line this time is constant so that the total assembly time is also constant.
The second case refers to a reduced material availability. The lead time is then prolonged by the time
that the affected order is presumed to wait in the rework area. Similar to the inventory calculation, the
lead time is �rst estimated for each order. In a next step the lead time for all orders that are presumed to
be �nished by a point in time ti are averaged.

E(ltj ) =

8
>>><

>>>:

� t �W; if
t iY

t= t0

WY

w=1

Pw;j
t (epcm ) = 1

� t �W +
E[qR (tbuild

j + � t �W ]

�
; otherwise

(6.8)

Delivery delay. The delivery delay and with it the service rate depend strongly on the lead time. Jobs
should ideally be scheduled in such a way that under normal conditions the order is delivered on time,
which refers to a time that is neither too late nor too early. In this case the performance indicator is
referred to as lateness [129]. Due to missing components, the order might spend an extended period of
time in the rework area that could jeopardize due date adherence. The delay is calculated for each order
j through its individual due date and the actual job completion time. The latter consists of the build
date and the lead time. In a next step, the average delay of all orders that are scheduled to be completed
at a point in time ti can be calculated. In contrast to the delivery delay, the service rate describes the
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percentage of orders that were delivered on time. It sums a binary variable that takes the value 0 for a
delayed order and 1 for an order that was delivered punctual.

E(� tdue
j ) = [ tbuild

j + E(ltj )] � tdue
j

8
><

>:

< 0; early delivery
= 0 ; on time delivery
> 0; late delivery

(6.9)

The preceding outlines presented the calculation of the expected impact of the current supply chain sit-
uation in regard to material availability (estimated through the SCEM system) on the operations of a
company. This functionality of an SCEM application is important to distinguish isolated occurrences
that affect one or two orders from those that affect larger batches. It supports the decision maker in the
assessment of the signi�cance of a situation. Given that the user decides to trigger a reaction through
a rescheduling, the system intends to ‘surgically’ repair the schedule rather than overhaul it completely.
Aggregated performance estimates are too inaccurate to select the most critical orders that have to be
rescheduled in the assembly sequence. For this purpose the system has to reconsider the build probabil-
ities of jobs and individual material availabilities at the work stations of the assembly line. Readers that
are interested in further details regarding the described approach are referred to the respective Bachelors’s
thesis [47].

6.3 Event-Driven Rescheduling of Planned Assembly Sequences

Building on the state-of-the-art in rescheduling that was presented in Section 3.5 and the results from
the survey from Section 6.1, the rescheduling model employs a bi-objective approach of optimality in
conjunction with stability and incorporates the implications of multiple possible supply disruptions. An
earlier version of this work was published in Heinecke et al. [64, 65]. Subsection 6.3.1 �rst presents the
selection of orders for rescheduling based on the information of the Event Processor before Subsection
6.3.2 presents the indicators that are used to estimate the effectiveness of the proposed rescheduling
procedures. The dissertation employs an event-driven rescheduling approach that intends to repair the
original sequence instead of overhauling it completely. Subsection 6.3.3 presents an overview of possible
repair strategies that remove affected orders from the planned sequence. The advantages and drawbacks
are presented and the choice for the employment of one strategy over the others is explained. Subsection
6.3.4 then presents a concept that considers the status of component deliveries from the JIS supply base
during the execution of the rescheduling procedure. Subsection 6.3.5 concludes with an overview of the
different strategies that reinsert the order into the sequence.

6.3.1 Selecting Orders for Rescheduling with Material Availabilities

Besides the assessment of the current situation, the SCEM system also has to provide the decision maker
with a selection of orders that are affected most by the event and on which a reaction should focus. The
selection of orders for rescheduling depends in the �rst instance on the employed event identi�cation
approach. If CEP is used, then the selection is straight forward: Every order has to be rescheduled for
which a rule concerning missing material is triggered. The selection is more nuanced for the probabilistic
event identi�cation. Table 6.2 illustrates the selection of orders for rescheduling in a part of the scheduled
assembly sequence.

In this case, the differences between individual material availability and overall build probability have
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Table 6.2: Dependence of build probability and material availabilities

Material availability Pw;j
t at work station Build probability

Job Pos 1 2 ... w ... W Exact Cut-off

1 84 73% 100% ... 100% ... 100% 73% 0%

2 85 99% 99% ... 97% ... 100% 95% 100%

3 86 90% 100% ... 90% ... 90% 73% 100%

4 87 100% 99% ... 100% ... 99% 98% 100%

5 88 95% 90% ... 95% ... 85% 69% 100%

6 89 85% 90% ... 85% ... 90% 59% 0%

... ... ... ... ... ... ... ... ... ...

j sj P 1;j
t P 2;j

t+� t ... Pw;j
t+ w� t ... PW;j

t+ W � t

Q
Pw;j

t
Q
Pw;j

t = f0;1g

... ... ... ... ... ... ... ... ... ...

J sJ P 1;J
t P 2;J

t+� t ... Pw;J
t+ w� t ... PW;J

t+ W � t

Q
Pw;J

t
Q
Pw;J

t = f0;1g

to be considered when selecting orders for rescheduling. For instance, Table 6.2 indicates that the jobs
with number 1 and 3 have the same build probability but very different material availabilities. Order 1
is clearly more uncertain to be built than order 3. In these cases the rescheduling algorithm has to select
the order based on material availabilities. This approach does not work in every case: Order 6, the one
with the lowest build probability, has comparatively high material availabilities. An algorithm that would
select orders solely based on material availabilities, would not consider this order as critical. There is
another point to consider: The �awless assembly at the �rst assembly station might be more important
than those closer to the end. For instance, given that the doors cannot be assembled before the seats,
it would be more important that the assembly of the seats is ensured whereas the doors can be easily
retro�tted in the rework area. In the opposite case, rework takes longer because the doors have to be
disassembled �rst. One option for order selection is to employ a bi-criteria cut-off value. For example,
Table 6.2 shows that a build probability below 60% or one individual material availability below 85%
trigger a rescheduling of two out of six jobs. Although it has the second-lowest build probability, order
5 is not rescheduled using this cut-off rule.

After the decision which orders have to be rescheduled, the order has to be assigned a new build date.
Figure 6.5 illustrates the results of the data processing with CEP and the probabilistic supply chain
model through the Event Processor and that constitutes the input for the Exception Manager. A delayed
or failed component that is identi�ed through the SCEM solution reduces the cumulated build probability
of a job j at a scheduled production start time t1. Hence, with the cumulated probability density function
Pw;j

t [tbuild ] for the probabilistic approach and the binary distinction for the non-probabilistic method, it
is possible to determine a new build time t2 for a job j where its execution is expected to be assured.
The change of the assembly time from t1 to t2 is the schedule repair process that reassigns a job to a
new position in the scheduled sequence and is based on several considerations. First, Figure 6.5 displays
that the unavailability of parts in general and customer-speci�c JIS components in speci�c jeopardize
build times. Table 6.2 indicates that in either case the current sequence position sj of a customer order
j cannot be maintained and it has to be assigned to a new position in the scheduled assembly sequence.
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Figure 6.5: Rescheduling of a production job based on its build probability

During rescheduling the affected order is �rst removed from the planned sequence to which end several
removal strategies can be employed. These are outlined in detail in the following subsections.

6.3.2 Measuring Optimality and Stability for Bi-Objective Rescheduling

The indicators that measure optimality were already introduced with the impact model. Similar to
scheduling, a rescheduling method has to optimize utilization by avoiding idle times between jobs or,
in case of an automotive assembly, vacant sequence positions. At the same time, one of its primary goals
it to avoid any rework due to missing material from the supply chain and consequently the queues in front
of the rework area. The elimination of rework has the additional effect that internal lead time is reduced
to the sum of the assembly times of the individual work stations. Rather than measuring lateness, due
date adherence is measures with the tardiness indicator, which requires a slight adjustment of Equation
6.9.

Tardiness. Optimality of the rescheduling methods is estimated with the tardiness indicator. It is cal-
culated equivalent to lateness but captures only positive deviations from the due date. Equation 6.10
indicates that a rescheduling method has to choose the build date in such a way that material availability
is ensured and the lead time is kept to a minimum. At the same time it has to keep the individual due
dates of the orders.

� tdue
j = max( tbuild

j + ltj � tdue
j ;0) = max( tbuild

j + W � � t� tdue
j ;0) (6.10)

Similar to optimality, stability has to be measured with various indicators because some rescheduling
methods might excel for one indicator while performance for another is very poor. To facilitate the
understanding, Figure 6.6 shows an example of how the indicators are calculated. It is assumed that the
order number j corresponds to the initial sequence position sj .

Sequence displacement. This indicator describes the total displacement of an order between its current
position in the sequence and the one from its initial scheduling when it was taken from the VOB and
inserted into the sequence. If the sequence displacement is smaller than zero, then the entire supply base
has to provide components faster than originally communicated. Note that two displacements can cancel
each other out when an order is postponed and advanced during successive rescheduling procedures.
The indicator obtains its �nal value in case that t0 = tbuild

j and assembly of the job is started. Figure 6.6
shows the calculation for an order that is removed by four positions.
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Figure 6.6: Example for the calculation of the stability indicators

sdj (t0) = sj (t0) � sj (tsched
j )

8
><

>:

< 0; order advanced, early assembly
= 0 ; assembly as planned
> 0; order postponed, late assembly

(6.11)

Sequence changes. Several supply chain events might necessitate successive rescheduling procedures
so that an order changes its position more than once. This case happens whenever an order is directly or
indirectly affected by successive supply chain events. The latter refers to a situation where the order is
displaced by another one that is assigned its sequence position. In contrast to the sequence displacement,
this indicator counts the total number of sequence alterations that an order was subjected to until a point
in time t0. It is a measure of the nervousness of the schedule after successive rescheduling procedures.
All orders in Figure 6.6 are only rescheduled once so that snj =5 (t0) = 1 .

snj (t0) =
t0X

i = tsched
j

scj (i) with scj (i) =

(
0; if sdj (i) = sdj (i + 1)

1; otherwise
(6.12)

Sequence stability. Rather than counting the total number of sequence changes, this indicator builds
on a binary variable scj . It takes the value 1 whenever an order up to a time point t0 changed its
sequence position at least once and was consequently affected by a rescheduling. The sequence stability
for the entire pearl chain, or a speci�c part of it, is then calculated with the total number of orders
that are included within it. This is formulated with the difference between the respective maximum
and minimum sequence positions. The resulting value is reduced by the number of orders that were
affected by a rescheduling until t0. It has to be noted that in the automotive industry the indicator can
be measured in two ways. Figure 6.7 shows that a relative measurement of the stability refers to local
sequence changes between two successive steps in the production process of a vehicle. The dissertation,
as indicated with Equation 6.11, applies the absolute measurement. Figure 6.7 illustrates that it calculates
stability as the ratio of orders that come off the assembly line with the same sequence position that they
were assigned during the initially sequencing. The example in Figure 6.6 illustrates that the rescheduling
of one order can already reduce stability by half.

scj (t0) =

(
0; if sdj (t0) = 0

1; otherwise
(6.13)

ss(t0) =
max[sj (t0)] �min[sj (t0)] + 1 �

P max[sj (t0 )]
i =min[ sj (t0 )] sci (t0)

max[sj (t0)] �min[sj (t0)] + 1
� 100% (6.14)
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Figure 6.7: Measuring sequence stability in the automotive industry

Figure 6.8: Removal strategies for affected customer orders [64]

6.3.3 Order Removal Strategies for Sequence Repair

Figure 6.8 illustrates possible removal strategies for orders that are affected by a supply chain event. The
�rst approach, rework, re�ects today’s supply networks that lack real-time monitoring and SCEM sys-
tems. Consequently, components that are delayed or failed are only noticed at the OEM when assembly
and component sequences cannot be aligned. The result is that the required component is not assem-
bled with the product and the latter is moved to the off-line rework area for completion after assembly.
Through a continuously monitored supply chain such costly rework is avoided. Orders can be removed
from the sequence when the respective components are affected by an event that was duly identi�ed.

The next two methods intend to avoid an empty sequence position that the removal of the order creates.
Figure 6.8 shows that one possibility is to remove the affected order and advance all others with a pull
approach. This method has several implications. First, all schedule changes have to be communicated to
the entire JIS supply base, which in turn has to provide the components of advanced orders faster than
their frozen zone, which is not always possible and compromises product quality (rush jobs). Second, the
rescheduling policy avoids an empty sequence position but decreases pearl chain stability considerably
since the removal of one order alters the position of the others. The upper left-hand diagram of Figure
6.9 shows that the few orders that are postponed due to supply chain events create a lot of nervousness
because comparatively more orders have to be advanced in their sequence position. This situation leads to
suboptimal due date adherence and confusion on the shop �oor. The latter refers to dif�culties in aligning
the material �ow of the right components with the correct machines. As it was outlined earlier, this is
partly due to fact that during scheduling a lot of constraints regarding capacities have to be considered to
balance the workload of stations. Rescheduling strategies that introduce high instability by reassigning
a lot of orders to new positions will frequently have problems to �nd feasible schedules that do not
exceed station capacities. Third, high instability with frequently missing or wrong material coupled with
a continuously moving assembly line results in products that have to be reworked after assembly. While
assembly takes a few days, rework can take weeks, which would further jeopardize due date adherence.
Rather than easing the situation of a supply chain event, the pull strategy can aggravate it.

A pearl exchange is a method that exchanges the affected order with one that is further back in the se-
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Figure 6.9: Sequence instability due to removal and reinsertion of orders

quence. The upper right-hand diagram of Figure 6.9 shows that it results in a better stability by advancing
an equivalent amount of orders to those that are postponed. The lower right-hand diagram illustrates the
largest drawback of the method. More speci�cally, using the example of Figure 6.8, an order sj = 5
that is affected by a supply chain event has to be postponed to a point where its build probability is high,
which depends on the time that the problem is thought to persist. In contrast to the pull approach, as
illustrated with the lower right-hand diagram of Figure 6.9, a pearl exchange considerably reduces the
build probability of the replacement order sj = 12 . The entire supply base now has to provide its com-
ponents much earlier which is not always possible, especially in JIS relationships where components are
produced in sync with the product.

To avoid these drawbacks, the push approach is preferred. It allows only for a postponement of orders,
which is unproblematic for the supply base. Customer orders are then only moved back in the planned
assembly sequence, avoiding any quality defects or others errors due to a supply base that must pro-
vide components faster than originally planned. This approach poses the central question where the
removed order is reinserted into the sequence. To this end, the multiple permutable subsequences ap-
proach is proposed in the next subsection. It is based on the insight that the frozen zone is divided into
several component sequences that differ in length due to individual OTD times of JIS suppliers. Further-
more, there are several ways for handling the replaced order sj = 12 after reinserting the displaced one
(sj = 5 ). The lower left-hand diagram of Figure 6.9 already indicates that these knock-on effects of a
rescheduling with the push approach can cause instability that resembles the pull method. This issues is
further elaborated in Subsection 6.3.5.

127



6 Exception Management in Flow Shops

Figure 6.10: Model of a mixed-model assembly line with JIS component deliveries [65]

6.3.4 Implication of JIS Processes During Rescheduling

The presented �ow shop model outlined that each supplier has a different OTD � tOT D
w that depends on

their internal procurement and product processes. Figure 6.10 represents the supply-assembly model of
Figure 6.4 with a focus on component supply. It schematically illustrates that suppliers that use the JIS
concept start their production process in sync with the OEM. Components that are required for the same
product are vertically aligned. When the distance to the communicated production start date tbuild

j of an
order j is their individual OTD, the supplier starts production on the required component so that it can
be delivered exactly when it is needed on the assembly line. The result are several component sequences
that run in parallel to the order sequence of the OEM. The multiple permutable subsequences concept
now builds on the insight that JIS suppliers require different OTD and thus, trigger component production
for the same customer order at different times. Due to the asynchronous component production starts,
the approach divides the order sequence into parts of decreasing rescheduling �exibility (�0; :::; �W ).
The concept �rst de�nes the totally permutable subsequence (TPS; �0) where a rescheduling does not
face any constraints that are due to JIS processes. The �exibility is then successively limited with the
partially permutable subsequences (PPS; �1; :::; �w ; :::; �W ) where some to all components of an order
are �xed because they are already in production at the respective JIS suppliers.

Figure 6.10 shows that the TPS (starting with sj = 13) represents the sequence of orders that can be
easily rescheduled because none of the required components are in production. Hence, the orders that
are part of the TPS can be reassigned new sequence positions without constraints from the supply base.
This part of the sequence can be sorted according to the closest due date or some other prioritization
criterion. The TPS represents the sequence that is devised periodically with orders from the VOB and is
then submitted to the supply base. The TPS is reduced whenever an order enters the frozen zone of the
supplier with the longest OTD (Supplier 1 in Figure 6.10). This marks the beginning of the PPS where
more and more components go into production at the various suppliers. Thus, while one component is
affected by a supply chain event, other components that are already in production would still be delivered
on time. Since the sequence does not contain any gaps, the goal of the concept is to successively move
orders from the PPS with the least rescheduling �exibility �W to the one with the most. The concept has
two aspects, depending on the status of the component.

For a failed component that cannot be used for assembly purposes, it provides a framework to which
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Figure 6.11: Schematic illustration of the trade-off between optimality and stability [64]

position the respective order has to be postponed so that a new component can be produced. For instance,
given that the component of supplier W with the position sj = 5 in Figure 6.10 cannot be used for
assembly purposes the framework indicates that the order only has to be postponed to sj = 7 for a
reproduction rather than further back, which could jeopardize due date adherence.

For a delayed component, Figure 6.11 provides an example with the component n1;8 of supplier 1.
After the identi�cation of the problem through the SCEM system and the adaptation of the sequence
at the OEM, the event can be communicated to the other suppliers that have not started production on
the affected customer component to adapt their respective sequences. Supplier W is still �exible to
change the speci�cation of components, regardless where the order with sj = 13 is inserted. Figure
6.11 also illustrates that within the PPS there are JIS suppliers that have already started production
processes. These components are delivered on time, which the rescheduling approach should consider
when repairing the schedule. The further it postpones the order in the sequence and its build date, the
longer the components that are not affected by an event have to be stored at the supplier or OEM. To
include these implications during rescheduling, several rule-based rescheduling strategies are proposed.
They are based on the order step size when choosing a position for reinserting an order. Figure 6.11
shows three strategies. Their aim is to eventually move one order into the TPS. They are presented in
detail in the next subsection.

6.3.5 Order Reinsertion Strategies of the Push Approach

Rescheduling an order has two immediate consequences that the proposed strategies have to consider
(see Figure 6.11): (i) The reinsertion of the affected order into the sequence requires the displacement
of another one since there are no intentional gaps in the sequence and (ii) its removal leaves an empty
sequence position. The former is addressed by altering the sequence position for certain orders that are
subsequently displaced by the initially reinserted one. The proposed strategies differ in which order they
reassign a new position. All strategies have the mutual goal of eventually moving one order from the
PPS back into the TPS where rescheduling is not bound to constraints from the supply base. The empty
position is �lled in case another order further down in the sequence is affected by an event and thus
triggers another rescheduling. Figure 6.11 illustrates that performance of the strategies is described as a
trade-off between schedule optimality and stability.

Leap. The leap strategy maximizes the sequence displacement of the affected order from its former
position by moving it to the sequence position that marks the end of the PPS that contains the affected
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Figure 6.12: Build probability for different push strategies

JIS component � regardless whether the event is a delay or failure of a component delivery. Figure 6.12
shows that the build date is postponed to a time where the build probability is certain. For a delayed
component this guarantees enough time to be ready before the order is scheduled for assembly again
while a failed component can be reproduced by the respective supplier. Other components that are
already in production and required by the resequenced order are temporarily stocked after completion
while the production start of components is delayed when they are still orders. The left-hand side of
Figure 6.11 illustrates the concept where the affected order is moved from sj = 8 to position sj = 13 .
All order sequence positions behind the reinserted order are then increased by one. As mentioned before,
the resulting empty position (i.e., sj = 8 ) can be �lled if another order further down in the sequence is
subsequently identi�ed as being delayed or failed. The right-hand side of Figure 6.11 shows that this
strategy is associated with minimal instability of schedules but also low optimality in regard to due date
adherence.

Step. In opposition to the leap strategy, the step strategy aims at reinserting an order as close as possible
to its former position to minimize the sequence displacement. Given that a component is delayed, the
reinsertion range has a lower bound of the quanti�ed delivery delay. Figure 6.12 shows that for the
probabilistic approach the step strategy requires a threshold value where it can be safely assumed that
the required components are available. For a failed component the lower bound is the respective OTD
time of the supplier, which equates to the application of the leap strategy. If necessary, however, these
bounds can be avoided through a component swap, which is later explained in more detail. Figure 6.11
illustrates the step strategy where every order is moved one sequence position back, starting with sj = 8
that belongs to the order where the affected component was detected. The schematic curves on the right-
hand side of Figure 6.11 show that through the application of this strategy, performance results in an
overall high instability but a low cumulated delivery delay. Furthermore, due to the proximity of orders
to their original assembly position, increases in inventories of components are small in comparison to the
leap strategy where components have to wait much longer until assembly starts. Another advantage of
step rescheduling is that it does not alter the sequence of the initial schedule so that constraints in regard
to line balancing issues are not violated. The entire schedule is merely postponed by one sequence
position.

Hop. The hop strategy reinserts orders based on a certain criterion that is deemed essential to perfor-
mance. Thus, an obvious choice is the due date distance. Applying this criterion would postpone the
production of an order as far into the future as its due date allows, limiting the total number of displaced
orders. Figures 6.11 and 6.12 shows that the strategy reinserts the order between the maximum and min-
imum sequence displacement. If on the one hand the due date is already estimated to be missed, then
the strategy is reduced to the step strategy. If on the other hand there is still a lot of scope between the
projected completion of production and the order due date, the strategy is reduced to the leap strategy.
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Figure 6.11 illustrates that the hop strategy removes an order from position sj = 8 to sj = 11 and subse-
quently moves the displaced order to the TPS. This strategy balances performance in regard to sequence
stability and schedule optimality.

Swap. The preceding outlines have illustrated that a company has little room for action given a compo-
nent delivery failure besides its reproduction at the respective supplier. This option, however, is associ-
ated with long lead times that jeopardize due dates. The swap strategy can be seen as an alternative to the
leap strategy and failed component deliveries � although it is also applicable for delayed deliveries. Sim-
ilar to virtual resequencing, the strategy changes the association between customer order and its allocated
components. The strategy looks for another order in the sequence that requires components that have the
same speci�cation. For instance, Figure 6.11 shows that the order with position sj = 8 can be swapped
with the one that occupies sj = 9 because all components that are already in production have the same
speci�cation. Changes of the speci�cation for component orders that are not yet in production can be
communicated to the respective suppliers (i.e., supplier W in Figure 6.11). The order with sj = 9 can
then be exchanged with the one occupying sj = 11 . This process is repeated until one order is removed
to �0. The outlines of Silveira-Camargos [155] shows that in practice this approach is severely limited,
however, due to the high degree of product and component customization. It is improbable to �nd two
similar products in close proximity to each other in the assembly sequence. Similar to the hop strategy,
however, the application of this approach would balance performance in regard to sequence stability and
its optimality.

Dynamic. This method dynamically assigns strategies using a case-based approach. It can use any
combination of the methods presented previously. In the following, its application is explained using
a dynamic decision between the step and leap strategies. It has been outlined, that these two strategies
represent opposed extremes in regard to performance: The former results in good due date adherence
but high schedule nervousness while it is vice versa for the latter. This makes them both suboptimal
for an application in praxis. Using the dynamic strategy, the decision regarding the application of either
strategy can be based on a criterion that is relevant to performance (i.e., the order due date). For instance,
given that the completion time for the leap strategy is still within the order due date, it should be applied
to the respective order. In this speci�c case this approach minimizes the number of required order dis-
placements while still ensuring on time delivery. Obviously, in the opposite case, the step strategy should
be employed. Hence, the dynamic strategy promises a more balanced performance than either strategy.

6.4 Chapter Summary

Chapter 6 presented the Exception Manager that is the second component of an SCEM application. It
is responsible for impact estimation, the identi�cation of possible reactions against the detected event
and for the analysis of their effectiveness. This section relates the developed concepts to the research
objectives of Section 1.3 and principal contribution of the dissertation outlined in Section 3.6. The fourth
research objective stated that the work proposes methods that can mitigate effects of supply chain events
on �ow shop production lines. More speci�cally, the principal contributions were de�ned as follows:

� Disconnect between theoretical rescheduling models and real-world approaches

� Rescheduling models in literature neglect implications of lean processes (i.e., JIT and JIS)

� Rescheduling models focus almost exclusively on optimality

Analogous to previous developments, the proposed reactions and speci�c mechanisms are based on the
requirements and desires of potential future users. The results, presented in Section 6.1, found that users
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prefer a MES-based rescheduling over other reactions. In regard to the reaction itself, the users prefer a
balanced approach that considers optimality and stability. These results address the disconnect between
theoretical approaches and real-world problems. Incidentally, these requirements also overlap with the
identi�ed research gaps. Section 6.2 then formulated a �ow shop model that allows for impact analysis.
Based on the estimated material availabilities from Chapter 5, it presented the calculation of the expected
performance when the current supply chain situation manifests itself at a company. Section 6.3 then
presented rescheduling strategies that employ a bi-objective approach of optimality in conjunction with
stability. In contrast to most literature, it incorporates the implications of multiple supply disruptions
based on the EPCIS-based classi�cation (i.e., delivery failure and delay).

The presented model extends the existing literature in a number of ways. First, it assumes monitored JIS
supply processes that provide advanced information about the feasibility of the predictive schedule. Thus,
missing material is not noticed in the receiving department but at speci�c points along the supply chain.
This enables a rescheduling of orders without the necessity of reassigning workpieces on the assembly
line during physical resequencing. Second, it explicitly incorporates JIS implications where suppliers
synchronize their production with the OEMs schedule. Their highly-individual, customer-speci�c part
sequences are �xed for days ahead of assembly. Unconditional sequence changes are only feasible as
long as suppliers have not commenced production � changes afterwards lead to a build-up in stock until
the order is assembled. Third, to address the disconnect between theory and praxis, the developed model
is based on a realistic industry scenario: A make-to-order supply chain with an OEM that employs a
single-sourcing strategy for each JIS part.
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7
Operational Evaluation

Whereas Chapter 8 focuses on evaluating the performance bene�ts of the early rescheduling through an
SCEM system that has the visibility of supply chain processes, Chapter 7 �rst intends to show that an
SCEM system can be embedded into an IT architecture and hardware environment. It closely resembles
industrial applications like the industry use case that is presented in Chapter 8. The required test environ-
ment is a research production lab of Siemens AG that is presented in Section 7.1. It uses state-of-the-art
hardware and software that is installed in industry applications worldwide, which makes it suitable for
the evaluation of the proposed IT architecture. The lab itself is insuf�cient, however, because it only pro-
vides a platform for a reaction whereas an SCEM system also requires data from supply chain processes.
Hence, Section 7.2 describes the integration of the research lab with a customer and supplier in a supply
chain scenario.

The next two sections then present the embedding of the system in the information �ow and its proto-
typical realization. First, Section 7.3 uses the presented IT architecture and standards from Chapter 4 to
integrate the data �ows from the supply chain and shop �oor to the MES and SCEM systems (e.g., OPC,
EPCIS, EPCglobal, ALE, etc.). Second, Section 7.4 describes the development of the SCEM system.
Speci�cally, it features the rule base of the CEP engine that is built based on the descriptions of Section
5.2. It also presents the design of the user interface that should support and intuitively guide the decision
maker through the process of handling supply chain events. Section 7.5 then presents the interaction
of the IT architecture with the SCEM system on an exemplary supply chain event. Section 7.6 brie�y
summarizes important aspects of this chapter.

7.1 Test Environment

Figure 7.1 depicts the test environment for the SCEM system. It is an industrial research lab that is
used for practical testing of new technologies, products and automation solutions of the Siemens AG.
The so-called SmartAutomation (SmA) lab in Nuremberg, Germany, is a fully automated production
environment that mirrors discrete manufacturing processes. It allows the validation of new technologies
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Figure 7.1: SmartAutomation research lab in Nuremberg

and their interplay under conditions of material and information �ows that are very similar to a real
production environment. The SmA is reduced in dimension, e.g. smaller conveyor belts, but is equipped
with state-of-the-art automation systems and software that is also employed in manufacturing plants
worldwide. It makes the lab a suitable platform for evaluation and testing the integration of different
hardware and software components. Hence, this environment is ideal to test the applicability of an
SCEM system in a hardware environment that resembles today’s industry.

Figure 7.2 shows a schematic overview of the fully automated production processes of the SmA. Raw
material in the form of empty glass containers enters the lab through manual input by an employee.
The raw material is delivered in batches of six parts and stored in carrying units. After entering the
production, the carrier is identi�ed and recognized by the material handling robot that is shown in Figure
7.1. The raw material that is contained in the carrier is either stored in the material inventory or, given
that a production order for the material is present in the MES, placed on the conveyor system by the
robot. The carrying unit is placed in the storage rack that is shown on the right-hand side of Figure 7.1.
The conveyor system connects all stations of the lab with each other. During production, it brings the
material to the �rst station for pre-processing. At station B, where the production process takes place, the
glass container is identi�ed �rst, so that production job and raw material are associated with each other.
Based on the production job, a certain number and combination of different parts is �lled into the glass
container. Hence, depending on the mixture of parts, different product ‘variants’ can be manufactured.
During the subsequent quality assurance, as indicated in Figure 7.2, an optical camera checks the part
composition. Given that a product fails the test, it is sent to the rework station where the glass container
is emptied and sent to station B for another production cycle. Products that pass the quality test arrive at
station C for packaging. The �nished products are then placed in a carrying unit by the robot and leave
the production system the same way as they came in.

Figure 7.3 further details the hardware installation. It is mainly realized using hardware components
from Siemens AG. It shows that every station of the SmA is controlled through a PLC that is connected
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Figure 7.2: Overview of the conveyor system and production processes

to a switch. These are connected to each other and the control system via PROFINET. The components of
each station within the SmA such as the robots, human-machine-interfaces (HMIs) or barcode scanners
are connected to their respective PLC via PROFIBUS. The production process in controlled through a
central MES that is installed on a server close to the lab. Figure 7.3 indicates that identi�cation during
the production processes is based on barcode technology. In more detail, at various position along the
conveyor system, barcode scanners are installed. They are activated when the glass containers pass
the light barriers that precede the scanners. Every container is equipped with a barcode label. An
identi�cation is successful when the identi�ed object is contained in the material list of the MES. To
demonstrate the interaction of SIMATIC RFID technology from Siemens AG with an SCEM system,
the SmA lab was equipped with additional RFID hardware as the RFID antennae in Figure 7.1 indicates.
Due to technical reasons of the SmA processes, however, it was not possible to realize an item-level
identi�cation by equipping the glass containers with RFID transponders. Hence, rather than tagging the
raw material, the carrier units were equipped with SmartLabels that contain a unique EPC number. The
RFID-based material identi�cation consequently focuses on monitoring new internal logistics processes
that precede (and succeed) the barcode-based production processes.

The �rst new logistics process is the inbound goods delivery that is monitored through a RFID gate that
is used in praxis for identifying the load of a vehicle (e.g., truck, forklifter, etc.). The installation is a
portal with two antennae on either side that enable a multi-tag identi�cation of several carrier units and
pallets. Since the process works for inbound as well as outbound deliveries, the driving direction of
the vehicle is recognized through light barriers that activate the antennae. The gate uses the read/write
device SIMATIC RF670R in combination with SIMATIC RF660A antennae and is depicted on the left
side of Figure 7.4. The next process is the unloading of the pallet through an employee with the handheld
device SIMATIC RF680M. It is shown in the middle of Figure 7.4. In comparison to the RFID gate, the
identi�cation process contains a control instance. The reader receives plan data from the MES so that
the employee always unloads the correct pallet and material. This approach prevents that the employee
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Figure 7.3: Detailed hardware environment of the SmartAutomation

accidentally inserts the wrong carrier unit into the SmA. The result of this action is an error that leads
to the standstill of the lab and requires the manual intervention of the system supervisor. Both, the
RFID gate and handheld, are directly connected to the EPCIS-Repository via the capture application and
interfaces. The last process that was equipped with RFID technology is the unloading of the carrier by
the robot. A single readpoint identi�es the carrier unit after it is unloaded from the pallet and inserted
into the SmA. It is the last process before production start after which the material handling robot places
the raw material on the conveyor system. Due to the proximity of the process to the production, the
single readpoint is directly connected to the MES rather than the EPCIS-Repository. Hence, the MES
serves as an EPCIS Capturing Application in this context. In addition, the MES installed in the SmA lab
serves as an EPCIS Query Application and therefore receives relevant events from remote logistics and
production processes. The software and data integration is detailed further in Section 7.4.

Figure 7.4: New internal logistics processes and RFID hardware
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Figure 7.5: The test scenario couples a hardware demonstrator with a supply chain simulation

7.2 Test Scenario

The purpose of the presented production lab is the demonstration of the functionalities and interaction of
various hardware and software components of the Siemens AG in an environment that closely resembles
industry applications. To test the applicability of the SCEM system in this production environment, it
is necessary to couple it with a supply chain. Due to the current purpose of the facility and its focus
on production automation, a supply chain scenario was not part of its initial concept and had to be
developed. This section presents the embedding of the production facility in a supply chain setting
where it is connected to an upstream supplier of raw material and a downstream OEM as customer.
Subsection 7.2.1 presents the supply chain scenario. Although the scenario is based on the coupling of
real-world test facilities, the generation of EPCIS-events from the execution of production and transport
processes in the supply chain requires an exchange of real material through deliveries. To avoid the
effort of establishing the material �ow and equipping the entire supply chain with RFID monitoring gear,
the production facility in Nuremberg is coupled with a simulation of the proposed supply chain. This
hardware-in-the-loop concept is described in Subsection 7.2.2.

7.2.1 Scenario Description

Figure 7.5 illustrates that the supply chain scenario is a production network that is distributed over three
participants in southern Germany. The input material for the SmA are glass containers that are produced
at a second tier supplier. It is represented by another research lab of Siemens AG in the city of Karlsruhe.
From this city, the raw material is then delivered through a logistics service provider to the �rst tier
supplier in Nuremberg. There the product is manufactured according to the process described in Section
7.1. The last instance of the network is the OEM where the delivered parts are used to assemble the �nal
product. It is represented by a research facility at the Technical University Munich.

The current production process of the SmA has to be adapted to accommodate a supply chain scenario
where the �rst tier supplier is dependent on reliable deliveries and material availability. In short, a BTO
process with JIS deliveries has to be implemented. First, to closely resemble automotive production
processes, the mass customization aspect was implemented by distinguishing various part compositions
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Figure 7.6: Plant Simulation model for the HIL evaluation

in the glass container. The product catalogue of the �rst tier supplier encompasses 162 speci�c product
variants that can be ordered through the OEM. The second tier supplier delivers up to 6 different glass
containers. The lean management aspect is integrated into the scenario by eliminating all stocks. In
more detail, the large product portfolio of both suppliers makes inventories of �nished products and raw
material inef�cient. Thus, all material is delivered JIS between the three supply chain partners, making
the processes vulnerable to supply disturbances. Third, the BTO aspect is also integrated through the
elimination of stocks and, moreover, the adaptation of the ful�lment process. Rather than associating
product order and glass container shortly before the latter is �lled with a speci�c part mixture in the
SmA, the different variants of the glass container in conjunction with no stocks make an earlier associ-
ation bene�cial. Thus, Figure 7.5 depicts that the relation between order and material is immediately
established when the product order is received from the OEM and the order for the speci�c raw material
is subsequently issued to the second tier supplier.

7.2.2 Hardware-In-The-Loop Concept

The hardware-in-the-loop (HIL) simulation concept is de�ned as the integration of real components and
system models in a common simulation environment [177]. A typical example is the simulation of a
vehicle with the connection of a real control device and the actor technology for functional control to
provide vehicle stability. Hence, the concept is used to test the functionality of a controller in a simulation
model that mimics the behaviour of the real system through its mathematical representation. In contrast,
software-in-the-loop (SIL) is a concept that not only represents the system in a simulation model but also
the controller or component that should be tested in its functionality. In other words, both the function to
be developed and the process (controlled system) on which the function acts are modelled [177].

Figure 7.5 illustrates that all logistics processes as well as the production of the second tier supplier and
OEM are simulated, using the software Plant Simulation from Siemens PLM Software. In contrast, the
production of the �rst tier supplier uses the hardware environment of the SmA. As it was the case in
Chapter 8, the simulation of the material �ow is realized with Plant Simulation. The model is depicted
in Figure 7.6. It consists of �ve networks that are connected in a linear supply chain. In this case, HIL
has the decisive advantage that the applicability of an SCEM system for the control of the production
functionalities of the SmA hardware is embedded under the conditions of a supply chain scenario. At
the same time, the approach saves on cost- and time-consuming activities: Cost savings are achieved
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by avoiding the implementation of real RFID infrastructure along the supply chain and time-intensive
experiments are shortened by eliminating the need for a real material �ow between the suppliers through
truck deliveries.

Figure 7.5 shows that the system uses the EPCglobal Network for the exchange of tracking and tracing
data between the supply chain partners. The export of required data from the material �ow simulation
to the EPCglobal Network is explained in detail in Subsection 7.3.3. Figure 7.5 shows that only one
installation of an SCEM system is realized in the proposed scenario. It is coupled with the SmA. The
information �ow from the simulation is unidirectional. Hence, the simulation only provides the EPCIS-
events that describe the behavioural visibility of the goods that transit the supply chain. The SCEM
system reacts to detected events by adapting the production schedule of the SmA.

7.3 Implementation of the IT Architecture

Figure 7.7 shows the IT architecture that had to be implemented for the test scenario. A general overview
of the IT infrastructure is provided in Subsection 7.3.1. Figure 7.7 indicates that one of the primary tasks
for making the architecture operational, is the realization of the information �ow from the respective data
sources to the processing systems. This exchange is realized using standardized interfaces that are com-
monly used for transmitting data from logistics and production processes to higher-level applications.
As the information hub of a production environment, MES already collect a lot of status data via PLCs
from the shop �oor. Due to incompatibilities, missing functionalities and today’s subordinate role of
RFID for production processes, however, the systems often lack the capabilities for providing RFID data
in real-time from readers to processing systems. Hence, Subsection 7.3.2 describes the integration of
RFID data from the internal logistics processes presented in Section 7.1 via the MES of the SmA to the
EPCIS-Repository. Subsection 7.3.3 then describes the realization of the link between the simulation and
the EPCIS-Repository using the OPC and EPCglobal Network standards. The aim of the data integration
is to make all necessary data from the simulated and real production processes available to the SCEM
system for processing purposes.

7.3.1 Data Processing Systems

While the basis for the information exchange is the EPCglobal Network, Figure 7.7 shows that the
implementation in the SmA revolves around the Siemens MES system SIMATIC IT. It offers various
functionalities that are necessary for the successful execution of the test scenario. First, the Production
Order Manager (POM) interfaces with the ERP system through the B2MML connector to import master
order data (i.e., production plans). It manages production order dispatching and execution and tracks
order status and order related production information. Second, the Material Manager (MM) interfaces
with the ERP system through the B2MML connector for material master data import. It handles material
�ows and availabilities and includes functionalities for backward and forward product genealogy. Hence,
whereas the POM is required for the execution of scheduled production jobs in the scenario, the MM pro-
vides information concerning the requirements and availability of the material inputs for the production
jobs.

Figure 7.7 shows that the POM for the test scenario is not coupled with the ERP but the simulation from
which it receives the order data. In particular, the interaction with other external applications is realized
by means of the SIMATIC IT Data Integration Service (DIS). The DIS provides connectors for importing
order data from higher-level enterprise planning tools (e.g., by implementing the B2MML data exchange
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Figure 7.7: Architecture of the IT-systems in the test scenario

standard), for capturing EPCIS Events form the production line and for interacting with the hardware
infrastructure. The integration of data from various sources into SIMATIC IT through DIS connectors is
further detailed in Subsection 7.3.2.

The central instance of SIMATIC IT is the Production Modeler (PM). It is the business logic layer and
interacts with all the other modules of the system (e.g., POM and MM). It is a tool for object-oriented
graphical de�nition of the plant model and the execution model. The former describes the physical and
logical elements in manufacturing. Physical elements such as an assembly line are described through
their interfaces (PLC, HMI, SCADA, etc.). Logical elements are the software components involved in
the manufacturing cycle to manage production and information for tracking and tracing (POM, MM,
etc.). The execution model describes the production work�ows and rules to synchronize and coordinate
the functionality of the model elements (physical and logical) to execute production operations. The PM
also integrates the graphical user interface (GUI) as presentation layer of SIMATIC IT, so that certain
actions by the user can be integrated into the work�ow of the system. The central control instance of
SIMATIC IT are so-called PM-rules. For instance, a rule can describe the creation of a production job
from the order data that it received via the DIS and the its communication to the POM for execution.

Furthermore, Figure 7.7 shows that SIMATIC IT is extended with the Event Processor and Exception
Manager as the components of an SCEM system for processing EPCIS-events. These components im-
plement the algorithms described in Chapters 5 and 6, respectively. The CEP rule base of the Event
Processor is implemented based on the Drools rule engine and its extension Drools Fusion for an ef�-
cient handling of time-stamped events. The prototype of the Production Scheduler is currently realized
using the mixed integer linear programming solver lpsolve but uses leap rescheduling as default strategy.
In order to interact with the human production planner, a frontend is provided. It enables the editing
of detection and reaction rules as well as for runtime monitoring of the system. The system noti�es the
production planner in case of critical situations, suggest measures or asks for approval for certain actions.
Given that a rescheduling is triggered, the new job sequence is communicated to the POM of SIMATIC
IT via the DIS. The precise software realization of the SCEM system is presented in Section 7.4.
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Figure 7.8: Connectors to the DIS of the MES

Through the presented IT architecture, production scheduling and dispatching of production jobs in
SIMATIC IT can be done under consideration of information from the logistics network received via
a standard EPCIS-Repository. For example, material that will shortly arrive in the commissioning sta-
tion can already be considered in the planning process, violations of JIS delivery plans can be (semi-
)automatically corrected, or product requests of a high priority customer can be served at short notice.
Three EPCIS-Repositories were installed for the provisioning of the events and, more importantly, to
test their interaction in a decentralized supply chain network. Hence, two of the repositories respectively
deposit the events that are captured from the part of the supply chain simulation that is up- and down-
stream of the SmA. The third repository archives all the EPCIS-events that are created by the logistics and
production processes of the SmA. The exchange of messages among the repositories is realized through
push communication. They run on an IBM InfoSphere Traceability Server. It is an information-sharing
platform for traceability applications that create or consume real-time events. It provides a scalable,
secure, and standards-based repository for data that the sensor network generates in the supply chain.

7.3.2 MES Data Integration

SIMATIC IT covers most aspects of ISA 95, making it the information hub of the SmA. By de�nition, it
has the task of collecting, aggregating and communication of data from the shop �oor and coordinate the
execution of production jobs that it received from the business level. Hence, the left side of Figure 7.8
shows that SIMATIC IT has an OPC Data Access connector for exchanging data with the programmable
logic controllers (PLCs) on the shop �oor. For example, this connector is used to dispatch orders and
start production. The MES also has a �le connector to exchange data with ERP or APS systems. XML
is the preferred standard for message exchange. Connectors are provided for various external systems,
such as SAP, Windows File System, .NET, COM, ADO. The system currently lacks the integration with
RFID data, however, so that connections to the new RFID hardware and the EPCglobal Network have to
be established. The next paragraphs brie�y describe the developments for these two connectors.

The Data Integration Service (DIS) is the module of SIMATIC IT that is responsible for the communi-
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cation with third-party systems. It is part of the database layer where also the Material Manager (MM)
and Production Order Manager (POM) are located. The DIS ensures reliable message transport among
applications of different types and behaves as a generic data transport layer. The data that is received by
the DIS is shared with the Production Modeler (PM) through so-called ‘Manager and Interfaces’. The
latter de�nes the business logic layer of SIMATIC IT. As outlined earlier, from there the data is accessible
through the PM-rules by the various modules of the system.

The Application Level Event (ALE) is a standardized communication protocol that is speci�ed by the
EPCglobal Network for integrating RFID data from the reader into higher-level applications [40]. Hence,
a connector implementing the ALE protocol enables the integration of RFID read points along the pro-
duction line of the SmA (i.e., the single readpoint). For handling and con�guration purposes of the in-
stalled RFID infrastructure, the SIMATIC RF-Manager is used. It is also responsible for providing reader
events by sending ecReports (as speci�ed in the ALE protocol) to the ALE connector. It then assumes
all communication tasks that are necessary for a data exchange with the RFID middleware (compare
Figure 4.7). Speci�cally, it converts all ALE reports from the RF-manager of the single readpoint into a
proprietary data format of SIMATIC IT so that the data can be used by the system for further processing.

The arrival of data from the single readpoint triggers its communication from the PM via the DIS to
the EPCIS-Repository. Hence, the EPCIS connector links it with the MES. It allows a bi-directional
exchange of tracking data from the shop �oor and from the supply chain. For the import of the data
from the handheld and RFID gate with the MES, the connector uses the EPCIS Query Interface from
the EPCIS standard [41]. Similar to the ALE connector, when the connector receives an EPCIS-event
from the repository, it translates the event into a proprietary format of SIMATIC IT and then makes it
available to the system for further processing. For the export of the data from the single readpoint to the
EPCIS-Repository, the connector integrates the EPCIS Capture Interface so that production data can be
made available to the supply chain partners.

7.3.3 Integrating Data from the Supply Chain Simulation

Section 4.3.2 outlined that OPC is considered as one of the most commonly used communication inter-
faces in automation. It is used to link RFID antennae or controllers from the shop �oor to the MES-level.
In fact, hardware-in-the-loop evaluations are commonly used to test hardware controllers in a simulation
environment. Plant Simulation offers an OPC interface so that the simulation can be coupled with con-
trollers or other automation hardware. Hence, to make the communication with the EPCglobal Network
closely resemble a real supply chain that also encompasses production processes, the OPC interface is
used. Figure 7.9 illustrates the employed concept. During the simulation, objects in the form of vehicles
or products pass the pre-de�ned identi�cation points along the supply chain (compare Figure 7.6) and
trigger an EPCIS-event. The information that is contained in an EPCIS-event comes from two different
sources that are outlined in the following paragraphs.

The information concerning the object (epcList) and date/time (eventTime) are exported during
the simulation. To this end, the OPC framework is used. As outlined earlier and illustrated in Figure
7.9, it consists of a server and a client. These respectively contain several groups that are named after
locations in the simulation model. Each group bundles several data elements that are captured with the
identi�cation at the location. For instance, for an object event, the elements describe the object and the
time of its identi�cation while the group describes the shipping department of the second tier supplier.
The OPC interface of Plant Simulation acts as a client that is capable of reading and writing the values
of the elements. Figure 7.10 shows that it contains a list of all groups, including all their respective
elements, which is updated periodically (measured in milliseconds). Given that an identi�cation has
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Figure 7.9: Data extraction from Plant Simulation with OPC

occurred, the values are changed accordingly and communicated from the client to the server. For the
latter, the Matrikon OPC-Server is used. It operates separately from the simulation and contains the same
groups and elements as the client. To use the new elements, Figure 7.9 shows that another OPC-client is
required to read the values from the server. It is part of the capturing application and regularly polls the
server for changes.

Figure 7.10: OPC interface con�guration in Plant Simulation

Given that the value eventTime of an element in the OPC-Client changed its value in comparison to
the preceding reading, the capturing application triggers the creation of an EPCIS-event. In order to
create the event, however, the middleware of the capturing application requires additional information
besides object and time such as action or eventType. At this point, the name of the OPC-group
becomes important because it describes the location of the event. Since a speci�c location in the supply
chain can be generally associated with a speci�c process (e.g., goods receiving, unloading, etc.), the
remaining information of an EPCIS-event do not change with a new identi�cation. Hence, rather than
creating additional OPC-elements that unnecessarily increase the communication effort between client
and server, the related information can be saved as a template in a �le that is called and read whenever
an EPCIS-event is created. For such cases, the JavaScript Object Notation (JSON) is often preferred to
XML because it is easy to implement, read and use. Figure 7.11 shows that the name of the group in the
OPC-server is identical to the groupID entry in the created JSON-�le.

With the information that is contained in the entries, the EPCIS-event can be created by the middleware.
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Figure 7.11: Excerpt from the JSON-�le [62]

Figure 7.12 illustrates the XML telegram of the composite EPCIS-events that are subsequently sent by
the middleware. The parts that are highlighted in grey (i.e., time stamp and object ID) is data that is
exported from the simulation via the OPC interface. All other information (e.g., action or bizStep)
are taken from the entries in the JSON-�le (compare Figure 7.11). Starting with the communication of
the EPCIS-event from the capturing application to the EPCIS-Repository, Figure 7.7 shows that subse-
quent communication steps largely conform with the standards of the EPCglobal Network as they were
described in Subsection 4.2.2.

Figure 7.12: EPCIS-event from the supply chain simulation in XML syntax

It has to be noted that besides RFID data that also customer orders from the OEM are created in the
simulation environment of Plant Simulation rather than through a ‘real’ ERP system. These orders
are generated in �xed intervals and the material requirements are subsequently determined. While the
submission of the requirements to the second tier supplier within the simulation is unproblematic, the
SmA as �rst tier supplier requires the product orders in its MES to execute the production processes.
Although the orders are not communicated to the �rst tier supplier via the EPCglobal Network, as shown
with Figure 7.7, they are exported in the same way as described for tracking data. Hence, as soon as as the
customer order is created and the material requirements were determined from the product speci�cation,
the respective OPC-elements are changed in the OPC-group that is dedicated to production orders of the
�rst tier supplier. When all required elements (i.e., order number, product speci�cation, due date and
quantity) are assigned, the simulation sets a Bernoulli variable to indicate that the elements can be read
by the OPC-server. Figure 7.8 shows that SIMATIC IT already has an OPC interface so that the values
from the server can be imported into the system. The orders are then inserted into the POM via the OPC
interface and the DIS of SIMATIC IT according to the FIFO-principle. More information concerning the
simulation and its connection to the EPCglobal Network can be found in the Hauptvogel [62].
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Figure 7.13: Internal structure of the PAS with the two components

7.4 Software Development

With the availability of the required data from the various sources, the SCEM system can be developed.
The SCEM system is a java-based application that is called Production Assistance System (PAS). Figure
7.13 details the architecture for the online data �ow processing of the PAS. Through the EPCIS Query
Interface, the Event Processor of the PAS can access the events that are stored in the local repository.
Note that it is coupled with the other two repositories so that the PAS can access all the data from the
supply chain as well. The events are imported into an event list. The Complex Event Processing engine
(i.e., Drools Fusion) then loads new events from this list as its input in order to derive complex events
such as the load situation of a vehicle. The general structure of these rules in Drools is brie�y outlined
in Subsection 7.4.1.

Given that a rule is triggered and a complex event is created, it is subsequently stored as output in
another list. As mentioned before, the output of the engine can also serve as its input. Hence, the list can
also be accessed by the engine in order to derive higher-level exceptions that have to be reported to the
Exception Manager component. Based on the proposed test scenario and the general rule de�nitions of
Section 5.2, precise rules for the identi�cation of these exceptions in the Drools syntax are presented in
Subsection 7.4.2. Figure 7.13 indicates that both lists are visualized in the graphical user interface (GUI)
of the application. It will be brie�y outlined in Subsection 7.4.3. The GUI displays the current status
of the supply chain. It noti�es the user as event consumer in case that an exception has been identi�ed.
It then provides several options from which the operator can choose the most appropriate one. Given
that a rescheduling is triggered, the rescheduling component of the Exception Manager rearranges the
production sequence accordingly and submits it in an XML-�le via the DIS of SIMATIC IT to the POM.
Additional information concerning the realization of the rules in Drools and the GUI of the PAS can be
found in Bayer [9].

It has to be noted, that the rescheduling through the Exception Manager is based on leap rescheduling and
affected orders are always moved to the back of the schedule. Its realization is consequently not further
detailed in this section. Contrary to Chapter 8, the primary goal of Chapter 7 is not the evaluation of the
bene�ts of an SCEM system and a transparent supply chain, but rather the demonstration of the feasibility
of the proposed IT architecture in industrial applications. Hence, the focus of the implementation is the
setup of the IT infrastructure and the embedding and testing of the functionality of a prototypical SCEM
system in this environment.
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7.4.1 Rule De�nition in Drools

Drools is a business rule management system that provides a rules engine. It uses an enhanced imple-
mentation of the Rete algorithm for pattern matching. Drools Fusion is a module of Drools that enhances
the rule based programming with support of time-stamped events. It represents the Drools event process-
ing engine that covers CEP functionalities. The rule base in Drools is deposited in individual �les that
contains several sections. The basic structure of such a �le is subsequently outlined and the purpose of
each section brie�y explained before the rule segment is described in detail. Readers that are interested
in more details concerning Drools or its declarative programming language are referred to the books by
Bali [8] and Browne [18].

The �rst section of the �le, package, de�nes a name that acts as a common name space for a group
of related rules. It resembles a folder that organizes rules. Import allows the loading of different Java
packages by using their name. Declare provides the link to tell Drools that a class represents an event.
These type declarations allow the de�nition of facts, i.e., properties with a name and type, as events so
that, for instance, timed operators can be applied to the facts of a speci�c type. Globals allows the
de�nition of global variables that are, however, scoped to a session. For instance, they occur in the form
of a constant value that can be customized from session to session. Finally, function are build-ins
that allow the de�nition of methods that can be called by the rules. The general structure of a rule in
Drools is as follows:

rule "<name>"
when

<conditions>
then

<consequences>
end

The structure is based on ECA-rules that were introduced in Section 3.3.1. First, every rule within a
package must have a unique name. The subsequent when keyword indicates the condition section
that de�nes the patterns that the rule matches. This is followed by the then keyword that de�nes the
consequences element. It is a block of code that is executed when all of the patterns within the condition
are matched. Every rule is ended through the keyword end. The �nal segment of a rule �le is the
queries section. They resemble the rule segment except that they do not specify consequences.
They are used to retrieve objects/facts from the knowledge session that match conditions speci�ed by the
query. In short, they enable the extraction of data from a session.

7.4.2 De�nition of the Rule Base

The rules that are presented in this subsection, are based on the considerations of Section 5.2 and adapted
for the proposed test scenario. Speci�cally, the focus of the following rules is the transport processes
between the second and �rst tier suppliers. Vehicles that transport the raw material are identi�ed three
times on this route: Shipping department, transport hub and receiving department. The hub is located
midway between the two supply chain partners. The rule base is formulated in such a way that supply
chain events are identi�ed between two subsequent identi�cation points. Using the syntax of Drools,
the �rst important rule that is implemented into the rule base of the PAS describes the generic sequence
violation:
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rule "detect change in sequence"
when

$e1 : EPCISObjectEvent ($epc1 : epc,
$loc1 : bizLocation)

$e2 : EPCISObjectEvent(this after $e1, $epc2 : epc != $epc1,
$loc2 : bizLocation == $loc1)

$e3 : EPCISObjectEvent(this after $e2, $epc3 : epc == $epc2,
$loc3 : bizLocation != $loc1)

not EPCISObjectEvent (this after $e1 && this before $e3,
epc == $epc1)

not EPCISObjectEvent (this after $e2 && this before $e3,
epc == $epc2)

then
insertLogical(new ChangeInSequence ($e1,$e2,$e3));

end

The condition part of the rule is built on three variables that capture three sequential EPCIS-events. For
instance, the variable $e1 is associated with the �rst object event. It contains the information regarding
the EPC number of the object and its location. They are captured in the variables $epc1 and $loc1
respectively. The other information that is contained in the EPCIS-event is irrelevant. The de�nition of
the second variable $e2 illustrates that it has to occur in the same place as $e1 but later and with a
different EPC number. The third object event has to be captured at a different location and after $e2
but has to have the same EPC number as the second event. Furthermore, the rule uses a condition with
the timed operator before that is only triggered if an event with the same EPC as the �rst event is not
identi�ed before $e3. Note that the rule uses the construct insertLogical in the consequences part.
It creates the new situation ChangeInSequence with the three variables from the condition part. Its
utilization has the advantage that as soon as one of the conditions is not ful�lled anymore, the created
situation is revoked.

Building on the preceding rule, it is possible to further specify the sequence change through another rule.
It aims at identifying a violation of the vehicle sequence that occurs during the transport process between
the two suppliers:

rule "detect vehicle out of sequence"
when

$e1 : ChangeInSequence($e1 : event1, $e2 : event2, $e3 : event3)
eval(EPCISUtils.isLKW($e1.getEPC()))
eval(EPCISUtils.isLKW($e2.getEPC()))

then
Situation situation = new VehicleOutOfSequence($e1.getEPC(),

$e3.getEPC(),$e1.getBizLocation(),$e3.getBizLocation());
insertLogical(situation);
situation.addCausingEvent($e1.getEPCISEventType());
situation.addCausingEvent($e2.getEPCISEventType());
situation.addCausingEvent($e3.getEPCISEventType());

end

The condition part of this rule describes that the complex event of a sequence change is evaluated in
regard to the entities that are involved in it. The eval element calls the method isLKW from the
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package EPCISUtils. It checks whether the EPC number that is contained in the variables $e1 and
$e2 is a vehicle. To make this distinction possible, the method can either use a list to which it matches
the EPC number or it can use a numbering scheme that indicates a common numbering sequence that
all truck EPCs share. Given that the condition is ful�lled, the consequences of the rule create a new
complex event VehicleOutOfSequence. It contains the relevant information that is required for
further data processing. For instance, the complex events from the presented rules can be further re�ned
according to the proposed modular rule base (compare Figure 5.13). The rules that derive a material and
order sequence violation, however, are not explicitly required for the test scenario. Furthermore, they are
formulated similar to the one that describes the sequence change of two vehicles.

The �nal rule from Section 5.2 that is translated into the syntax of Drools is the vehicle delay with a �xed
time limit:

rule "detect vehicle delay"
when

$e1 : EPCISObjectEvent($epcV : epc, eval(EPCISUtils.isLKW(epc)))
$e2 : EPCISObjectEvent(epc == $epcV,

eval(eventTime - $e1.getEventTime() > 300000))
then

Situation situation = new VehicleDelay($epcV);
insertLogical(situation);
situation.addCausingEvent($e1.getEPCISEventType());

end

Similar to the preceding rule, the isLKW method �rst checks if the captured object event is due to a
vehicle. The second object event then has to have the same EPC but has to occur after a certain interval
(measures in milliseconds) � in this case after more than 5 minutes. Note that this brief time window
for the transport of raw material is possible through the simulation model, which has the advantage of
shortening the duration of individual experiments. Furthermore, the rule formulation completely omits
the location aspect because the transport hub is located midway between the companies. Hence, the
duration for the transport between two successive identi�cation points is almost the same. A distinction
in regard to the location is not necessary in this case. Given that the two conditions are ful�lled, the
consequences part creates a new complex event that describes a vehicle delay and returns the EPC number
($epcV) of the responsible object.

7.4.3 Graphical User Interface

The PAS does not act autonomously but rather supports decision making. Consequently, as illustrated in
Figure 7.13, the GUI is a central system component that enables the interaction with a user. Its task is to
make the data accessible that is captured from the execution of supply chain processes and the exceptions
derived through data processing. Figure 7.14 shows the interface of the PAS at the �rst tier supplier. It
supports runtime monitoring of the supply chain of the test scenario. The upper third of the screen
visualizes the partners of the supply chain. Through the selection of one partner, the system displays an
overview of their monitored processes on the lower left-hand side. Figure 7.14 shows that the transport
process between the �rst and second tier supplier, as mentioned earlier, only has one identi�cation point
at the logistics hub. The selection of a speci�c monitoring point displays all its registered EPCIS readings
in a table in the middle of the screen. The example in Figure 7.14 shows that two trucks were identi�ed
during the simulated transport process. Hence, rather than displaying one list with all EPCIS-events, the

148



7.4 Software Development

Figure 7.14: Overview of the monitoring interface of the PAS

GUI facilitates the supply chain overview by graphically matching the location with its captured EPCIS-
events. On the lower right-hand side of the screen the production plan of the �rst tier supplier is shown.
It is the data that is provided by the POM of SIMATIC IT.

Figure 7.14 illustrates that the identi�cation of a supply chain event is communicated to the user through
the highlighting of the its location and the respective supply chain partner as well as a noti�cation. The
latter indicates that the rule concerning the vehicle delay from the preceding subsection was triggered. As
illustrated with Figure 7.13, the lower table in the middle of the screen contains a list of all exceptions
that were identi�ed during the simulation and returns the status of whether it has been resolved. For
the reaction to the supply chain event, the system provides the user with the ‘Control’ tab. It provides
the user with an overview of the anticipated company performance over the next days. It serves as an
indicator for the severity of the supply chain event and should support the user in the decision process of
whether to react. It also contains further information regarding the event. Another purpose of the tab is to
provide the user with various options for a reaction. Given that a rescheduling is approved, the Exception
Manager rearranges the production sequence as it is displayed on the right-hand side of Figure 7.14 and
communicates it to SIMATIC IT. The tab ‘Illustration’ provides a more detailed view of the processes of
the selected supply chain partner while the tab ‘Overview’ summarizes all EPCIS-events and situations.
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Figure 7.15: EPCIS-events are deposited in the EPCIS-Repository during the simulation [62]

7.5 SCEM System in Operation

The evaluation of the applicability of the system concept can be tested for a variety of occurrences.
The simulation triggers different types of events according to given probability distributions. Similar to
Chapter 8, the following types of events from demand and supply-side are supported by the simulation:

� Rush order: A high priority customer order arrives (normal distribution)

� Delivery failure: The delivery contains the wrong product or quantity (uniform distribution)

� Delivery delay: The delivery from the second tier supplier is delayed or arrives too early

The scenario for testing the IT infrastructure and SCEM system is based on a delivery delay that occurs
between the second and the �rst tier supplier. This event can be due to a traf�c jam or an equipment
breakdown. Traf�c jams are incorporated with an Erlang distribution and the variance that occurs during
the load process is modelled using a normal distribution. Breakdowns of transport equipment or machines
at production facilities are modelled with an exponential distribution. In more detail, during the transport
process, the �rst of two trucks experiences a breakdown that causes a speci�c delay. It is consequently
overtaken by the second vehicle. Under normal circumstances, both trucks require roughly the same
time to cover the distance between the identi�cation at two successive points. The identi�cation of a
sequence change through the PAS indicates that one truck will arrive delayed while the delivery through
the second is still on time.

Figure 7.15 illustrates that the captured events from the simulated supply chain are deposited in the
EPCIS-Repository via the OPC-Server. The event list of the repository shows that two trucks left the
second tier supplier with the serial numbers 1111 and 1121. The highlighted event indicates that
although the second truck with serial number 1121 departed several hours later, it arrived at the logistics
hub �rst. The remaining events in the list describe the arrival of the �rst vehicle at the logistics hub and
the arrival of both deliveries at the �rst tier supplier. The highlighted EPCIS-event, however, is suf�cient
for the rule engine of the PAS to trigger the sequence violation of the two vehicles. Since the scenario
assumes JIS deliveries, the breakdown leads the SCEM system to infer the unavailability of material for
the production jobs that are associated with it. Hence, the occurrence is judged by the system to be of
signi�cance to company performance and is immediately communicated to the decision maker through
a noti�cation (similar to the one in Figure 7.14).

By opening the ‘Control’ tab of the SCEM system, as illustrated in Figure 7.16, the user is given more
information about the problem. The details show that the trucks, represented by their serial number,
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Figure 7.16: Rescheduling through the reaction interface of the PAS after event identi�cation

changed their sequence and that they are expected to arrive in reverse order. On the right-hand side
of the screen, the PAS displays the impact analysis. It is the expected performance of the company
when no action is taken. In this case the utilization of the production is reduced because the jobs with
the missing material are simply moved through the process without any assembly while the material
for the unaffected jobs is temporarily stored until production start. On the lower left-hand side of the
screen, the system gives the user several options that are ranked according to the suggestion of the
system. Its preferred option is a rescheduling. It would advance the orders for which material is expected
to be delivered punctual (i.e., in the second vehicle) while the others are moved to the back of the
production schedule. The second option is to wait with a reaction. In this case the system reminds the
user after 5 minutes of the unresolved situation. This option is especially useful for some exceptions
where the arrival of another EPCIS-event would resolve it and the complex event is retracted through the
insertLogical function. The last option is to ignore the situation.

With the approval of the rescheduling, the system rearranges the production jobs and communicates the
new schedule to SIMATIC IT. When the raw material now arrives at the �rst tier supplier, it is inserted
into the SmA by the operator. Given that the required material and the next scheduled production job
match during the identi�cation at the single readpoint, the system immediately starts the production
processes. The respective production job in the schedule of the PAS is then deleted. In order to visualize
the production processes at the �rst tier supplier, a video of the entire scenario was shot. It contains all
the details regarding the execution and monitoring of the supply chain and production processes and can
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Figure 7.17: Overview of the realized scenario with aggregation and object events

be found on the Siemens YouTube-Channel1. It details all steps from product ordering by the customer
through the fully-automated production at the �rst tier supplier.

7.6 Chapter Summary

The chapter presented the implementation of an SCEM system, called Production Assistance System
(PAS), within an IT architecture and hardware environment that closely resembles real-world applica-
tions. Figure 7.17 summarizes the test scenario that utilizes the hardware-in-the-loop concept. The left-
hand side illustrates the supply chain processes that were realized with Plant Simulation from Siemens
PLM Software. The simulation focuses on the packaging processes at the second tier supplier were the
products are successively aggregated into larger units (i.e., aggregation events). It then simulates the
transport of the carrying units to the test facility where the truck IDs are captured at pre-de�ned points
along the way (i.e., object events). The right-hand side of Figure 7.17 shows that the �rst tier supplier is
represented by a real-world research lab at Siemens AG (SmartAutomation).

The initial capturing of the data from the shop �oor and (simulated) supply chain is realized via OPC
while the cross-company data exchange is realized with the EPCglobal Network. The developed SCEM
system is closely coupled with the installation of SIMATIC IT, the MES of Siemens AG, in the research
lab to be able to access and adapt production plans. Figure 7.17 shows that the PAS receives the data from
supply chain and production processes. During data processing, the system uses its Drools rule base for
pattern matching. The operational evaluation of the concept and system is done by simulating a supply
chain event from which the PAS infers the unavailability of material for several scheduled production
jobs. The PAS then alarms the system user through a noti�cation and proposes a rescheduling. Given
that the user approves the reaction, the PAS rearranges the schedule using leap rescheduling (compare
Chapter 6) and submits it to SIMATIC IT.

The operational evaluation validates the research hypotheses. An SCEM system can be integrated into
the current internal and cross-company information �ow. It can successfully interact with commonly oc-
curring software and is best-placed on the MES-level so that short-term production plans can be quickly
adapted and duly communicated to the shop �oor. The real-world application of the system within a
fully-automated hardware environment allows the incorporation of individual trace data from supply
chain processes so that supply problems are detected early. A timely reaction then avoids production
downtime or rework of the facility due to day-to-day supply chain problems.

1The video is accessible through the following link: http://www.youtube.com/watch?v=3SQg4vObg14
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8
Functional Evaluation

Chapter 8 evaluates the bene�t of using an SCEM system for (re-)scheduling purposes in a large-scale
supply chain that is transparent but event-prone. The evaluation is based on an industry case study that
is outlined in Section 8.1. The use case partner is frequently affected by supply chain events that com-
promise production sequences and performance while the employed rescheduling strategy aggravates the
problem further. From this description, a simulation model is developed that covers the discussed system
aspects from Chapters 4 through 6. Section 8.2 presents the detailed simulation results of applying an
SCEM system. Through a bi-directional exchange of individualized trace data in the simulation, the
manufacturer detects problems early and uses the proposed rescheduling strategies that were presented
in Chapter 6 to adapt the production sequence. The supply base is subsequently informed about the
changes in order to adapt their own production programme whenever it is still possible. The next Section
8.3 then estimates the sensitivity of the simulation results when either the frequency or severity of the
supply chain events is changed. In a scenario analysis, both parameters are subsequently changed si-
multaneously to estimate their combined effect on the supply network. Chapter 8 concludes with a short
summary in Section 8.4.

8.1 Industry Case Study

The outlines of the use case were published in several research articles by Köber and Heinecke [91,
90, 92]. The industry partner is a company that manufactures agricultural machinery. Its production
processes and market characteristics closely resemble those of the car industry albeit with lower volumes
and higher variance. Subsection 8.1.1 presents the case study and outlines the problems that the company
faces due to supply chain events. The following Subsection 8.1.2 then develops a simulation model based
on the case study to estimate the effect of an SCEM system that operates in a transparent supply chain.
For the evaluation, the model with the proposed rescheduling strategies was implemented into the discrete
event simulation tool Plant Simulation from Siemens PLM Software.
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8.1.1 Case Description

The description of the use case starts with the general market situation before outlining the scheduling
process. To this end, Figure 8.1 illustrates the use case of a tractor assembly line that is supplied by
several just-in-sequence suppliers. The next paragraph then outlines the effects of supply chain events
on the planned sequence and the subsequent rescheduling operations. The description is concluded with
a short overview of the effects on important performance indicators.

The market for agricultural machinery strongly resembles that of the car industry: It is highly compet-
itive, has high requirements on quality, service, price, delivery reliability and short delivery times to
generate customer satisfaction and long-term loyalty. Furthermore, the market is characterized by series
production, increasing product variety and globalization of operations [92]. The trend towards mass cus-
tomization is supported by a survey of 420 customers in a reference market. It found that the majority
of end-customers (74% of respondents) require their own customized products and are willing to wait
longer for its delivery [91]. These ‘BTO customers’ are not willing to accept a machine from stock
that has a different speci�cation or only with a high discount to compensate the mismatch between the
required and available product. Only 23% of respondents want their product as fast as possible while
customization is of less importance. In practice, this group of ‘BTS customers’ intends to quickly replace
old equipment. While most end-customers want a customized product, the actual BTO rate of the OEM
is currently below 50% and the OTD for customized products is 17% longer than accepted by the BTO
customers [91]. The reasons for this mismatch between expectations and reality are outlined later on.

The production system follows the BTO principle where every production job is triggered by an order
from a customer or dealership. During the order process, customers choose their individual con�gu-
rations from various options and specify a due date. The virtual order bank (VOB) then contains all
unscheduled customer orders from which a speci�c batch is sequenced through the ERP system on a
weekly basis to �x the production program of week 5. Figure 8.1 illustrates that scheduling is based
on priority, which is determined by the orders with the closest due dates. The scheduled sequence is
the production programme for one week and it assigns every order with a �xed sequence position and
an estimated build date (EBD) when �nal assembly is scheduled to start. The order sequence with the
respective component orders is then communicated from the ERP system via EDI messages to the supply
base. In total, 12 components of the tractor (e.g., drive, cabin, etc.) are sourced JIS from 12 different
suppliers with none constituting an optional feature. For suppliers, the EBD is equivalent to the deliv-
ery date for the required components. As shown in Figure 8.1, the preceding 4 weeks of the planned
production sequence were scheduled earlier and constitute the frozen zone. It is a pearl chain of over
1200 customer-speci�c orders that will be assembled over the coming 4 weeks and where the respective
component orders were already communicated to the supply base. The length of the frozen zone is de-
termined by the JIS supplier with the longest order-to-delivery (OTD) time � about 18 days in the case
study. For each component, a customer can choose between several versions. Thus, each JIS supplier
has his own customer-speci�c sequence that runs in parallel to the order sequence of the manufacturer.
They all converge on the assembly line.

Although providing stability for the initial planning processes of the supply base, a long frozen zone of 4
weeks leads to an increase of the probability that disturbances affect their production and/or subsequent
transport processes. In fact, Köber and Heinecke [92] found that the use case partner was subject to
supply chain events in the recent past that compromised company performance. The result is a mismatch
between real and planned progress of the ordered components. In cases where the current sequence
position of an order cannot be maintained due to supply chain problems, the company currently moves
affected orders with missing components to the end of the sequence in week 4 and advances all others
(i.e., out and pull principle) to avoid an empty sequence position. This approach not only results in a lot
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Figure 8.1: Use case of a tractor assembly with JIS supply; adapted from [64]

of ‘lost’ tractors that are severely delayed due to their postponement but aggravates the situation through
so-called ‘stopped’ tractors. These machines were initially not affected by the supply chain event but
are rather a knock-on effect caused by the rescheduling strategy that pulls orders to close any sequence
gaps. In more detail, since the company currently has no supply chain visibility, problems (i.e., events)
are identi�ed shortly before or even after assembly has started. Hence, most sequence changes are made
in the short-term, preventing an automated communication of the altered positions via the ERP system.
Thus, supply and assembly are coordinated manually through unstructured communication. This short
time horizon inhibits a timely reaction of the supply base that has to provide the required components
faster than originally planned. In urgent cases, emergency transports are devised. Since virtually all
orders are affected by the pull approach, stopped tractors are machines where the coordination to align
the material �ow of the right components with the correct machines did not work and their faultless
assembly is prevented. In short, the current rescheduling strategy results in a low sequence stability
coupled with comparatively high rework inventory.

Several KPI are of importance to the use case partner. First, as mentioned before, sequence stability
is the fraction of orders where the assigned sequence position was not altered between the initial VOB
scheduling and �nal assembly. Due to the employed rescheduling strategy, sequence stability at the use
case partner is very low. Second, the production rate is the output during a speci�c interval. In a paced
assembly line it varies very little, resulting in a largely constant production lead time. The rate can vary
due to stopped or lost machines that result in empty sequence positions and reduced output. Third, the
ok rate is a very important indicator for the use case partner. It is the fraction of products that leave the
assembly without the necessity for any additional rework and can be, after testing, directly shipped to
the customer. Fourth, rework stock is the number of products that wait in the rework area for additional
operations. This metric is directly related to the production lead time of the OEM. Since the rework area
operates according to the FIFO principle, a newly arrived product has to wait comparatively more when
the queue in front of it is longer. In short, while assembly takes about 2 days, rework can take several
weeks due to capacity constraints in the rework area and longer working procedures, which jeopardizes
due date adherence. Due to its effects on costs and lead time, the intention of the company is to minimize
rework as much as possible. Fifth, the service rate is the ratio of products that were delivered to the
customer at or before their desired delivery date. The survey of 420 customers found that the satisfaction
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(on a 5-point Likert scale) with on-time deliveries for BTO products was only 2.91 while it was 4.24 for
customers that took a product that was available from stock [91].

8.1.2 Model Development and Simulation Parameters

Building on the general supply-assembly model that was developed in Section 6.2 and that was based
on the current production planning and scheduling processes of the automotive industry, the following
paragraphs present the simulation model that is derived from the use case description. It focuses �rst
on the parameters of the order process, before outlining the supply chain structure. Most importantly,
the subsequent paragraph presents the settings concerning the supply chain events and the effects of
a rescheduling on processes of the supply base. The subsection concludes with an overview of the
parameters of the assembly line and rework area.

In accordance with most simulation studies, customer orders for a single product arrive randomly in
the VOB, modelled through the Poisson process with exponentially distributed arrival intervals �. They
arrive in mean intervals of 30 minutes, are associated with an order time (i.e., timestamp of the order
creation) and a random committed due date. The latter is uniformly distributed and bound between the
minimum system OTD time and its double on the upper bound. The lower bound allows the consid-
eration of demand-side events in the form of rush jobs. Both limits are largely in accordance with an
empirical investigation at the case partner. In the customer survey, it was found that BTO and BTS cus-
tomers have different requirements for the OTD of the tractor manufacturer. The desired time between
order placement and desired product delivery is 12.6 weeks with a standard deviation of 1.9 weeks for
customers that want customized products [90]. As mentioned before, the OTD of the manufacturer for
customized products is currently 17% longer than accepted. Customers for which customization is not as
important want to have their products on average within 3.6 weeks [91]. As illustrated with Figure 8.1,
this time window is close to the minimum system OTD of 4 weeks, made up of 18 days frozen zone for
the supply base to provide the required components and 2 days for the in-house assembly. The current
mean average production lead time, including the frozen zone for the JIS supply base was found to be 9
weeks [90]. Since the provisioning of customized products to the BTS customers would be an important
competitive advantage, the simulation includes both groups in the simulation study. Hence, the desired
delivery date in the simulation is bound between 20 and 40 working days after order placement. The
lower boundary covers rush orders of BTS customers for whom time is most important while the upper
bound represents BTO customers that only want their speci�c product.

As shown in Figure 8.2, rather than simulating all 12 JIS suppliers, the assembly line is supplied by
3 JIS suppliers (drive, engine, and cabin) with a respective lead time of 18, 12, and 6 days. All nine
remaining suppliers are assumed to have a perfect delivery reliability. They can be excluded from the
analysis because component assembly is assumed to be independent. In other words, the missing of
one component does not compromise the assembly of another. Each supplier offers 4 versions that are
randomly chosen by the customer following a uniform distribution. In accordance with the use case, after
VOB scheduling the sequence is communicated to the supply base. Since the goal of the JIS principle
is a synchronized delivery of components with the production start, suppliers only start production when
the distance to the EBD that was communicated by the tractor manufacturer is their own respective OTD.
Thus, given that production postponements are communicated early enough, the suppliers are capable of
postponing their own production processes as well.

The progress of a component in the supply chain is monitored at locations that stand in intervals of 3
days and are communicated to the SCEM system of the manufacturer. At every location, there is a small
chance that a component is either failed or delayed. The percentage share for the probability of an event
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Figure 8.2: Simulation model of the use case

was divided between 10% for a failed component and 90% for a delayed one. The length of the delay is
modelled using an exponential distribution exp(x;�) with scale parameter � = 2 hours and bounds in
the range of x 2 f1; :::;24g hours. In case of an event the current sequence position of an order cannot be
hold and a rescheduling is triggered. The changes to the sequence are subsequently communicated to the
supply base. In case of a failed component, a reproduction of the component at the respective supplier is
triggered. Due to the closeness of the order due date, the component order is then treated at the supplier
as a rush job that is immediately scheduled and released for production. Unaffected components that are
already in production or transport are still delivered on-time, resulting in temporary inventory increases.
Components that are not yet in production, can be postponed until the distance of the new EBD is the
supplier-speci�c OTD. The overall on-time delivery reliability of each supply chain is set at 95%.

Based on the possible component con�gurations, the assembly line builds 64 different product variants.
It runs at a deterministic tact time of 30 minutes. Three cases are distinguished for the synchronized
merging of component and workpiece sequences. First, the required component arrives at the assembly
station in sync with the workpiece, resulting in a faultless assembly. Quality defects during assembly
are excluded. It has to be noted that workpieces (i.e., chassis), onto which the JIS components are
mounted, are sourced without delay from the buffer between paint and assembly and provided in the
scheduled sequence. Second, the component can arrive too early, resulting in its temporary storage in
the proximity to the assembly station until the workpiece arrives. Due to space restrictions in practice,
large component inventories should be avoided. Third, the component can arrive too late due to a failure
or delay during production or transport of one or more components. Affected stations are skipped and
assembly continued for the other components. The un�nished workpieces are subsequently moved to
the rework area where they are stored until the respective components arrive. In accordance with reality,
rework of a component takes a multiple of its normal assembly time and rework capacity is limited by
the number of rework stations. The simulation ran for 100 days, including a run-in phase of 40 days.
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8.2 Simulation Results

This section presents the results of applying the rescheduling strategies that were presented in Subsection
6.3.5 to the simulated supply-assembly model of the use case partner. Parts of the simulation model and
results were published earlier in two studies by Heinecke et al. [64, 65]. The �rst Subsection 8.2.1
presents the baseline scenarios. They serve as references when the performance of the rescheduling
strategies is estimated. The next Subsection 8.2.2 summarizes the performance of the four strategies and
discusses general performance-related effects that apply to all of them. The following three subsections
then present the results in more detail. First, Subsection 8.2.3 presents the trade-off between optimality
and stability that arises during rescheduling. It is best-illustrated with the leap and step strategies that
represent two opposed extremes by respectively maximizing or minimizing the sequence displacement
of an order from its original position. Second, Subsection 8.2.4 presents the results for the dynamic
rescheduling strategy that uses a case-based application of the aforementioned methods. It shows that
this approach can already balance performance in regard to the two dimensions. Third, Subsection 8.2.5
applies the criterion-based method to the problem. It chooses a reinsertion position for on order between
the two extremes. It outperforms the dynamic strategy in most performance categories.

8.2.1 Results of the Baseline Scenarios

A total of three baseline scenarios are simulated. They serve as a reference when comparing performance
of the rescheduling strategies. The �rst scenario is a completely reliable supply chain with on-time
deliveries of all components (i.e., � tOT D

w (epcm ) = � tOT D
w ). It serves as a reference for all other

scenarios. The second scenario introduces unreliable supply chains and capacity constraints. Hence, the
arrival rate in the rework area is greater than its service rate, so that rework inventory accumulates. This
scenario is closest to the reality of the use case partner. The third baseline scenario relaxes the capacity
constraint so that the arrival rate in the rework area is lower than its service rate. Some important statistics
from the simulation are summarized in Table 8.1 and are presented throughout the following paragraphs.

Table 8.1: Summary of important statistics for the baseline scenarios

Scenario 1 Scenario 2 Scenario 3

Reliable supply Limited capacity Unlimited capacity

Production volume 3689 3169 3169

Rework volume 0 348 465

Rework inventory 0 123 5

Ok rate 100% 87.1% 87.1%

Utilization 100% 95.5% 95.5%

Service rate 93.9% 88.3% 93.8%

Average lead time 1.5h 25.6h 4.6h

Average OTD 23.7d 24.6d 23.8d

Average order delay 0.94d 4.63d 1.31d
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Figure 8.3 depicts the histograms for the system OTD and order delivery delay for a reliable supply chain
(Scenario 1). The diagram on the left side shows that the OTD varies between less than 20 and 32 days
with a mean of 23.7 days. The variation is due to the priority-based scheduling. Orders with a large
distance to their desired delivery date are scheduled for later assembly. These orders are longer within
the system than those that have earlier due dates. The diagram on the right side shows that a little over
200 orders of the cumulative total of 3689 were delivered between 0 and 4 days late with a mean of
0.94 days. The delivery delay is due to the lower bound of the desired delivery date. This observation
illustrates that not all rush jobs can be delivered on time to those customers that require their product as
soon as possible � even in a completely reliable supply chain. As a consequence, Table 8.1 lists that the
service rate of the system is 93.9%. The assembly line is fully utilized, however, because the production
sequence is build exactly as planned without any interruptions. To increase the service rate further, one
option is the build-up of a small product inventory from which the most urgent orders are served.

Figure 8.3: Delivery performance with a reliable supply chain

Figure 8.4 shows that the OTD and order delivery delay change when supply becomes unreliable and the
rework area has limited capacity. In this scenario, the effect of supply chain events is compounded by
internal capacity restrictions, closely resembling the situation in the rework area of the use case partner.
During the simulation time, a total of 621 supply chain events were recorded with 558 components
facing a delay while 63 received the status ‘failed’ and had to be reproduced at the respective supplier.
In contrast to the �rst scenario, the OTD increases to over 50 days for some orders. With a mean of 24.6
days, Scenario 2 shows the worst OTD performance of all baseline scenarios. Accordingly, the delivery
delay also increases to between 0 and 25 days, reaching an average delay of 4.63 days. In fact, Table
8.1 shows that the setup of Scenario 2 affects all performance indicators negatively. Utilization falls to
95.5% due to idle stations whenever the required components are missing. The ok rate falls to 87.1% for
the same reason. As listed in Table 8.1, the service rate of 88.3% is the lowest value among the compared
scenarios. Figure 8.4 shows that this is due to more orders being delivered late.

The service rates for Scenarios 1 and 3 are fairly similar. This outcome can be attributed to the fact
that supply is still fairly reliable with 95% and, more importantly, the majority of supply chain events are
delays with short durations of between 1 and 3 hours. Hence, the comparison of the time-based measures
(i.e., OTD, lead time and delivery delay) reveals that they only increase a little. Un�nished products wait
in the rework area for the delayed components, are then immediately reworked due to unlimited capacity
and subsequently shipped to the customer. Hence, the main difference between Scenarios 2 and 3, as
illustrated by Figure 8.5, is the rework inventory. The stock of the former totals 123 units after the 100
days while it is negligible for the latter. As mentioned before, rework inventory is an important indicator
for the use case partner for the quality of its assembly and supply chain processes. The inventory for
Scenario 3 is almost solely made-up of products that wait for the arrival of the required components. As
shown in Köber and Heinecke [92], however, over time horizons that span several months, operational
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Figure 8.4: Delivery performance with an unreliable supply chain and limited rework capacity

occurrences like delays are often seriously aggravated by more severe supply disruptions and disasters
that result in sudden and large increases in the number of products that require rework. Hence, in reality
orders that are affected by day-to-day problems enter longer queues and are disproportionally affected.
Thus, while Scenario 3 focuses solely on the effect of day-to-day supply problems on performance, a
limited capacity like in Scenario 2 aims at simulating a real-world situation. In this case, the supply
chains are also affected by more severe occurrences and the assembly line is subjected to other problems
(e.g., poor quality or machine breakdowns) that result in larger rework inventories.

Figure 8.5: Rework inventory for limited and unlimited rework capacity

8.2.2 Effects of Rescheduling

All of the results from the simulation that are presented in the following subsections are based on the
limited capacity of Scenario 2. Since a rescheduling strategy aims at the complete elimination of all
rework due to delayed or failed components, however, the capacity considerations of the rework area
become irrelevant at this point. The application of the different reliability and rework settings of Scenario
2 and 3 would not yield any deviation. Figure 8.6 summarizes the general effects of applying the proposed
rescheduling strategies. The comparison is made against Scenario 2 that was presented in the previous
subsection. The left diagram shows that the production volume of the assembly line increases by 13.5%
while rework is completely eliminated. This effect is mirrored by the ok rate. It increases by 14.8% to
100%. The right diagram depicts that the elimination of rework reduces the average production lead time
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to the assembly time of the three components. All three measures indicate the bene�t of supply chain
visibility and early rescheduling: The production sequence that enters the assembly area consists only
of machines where component availability is ensured. The result is a high ok rate coupled with a low
rework volume so that all proposed strategies ful�l the two crucial aims of the use case partner for its
assembly processes.

Figure 8.6: General effects of the application of rescheduling strategies

Although rescheduling is bene�cial for the mentioned indicators, it has adverse effects on others. Table
8.2 summarizes important statistics of the rescheduling strategies. In contrast to the baseline scenarios,
the utilization of the assembly line is reduced across all strategies. This is due to the number of empty
tacts where a sequence position remains vacant after rescheduling. Hence, during assembly all 3 sta-
tions are idle during these tacts. It has to be noted, however, that the baseline scenarios overstate their
utilization because of the assumption that component assembly is independent. Utilization for the differ-
ent rescheduling strategies varies due to the number of �lled tacts; i.e., sequence positions that became
vacant after one rescheduling procedure and were reassigned after a subsequent one. The step strategy
achieves the highest utilization with 93.1% and the best �lling ratio with 53.9%. Another two important
dimensions that describe the performance of the employed strategies are optimality in regard to due date
adherence (service rate) and sequence stability. Table 8.2 lists that performance also varies signi�cantly
across the various strategies. These results are presented in more detail in the following subsections.

Table 8.2: Summary of important statistics for the rescheduling strategies

Strategy 1 Strategy 2 Strategy 3 Strategy 4

Leap Step Dynamic Hop

Production volume 3597 3613 3634 3616

Empty tacts 566 570 574 561

Filled tacts 28 307 265 237

Filling ratio 4.9% 53.9% 46.2% 42.2%

Utilization 87.0% 93.1% 92.1% 91.7%

Sequence stability 77.4% 0.4% 4.8% 70.4%

Service rate 83.9% 93.8% 89.9% 92.3%

Average OTD 25.5d 23.5d 25.0d 24.6d

Average order delay 3.64d 1.24d 2.28d 0.91d

A last important performance indicator is component inventory. Although all rework inventory is elim-
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inated, Figure 8.7 shows that the rescheduling strategies result in different inventory levels for the three
JIS components. As mentioned before, this inventory increases whenever an order is postponed to a dif-
ferent sequence position but one of its unaffected components was already in production at the respective
supplier. Analogous to industry practice, in these cases production of the component is not interrupted
but continues as scheduled. Thus, the component becomes part of the JIS inventory at the supplier (or
OEM) until the �nal call-off. Figure 8.7 shows that step rescheduling results in the smallest component
build-up because orders are only displaced to positions in proximity to their old one. On average, there
are about 10 components of each type in the inventory at the supplier or OEM for a daily production
volume of 48 machines. Conversely, leap rescheduling results in the largest component inventory. Hop
rescheduling has a higher variance for its inventory but attains an overall similar level to the leap strategy.
Figure 8.7 also illustrates the run-in period of 40 days after which the indicators �uctuate around a mean
value.

Figure 8.7: JIS component inventory for different rescheduling strategies

8.2.3 Trade-Off Between Optimality and Stability

From the outlines of the preceding subsection, step rescheduling showed superior performance in almost
all performance dimensions, making it the preferred strategy. This subsections conducts a more detailed
analysis of the indicators, however, showing that leap (also called shifting) and step rescheduling are two
opposed strategies that result in a trade-off between optimality and stability. Figure 8.8 illustrates that the
performance of leap rescheduling results in long OTD and delivery delays, which strongly resembles the
performance of Scenario 2 as it was shown in Figure 8.4. The OTD also varies between 19 and over 50
days with a mean of 25.5 days, making its average performance worse than that of Scenario 2. In regard
to the recorded delivery delay of orders, leap rescheduling improves overall performance: The delay
varies between 0 and 19 days rather than between 0 and 25 days, resulting in an lower calculated average
of 3.64 days. However, overall performance in regard to the timeliness of orders does not improve
signi�cantly with leap rescheduling.

Table 8.2 already listed that the sequence stability of 77.4% is the major advantage of leap rescheduling,
making it the strategy that achieves the highest sequence stability. Figure 8.9 underlines this assessment.
In more detail, the left diagram shows the histogram of the number of position alterations that each order
had to undergo during the simulation. Please note that each position change has to be communicated
to the supply base. In sum, only about one-fourth of the 3597 orders were subject to any position
alterations. The vast majority of orders never changed their position or did so only once. The diagram
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Figure 8.8: Delivery performance of leap rescheduling

on the right side shows the histogram with the number of sequence positions that each rescheduled order
was postponed in the sequence. It varies between 100 and 1500 positions. Considering that the order
sequence of the OEM contains about 1000 orders at any time during the simulation, the majority of
orders is delayed by 500 or less sequence positions. Since the minimum OTD of the simulated system is
about 20 days, this delay is equivalent to 10 days or less. Obviously, the latter is directly responsible for
the delayed deliveries of the respective products.

Figure 8.9: Sequence stability of leap rescheduling

Figure 8.10 shows the histograms for the OTD and delivery delay when step rescheduling is employed.
Table 8.2 already indicated that the timeliness dimension is the major advantage of the strategy. Thus,
in this regard its result highly resemble those of the scenario with reliable supply as depicted in Figure
8.3. Virtually all orders are delivered between 19 and 31 days after order placement, although some
exceptions have an OTD of up to 40 days. The average OTD is 23.5 days, making it signi�cantly
better than Scenario 2. The same accounts for the histogram on the right side: In comparison to leap
rescheduling, fewer orders face overall shorter delays when employing step rescheduling. It results in
an exceptionally high service rate of 93.8%, making its performance equivalent to the scenario with
unlimited capacity in the rework area.

Whereas the strategy performs well in regard to timeliness, its major disadvantage is sequence stability,
which reaches only 0.4%. In more detail, the left histogram of Figure 8.11 shows that almost all orders
that were produced during the simulation time changed their sequence position between 35 and 55 times.
Hence, the sequence is in a state of constant �ux so that the supply base has virtually no planning
reliability. This strategy is similar to the one employed at the use case partner, with two major differences.
First, orders are only postponed in their position and never advanced. Second, due to supply chain

163



8 Functional Evaluation

Figure 8.10: Delivery performance of step rescheduling

visibility, rescheduling is done days ahead of assembly and, in some cases, even before component
production has started at suppliers rather than shortly before or during assembly. The right side of Figure
8.11 illustrates that the number of sequence changes and sequence displacement are similar. Hence, for
every sequence change, most orders are only postponed by one position due to the frequent employment
of the push principle. Furthermore, only few orders have to be postponed beyond 100 positions. These
are the orders where a component delivery is failed and a reproduction of the respective component is
triggered. Thus, most supply chain events are only short delays where an order does not have to be placed
at the end of the sequence but only has to be postponed a few sequence positions.

Figure 8.11: Sequence stability of step rescheduling

The preceding outlines showed the trade-off between optimality and stability when applying a reschedul-
ing strategy. Since the step and leap strategies represent two opposed extremes, the former results in good
due date adherence but high schedule nervousness while it is vice versa for the latter. Thus, leap can be
employed when timeliness is not an issue, while step rescheduling is appropriate in cases, where ner-
vousness of the production sequence is irrelevant. In practical applications, such as the presented use
case, however, both criteria are important. While leap rescheduling results in poor customer satisfaction,
step rescheduling will inevitably incur error costs due to frequent schedule overhauls that require a high
coordination effort of the OEM with its supply base. This description mirrors the current situation of the
use case partner. In short, neither strategy represents a feasible option in industry. Hence, the following
Subsections 8.2.4 and 8.2.5 present two different approaches that balance the performance in regard to
both dimensions. A summary of their performance is given in Table 8.2.
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8.2.4 Case-based Rescheduling Strategy

As outlined in Subsection 6.3.5, to address the mentioned trade-off while still avoiding rework due to
missing components, the dynamic strategy decides between the application of leap or step rescheduling
by employing a case-based distinction. The left histogram in Figure 8.12 shows that the OTD still varies
between 19 and 35 days with an average of 25 days. A few exceptions require up to 50 days until their
delivery. Performance resembles that of the leap strategy more closely, with the difference that it reduces
the number of orders that require an OTD of 35 days or more. The right diagram illustrates that the
majority of orders with a delay are delivered between 0 and 8 days late with a mean of 2.28 days, which
is only one day more than step rescheduling. As expected, the optimality of sequences that are adapted
through a dynamic rescheduling are better than those of leap rescheduling while performance still falls
short of the step strategy.

Figure 8.12: Delivery performance of case-based strategy assignment

The left histogram in Figure 8.13 shows that the number of sequence changes and thus instability is
reduced considerably in comparison to step rescheduling. Most orders that are rescheduled change their
position between 1 and 10 rather than 35 and 55 times. As expected, sequence displacement results in
two peaks. Most orders are only postponed between 1 and 9 slots from their initial position while a much
smaller batch of orders is displaced by more than 200 sequence positions. In summary, sequences that are
adapted through a dynamic rescheduling increase optimality in comparison with leap rescheduling and
signi�cantly decreases the number of required sequence alterations in comparison to step rescheduling.
At the same time, however, sequence stability remains comparatively low with only 4.8% of orders not
being rescheduled during the simulation. This issue is addressed by hop rescheduling that is presented
in the next subsection.

Figure 8.13: Sequence stability of case-based strategy assignment
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8.2.5 Criterion-based Rescheduling Strategy

The preceding outlines showed that although a case-based assignment of a rescheduling strategy results
in a balanced performance, sequence stability still remains low due to the application of step reschedul-
ing. Rather than choosing strategies that are based on maximizing or minimizing sequence displacement,
an alternative is choosing the displacement distance dynamically in between those two extremes during
rescheduling. As described in Subsection 6.3.5, hop rescheduling calculates the highest reinsertion po-
sition based on the order due date and the lowest position based on the time when material availability
is certain. Given that an order does not have to be placed at the lower end of the boundaries, the algo-
rithm �rst looks for vacant sequence positions between the two extremes. If there are none, the order is
reinserted at the highest possible position that still ensures a timely delivery. In this case the algorithm is
subsequently repeated with the displaced order.

Figure 8.14 shows that hop rescheduling results in superior delivery performance not only in comparison
to the other rescheduling strategies but, moreover, to the scenario with completely reliable supply. The
histogram on the left side of Figure 8.14 displays that the OTD varies between 20 and 40 days. In
comparison to Figure 8.12, the frequency for 25 days and less has markedly increased while categories
above have been reduced, resulting in an overall lower average OTD of 24.6 days. More signi�cantly,
the histogram on the right side shows that hop rescheduling results in the smallest delay among all
rescheduling strategies with most orders only being delayed between 0 and 3 days. In fact, the strategy
results in an average delay of 0.91 days, which also outperforms the scenario with reliable supply. This
observation can be explained with the proportionally higher number of orders that are delayed by at most
one day. Due to larger numbers of delayed orders, however, the strategy does not result in the highest
service rate.

Figure 8.14: Sequence optimality of hop rescheduling

Table 8.2 already listed that hop rescheduling resulted in a comparatively high sequence stability of
70.4%, which is only surpassed by the leap strategy. Figure 8.15 shows the histograms for the number
of sequence changes and sequence displacement. First, the number of sequence changes varies between
1 and 7 with the vast majority of order being rescheduled once or twice rather than between 1 and
10 times as Figure 8.13 showed for the dynamic strategy. Second, similar to Figure 8.13, sequence
displacement varies strongly. The majority of orders were displaced by 50 or more positions from their
original position. The due date of these orders was uncritical so that they were postponed to sequence
positions with late assembly times. The remaining orders were only postponed between 1 and 4 positions
in comparison to the original schedule. Hence, the due date of these orders was already critical so
that they were reinserted into the sequence close to or at the position that minimizes their sequence
displacement.
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Figure 8.15: Sequence stability of hop rescheduling

8.3 Sensitivity and Scenario Analysis

During the discussion of supply chain risk management (SCRM) in Section 2.2, it was outlined that the
two most important characteristics that describe supply chain events are the frequency of their occur-
rence and the severity of their impact. The reduction of these factors is a long-term and/or medium-term
objective of SCRM while for SCEM it is assumed that in the short-term neither the frequency nor the
severity of occurrences can be changed. Thus, they are �xed characteristics of the supply chain network
in which the SCEM system operates. This section analyses the sensitivity of the simulation results from
Section 8.2 in regard to these two dimensions for two reasons. First, it intends to estimate the depen-
dency of performance improvements through an SCEM system in general and the proposed rescheduling
strategies in particular on the two event characteristics. Second, it aims at deriving the applicability of
the proposed decision support system in supply chain settings with better and, more importantly, worse
delivery reliabilities. Figure 8.16 adapts Figure 2.3 from Section 2.2 to illustrate the setup for the analy-
sis. Starting from the parameter settings of the base case that was presented in Section 8.2, the sensitivity
analysis adapts either the parameter for event frequency or severity, leaving the other unchanged. This
approach allows the gauging of the impact of one parameter on system performance in comparison to
the base case. Conversely, for the scenario analysis, as shown in Figure 8.16, both parameters are either
increased or decreased to simulate an overall more or less robust supply chain in comparison to the base
case.

Figure 8.16: Parameter variation for the sensitivity and scenario analysis
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The frequency and severity of events are implemented into the simulation model as follows. First, rather
than keeping reliability for the three supply chains �xed at 95% for the performance analysis of the
rescheduling strategies, it is varied in steps of 4% from 91 to 99%. The approach is illustrated with
the y-axis of Figure 8.16. The results are presented in Subsection 8.3.1. Second, the event severity
has to increase the scope of delays from minor to more major events. Figure 8.16 shows that this is
implemented in the simulation model by altering the duration of delays that was originally assumed
to be exponentially distributed exp(x;�) in the bounds of x 2 f1; :::;24g hours and scale parameter
� = 2 hours. The low severity scenario changes the distribution by halving the boundaries to a range of
x 2 f0:5; :::;12g hours with � = 1 hour. Conversely, for the high severity scenario, the bounds of the
base case are doubled to x 2 f2; :::;48g hours with � = 4 hours. Another possible option for altering
the severity of an event is to change the ratio of delivery delays to failures. However, it is kept at the
originally assumed ratio of 9 to 1. The simulation results for an adapted event severity are presented in
Subsection 8.3.2. The scenario analysis is subsequently presented in Subsection 8.3.3. The comparison
of the simulation results is done for an OEM with and without supply chain visibility. For the scenario
without visibility, it is assumed that the rework area has unlimited capacity to facilitate the comparison.
In the supply chain with visibility the production managers of the OEM are supported through an SCEM
system that employs the hop rescheduling strategy. It achieved the overall best performance results for
most indicators in Section 8.2.

8.3.1 Sensitivity to Event Frequency

Figure 8.17 shows that the supply reliability is varied in three steps. First, the worst supply chain per-
formance with a reliability of 91% results in 1106 events, of which 111 are component failures. Hence,
each supply chain is subjected to about 350 events during the simulation. The base line scenario reduces
the number of events by 46% to 597 with each supply chain being subjected to about 200 events. The
most robust supply chain reduces the number of events by 89.2% to 119.

Figure 8.17: Number of supply chain events for different delivery reliabilities

Table 8.3 summarizes the important statistics of the simulations for the supply chain with and without vis-
ibility. The general results show that every measure is affected by the various reliabilities, indicating that
the parameter has a major in�uence on the performance of the OEM. Without visibility as it is the case
for the scenario with unlimited capacity, a 4% reduction in supplier reliability leads to a 10% decrease in
the ok rate. This dramatic decrease corresponds to an equally large increase of the rework volume from
94 to 814 units over the simulation time. Table 8.3 shows that these results have adverse consequences
on the other listed indicators like average lead time and utilization. In regard to the comparatively high
service rate it has to be noted that in reality, given a limited capacity in the rework area, performance
deterioration would be worse due to longer queues that would signi�cant increase lead time. The results
illustrate that ensuring a high level of delivery reliability has to be a primary goal of a company.
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Table 8.3: Simulation statistics for varying supply reliability

Unlimited capacity Hop rescheduling

Supply reliability 91% 95% 99% 91% 95% 99%

Production volume 2867 3169 3595 3586 3616 3674

Rework volume 814 465 94 � � �

Empty tacts � � � 1044 561 111

Filled tacts � � � 560 237 26

Filling ratio � � � 53.6% 42.2% 23.4%

Ok rate 77.9% 87.2% 97.5% 100% 100% 100%

Utilization 91.9% 95.5% 99.1% 88.0% 91.7% 97.7%

Sequence stability 100% 100% 100% 45.3% 70.4% 85.7%

Service rate 92.6% 93.8% 94.1% 87.0% 92.3% 92.7%

Average OTD 23.9d 23.8d 24.6d 26.4d 24.6d 25.4d

Average lead time 6.6h 4.3h 2.2h 1.5h 1.5h 1.5h

Average order delay 1.48d 1.30d 1.09d 1.44d 1.25d 1.02d

For the scenario with visibility, performance deterioration is more nuanced but the changes still show
a clear trend. The values in Table 8.3 illustrate that performance of the rescheduling strategy is clearly
dependent on the parameter setting. The approach still avoids rework and guarantees a perfect ok rate,
regardless of the number of events that affect the supply chain. Furthermore, more events necessarily
trigger a more frequent rescheduling, which increases the possibility to �ll vacant sequence positions.
The �lling ratio consequentially increases from 23.4 to 53.6%. The obvious disadvantage of a frequent
rescheduling is a reduction in the sequence stability from 85.7% to 45.3%. Average sequence changes
remain low, however, with an increase of the average number of position changes of an order from 1.4
to 2.6 times for a reliability of 91%. The effects on the average order delay remain low, and the achieved
levels are mostly better than for the scenario without supply chain visibility. Hence, hop rescheduling is
still an effective strategy, even in supply chains with comparatively low delivery reliability.

8.3.2 Sensitivity to Event Severity

Similar to Figure 8.17, the event severity is reduced in three steps. Figure 8.18 shows that the parameter
settings with � = 4 result in an average delay of over 6 hours, the setup with the highest delivery delay
for components from the supply base. It has to be noted that the average duration is only calculated across
delayed orders while on-time deliveries are excluded from the analysis. The second setting reduces the
delay by 47.5% to a little over 3 hours. The most robust scenario for event severity results in an average
delay of 1.7 hours, reducing the average delay by 72.7% in comparison to the �rst setup.

In contrast to changes to the event frequency, Table 8.4 shows that adapting the severity to the pre-
de�ned levels does not have a major effect on performance. For the scenario with unlimited capacity the
indicators of the assembly, utilization and ok rate, both increase slightly with shorter delays. Through the
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Figure 8.18: Average component delays for different parameter settings

reduction of the rework volume, lead times are becoming shorter. These observations can be explained
with the duration of the delays that become so short for � = 1 that some of the affected components are
still delivered before assembly is scheduled to start. The effects of different severities are less pronounced
when rescheduling is applied. The indicators do not show trends in response to the changes, indicating
the independence of strategy and parameter for the chosen parameters. Differences of the measures
are solely due to variation introduced through the generation of different random numbers during the
simulation. Hence, it can be stated that hop rescheduling performs equally well across the three settings
for the event duration.

Table 8.4: Simulation statistics for varying event durations

Unlimited capacity Hop rescheduling

Scale parameter � = 4 � = 2 � = 1 � = 4 � = 2 � = 1

Production volume 3176 3169 3316 3616 3621 3595

Rework volume 508 465 334 � � �

Empty tacts � � � 561 561 559

Filled tacts � � � 241 237 247

Filling ratio � � � 43.0% 42.2% 44.2%

Ok rate 86.2% 87.2% 90.8% 100% 100% 100%

Utilization 95.1% 95.5% 96.8% 91.8% 91.7% 92.0%

Sequence stability 100% 100% 100% 65.5% 70.4% 68.1%

Service rate 93.9% 93.8% 93.6% 91.3% 92.3% 91.9%

Average OTD 23.5d 23.8d 23.6d 25.0d 24.6d 24.8d

Average lead time 4.7h 4.3h 4.0h 1.5h 1.5h 1.5h

Average order delay 1.20d 1.30d 1.21d 1.27d 1.25d 1.31d

It has to be noted, that rescheduling is triggered for every delay, regardless of its duration. Table 8.4
shows that the strategy reacts equally often across settings. The comparison of the two scenarios for
� = 1 shows, however, that rescheduling is sometimes triggered unnecessarily for components with
short delays. In order to make the method more robust, a lower bound for its triggering could be set
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at one hour. A last general observation is that for both scenarios, the indicators for OTD and average
order delay seem largely unaffected. It indicates that at this level, the shortened or decreased delays of
components are not necessarily noticed by entities downstream of the OEM through knock-on effects. In
summary, a doubling or halving of the average delivery delay is insuf�cient for affecting the indicators
when averaging across performance across all orders.

8.3.3 Scenario Analysis

The scenario analysis increases or decreases both parameters for each simulation in order to illustrate the
performance of the simulated system with more and longer events as well as its opposite (i.e., worst and
best case). A comparison of the data in Table 8.5 that displays the results of the scenario analysis with
those in Tables 8.3 and 8.4, reveals that the combined increase (or decrease) of the parameters ampli�es
the recorded effects. The comparison also shows that, for the chosen values, the delivery reliability is the
factor dominating the effect. In contrast to the Subsection 8.3.2, the values suggest that longer average
component delays have a measurable effect on system performance.

Table 8.5: Simulation statistics for the scenario analysis

Unlimited capacity Hop rescheduling Dynamic rescheduling

worst base best worst base best worst base best

Production volume 2800 3169 3625 3592 3621 3676 3580 3630 3674

Rework volume 878 465 63 � � � � � �

Empty tacts � � � 1032 561 110 1067 574 115

Filled tacts � � � 540 324 26 549 265 35

Filling ratio � � � 47.7% 42.2% 23.6% 51.5% 46.2% 30.4%

Ok rate 76.1% 87.2% 98.3% 100% 100% 100% 100% 100% 100%

Utilization 91.1% 95.5% 99.4% 86.8% 91.7% 97.7% 87.2% 92.1% 97.8%

Sequence stability 100% 100% 100% 51.6% 70.4% 89.5% 4.2% 4.8% 3.4%

Service rate 92.8% 93.8% 93.5% 88.9% 92.3% 93.2% 86.2% 89.9% 92.7%

Average OTD 24.5d 23.8d 24.6d 25.5d 24.6d 24.3d 25.3 25.0d 24.8d

Average lead time 7.3h 4.3h 2.1h 1.5h 1.5h 1.5h 1.5h 1.5h 1.5h

Average order delay 1.52d 1.30d 1.11d 1.52d 1.25d 1.09d 2.75d 2.28d 1.45

In more detail, Table 8.5 shows that hop rescheduling achieves better or equally as good performance
across most indicators. As stated earlier, the scenario with unlimited capacity overstates utilization due to
the independence assumption. Also the service rate is higher because as soon as components arrive, the
respective product is assembled in the rework area. Hence, the order delay is simply the component delay
and the required rework time. During rescheduling, assembly times are frequently postponed longer into
the future so that some orders subsequently miss their due date. Except for these two indicators, however,
hop rescheduling results in far superior performance of the assembly line in regard to production lead
time and ok rate.
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In addition to the two scenarios from the previous sections, the scenario analysis is also conducted for
dynamic rescheduling. The major advantage of criterion-based rescheduling, sequence stability, shows
that even in the worst case scenario only about half of all orders are not rescheduled while it is only
around 4% for the dynamic approach. In fact, the average number of sequence changes per order ranges
from best to worst case for hop rescheduling between 1.4 and 2.2 times while it is 3.4 to 7.2 times for the
dynamic rescheduling strategy. Meanwhile, the main advantage of the dynamic rescheduling is a higher
utilization that surpasses the other strategy by at most 0.4%. The difference is due to the application of
step rescheduling that �lls vacant sequence positions more effectively than other strategies. The results
for these and the other indicators underline that the criterion-based rescheduling is superior to the case-
based strategy. Hence, the former can be applied by an SCEM system in stable as well as unstable supply
chain networks.

8.4 Chapter Summary

Chapter 8 evaluated the potential for improvement of assembly operations through an SCEM system.
The results illustrate that an early reaction to supply bottlenecks that are derived from individualized
trace data can improve overall company performance. First, a rescheduling ensures stable assembly
sequences at the OEM by ensuring material availability. Second, the early communication of sequence
changes to the supply base allows it to adapt their own sequences accordingly. This approach allows
them to produce and deliver the required components in sync with the assembly sequence of the OEM.

In more detail, the Chapter presented a use case of a supply-assembly system for agricultural machinery.
The case was subsequently modelled in Plant Simulation. In contrast to the real supply chain, however,
in the model the supply chain is monitored through RFID gates. The SCEM system receives the data
and compares it to the EBD of the related order. Given that a component delay or failure is identi�ed,
the rescheduling of the affected order is triggered. To this end, the strategies as they were presented in
Chapter 6 were implemented into the simulation model.

The results from the simulation illustrate that an SCEM system can improve performance of the supply-
assembly system: It eliminates rework due to missing material by postponing orders to a sequence posi-
tion in the pearl chain where material availability, given the current situation, is predicted to be certain.
The trade-off between sequence optimality and stability can be addressed in two ways. A dynamic strat-
egy chooses between the minimum or maximum sequence displacement of an order using a case-based
reasoning. The evaluation shows, however, that the trade-off is better addressed with the hop strategy.
It dynamically chooses a reinsertion position of displace orders within the entire planned production se-
quence. It represents the best compromise. Given that sequence stability is irrelevant, the SCEM system
should apply the step strategy.
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The quantity of trace data that describes the behavioural visibility of objects in supply chains will increase
in future. Hence, more systems are required to process the data and extract information that is useful
to decision makers. The overarching contribution of the dissertation lies in pursuing one application
for these systems: Due to mass customization, lean management and globalization, supply chains in
general and production processes in particular are vulnerable to supply problems. They prevent that the
correct quantity of material is available at the right time for the timely execution of production processes.
The system is designed to detect day-to-day occurrences from RFID data for a reactive rescheduling of
operations so that only production jobs are executed for which material availability is ensured. This
chapter summarizes the scienti�c contribution of the work and elaborates on industry considerations.

9.1 Scienti�c Contributions

Subsection 9.1.1 presents the research objectives and re�ects on the degree to which they were ful�lled.
To realize the desired functionalities of the SCEM system, two research areas were covered: Real-
time data processing and production rescheduling of automotive assembly sequences. Subsection 9.1.2
summarizes the contribution of the dissertation to the state-of-the-art in these areas. Subsection 9.1.3
then presents limitations of the solutions while Subsection 9.1.4 proposes further research directions.

9.1.1 Ful�lment of Research Objectives

The overarching objective of this dissertation is the development and evaluation of an SCEM system that
processes trace data from the supply chain and proposes reactive measures in case that supply problems
are detected. Due to the vulnerability of assembly processes, the development focuses on the automotive
industry. The solution combines technologies regarding real-time data �ow processing and rescheduling.
It does not replace production planning and control systems (i.e., ERP, APS, MES), however, but rather
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extends existing IT infrastructures. The inputs of the system in the form of status data from the shop
�oor and supply chain as well as plan data are provided through standardized communication interfaces.
From an architectural and technological point of view, the main objective is ful�lled.

More speci�cally, Section 1.3 formulated research hypotheses that were addressed in Chapters 4 through
6 and subsequently evaluated in Chapters 7 and 8. The �rst hypotheses stated that the means for a
seamless integration of SCEM system are available and that the solution should be closely integrated
with a MES. Chapter 4 showed that the horizontal and vertical integration of data from various sources
can build on available standards. For the horizontal integration of data from supply chain processes, the
EPCglobal Network provides a family of standards that have been adopted in industry and are widely
discussed in academic literature. Regarding the vertical integration, the ISA-95 standard details the
integration of ERP systems with the MES-level while OPC is the standard for communication with
PLCs on the shop �oor. The MES is the information hub of a company that collects, aggregates and
distributes data from various sources. Chapter 4 argued that the tight coupling of an SCEM system with
a MES has several advantages � e.g., the ready availability of data for processing purposes as well as a
platform that is capable of executing short-term reactions on the shop �oor. Chapter 7 then presented
that the prototypical system was successfully tested operationally in a research lab that uses hardware,
software and infrastructures that are commonly found in industrial applications.

The third hypothesis stated that supply chain visibility and real-time data �ow processing of RFID data
through appropriate technologies enable an SCEM system to identify problems earlier. Chapter 5 pre-
sented a classi�cation of operational events, showing that they result in either a delay or failure in the
delivery of required material. The secondary impacts then show themselves in production- and customer-
related performance indicators. This classi�cation is crucial because it describes ‘measurable’ effects
that can be translated into patterns, making it the foundation of event detection. The chapter went on to
present two approaches for online data processing. First, a rule base that uses complex event processing
(CEP) to match RFID data from the supply chain to pre-de�ned patterns. Second, a Bayesian network
that calculates arrival probabilities for material from the incoming data. The production start time in
conjunction with these information helps to determine the availability of material and expected company
performance. The implementation and testing of the prototypical system showed that supply problems
are identi�ed long before assembly rather than through unstructured communication or during assembly.

The fourth hypothesis stated that the early identi�cation of supply chain events and adequate reactions
allow an SCEM system to mitigate the impact on scheduled operations and company performance. The
reaction through the system is a rescheduling of the initial schedule. Chapter 6 presented a �ow shop
model and rescheduling strategies that allow a sequence repair based on information about material
availability from the supply chain. The proposed strategies outlined that a trade-off between schedule
optimality and sequence stability exists. Chapter 8 evaluated the potential bene�t of an SCEM system for
an automotive OEM that operates in an event-prone supply chain. The evaluation showed that the system
eliminates rework in an assembly line that is affected by missing components while still balancing the
trade-off between optimality and stability.

9.1.2 Addressing of Research Gaps

Event classi�cations for the foundation of the rule base. The �rst step in the development of the
SCEM system was the construction of the CEP rule base. This requires the de�nition and, more impor-
tantly, summary of possible occurrences so that few rules capture most occurrences. The state-of-the-art
revealed, however, that events are plentiful and proposed classi�cations thereof are largely based on root
cause analyses. A rule base built on these de�nitions would result in a 1:1 relationship of rules and
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events as well as intricate relationships among rules. The dissertation proposed an intuitive classi�cation
that is based on the effects of events. The advantage is that all events cause the same effects, so that the
engineering effort in constructing a rule base for event detection is reduced and simpli�ed.

Supply chain risk management. Most articles study large scale but rare disruptions and disasters, their
impact on company performance and preventive strategies. In contrast, the developed SCEM system
focuses on managing operational disturbances that occur in supply chains on a daily basis. To this end,
it developed a causal event-impact model that investigates the effect on operational indicators rather
than long-term �nancial indicators. Finally, preventive measures can neither economically nor effec-
tively eliminate the probability for small disturbances. The dissertation accepts the risk of operational
disturbances and uses reactive measures to reduce their impact.

Literature on CEP applications in supply chain management. Although CEP is seen as the foremost
approach for processing RFID data streams, published studies of its application in a supply chain context
in general and for detecting supply problems in particular are scarce. The dissertation proposed a CEP-
based, hierarchical construction of the rule base and described the precise de�nition of some rules in CEP
syntax. The realization of the system with a CEP engine showed that the rules are successfully triggered
when supply chain events threaten the execution of scheduled production processes.

Supplemental approaches to rule-based event detection. De�ning relationships between complex
events and maintaining the rule base require effort. More importantly, rules represent facts, i.e., absolute
knowledge, that are based on certainty. Due to the predictive element in describing the future impact of
operational events on a company, the binary distinction that triggers a CEP-rule or not suggests a certainty
that does not exist. Hence, literature acknowledges the need for a supplement technology to CEP-based
systems but lacks propositions for suitable alternatives. The dissertation proposed an approach that uses
a Bayesian network to infer probabilities for the material availability at a certain future point in time.

Rescheduling focuses on schedule optimality and disregards lean implications. Rescheduling litera-
ture focuses on schedule optimality by minimizing an objective like makespan or tardiness. The outlines
of the case study and the survey con�rmed, however, that schedule stability is important to decision
makers. A high instability induces error costs that result from the confusion of frequent schedule over-
hauls. Furthermore, only few articles currently cover implications of JIS processes for the application
of rescheduling strategies. The dissertation presented methods for schedule repair that explicitly investi-
gated these implications as well as the trade-off between optimality and stability.

Disconnect of theory and praxis in (re-)scheduling. Another gap that was identi�ed in the literature, is
the disconnect between the developed rescheduling methods and industry requirements. The dissertation
addressed the issue by capturing industry requirements before developing a solution. First, all the basic
requirements and developments regarding the SCEM system were veri�ed with potential future users
through a survey. Second, the rescheduling strategies are natural extensions of the employed approach
of the use case partner with the aim of improving performance in regard to the objectives of stability and
optimality as well as under the consideration of implications of JIS processes.

9.1.3 Limitations

Some of the limitations of the proposed solutions can be summarized as follows:

� Focus of developed SCEM system

� Assumptions of the rescheduling model for impact mitigation

� Evaluation in a real-world industrial environment
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Although the general concept and principles of the SCEM system are widely applicable, it was developed
for a speci�c purpose: Managing operational, supply side events by reactively amending production
processes in �ow shops. First, the current rule base assumes that future RFID solutions are based on
tags that do not offer suf�cient memory for saving quality-related data. Hence, the system and concept
exclusively focus on deriving material availabilities from trace data whereas the inference of quality
problems is not part of the current solution. Second, the system focuses on the vulnerability as a result of
unreliable supply, neglecting disturbances to internal processes as well as those induced by customers.
Third, the explicit focus on �ow shop processes and JIS supply limits the transferral of the developed
system to other industry domains such as job shops or the process industry.

The presented rescheduling methods focus on stability and optimality in regard to the due date but do
not, for instance, consider line balancing issues. These constraints � e.g., only two in three cars can
have air conditioning [71] � limit the number of possible positions for reinsertion of an order within the
planned production sequence. Although the number of possible reinsertion positions is reduced by other
constraints or requires additional alterations to make the new schedule feasible, the general principle of
the proposed strategies and conclusions regarding their performance remain valid. In fact, the case study
in Chapter 8 illustrated that leap or step rescheduling are already applied individually or in combination in
industry. Major differences are that an SCEM system executes changes in a structured way, automatically
coordinates the internal and external alterations and identi�es problems earlier.

Furthermore, the system was not evaluated in a large-scale, real-world supply chain and production
environment. Chapter 7 presented the implementation and application of the prototypical system in the
software and hardware environment of a research lab that resembles industry applications. Chapter 8 used
a simulation to evaluate the bene�t of the system for the assembly based on data and process descriptions
of the use case partner. A real-world evaluation of the system that combines both aspects would reveal
insights into (i) the operational bene�ts and cost savings of its application in event-prone supply chains
and (ii) additional problems associated with its implementation in existing IT infrastructures.

9.1.4 Future Research Directions

SCEM is a novel research area that will become increasingly relevant for industry. It offers many op-
portunities for academics. In future, more quantitative and qualitative industry studies should focus on
operational problems and their impact on company performance. In speci�c, further evidence that links
unreliable supply and rework as a result of incomplete production processes would help to underpin the
necessity for an SCEM system that supports decision makers and supplements solutions.

Furthermore, the developed concept is one of the few comprehensive proposals to the detection and
management of supply events. In future, more research is required into other adequate identi�cation
technologies and reaction strategies. For instance, the system focuses on rescheduling of production
processes. Further research should consider the effect of an integrated management of disturbances
when a mix of different reactions is possible. In these cases changes could be distributed among logistics
and production processes.

CEP research remains centred on processing mechanisms and language constructs that are evaluated
in small-scale environments (e.g., inventory estimation or theft inference) and solved from a technical
perspective � e.g., the scalability of the system. In future, a reverse approach should be considered:
The development and implementation of suitable CEP applications in the supply chain environment can
provide insights into current shortcomings of the technology and areas for improvement.

Lastly, the present work focused on operational performance indicators rather than �nancial ones. In
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future the cost structures that result from unreliable supply should be investigated. Their quanti�cation
allows to estimate the �nancial bene�t of a SCEM solution. This analysis would help to establish the
business case, making companies less reluctant to implement a reactive event management.

9.2 Industry Considerations

The trends that shape today’s supply chains will continue for the foreseeable future, so that the vul-
nerability of production processes to outside disturbances will remain an important topic in industry.
This dissertation showed that the real-time integration and processing of data from supply chain pro-
cesses is already possible with today’s capturing and processing technologies. The same accounts for the
exchange of data through standardized communication formats and interfaces. Also, the seamless inter-
action of an SCEM system with IT infrastructures that are commonly found in industry was successfully
demonstrated in Chapter 7. In short, system compatibility is not a major concern.

In future, a resilient supply chain that is supported by reactive IT systems will be an important compet-
itive advantage that should boost the demand for monitoring technology and data processing systems.
Subsection 9.2.1 estimates the potential for the commercialization of the system before Subsection 9.2.2
presents barriers for its implementation at customers. Subsection 9.2.3 then concludes the outlines with
a brief overview of potential future developments of the prototype at Siemens AG.

9.2.1 Commercialization of Developed System

The dissertation focused on the need for an SCEM system due to a high vulnerability of production
processes and a lack of visibility in the supply chain. This subsection focuses on an aspect that the
dissertation has not yet covered: The potential market size for such a system. This aspect is crucial
because it is the main incentive for a company to commercialize such a solution.

An SCEM system is a concept with novel functionalities where the market is dif�cult to quantify. How-
ever, a best-guess estimate is that sales of software with similar functionalities was around $7 billion in
2012 with forecasted growth of up to 10% annually. First, an SCEM system closely resembles the func-
tionalities of APS systems but with a reactive component. According to a study by Gartner, a technology
research company, the worldwide supply chain management (SCM) software market � that includes
APS systems � totalled $7.7bn in 2011. Furthermore, the two main drivers of the market growth of the
proposed solutions are the availability of real-time RFID data and the automotive market growth. The
annual growth rates for the market for passive RFID tags is forecasted at 16% until 2021 [77] while the
automotive sector is forecasted to grow at 4.5% until 2019. The market for SCEM solutions will most
likely outpace that of the automotive sector but not the market for passive transponders. The outlines
indicate that the market for these solutions is lucrative and provides incentives for companies to enter it.

Regardless of the market size, at Siemens AG the commercialization of the system can supplement the
existing product portfolio. In speci�c, with the acquisition of Preactor in June 2013, a UK-based provider
of APS software, Siemens AG is expanding its Manufacturing Operations Management portfolio. The
Preactor family of applications ranges from mid and long term capacity planning to detailed scheduling
and is consequently frequently integrated with ERP, MES and SCM solutions. Hence, with an APS
solution and the MES software SIMATIC IT, Siemens AG is now covering the entire process from order
scheduling to sequencing and detailed machine scheduling. Since Siemens AG is also a provider of RFID
hardware and automation technology, it is in a unique position to offer customers integrated solutions
that cover the entire production scheduling and execution process. The extension of this portfolio with
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an SCEM system places Siemens AG in the position to provide comprehensive monitoring and data
processing solutions while customers have the bene�t of dealing with only one provider.

For customer demonstrations, a portable demonstrator for the interaction between RFID data capturing,
MES and an SCEM system was developed. It is currently used for presentations of the concept at fairs
and exhibitions as well as with potential customers. A video of the demonstrator was uploaded to the
Siemens YouTube-Channel1. These activities aim at presenting the system concept to a larger audience
and to generate interest among potential customers for reference implementations.

9.2.2 Barriers to System Adoption

The preceding sections already mentioned that there are neither technical nor technological issues that
inhibit the realization and implementation of an SCEM system in industry environments. There are a
couple of barriers, however, to the wide-spread adoption of such a system. First, the initial investment
costs are high. Although barcode systems can be used for identifying objects in real-time, most monitor-
ing systems do not provide visibility in suf�cient detail. The installation of a comprehensive monitoring
system, data sharing infrastructure and SCEM solution requires a coordinated, large-scale project with
all important supply chain partners.

Second, literature shows that there are reservations against data sharing. An SCEM solution requires the
exchange of status and sometimes plan data among supply chain partners. To address these issues, it is
important that each data owner has complete control over the subscriptions of other companies to some
or all of the data that is contained in their local repositories.

Third, both components of the SCEM solution, Event Processor and Exception Manager, require a high
customization effort for every new company and supply chain. Although their general concept and prin-
ciple remain the same, neither the rule base nor the rescheduling algorithms can be de�ned as standard
solutions. For instance, whereas the rule base has to be adapted to different supply chain structures, the
rescheduling strategies are bound to different constraints.

9.2.3 Future Developments

The prototypical realization of the SCEM system in its present form at Siemens AG contains not all
features that were presented in Chapters 5 and 6. To make the system increasingly sophisticated and
powerful, it is necessary to integrate the probabilistic event detection, a more detailed impact analysis
and complement the leap strategy with the more advanced rescheduling strategies. Furthermore, the
graphical user interface has to be adaptable to more complex supply chain structures.

Another aspect that has received some attention in the academic community, is the interaction of multiple
SCEM instance at various partners for which agents are frequently employed. An alternative to agents
is a sequential, four-step process that starts with changes at the OEM and propagates the implications
to the supply base. In a �rst step, event trigger, an EPCIS-event (or a lack thereof) regarding material,
is captured during the execution of production and logistics processes at suppliers, stored in the local
EPCIS-Repository and shared with supply chain partners. During the second step, OEM reaction, the
presented rescheduling strategies are applied. In a third step, event feedback, the plan data regarding its
assembly sequence is shared by the OEM with its supply base. During the fourth step, supply base
response, the SCEM applications at affected suppliers adapt their own schedules to account for the
changes at the OEM. This form of interaction requires a detailed investigation.

1The video can be accessed through the following link: http://www.youtube.com/watch?v=b6S-MJugrJQ
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A
Appendix

A.1 Resequencing in Flow Shops

Literature distinguishes between physical and virtual resequencing [17]. Physical resequencing uses a
buffer to physically change the sequence of models. It is required, analogous to the aforementioned
rescheduling factors, when not all prerequisites for a job are ful�lled and processing at the affected
station cannot start. In a �ow shop environment this circumstance causes blocking that prevents an
order from leaving a station due to missing material [129]. Thus, preceding orders and stations are
temporarily blocked. In this scenario various reactions are possible [16]: (i) line stoppage until material
arrives and �ow can resume; (ii) utility workers support stations after resequencing of orders to avoid
overload; (iii) un�nished tasks and all successors are left out and executed off-line. Although supply
side problems occur frequently [13], there is a lack of published resequencing approaches that explicitly
deal with supply-side events in general and JIS-related problems in particular [15]. One explanation is
that companies lack real-time supply chain status information, which prohibits an order resequencing
before constraints limit available reactions. Another explanation is that it is dif�cult to align idealised
models with real-world problems that are marked by constraints [130, 15, 129]. These range from usual
workload limitations (e.g., only every 4th car has an electric sunroof) to a JIS environment where sudden
sequence alterations are risky because the whole supply base must respond simultaneously [184].

A recent paper integrated these two considerations in a mixed-integer linear program [57]. To avoid
a line stoppage due to missing JIS parts, the affected workpiece is �rst removed from the sequence.
With the objective of minimizing utility workers and order postponement costs, reinsertion was then
limited to a certain sequence range from its former position. The results indicate that performance
in required utility work (i) improves when resequencing is employed and (ii) depends on the employed
reinsertion range. Through the application of set-aside bins and restacking services this approach belongs
to the group of physical reseqencing that requires buffers or sorting machines along the assembly line
or between successive departments [15]. A few academic papers consequently discuss the resulting
sorting strategies and buffer layouts that allow automakers to execute short-term sequence adjustments
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in a JIS environment [34, 110]. The physical resequencing with buffers, however, is restricted in praxis
due to limited space � especially along assembly lines � that only allows for a few key buffers (e.g.,
between body and paint shops). Also, in the automotive assembly it is common practice to further process
incomplete workpieces and subsequently send them to an off-line repair station rather than resequencing
them [15] � the same was found for agricultural machinery [64]. Thus, it is reported that up to half of
the productive staff is employed in off-line repair areas at major German car manufacturers’ [15].

Besides buffers, another group of reactions that received comparatively little attention is virtual rese-
quencing. It changes the assignment between workpiece and order [15, 17]. Thus, the objects to be
rearranged are the customer orders rather than workpieces. The logic is that product variants are speci-
�ed successively through the installation of features during assembly. Thus, the assignment of an order
that requires a disrupted machine can be swapped with one that does not. For instance, considering a
complete automotive assembly system it was found that virtual resequencing can outperform its physical
counterpart � albeit for low product variety � when identifying swap models prior, past, as well as prior
and past the paint shop [44]. In a JIS environment, however, this approach is of limited use because
part �ows from the entire supply base are �xed in the short-term. Consequently, the exchange can only
occur in the rare case when two orders merely differ in the affected part (e.g., same color car body). All
successive components are �xed and have to match the customer speci�cation of the swapped order.

A.2 Survey

The survey of the German automotive industry is divided into two major sections. The �rst section
consists of 10 questions that focus on the current supply chain situation of the company. It intends to
estimate the vulnerability to disturbances and strategies that are currently employed to either mitigate
their impact or reduce their likelihood of occurrence. The remaining questions of the second section
focus on the desired functionalities of a SCEM system. It intends to assess the current data availability
that a system could use for analysis. It then focuses on constraints, current practice and prospective
functionalities concerning event identi�cation, impact analysis and reactive measures. The following
pages present the survey that was sent to the respondents.
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A Appendix

A.3 Internet Resources

Table A.1: Further information on research initiatives and projects

Project Webpage

AGILITA http://www.agilita-projekt.de

AIMACS http://www.aimacs.eu

AUTONOMIK http://www.autonomik.de

AUTONOMIK for Industry 4.0 http://www.autonomik40.de

AUTORECON http://www.autorecon.eu

CyProS http://www.projekt-cypros.de

DREAM http://dream-simulation.eu

Ko-RFID http://ko-rfid.hu-berlin.de

next generation media http://nextgenerationmedia.de

PRIME http://prime-eu.com

ProSense http://www.prosense.info

RAN http://www.autoran.de/en

POWer.net http://www.powernet-projekt.de

Vertumnus http://www.vertumnus-projekt.de

WinD http://www.win-d.de

Table A.2: Further information on commercial SCEM systems

Product name Webpage

SAP Event Management www.sap.com

Oracle Supply Chain Event Managementfi www.oracle.com

JDA Supply Chain Visibility www.jda.com

Viewlocity Control Tower Platform www.viewlocity.com

Descartes Visibility & Event Management� www.descartes.com

Manhattan Associates’ SCEM (part of SCOPEfi platform) www.manh.com
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