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Chapter 1

INTRODUCTION

1.1 Freight Transshipment

We observe an ongoing trend towards globalized industrial produc-
tion. Multinational companies aim at strategic competitive advantages
by distributing their activities around the globe. As a result, the in-
dividual supply chains become longer and more complex. Next to the
supply chain reliability, companies try to keep supply chains cost effi-
cient and responsive, i.e. warrant short order fulfillment lead times (Siirie
and Wagner, 2005). The above goals dictate low inventory levels at the
stages of a supply chain as well as a high frequency of transports between
the partners involved.

Supply Chain Requirements. Detailed performance measures for
a supply chain are provided by the Supply Chain Operations Refer-
ence (SCOR) model (Supply-Chain Council, 2002). The SCOR model
provides four levels with increasing detail of process modeling. In accor-
dance to the process detail depicted SCOR metrics are defined for each
level. Level 1 distinguishes metrics addressing the reliability of supply
chains, their responsiveness, flexibility, cost and optionally their assets.
On levels 2-4 these metrics are operationalized with respect to the pro-
cess types source, make and deliver. Thus, as substantial activities of
the deliver process, transport and transshipment are evaluated as an
integral part of the supply chain.

The division of labor around the globe entails an increased volume of
freight subject to worldwide transport networks (King, 1997). These net-
works are typically run by logistics service providers consigned with the
transportation, transshipment and storage of goods. Service providers
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aim at economies of scale due to a consolidation of transport volume
incurred from different customers (Tyan et al., 2003).

In order to warrant a high frequency of transports and a high utiliza-
tion of the transport facilities at the same time, hub and spoke networks
have emerged. Hub and spoke networks permit frequent main haul runs
of high volume between the hubs of a network (Rodrigue, 1999). The
spoke legs from the origin of goods to a sending hub and from the receiv-
ing hub to the destination of goods are accomplished by feeder traffic of
low volume at a moderate frequency.

1.1.1 Reasons for Transshipment

The hub and spoke transportation policy requires the transshipment
of goods at hub terminals. The transshipment will entail additional
costs for handling and storage of goods. Nevertheless, transshipment can
be either unavoidable or even advantageous for several reasons (Ballou,
1999, Chapter 8).

m The intermodal split demands a transshipment of goods. For goods
feedered to a port, an intermediate storage is required in order to
provide a safety margin for reliable loading and further shipment
towards the final destination.

» Whenever the volume of goods to be shipped on a certain relation
does not fully utilize a transport carrier, a bundling of goods of dif-
ferent origins at a transshipment hub is performed.

® At the receiving hub a break-bulk of goods may be required. Since
retailers offer a great variety of products, a mixing of goods is per-
formed at transshipment points.

® As a final reason for transshipment we consider the necessity of dis-
tribution centers holding a certain level of inventory in order to co-
ordinate the stochastics in the supply and demand of goods.

Typically, there is no single reason for transshipment, but rather a
combination of the above-described arguments legitimates the freight
transportation via transshipment terminals (Mason et al., 2003). If, for
instance, a modal shift is required at a receiving hub, the unavoidable
transshipment can also contribute to a break-bulk of goods. In addition,
the goods are temporarily stored at the terminal in order to provide a
certain slack in the supply chain, before they are shipped to their final
destination.
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1.1.2 Terminal Operations

Although terminal operators are involved in a multitude of customer
supply chains, central activities of transshipment can be identified. Ter-
minal operations comprise the discharge of goods from the inbound car-
rier, the storage of goods for certain duration of stay, and the loading of
goods on an outbound carrier. In some cases, a conditioning of goods
applies by means of value added services. Finally, goods are retrieved
from the storage facility and loaded onto a carrier for outbound trans-
port. For an overview of container transshipment, see Vis and de Koster
(2003); Steenken et al. (2004).

Dependent on the type of goods certain activities may or may not con-
tribute significantly to the overall transportation, handling and storage
costs. For bulk cargoes the distinction between unloading and storage
can be negligible (Snyder and Ibrahim, 1996). For instance, grain is un-
loaded via suction and immediately blown into a silo for storage. To the
contrary, in the container transshipment the distinct phases of unload-
ing and storage are evident. Gantry cranes discharge containers to the
quayside, before they are forwarded via straddle carrier to their storage
location.

Independent of the type of goods to be transshipped, the productivity
of terminal operations is a central figure of transshipment. The produc-
tivity denotes the volume of goods that is handled by a transport- or
handling facility in a certain period of time. For instance a modern
gantry crane is able to handle up to 80,000 twenty-foot equivalent units
(TEU) per year. Alternatively, the production coefficient denotes the
time span required in order to handle or transport a single commodity.

From an intra-firm’s perspective, the productivity largely determines
the variable costs of transshipment, thus, in the long run the mean
productivity of operations is an important factor of competition for a
transshipment terminal. From a customer point of view, the produc-
tivity of operations determines service times for carriers and forwarders
and therefore can improve the attractiveness of a transshipment termi-
nal (Fagerholt, 2000).

An improved productivity can also increase the flexibility and reliabil-
ity of operations. Savings gained from an increasing productivity can be
used either to react more flexible to customer demands or to provide a
reliable stream of operations by reducing the system’s nervousness. The
former type of flexibility relates to sequential decision making without
knowledge of the future, whereas the latter type of flexibility addresses
situations where a given system is able to operate well in many different
circumstances (Gupta and Somers, 1992).
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Productivity improvements can be obtained by either investing in
transport and handling facilities or by investing in the automated plan-
ning and scheduling support of terminal operations. Planning reduces
the number of unfavorable decisions with respect to storage allocations,
leading to costly relocations of goods. Obviously, relocations lower
the overall productivity of operations and consequently compromise the
competitiveness of a transshipment terminal.

1.2 Vehicle Transshipment

In this book we consider the support of terminal operations with re-
gard to the transshipment of finished vehicles. Automotive supply chains
have been intensively studied since long (Jones and Clark, 1990). As a
result, intricate instruments for the performance measurement of suppli-
ers have been developed by vehicle manufacturers (Schmitz and Platts,
2004). A detailed adjustment of production planning purposes between
suppliers and manufacturers has already been achieved, such that the
existence of further optimization potential is questionable (Gnoni et al.,
2003).

1.2.1  Vehicle Supply Chains

The optimization potentials of vehicle delivery, however, have been ne-
glected for long. Vehicles have either been produced in mass production
for an anonymous market or they have been produced ’build-to-order’ by
accepting extremely long customer lead times. Nowadays, neither large
stocks of finished vehicles nor lead times in the range of months are af-
fordable. However, current vehicle supply systems are still not capable
of supporting ’build-to-order’ production concepts (Holweg et al., 2005).
The intercontinental transport and transshipment system will play an
important role for future vehicle distribution systems.

On the one hand, distribution has to be performed time effective such
that customer expectations concerning the date of vehicle delivery are
met. This requires a fine grained integration of third party transport
and transshipment processes in the vehicle supply chain. On the other
hand transport and transshipment activities have to be performed cost
effective. This goal can only be pursued by an efficient management of
transport and transshipment resources. Thus, the planning and schedul-
ing of logistics resources may provide gains without compromising tough
lead times entailed by supply chain management.
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1.2.2  Transshipment Tasks

Globalized vehicle production has caused a dramatic overall increase
of transportation volume in recent years. This development impacts
the transshipment of finished vehicles particularly at European ports.
Europe traditionally imports a vast number of vehicles, but has also
strengthened its exports to oversea destinations in recent years.

Concerning import, vehicles arrive by carrier in large numbers and
are either directly forwarded to the hinterland, or they are consolidated
for ongoing carriage by feeder ship. As a third alternative, vehicles are
stored at the compound of a distribution center located at the port.
Typically distribution centers are run by the domestic subsidiaries of
the manufacturing companies abroad. Concerning export, again large
quantities of vehicles arrive via rail of feeder ship. Vehicles are unloaded
and stay for the matter of consolidation before they are loaded for car-
carrier transportation.

All of the above-mentioned reasons for transshipment apply, thus
rather complex transshipment arrangements have to be carried out by
the terminal operator. Since transshipments of vehicles are performed in
a self-propelling fashion, the avoidance of damaging has to be pursued
in the first case. Nevertheless, efficient operations have to be ensured,
which seemingly contradicts the principle of safe and reliable operations.
The anticipation of terminal operations by means of automated planning
can enable the terminal management to provide safe and efficient oper-
ations.

Different to container and bulk-cargo transshipment, the terminal op-
erations with regard to finished vehicles allow the definition of reasonably
sized entities for planning. Charges of cars of similar type and destina-
tion are treated as entities, for which discharge, storage, retrieval, and
loading activities can be anticipated. The balancing of terminal opera-
tions over time accounts for a safe and reliable treatment of vehicles. As
for the transshipment of other cargo, the productivity of operations is a
hallmark of competition also in vehicle logistics.

In this book a model for operations planning of transshipment tasks is
developed. Furthermore heuristic algorithms for the automated planning
support are investigated. This research benefits from insights gained
from the involvement in a scientific project with the port of Bremer-
haven. However, models and algorithms have been streamlined in order
to outline their generic approach applicable to a wide array of transship-
ment issues.
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1.3 Book’s Overview

In Chapter 2 we take a look at the ongoing globalization process of
the automobile industry. Thereby we explain the increasing transporta-
tion volume currently observed in the face of a stagnating automobile
production.

We argue that an increase in number is caused by two impacts. First,
production is outsourced in order to benefit from lower salaries in tran-
sition countries. Furthermore, currency exchange risks are alleviated.
Finally, a production close to foreign markets may help to conquer for-
eign markets. We show, that next to the obvious reasons above, also the
organizational structure of a multinational firm accounts to the vehicle
transport volume imposed.

We describe challenges for outbound logistics resulting from distri-
bution strategies in a globalized production before we describe the hub
and spoke concept as an answer of the transport industry to the de-
mand raised by modern vehicle distribution. Finally we sketch benefits
gained by logistics service providers who aim at the holistic support of
a distribution network.

In Chapter 3 we consider how ports do respond to the demand of the
transport market by providing a suitable infrastructure and an organi-
zation which is capable to warrant a seamless modal shift in the supply
chain.

Next to finished vehicles also used vehicle and trucks are transshipped.
The transshipment of finished vehicles is further differentiated into short-
sea and deep-sea transport requirements. To this end we differentiate
segments of vehicle transshipment and describe their particular require-
ments concerning port infrastructure.

A significant portion of these vehicle flows is transshipped via ports of
the so-called ‘North Range’, reaching from Zeebriigge in the south up to
Hamburg in the north. We compare the business development for eight
competing ports of this range, and discuss competitive forces attracting
transshipment volume. It is observed, that the segmentation of the mar-
ket in import and export as well as in different types of transshipment
allows the competitors to occupy niches.

Regarding the commercially most attractive segments of the market a,
stiff competition exists, which can be influenced by the individual ports
in two ways: First, strategic alliances with partners of the transportation
chain enable complex logistic arrangements for the vehicle manufacturer.
Second, the efficient, safe, and reliable handling of vehicles is a necessary
condition for a long-term success.

In Chapter 4 we describe terminal operations to be performed in ve-
hicle transshipment in terms of work processes. Particular attention is



Introduction 7

paid to the key-factors for efficient operations. We show, that next to
the matter of a high productivity, the balancing of the operation effort is
an important goal of terminal operations (Mattfeld and Kopfer, 2003).
A balanced load ensures safe and reliable operations, a prerequisite for
the transshipment of finished vehicles.

In Chapter 5 we formalize these considerations in a mathematical
model integrating space allocation and personal deployment. Such a
model is needed in order to assess the problem difficulty with respect
to the number and type of variables, objective function and constraints.
We discuss properties of the model developed and suggest a hierarchical
problem separation of the integral model into two sub-problems.

In two subsequent chapters, we consider both problems in more generic
terms. Therefore we propose straightforward models, which retain the
general problem characteristics, but omit certain constraints of the real
world problems at hand. For both problems we propose solution meth-
ods and perform computational investigations in order to verify the ap-
proaches.

In Chapter 6 we address the planning of transportation and stor-
age capacity over time. Transshipment tasks compete for storage space
in spatially distributed storage locations of finite capacity. Although
the optimization model developed suggests considering the assignment
of tasks individually, the Evolutionary Algorithm proposed evolves a
period-oriented capacity utilization strategy. This capacity utilization
strategy then controls a construction heuristic, which assigns tasks to
periods and storage locations to tasks.

In Chapter 7 we consider the second sub-problem, namely the em-
ployment of personnel. We model this problem as a multi-mode task-
scheduling problem with time windows and precedence constraints. We
aim at determining a gang structure supporting reliable as well as ef-
ficient operations. For this end we propose a Tabu Search procedure
that moves tasks between gangs. In order to determine the manpower
demand of a gang we solve the corresponding one-machine scheduling
problem by an iterated Schrage heuristic.

In Chapter 8 we discuss the integration of operations planning into
an existing I'T-infrastructure of a transshipment hub. By example of the
vehicle transshipment hub Bremerhaven we outline general concepts of
integrating planning issues as a re-engineering activity. We start with
a description of commonly used IT-functions supporting the execution
of terminal operations, before we sketch the interfaces used in order to
synchronize the information system level and the execution level.

We then focus on software modules for a user interface to planning.
Finally, we discuss details of the integration of planning by viewing the
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planning activity as a business process. We handle this issue on the level
of the requirement definition, the design specification and the implemen-
tation description. We conclude this final chapter with a discussion of
the impact of planning for the vehicle transshipment hub of Bremer-
haven.



Chapter 2

AUTOMOBILE PRODUCTION AND
DISTRIBUTION

Abstract In this chapter we take a look at the ongoing globalization process of
the automobile industry. Thereby we explain the increasing transporta-
tion volume currently observed in the face of a stagnating automobile
production.

We argue that an increase in number is caused by two impacts. First,
production is outsourced in order to benefit from lower salaries in tran-
sition countries. Furthermore, currency exchange risks are alleviated.
Finally, a production close to foreign markets may help to conquer for-
eign markets. We show, that next to the obvious reasons above, also the
organizational structure of a multinational firm accounts to the vehicle
transport volume imposed.

We describe challenges for outbound logistics resulting from distri-
bution strategies in a globalized production before we describe the hub
and spoke concept as an answer of the transport industry to the de-
mand raised by modern vehicle distribution. Finally we sketch benefits
gained by logistics service providers who aim at the holistic support of
a distribution network.

2.1 Trends in Automobile Production

Automobile production has always been an important segment of the
industries of North America, Japan and Western Europe. The technical
complexity of automobiles led at an early stage to pioneering production
techniques, which later on were often transferred into other industrial
sectors. In this way automobile production was a driving force in the
development of the industrial nations in the 20th century.

2.1.1 A Quick Glimpse to History

From the beginning of the automobile industry, manufacturers have
recognized the importance of the economies of scales resulting from the
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Table 2.1. Distribution of the share (in %) of foreign direct investments undertaken
by the German automobile industry. Three years are selected to typify the last two
decades. Investments in regions of particular interest are displayed in bold face.

Region 1981 1990 1998
EU central 15.0 23.1 14.2
EU periphery® 10.8 24.4 7.7
America 40.4 23.3 12.7
Africa® 10.6 5.8 1.3
Asia‘ — 1.0 0.4
Other industrial countries 21.4 20.0 52.7
Other transition countries® o 2.4 11.0

2 Ireland, Portugal and Spain.

b Rep. of South Africa and Nigeria.
¢ excluding China.

4 including China.

high investments required for vehicle mass production. Before the Sec-
ond World War, Ford and General Motors aimed at extending their
market share by undertaking investments preferably in Europe. At that
time, the increasing automobile market allowed a co-existence with the
domestic manufacturers of Europe.

After the Second World War, Japan successfully entered the market,
mainly because of a significant reduction of the production costs achieved
by means of new production and distribution systems (Amasaka, 2002).
The Japanese manufacturers produced automobiles in extremely large
numbers and shipped these vehicles to their export markets worldwide,
see Borstnar (1999) for a comprehensive treatment of this topic.

During the 1980s, Japanese manufacturers began to produce in closer
proximity to their export markets abroad, while American and Euro-
pean manufacturers started to engage Japanese production technology.
Although the relative advantage of the Japanese manufacturers gradu-
ally declined, Japan had already established itself as a third important
region of automobile production.

The economic pressure triggered by the Japanese competitors has led
to foreign investments also being made by European manufacturers. Ta-
ble 2.1 lists direct foreign investments of German manufacturers for se-
lected years as compiled by Spatz and Nunnenkamp (2002). One clearly
observes the massive engagement in South- and Central America, as well
as in South Africa in the 1980s.
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In the 1990s, fallen customs barriers in Europe have caused a shift
of the investments abroad towards the low-income countries at the Eu-
ropean Union (EU) periphery. Recently, the political developments in
the countries of Central and Eastern Europe have drawn foreign direct
investments towards this emerging region (Tulder and Ruigrok, 1998).

The continuous investment of the automobile industry has led to a
change in the share of the production abroad compared to the domestic
production volume. In 1990 already 26% of the German cars were be-
ing produced abroad; this figure had increased to almost 44% by 2000
(Verband der Automobilindustrie, 2002). Since this trend also holds for
manufacturers located in other industrial countries, we are going to take
a closer look at the way investments are undertaken.

2.1.2 Shift Towards Emerging Markets

Since is manpower-intensive, one can observe a drift of production
towards low-income countries. However, the complexity of operations
requires a relatively high industrial standard, such that transition coun-
tries like South Africa or Indonesia receive particular attention as candi-
dates for automobile production (Pontrandolfo and Okogbaa, 1999). As
transition countries are also emerging markets for automobile manufac-
turers, local distribution and services can easily be established as a side
effect of an investment in production facilities.

Some transition countries like Malaysia protect their local production
(Proton) by imposing import tariffs, sometimes in the range of a multiple
of the product’s value. According to Liiders (2001), Malaysia levies up to
300% customs duty on automobile imports. Custom rates can usually
be alleviated or even be avoided by adding a local content to import
automobiles. For the case of an import market of limited capacity, cars
are typically shipped in parts, which are then assembled by making use
of the local workforce.

Dependent on the level of pre-assembly of the parts shipped, we dis-
tinguish between “semi knocked down” (SKD) and “completely knocked
down” (CKD). With SKD, a relatively small portion of cars are delivered
in a semi-assembled fashion, whereas with CKD only parts are delivered
for later assembly in the destination country. In the same vein, fin-
ished vehicles are sometimes referred to as “completely built up” (CBU).
SKD/CKD solutions do not require an intricate management of supply
and inventory of parts, which eases the implementation of an assembly
plant as an initial investment in a transition country.

Whenever an emerging market exceeds a certain capacity, the country
is considered for a “transplant”, abbreviating a transferred plant. Be-
sides the supply to the local market, automobiles are also produced for
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Figure 2.1. Automobile production in millions between 1997 and 2001 and main
regions of production. The figures are compiled by the author on the basis of material
provided by Ward’s Communication (various issues).

export. In this way, economies of scale can be achieved and, moreover,
the export surplus gained can be balanced with incidental import cus-
toms (Kuhn, 1998). As an example, Kuhn describes the development of
a South African plant from a CBU importer to a SKD producer, and
finally to a CBU exporter of niche products, i.e. right steering versions
of certain Mercedes models.

Typically, local suppliers contribute to the local content of a trans-
plant, leading to new sources of supply for other locations of the manu-
facturer, too. In this way, an interwoven logistical network emerges. For
a comprehensive study with regard to the development of the Bayrische
Motorenwerke (BMW) production at Spartanburg, South Carolina, see
Dornier et al. (1998, Chapter 9-1).

Apart from the above-described foreign investments, local investments
in automobile production exist, too. Borstnar (1999) describes the role
of the Korean government as entrepreneur for the automobile industry.
Similarly, China is expanding the production of automobiles to serve its
protected local market, while currently lacking international competi-
tiveness.

Summarizing, we observe a gradual decline of automobile production
in the triad, namely North America, Japan and Western Europe, in
favor of other countries, as illustrated in Figure 2.1. With the exception
of China, these countries at least partially produce for export, while
the main markets for automobiles continue to remain in the industrial
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Figure 2.2. Possible configurations of multinationalization.

countries of the triad. Therefore, we can expect an increase of vehicle
transportation due to the diversification of automobile production.

2.1.3 Multinational Configurations

Transportation demand may be estimated in more detail by consider-
ing the imbalances between production and sales within a geographical
region on a per model level. For instance, a surplus of Mercedes M-class
production in Tuscaloosa, USA, cannot offset the existing demand for
S-class cars in North America, so that S-class cars have to be shipped
from Sindelfingen in Germany.

In order to assess whether demand imbalances contribute to the trans-
portation demand in general, and whether they will increase in the fu-
ture, global strategies of the automobile industry are considered in the
following. See Pontrandolfo and Okogbaa (1999), for an introduction
into global manufacturing issues, Bélis-Bergouignan et al. (2000), for a
transition model of global strategies for the automobile industry and fi-
nally Kuhn (1998) for the implementation of the model at Daimler Benz
AG (now Daimler/Chrysler).

With respect to the above literature, Figure 2.2 considers different
configurations of multinational corporations with respect to the prin-
ciples of hierarchy and the degree of hierarchical control. Internation-
alization as a principle of hierarchy refers to the process of expanding
a corporation’s sphere of operation without any change to its initial
structure. This means that only unilateral flows exist, originated at the
center. In contrast to this, globalization involves multilateral flows in a
poly-centric system. Both principles may appear with either a weak or
a strong hierarchical control of the firm’s activities.

» A worldwide configuration refers to an automobile manufacturer build-
ing and selling more or less identical automobiles worldwide, governed
by a strong central control. Next to sales, also marketing, after-sales
and service activities are centrally controlled. Although this configu-
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ration may not fully satisfy foreign customers, it allows the manufac-
turer to switch easily between production in different geographical
regions and transportation into these regions. Many Far Eastern
manufacturers like Toyota stand proxy for the worldwide configura-
tion.

A multidomestic configuration keeps the limited product range of the
worldwide configuration, but adds geographical differentiation with
respect to service activities. National subsidiaries may appear as
domestic firms, although their products are not. The advantage of
greater adaptation is paid by a weak control in the multidomestic
configuration. Volkswagen may serve as an appropriate example of
this configuration. Transportation will gradually decline because im-
balances of volume between different regions are no longer resolved
by a central control.

» In a multiregional configuration, products are designed and built with
respect to the consumer taste of a certain geographical region. Prod-
ucts tend to become incompatible with each other and cannot be
exchanged between different regions anymore. As an example, con-
sider the configuration of General Motors, e.g. Vauxhall (UK), Opel
(Germany), and Holden (Australia). The domestic companies have
been virtually independent, as they act on regional markets with
only weak central control. Consequently, the transport volume is
only marginal.

m The transregional configuration adds stronger control to the multi-
regional configuration. It respects the differentiation of consumer
taste with regard to geographical regions, however it aims at unify-
ing product lines wherever possible (e.g. Daimler Chrysler). Regional
satellites rather than domestic subsidiaries act under a strong cen-
tral coordination of activities (Cohen and Mallik, 1997). Generally,
the transregional configuration has obvious advantages as it combines
customer orientation and production efficiency. Furthermore, it can
make use of locally available resources and warrants a firm’s flexibil-

ity.

The trend towards stronger hierarchical control schemes goes hand
in hand with an increasing transportation volume, particularly for the
transregional configuration. With regard to economies of scale, typically
the worldwide production of a vehicle model is awarded to one single
plant only. This increases the distance moved per automobile produced,
which in turn will lead to a substantial increase in vehicle transportation
(Cullen, 1998).
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The additional costs encountered for vehicle transportation are lim-
ited, if not negligible. Kiedel (2001) names 250 to 500 Euro for an
intercontinental transport. In discussions at a workshop of the German
Operations Research Society (GOR) on vehicle delivery in 2003, a range
of 2-3% of a vehicle’s value is amounted for transportation purposes.
Thus, an increase of transportation distance will not necessarily level
advantages gained from economies of scale in production.

In order to adopt this hypothesis of increasing transportation volume,
evidence for the transregional configuration of the automobile industry
is needed.

Kobrin (1991) suggests an Indez of Transnational Integration in order
to measure globalization at an industry level. The index is defined as the
proportion of international sales of a firm that are intrafirm. The logic
behind this measure is that global supply chain coordination will lead
to increased intrafirm flows of value. Highly integrated industries are
motor vehicles (0.43), followed by electronic components (0.38). A less
integrated industry is, for instance, glass production (0.11). Although
Kobrin has performed this investigation on 1982 data of the USA, we can
state a mainly transregional configuration for the automobile industry.

Cohen and Mallik (1997) repeated this investigation for 1989 data
and achieved comparable indices (motor vehicles (0.39), electronic com-
ponents (0.43), glass products (0.20)). Interestingly, the index decreased
for highly integrated industries and increased for non-globalized produc-
ing industries. The authors argue that the index does not take care of
outsourcing, which has become a hallmark of globalization today. Thus,
the automobile industry remains a highly integrated industry and con-
tinues its course of integration through significant outsourcing activities.

2.2  Challenges for Outbound Logistics

Literature outlines the ongoing convergence of consumer taste result-
ing in the design of so-called ‘world cars’. However, model classes like
for example ‘van’ or ‘utility’ are still designed for the US market. As
a new development of the transregional configuration, vehicles designed
for a specific market are available also on other markets. Therefore as
an obstacle, a manufacturer’s globalization strategy may lead to a large
variety of car models which may be far from a unified product line.

Although consumers can choose from an almost confusing variety of
vehicle models, they are not willing to wait for the delivery of the vehicle
for too long. Miemczyk and Holweg (2001) argue that although most
customers would rather wait instead of buying an incorrectly equipped
vehicle, the majority of North American consumers are not willing to
wait more than three weeks. Similar observations have also been made



16 THE MANAGEMENT OF TRANSSHIPMENT TERMINALS

for the UK market, where 61% of customers want their vehicle to be
delivered within 14 days or less.

In order to cope with customer expectations, today on average 55,
70, and 20 days of sales are held in Europe, USA, and Japan respec-
tively (Miemczyk and Holweg, 2001). The exceptionally small storage
level for Japan results from the practice of satisfying domestic orders
directly from stock, which is originally intended for export. Accord-
ing to the same authors, in Europe savings of 10 billion Euros have
been estimated for the elimination of finished vehicle stocks. In order
to cut inventory-holding costs, manufacturers have set up “built to or-
der” programs, aiming at a time span of approximately 14 days from
order to delivery. Recently, only 3-day car production spans have been
pronounced (Holweg and Miemczyk, 2003).

Outbound logistics of finished vehicles are confronted with a set of
constraints, which are hard to meet simultaneously:

m The transportation volume will increase due to foreign investments
of manufacturers and furthermore due to their shift towards transre-
gional configurations.

m A vast variety of vehicle models exists from which customers may
choose. As a result the number of items per model sold on a regional
market will be relatively small.

= In order to avoid extensive buffer stocks, the transportation lead-time
has to be sufficiently short. This requires a fast transportation mode
and, probably more important, a high frequency of transports.

m Since a vehicle model is typically produced in one plant worldwide,
the transportation distance to the customer market can be very great.

Even major manufacturers will ship volumes, which does not justify
the exclusive utilization of transport facilities. Hence, vehicle manufac-
turers have to accept sharing a liner service in order to warrant a high
frequency of transports at reasonable costs (Hines et al., 2002). For this
reason a worldwide transportation network has been evolved which is
subject of the following considerations.

2.2.1 Distribution Strategies

From the viewpoint of the vehicle manufacturer, the annual volume
of a transport relation is fragmented into frequent consignments of rel-
atively small vehicle quantities. The duration of transport has to be
reasonably short in order to implement “built to order” concepts. Thus,
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from the manufacturers’ point of view, frequent direct shipments are
desirable, but can be hardly afforded (Hines et al., 2002).

We identify four logistics solutions to the problem of cutting down
the delivery times on regional markets. All of them have been already
implemented, although not every solution fits the needs of every manu-
facturer’s distribution policy.

m Vehicles are “built to stock” and a considerable inventory of vehi-
cles is held at the import compound from which customer orders are
supplied.

® Vehicles are “built to stock”, but the inventory level is reduced by
providing a final customer-order driven assembly step at the import
compound.

m Vehicles are “built to order”, and a point-to-point line haul service
with frequent intermediate port calls is engaged.

s Vehicles are “built to order”, and an efficient trunk haul is engaged
with the drawback of additional transshipments and short-sea feed-
ering.

Strategic developments of ports have to fit the above distribution poli-
cies of vehicle manufacturers in order to survive in the long run. In the
sequel we describe hub and spoke approaches, which are slowly winning
recognition in order to implement competitive distribution policies.

2.2.2  Hub and Spoke Distribution

Supply lines are becoming more fragmented and finished vehicles have
to be shipped in smaller quantities. This causes a steady increase in the
demand for more port calls to be made by the car carriers for a given
volume of vehicles. The greater number of port calls also increases the
travel time, which contrasts with the expectations of the manufacturers
for “built to order” vehicle delivery.

Carrier companies are interested in making fewer port calls while ship-
ping a number of vehicles. A remedy is offered by a hub and spoke-like
design of the delivery network, as is already common for container trans-
portation. Trunk haul routes between hub ports are serviced without
intermediate port calls. As an alternative to road transportation, rel-
atively small and flexible feeder ships service the legs from the vehicle
plant to the sending hub, as well as from the receiving hub to the final
destination.

The trend towards the feedering of legs in vehicle transportation has
not become widely accepted so far, chiefly because of the reluctance
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of the manufacturers to accept transshipment related to the very high
damage levels that were common in car shipping (Drewry, 1999). Never-
theless, a trend towards the transshipment of vehicles is already evident.
Manufacturers will accept the general need for the transshipment of cars
because this will enable the carriers to reduce transportation times and
increase the frequency of port calls.

In 1978, the United States’ Airline Deregulation Act’ led to the re-
organization of flight legs in ’hub and spoke’ systems operated by the
major airlines. This change of structure has been accompanied by a mul-
titude of publications concerned with ’hub and spoke’ systems. Next to
the issue of optimal hub locations (O’Kelly, 1986) the effect on the uti-
lization and frequency of flight connections has been subject to research
(Phillips, 1987). The German reader is referred to the comprehensive
PhD. thesis of Mayer (2001). Several advantages can be outlined:

m The economies of density refer to the consolidation of flows of goods.
The improved utilization of transportation capacity can be used to
improve the frequency of transport.

u The economies of scope refer to composite advantages due to the
utilization of shared facilities. Hubs are used by a multitude of logistic
relations, such that fixed costs can be shared among all relations
involved.

m The economies of scale refer to the increased volume of goods for hub-
to-hub relations. Among other digression effects on the costs, savings
due to larger transportation and transshipment facilities exist.

However, also the disadvantages of hub and spoke transportation sys-
tems have to be taken into account:

m The need for transshipment may cause inconvenience or may lead to
a general reluctance of customers. The time required for transship-
ment, however, may be over-compensated by the higher frequency of
transports offered.

® A congestion of traffic has been observed for hubs, leading to a capac-
ity overload of the transshipment facilities. As a common wisdom,
an overloaded system entails a deteriorating efficiency of operations.

Although a hub and spoke network for vehicle transportation can pro-
vide benefits for manufacturers and for carriers at the same time, the ad-
ditional transshipment of vehicles remains as a strong argument against
the constitution of a hub and spoke system. As a remedy, hub feeder-
ing can also be performed by means of the hinterland transportation.
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A lengthening of the hinterland transport may be accepted in order to
achieve transshipment at a port with a high frequency of carrier callings.

Depending on the distribution policy pursued, manufacturers will con-
sider the need for rapid transport, and in this event costs and transporta-
tion times of an additional feeder shipment have to be traded of against
a hinterland detour (Abrahamsson et al., 1998). With respect to West-
ern Europe, currently noteworthy short-sea feedering.is performed to
Scandinavia, UK and to the Iberian Peninsula only. For these routes,
land transportation is applicable at extremely high costs.

Hinterland detouring for the matter of accessing a port with a high
frequency of car carrier calling has led to a redefinition of the term “hub”
in the context of vehicle transports. “Although it is common to spcak of
hub and spoke ports in the call shipping business, the term here is used
to describe the volume of cars moved, rather than denoting the number
of feeder movements” (Drewry, 1999).

2.2.3  Logistic System Leadership

Up to now the demand of nearly all manufacturers has been just for
a basic transport service — and not for an integrated series of functions
or operational management capabilities. However, actors in the vehi-
cle logistics market anticipate a significant increase of contract logistics
during the next few years. For instance, Drewry (1999) reports that the
Wallenius Wilhelmsen Lines’ objective is “that logistics should represent
up to 30% of the group’s revenue within 5-10 years, compared to only
2% today”.

Indeed, Wallenius Wilhelmsen Lines has taken over the “Richard
Lawson Autologistics Group” and it has started to run a terminal in
Zeebriigge under its own management. Although the port has attracted
significant transshipment volume in recent years, this development does
not necessarily depend on the increasing vertical integration of Walle-
nius Wilhelmsen Lines. Temporary alliances between different partners
of the logistic chain have long been known in order to harmonize tenders
with respect to manufacturer demands.

One important reason for the reluctance of manufacturers to get in-
volved with dedicated transshipment arrangements may stem from their
dreaded loss of independence. The distribution of vehicles is a vital
function in the environment of globalized production and manufacturers
will not hand over the responsibility to a third party (Holocher, 2000).
However, the demand for “built to order” will lead to complex vehicle
distribution policies, which may also accelerate the transfer from basic
transport to complex logistic arrangements.
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2.3 Summary

We have discussed the ongoing globalization of automobile produc-
tion. We have shown that the transportation volume of finished vehicles
increases due to production abroad in general, and due to the transre-
gional configuration of automobile manufacturers, in particular. Since
there are good reasons for automobile manufacturers to spread produc-
tion even further, we expect a continuous growth of vehicle transports
for the future.

We have described several ways of organizing the worldwide distribu-
tion of vehicles and we have shed light on the possible role of ports in
this process. “Built to order” concepts are likely to prevail, which will
stress the importance of a suitable distribution policy in years to come.
Ports are playing a particular role as they are acting as a hub within
a complex transport arrangement., Besides the seamless integration of
intermodal transshipment in the supply chain, ports may position them-
selves as third-party logistics provider controlling the entire supply chain
of an automobile manufacturer.

In the next chapter, we are going to discuss prerequisites for a com-
petitive port. However, competitiveness of a port is not restricted to
the transshipment of finished vehicles. Also used cars and trucks as
well as other heavy machines are transshipped in ports. Next to the
requirements concerning port infrastructure the logistic demand differs
for short-sea and deep-sea transports. By comparing the development of
8 major ports of the Lowlands, i.e. Belgium, The Netherlands and Ger-
many we explain how ports respond to the demand caused by globalized
production.



Chapter 3

INTERMODAL VEHICLE
TRANSSHIPMENT

Abstract

Due to almost exhausted capabilities of shipping technology, empha-
sis has shifted from transportation to transshipment issues in order to
accelerate distribution processes even further(Rodrigue, 1999). Ports
respond to this demand of the transport market by providing a suitable
infrastructure as well as an organization capable to warrant a seamless
modal shift in the supply chain.

Next to finished vehicles also used vehicle and trucks are trans-
shipped. The transshipment of finished vehicles is further differenti-
ated into short-sea and deep-sea transport requirements. To this end
we differentiate segments of vehicle transshipment and describe their
particular requirements concerning port infrastructure and suprastruc-
ture, where particular attention is paid to the latter term referring to
assets like available knowledge or research capital (Nijkamp and Ubbels,
2004).

A significant portion of these vehicle flows is transshipped via ports
of the so-called ‘North Range’, reaching from Zeebriigge in the south
up to Hamburg in the north. We compare the business development
for eight competing ports of this range, and discuss competitive forces
attracting transshipment volume. It is observed, that the segmentation
of the market in import and export as well as in different types of
transshipment allows the competitors to occupy niches.

Regarding the commercially most attractive segments of the market
a stiff competition exists, which can be influenced by the individual
ports in two ways: First, strategic alliances with partners of the trans-
portation chain enable complex logistic arrangements for the vehicle
manufacturer. Second, the efficient, safe, and reliable handling of vehi-
cles is a necessary condition for a long-term success.
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3.1  Vehicle Transport Market

As a consequence of the logistic challenges faced by automobile manu-
facturers, a logistics third-party market for the transport, transshipment
and storage of finished vehicles has been evolved (Tyan et al., 2003). The
distribution of CBU vehicles can be differentiated by the transportation
distance and the vehicles to be shipped.

Typically, deep-sea and short-sea transportation are distinguished,
where short-sea transports compete with rail and road transportation.
Next to the transportation of new cars, also trucks and second-hand
cars are shipped, each of them with special logistical requirements. In
the following, we briefly describe the segments of vehicle transportations
and the service provider performing the transport.

3.1.1 Deep-Sea Segment

When the intercontinental transport of significant number of vehicles
started after the Second World War, ships built for bulk cargo were
used. The loading and unloading was done by crane operations, which
came along with high damage rates despite a low overall operations
productivity. During the 1960s, cargo vessels were equipped with flexible
decks for vehicle storage and lashing facilities for safe transportation.
Such vessels had a capacity up to 2000 vehicles. In order to provide
a sufficient loading productivity, these early car carriers were equipped
with up to six cranes. Each crane was able to load 30 vehicles per hour,
such that a total of 180 vehicles per hour could be handled during port
calls (Kiedel, 2001).

Roll on / Roll off (RO/RO) transport was pioneered for the Scandina-
vian transport market during the 1920s but has not been taken up later
on. Only in 1957 a RO/RO vessel with sideways mounted loading ramps
was built, but again, this principle of transportation was not pursued.

With the rise of Japanese production, efficient transportation was
needed in order to ship a huge number of vehicles to their markets
abroad. This demand has led to the development of specially designed
car carriers with a capacity of up to 6,200 vehicles sailing at approx-
imately 20 knots, c.f. Figure 3.1. Pure Car Carriers (PCC) are dis-
tinguished from Pure Car and Truck Carriers (PCTC), which can be
utilized more flexibly at the expense of a smaller capacity.

The car carrier market is distinct from most other shipping markets.
Its determining characteristic is the power of the vehicle manufacturers.
In this competitive sector, shipping contracts are awarded on a strate-
gic/tactical basis lasting for 3-5 years on average. The supply of car
carrying space increased by 17% between 1995 and 1999 and perhaps



Intermodal Vehicle Transshipment 23

Figure 3.1. Construction scheme of a modern car carrier with a capacity of approx-
imately 6000 vehicles. The vessel contains 13 decks of approximately 1.7 meters
height. To provide space for trucks, some of the decks can be lifted hydraulically. A
ramp system comparable to a multi-storey park deck makes all decks accesssible in a
self-propellent fashion (©Wallenius Wilhelmsen Line).

thirty-fold since 1970. In 1999 the fleet of car carriers amounted to 380
ships. Until now, the fleet has grown by an additional 110 car-carriers
(Marle, 2003).

Only six carrier companies share 90% of the deep-sea market (Wood-
bridge, 2001). Above all NYK from Japan and the Wallenius-Wilhelmsen
Lines from Scandinavia play major roles in this field. The business
changed from main haul runs from Japan to Europe and North Amer-
ica, which accounted for over 65% of all deep-sea vehicle movements in
1985, to a liner service structure with fixed day calls at specific ports. For
instance, NYK’s Europe Connect service is operated on a twice-weekly
schedule from Antwerp, Rotterdam, Bremerhaven and Southampton to
Port Klang, Singapore, Keelung and Tokyo.

Another scheduled line is described in Kiedel (2001): The Wallenius-
Wilhelmsen Lines starts from Goéteborg, Sweden, leaves Europe at the
5th day of its journey after calls at Bremerhaven, Zeebriigge and Southamp-
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Table 8.1. Estimated worldwide intercontinental vehicle transportation in 2001 for
factory-new cars, light commercial vehicles and second-hand vehicles in thousands.

Origin Destination
North America Furope Asia Total
— 790 2300 3090 North America,
75 80 330 485 South America
210 — 1900 2110 Europe
0 70 400 470 Middle East
60 150 120 330 Africa
70 300 — 370 Asia
0 60 435 495 Australia
415 1450 5485 7350 Total

ton. On the 13th day of its journey New York is the first stop at the
American east coast. Further stops are Charleston, Jacksonville and
Brunswick. On the 27th day of its journey it has already passed the
Panama-Channel and calls at Mazatlan on the American west coast.
After Stops in Port Hueneme and Tacoma the journey proceeds in the
direction of Japan, where the line ends at the 33rd day of the journey. In
Japan, the vessel takes up another scheduled line back to Europe again.

Estimates of the total deep-sea transportation volume differ between
7.5 and 8 million vehicles annually. Table 3.1 shows a conservative es-
timate of the main vehicle flows according to a 2002 presentation of
HUAL, another important carrier. The figures have been verified by
the author with respect to statistics presented by Auto & Truck Inter-
national (2002). It is clearly observed that vehicle flows from Asia to
Europe and North America dominate. However, due to the relatively
high export rates to North America, the import and export flows to and
from Europe are balanced.

Carrier companies aim at a high capacity utilization of their car-
carriers due to balanced in- and outbound load while making calls at
only a few ports (Mourdo et al., 2001). Their lines have to follow the
shift of vehicle production, recently towards the Philippines, Thailand,
Mexico, Argentina, Australia and Brazil, which has led to a further
increase of transportation volume, although carrier lines are becoming
even more fragmented (Marle, 2003).
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3.1.2  Short-Sea Segment

The short-sea segment covers water-ways within continental distances.
Transports can be distinguished into direct shipments and hub feedering
between large, deep-sea oriented terminals and smaller ports at remote
locations. Typically, the short-sea segment is serviced by vessels up to
100 meters length with a capacity of less than 1000 vehicles (Kiedel,
2001).

Short sea shipping resembles other shipping markets to a greater de-
gree. The shipping companies concerned have been much smaller and the
market much more fragmented (Cullen, 1998). In the following we focus
on the transportation volume arising between countries of Western Eu-
rope. Companies active within the finished vehicle distribution markets
include Axial (Europe), AutoLogic (UK, Benelux), Cobelfret (Europe),
Gefco (Europe), Groupe CAT (Europe), E.H. Harms (Europe), STVA
(Europe), Transportvoiture (Belgium), Stifa, Hodlmayr, Horst Mosolf,
ATG Autotransportlogistik GmbH, HN Autotransport, Transfesa and
Zust Ambrosetti (MarketLine, 1998).

Since the Channel Tunnel between France and the UK as well as the
Oeresund Brigde between Denmark and Sweden have been built, short-
sea transport competes directly with rail and truck in Europe. For dis-
tances shorter than 500 kilometers truck transportation is advantageous
due to its greater flexibility. Rail is an appropriate mode of transporta-
tion especially when the number of vehicles transported fully occupies a
block-train of 600 meters length. With respect to Germany, block trains
are routed e.g. from Munich to Bremerhaven within 24 hours, whereas
smaller quantities of vehicles will take up to 48 hours to cover the same
distance (Kiedel, 2001).

Unfortunately, all vehicles using rail transport have to be carefully
washed in order to avoid permanent damage. Also flying sparks caused
by overhead contact lines of the electric locomotives can harm the vehi-
cle’s finishing. Therefore, German Rail and DaimlerChrysler currently
are pioneering a closed railway carriage called “tube” in order to avoid
damages due to dirt, sparkles and vandalism (Bahntech, 2004). When-
ever feasible, sea transportation is a cheap, safe and reliable alternative
to land transportation.

Figure 3.2 shows the export volumes originating from six important
vehicle producer countries into various regions of Western Europe com-
piled by the author from Auto & Truck International (2002). Significant
volumes are exported from France and Germany to many other West
European countries, whereas particularly France, Germany, Spain and
the UK import significant quantities from almost all producer countries.
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Figure 8.2. Volume of inner-Europe vehicle transportation in 2000 of CBU vehicles
in thousands. One axis depicts the six European countries with substantial vehicle
production, whereas the other axis depicts the inbound vehicle volumes for countries
of Western Europe.

In the case of the UK imports amount to over one million vehicles, for
which short-sea transportation is the first choice.

Another important short-sea market is the connection between Ger-
many and Scandinavia. Here, Volvo cars are received from Sweden for
transshipment to other European countries. On the other hand, sig-
nificant volumes of UK, German and French vehicles are exported to
Scandinavian countries. Short-sea transportation benefits from a gen-
eral reluctance of deep-sea carriers to visit Baltic waters.

3.1.3 Second-Hand Automobile Segment

From a European perspective, second-hand car transportation is clearly
an export market, because people prefer to drive factory-new cars in
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countries of high income. Consequently, older cars are exported to re-
gions of lower income. Regions of destination are East Europe and the
Middle East for relatively high valued cars and West Africa for lower
valued cars, often to be repaired. South America and South East Asia
are typically supplied by the USA and Japan.

From West Europe, approximately 600,000 automobiles are exported
by sea-freight per year. Most of these vehicles are destined for West
Africa; the port of Cotonou, Benin, alone discharges 250,000 vehicles
per year. A significant portion with destination Africa or the Middle
Fast shown in Table 3.1 is considered to be second-hand cars. Next to
PCC/PCTC shipping it is common practice that cargo vessels arriving
from West Africa load vehicles as back haul.

Although second-hand car transportation does not seem to be very at-
tractive for logistic service providers, one should consider that the power
of second-hand vehicle traders is less than the extremely strong negoti-
ation power of vehicle manufacturers and consequently could be more
profitable. Obviously, second-hand vehicle transportation is a niche seg-
ment, which does not necessarily imply that profits are low.

3.1.4 High and Heavy Segment

Another niche market is the so-called high and heavy segment dealing
with the import and export of trucks, buses, construction and agricul-
tural vehicles. Next to self-propelling vehicles, heavy goods like machines
or large boats are placed on special trailers, which can be moved inside
the PCTC this way. At European ports a total of 155,000 items with
approximately 1.5 million tons are conveyed per year. Since the dimen-
sion of goods differ, high and heavy goods are usually quantified in tons
or in Car Equivalent Units (1 CEU = 10m3).

A specially sealed area suited for heavy loads has to be provided
on the quayside. However, the increasing transportation rates in this
sector may be worth the investments to be taken. For the transport
PCTC are needed, which are equipped with variable decks allowing a
maximal height of 6 meters. Furthermore, armed loading ramps of 100
tons capacity are needed (usually 20-30 tons).

According to Marle (2003), the carrier company NYK is tooling up
10 newly built PCTC with such equipment in order to address this in-
creasing market. In the past, many high and heavy goods have been
shipped as assembly kits in containers. Nowadays, vehicles are fully as-
sembled already at the originating port and transshipped via RO/RO
trailers onto PCTC, This strategy avoids additional assembly effort at
the destination country.
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3.2 Competition Factors for Ports

Ports have to respond to the requirements of the automobile man-
ufacturer’s distribution policies. As we have seen, these requirements
with respect to the transport distance to be covered as well as the type
of vehicle to be transshipped. However, competition factors can be de-
termined which contribute to the success of an individual port (Beykal,
2005).

3.2.1 Competitive Port Infrastructure

In order to assess a port’s suitability for vehicle transshipment, we may
consider its accessibility, its extensibility (including its current stage of
extension), and finally its facilities installed.

Accessibility. Recently, Herfort (2002a) has claimed, that it is the
hinterland distance to the production plants of a manufacturer which
primarily determines the disposition to utilize a certain port, and is
therefore critical to the development of a port. Unfortunately, the loca-
tion of a port is immovable and not subject to management decisions.

Also the accessibility of the berthing facilities and their distances to
the open sea is of concern. However, ports located directly at the coast
often suffer from inconvenient transport connections to the hinterland.
Rail and highway connections are essential; access for barges via rivers or
channels is advantageous in the competition for transshipment volume.

Also the tide is of concern. Modern PCC or PCTC are equipped with
sideways mounted loading ramps. Operations require a maximal blade
angle of 12 degree in order to avoid damages of the vehicle’s underbody
or spoiler, Therefore, in regions of high tide, sluices are needed to divide
tidal waters from waters of steady height suitable for port operations
(Kiedel, 2001).

Extensibility. Another key-advantage is the disposability of storage
space. Cullen (1998) has reported that “Bristol for example has storage
capacity for 100,000 vehicles. The total value of this buffer stock, when
it is full, is over 1.7 billion Euros.” Since Far Eastern imports have
declined during recent years, the availability of storage space is getting
less competitive.

However, the quality of storage facilities is still important. Next to
sealed ground, for instance, Bremerhaven has built multi-story car parks
of 500,000 square meters in order to provide sheltered storage. Kuhr
(2000) outlines that multi-story facilities allow operations with a very
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high productivity, because their location near the berthing facilities re-
duces the vehicle access times.

Facilities. Requirements with respect to facilities are threefold. First,
added-value services are to be offered, second operations shall comply
with quality management and third, IT-systems warrant a seamless in-
tegration of accompanying data flows.

m The assembly of optional vehicle equipment is referred to as added-
value services. Generally, import transshipment requires a damage
inspection, a de-waxing of vehicle surfaces and a pre-delivery inspec-
tion. Typically, polishing and anti-corrosion treatment complete pre-
delivery services. Furthermore, ports offer customization and body
conversions as well as fitting of parts or accessories and quality re-
pairs. Finally, some ports also provide the reconditioning of second-
hand cars.

m In order to warrant safe and reliable operations, quality manage-
ment in accordance with the ISO 9000 standard is enforced by the
manufacturers, who are primarily concerned about vehicle damages.
Across the industry, the damage levels have dropped consistently to
currently level off between 0.5% and 1.0%. Anything over this range
is likely to result in the loss of contracts from the manufacturers, i.e.

a switch of transshipment volume to other competing ports (Drewry,
1999).

m As a final prerequisite an information system with data links to cus-
tomer IT-systems is demanded (Hesse, 2002). The use of an IT in-
frastructure suitable for tracking and tracing of vehicles cannot be
over-estimated with regard to future competitiveness.

In the following, we aim at an empirical verification of the state of pro-
gression of terminal transshipments. First, we introduce ports belonging
to the strategic group of the so-called North Range. We describe their
geographical location and their properties, before we summarize the de-
velopment of their inbound and outbound transshipment volume during
the last decade. In the following we differentiate individual ports by their
market share, which allows us to draw conclusions about the emergence
of hub and spoke structures. Finally the consideration of the transship-
ment with respect to the vehicle segments described reveals the existence
of dominating ports within each segment.
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Figure 8.8. Competing vehicle transshipment ports in the Zeebriigge—Hamburg
North Range.

3.2.2 Ports of the North Range

Since trade statistics subsume automobile transshipments under the
category RO/RO cargo, precise statistics are not readily available. We
confine ourselves to the investigation of eight ports in the Zeebriigge—
Hamburg range, termed the North Range, for which reliable data is
available. These ports compete for transshipment volume, because they
are located in geographical vicinity. For an overview of the location of
the ports considered see Figure 3.3.

The ports in Belgium are Zeebriigge, located closest to the UK, Antwerp
at the Rhine, and in the Netherlands Rotterdam and Amsterdam. Ad-
ditionally, Vlissingen and Ghent contribute with relatively small vehicle
transshipment volumes, but these ports have been omitted due to lack
of reliable data. In Germany, Emden is considered at the River Ems
as well as Bremerhaven and Cuxhaven at the estuaries of the rivers
Weser and Elbe. Finally, Hamburg is taken into account as an inland
port. Together, these ports transship 60% of all European deep-sea ve-
hicle transportation. The other 40% are distributed to Scandinavian,
Mediterranean, and UK ports.

For the empirical investigation three sources have been consulted.
A long-term development of transshipment volume with respect to the
ports considered is available for inbound and outbound separately from
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Table 8.2. Characterization of ports of the Zeebriigge—Hamburg range. The sym-

bols -7, '0’, and '+’ denote a fairly negative, neutral, or positive setting of the capa-
bilities.

port accessibility facilities extensibility

sea truck rail barge

Zeebriigge + 0 0 - + +
Antwerp - 0 0 + + +
Rotterdam 0 + + + 0 0
Amsterdam 0 + + + 0 0
Emden 0 0 -+ + 0 +
Bremerhaven + + + 0 + 0
Cuxhaven + + 0 0 - 0
Hamburg - + + + - -

Holocher (2000), compare Figures 3.4, 3.5 and 3.6. For the year 2001,
the author has conducted an empirical study which differentiates the
transshipment volume by market segments (Lieske, 2002). Furthermore,
a detailed assessment of the transshipment facilities of all of the above-
mentioned ports has been carried out. Recently, Bremenports (2003)
has completed a market study of the competitive situation of the Bre-
merhaven port, which largely supports figures provided by Lieske and
Holocher.

Although, in principle, the proximity of ports would allow a substi-
tution of transshipment volume, their capabilities differ somewhat, see
Table 3.2. Zeebriigge, as a newly established port possesses excellent
facilities with a great potential for expansion. The port is located at the
coast, providing fast access for car carriers. Its hinterland connections,
however, are currently very limited. Also Antwerp possesses extensible
facilities, but its seaward access is adverse because of its inland location.

Rotterdam and Amsterdam are well known for container and bulk
cargo transshipment respectively with excellent hinterland connections.
The terminal facilities of both ports are currently devoted to other
trades. Emden has a long history of exporting Volkswagen (VW) ve-
hicles and has good rail links. Unusually, VW holds a share in the
port’s transshipment company.

Bremerhaven is Germany’s largest vehicle port with an excellent in-
frastructure and connectivity. However, its extensibility appears to be
limited. On the other hand, after a decade of low investment, and despite
limited capabilities, Cuxhaven currently attracts short-sea transports to
Scandinavia. Hamburg with its dominance in container transshipment
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Figure 8.4. Vehicles per year transshipped inbound and outbound via important
ports of the North Range between 1991 — 2001 (in thousands).

does not possess a viable infrastructure for vehicle transshipment. Sum-
marizing, no obvious advantage with respect to the transshipment vol-
ume can be derived from the infrastructure overview.

3.2.3 Development of Transshipment Volume

The development of vehicle import and export differs for the ports
considered. While inbound transshipments have remained almost stable
over the last decade, outbound transshipments have increased by a factor
of 3 since 1991 (see Figure 3.4). A gradual decline of inbound transship-
ment is caused by the current deterioration of Far Eastern exports. The
increase of the outbound transshipment volume can be explained by the
success of German manufacturers. German exports have increased by
30%, from 2.5 million up to 3.6 million vehicles per year during the
1990s.

However, the strong increase of outbound transshipments may also
indicate an increasing hub and spoke share. Hub and spoke transport is
typically counted twice at the receiving hub, because ongoing carriage
by feeder ship is accounted as an additional outbound volume. Therefore
the increase of volume may also be due to a rise of feeder transports to
and from hubs. Since we can expect feeder transports to many secondary
ports outside the North Range, their additional inbound volume will
not be considered. Merely the outbound volume of hubs in the North
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Figure 8.5. Development of the percentage of vehicle inbound volume transshipped
via eight ports of the North Range between 1991 and 2001.

Range may have contributed to the above figure. In order to investigate
the effect of feedering, we consider the development of inbound and
outbound volumes separately in the following.

Figure 3.5 shows the market share of the inbound transshipment vol-
ume with respect to the ports considered. During the last decade a
significant change of market share has taken place. For the ports in
the Low Countries the volume has been shifted from Rotterdam and
Amsterdam towards Zeebriigge. Antwerp’s share has remained almost
constant. Emden has increased its percentage of inbound transshipment
due to Volkswagen imports from Spain and Mexico. Hamburg’s share
has continuously declined, whereas the large share of Bremerhaven has
remained constant.

Interestingly, Zeebriigge, as the port with the bottom quality of hin-
terland connection, has shown an increase of the inbound market share
of 20%. Obviously, its location at the western end of the North Range
is giving it an important role in inbound transshipment. Carriers arriv-
ing from the Far East favor Zeebriigge because of the mileage savings
compared to other ports of the North Range. Moreover, Zeebriigge’s rel-
atively short distance to Spain and its direct proximity to the UK may
also have contributed to its dominant role. Apart from Cuxhaven ev-
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Figure 8.6. Development of the percentage of vehicle outbound volume transshipped
via eight ports of the Zeebriigge—Hamburg North Range between 1991 and 2001.

ery port can rely on import compounds from at least one manufacturer,
making its inbound market shares are relatively evenly apportioned.

The corresponding figures for outbound transshipments are shown
in Figure 3.6. Here, Cuxhaven, Amsterdam and Rotterdam have been
almost driven out of the market (although recently Cuxhaven started
to export VW to Scandinavia again) (Harman, 2000). Zeebriigge has
slightly increased its share, while Antwerp, Emden, Bremerhaven and
Hamburg show constant shares over the last decade. All of these ma-
jor ports have gained the same benefit relative to their share from the
extraordinary increase of the outbound transshipment. Since the emer-
gence of a hub would have led to significant changes of its market share
over time, we state that no general shift towards hub and spoke systems
can be observed.

3.2.4 Distribution of Transshipment Volume

In a subsequent consideration, we address the share of ports with re-
spect to the market segments short-sea, deep-sea, high and heavy, and
finally second-hand car transportation for the year 2001. In summary,
short-sea (feedering included) contributed with 1,810 thousand vehicles,
deep-sea with 1,995 thousand vehicles, and high and heavy with 1,555
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Figure 3.7. Percentage of transshipment volume for eight ports of the Zeebriigge—
Hamburg North Range in 2001. The volume is split into the four segments “short-sea”,
“deep-sea”, “second-hand” and “high and heavy”.

thousand tons. Finally, 590 thousand second-hand cars have been ex-
ported from ports of the North Range.

Figure 3.7 shows the quantities obtained. Surprisingly, ports have
adapted to high volume terminals with respect to a certain segment.
This surprises, because one may have expected an evenly distributed en-
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gagement over the segments considered to minimize the risk of a shortfall
concerning a single segment.

Above all, Antwerp transships almost 60% of the entire second-hand
car volume of all ports. Even Hamburg holds a share of more than 20% in
this segment. Additionally, these two inland ports may take advantage
from local content provided by their surrounding cities.

The short-sea segment is dominated by Zeebriigge, which accounts
for almost 50% (=~ 1 million) of the total volume. We have already
identified exports to the UK as shown in Figure 3.2 as the cause of
this high share. Emden contributes with nearly 20%, mainly due to
German imports from the Iberian Peninsula. Bremerhaven transships
approximately 150,000 vehicles in the short-sea segment, of which the
majority are feeder transports to and from Scandinavia.

Bremerhaven dominates the deep-sea segment with almost 40% of the
total volume of 2 million vehicles. Emden holds a share of 20% caused by
Volkswagen exports. Then, Antwerp and finally Zeebriigge follow with
Far East imports of Mazda and Toyota vehicles respectively. The ’high
and heavy’ segment is held by Antwerp and Zeebriigge evenly balanced
at around 40%. Ranking third, Bremerhaven follows with approximately
15% share. We can state from these figures that Zeebriigge, Antwerp,
Bremerhaven and — to some extent — Hamburg, have successfully oc-
cupied niche markets of vehicle transshipment. Emden holds assured
transshipment by means of the Volkswagen contract due to its serving
a niche market.

By assuming a more or less uniform distribution of plants (vehicle
sources) and dealer compounds (vehicle sinks) throughout the north-
west of Europe, we must assume that from these places considerable
hinterland detours (with respect to the nearest possible port connec-
tion) are accepted. This finding contradicts the interpretation of Herfort
(2002a,b), who has pointed out the distance between ports and hinter-
land facilities as a dominant competition factor. Under this assumption
a noticeable transshipment volume within every segment should be ob-
served for every port. This contradicts our observation.

Our empirical findings are supported by Abrahamsson et al. (1998)
who suggests measuring overall distances in terms of lead-times instead
of kilometers or miles. Obviously, lead-times with respect to the overall
distribution chain can be reduced by selecting a port that warrants a high
frequency of transports. Thus, we see the primary competition factor in
the frequency of transports, which entails a large transshipment volume.
For short-sea ferry connections, Mangan et al. (2002) have previously
identified the provision of transport capacity at a high frequency being
a dominant factor in port competition.



Intermodal Vehicle Transshipment 37

# Hamburg B Cuxhaven Bremerhaven B Emden
B Amsterdam Rotterdam B Antwerpen [ Zeebriigge

high&heavy [=

ond. Hand [

deep-sea :

short-sea

0 200 400 600 800 1000

Figure 8.8. Transshipment volume given in thousands of vehicles for eight ports of
the Zeebriigge—Hamburg North Range in 2001. The volume is split into the four
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segments “short-sea”, “deep-sea”, “second-hand” and “high and heavy”.

To assess the above statements, the absolute transshipment volume
in thousands of vehicles is shown in Figure 3.8 for the year 2001. Merely
the numbers in the “high and heavy” segment do not refer to the trans-
shipment volume directly, but are CEU equivalents (one high and heavy
unit &~ 10 CEU). The dominance of individual ports within the segments
is clearly observable. With 590,000 CEU, the second hand car segment
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comprises a small portion of the volume of the other segments only,
namely high and heavy (1,550,000 CEU), deep-sea (1,995,000 CEU) and
short-sea (1,810,000 CEU). In the eight ports of the North Range a total
of approximately 6 million CEU is transshipped.

Another reason for the acceptance of hinterland detouring is the de-
mand for specialized port resources. Thus, a port’s supra-structure can
be the dominant competition factor for selecting a port, as is obviously
the case for the transshipment of high and heavy vehicles. We see a
third competition factor in the port’s ability to warrant safe, reliable
and efficient operations as a matter of experience, quality management
and planning (Mattfeld and Kopfer, 2003). This latter factor, however,
is seen as a necessary prerequisite to attract a viable transshipment vol-
ume.

Together, we expect a further increase of transshipment volume for
the ports in the Zeebriigge — Hamburg North Range. Manufacturers
will request logistic solutions that warrant a seamless integration of the
transshipment in the individual supply chains which will enforce the
demand towards specialized arrangements offered by individual ports.
Since manufacturers may continue their reluctance to accept a hub and
spoke system, large volumes and a high frequency of transports will re-
main a key advantage in the competition among ports. Once established,
achieving a niche market will be unlikely to be reversed.

3.3 Summary

We have shown that a concentration of transshipment volume for indi-
vidual ports exists, although this concentration is confined to one trans-
shipment segment at a time. Segments are distinct markets, such that
a bonus in one segment does not contribute to the success with respect
to another segment. Even worse, capital bound within the infrastruc-
ture provided for one segment, may hinder investments to be taken for
another segment. Finally, storage area as the probably scarcest resource
cannot be assigned more than once. These are major reasons for ports
to occupy niche markets.

Hinterland transportation supplies vehicles to/from the ports of high
volume transshipment, and currently no extensive short-sea feedering
has been ascertained. Interestingly, extensive hinterland transports are
accepted in order to benefit from the high frequency of carrier callings
for a port within a certain market segment. This observation indicates
that further segment-oriented development of market share is possible
regardless of the actual geographical position of ports with respect to
vehicle sources and sinks in the hinterland.



Intermodal Vehicle Transshipment 39

Future developments will strengthen the role of contract logistics to
implement “built to order” delivery concepts. Frequent car-carrier call-
ings and efficient port operations are seen as a key-factor to support
future “built to order” delivery of vehicles. The subsequent chapters of
this book are devoted to the support of hub management by means of
automated planning and scheduling. We believe that the planning of
hub operations is an important prerequisite for a port in order to at-
tend hub functionality. Thus, a strategic/tactical battle is fought on an
operational battleground.



Chapter 4

MANAGEMENT OF
TERMINAL OPERATIONS

Abstract  The operations within a vehicle transshipment terminal can be distin-
guished into import and export processes. We describe both types in
detail at the example of the Bremerhaven terminal, standing proxy for
other large terminals with hub functionality. We then discuss method-
ological support for the processes on the strategic, tactical and oper-
ational level. Thereby we compare the decisions to be taken with the
ones suggested for container transshipment in recent literature.

4.1 Transshipment Processes

Bremerhaven is one of the largest vehicle terminals in Europe (Her-
fort, 2002a). Its operator, BLG Logistics Group (BLG), handles approx-
imately 1.4 million vehicles per year, compare Table 4.1 (Hafenvertre-
tung, 2003). This tremendous volume is shipped by 850 deep-sea carriers
and 500 feeder vessels visiting Bremerhaven annually (Kuhr, 2000).

For the intermediate storage of vehicles at the terminal a total of
90,000 parking slots are provided. Additional infrastructure like quays,
rail ramps and truck loading areas serve as customer transfer points
for the terminal. These areas are interconnected by a system of BLG

Table 4.1. Transshipment volumes of the automobile terminal in Bremerhaven.

Year 1996 1997 1998 1999 2000 2001 2002 2003
Export 441 520 558 622 658 784 884 850
Import 450 486 507 497 441 436 . 533 499

Total 892 1,007 1,065 1,119 1,099 1,221 1,417 1,349
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owned travel-ways for self-propellant movements of vehicles. In order to
enhance storage capacity, multi-storey park decks for more than 30,000
vehicles are provided. Next to the capacity enhancement, park decks
protect the vehicles from rain and snow and ensure a high productivity
of operations due to good accessibility.

Figure 4.1 presents a bird eye’s view of the terminal. In the foreground
we can see quays with car-carriers at berthing facilities. Separated from
the waterfront by rail and ramps, there are the storage areas and multi-
storey facilities. Added value facilities and transshipment points to the
hinterland are located in the lower right corner as well as in the back-
ground. The land use of the terminal adds up to impressive 1.6 million
square meters, such that transport distances for the transshipment pro-
cesses are truly a matter of importance. In the following we briefly de-
scribe transshipment processes before we discuss management decisions
on a strategic, tactical and operational level.

4.1.1 Import Process

Terminal operations for import vehicles cover the time-span from the
ingoing call of a car-carrier to the outgoing hinterland transport. Physi-
cally we differentiate the discharge and storage of vehicles into a storage
location and their retrieval from a storage location to the transfer point
of outgoing hinterland transport. Both operation phases are accompa-
nied by planning and control activities, see Figure 4.2.

Consider a Japanese car, built abroad for the German market. It is
transported to a Japanese port and loaded onto a car carrier, probably
in a batch with hundreds of vehicles of the same type and with the same
destination. The vehicle is lashed with tie-down straps to the deck.
Typically, a front to rear distance of about 30 centimeters and a side to
side distance of only 10 centimeters is kept to neighboring vehicles. Thus,
careful vehicle movements are essential under these narrow conditions.

While casting off to the 20 day trip towards Europe, Bremerhaven is
informed about the approximate arrival at the port. About one week
before berthing at Bremerhaven, the expected time of arrival (ETA) is
communicated to the port authority. Additionally, the “manifesto”, a
freight list in the detail of vehicle identification numbers (VIN) is sent
to the BLG.

Planning and scheduling of port operations can be started right after
receiving the ETA. The decisions to be taken comprise the time of dis-
patch, the personnel engaged and the storage area to be allocated for
the intermediate storage at the terminal.

After berthing, sideways ramps of the car carrier are opened, before
the vehicle is unlashed by stevedores and driven to the quay side. There,
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Figure 4.1. Bird’s-eye view of the import terminal.

the vehicle is identified by its VIN and a unique bar code badge is tagged
at the inner side of the front windshield. At this point of time the vehicle
becomes existent to the enterprise resource planning (ERP) system of
the port authority. From here, every movement of the vehicle is recorded
means of portable bar code scanner and transferred to the ERP system.
Finally a damage inspection is performed before the vehicle enters the
terminal’s storage area.

After driving a vehicle, its driver has to be brought back onto the
vessel for the next vehicle to be unloaded. For this purpose the drivers
are organized in groups of six, dedicated to a taxi responsible for the
relocation of the group.

On average, 1,500 vehicles are dispatched from a deep-sea carrier.
Typically, vehicles of the same type and with the same customer treat-
ment customer are batched in a storage area of sufficient capacity. Since
the incoming and outgoing transfer points of vehicles at the terminal are
known in advance, the storage into the terminal and the later retrieval
from the terminal are performed such that the driving distance covered
is reasonably short.
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Figure 4.2. Business process of vehicle import transshipment.

Import partly deals with main haul runs, for which the modal shift
merely entails a certain slack in the logistic chain. Since transshipment
entails an intermediate period of storage, vehicles are relocated twice
— denoted as storage and retrieval in the following. Typically, these
vehicles leave Bremerhaven quickly, either by feeder ship or rail. Ac-
cording to Kiedel (2001), the minimal duration of stay at the terminal
in Bremerhaven is three to four days. These cases are also referred to as
cross-docking, compare Figure 4.2.

Other import vehicles are subject to complex transshipment arrange-
ments. In particular, Far Eastern manufacturers use the terminal as a
“buffer stock”, because they have to supply from stock in order to com-
pete with vehicles produced in the EU, which are increasingly “built to
order”. These vehicles are typically re-consolidated for retrieval with
respect to a stochastic customer demand. Although the time of retrieval
is not known beforehand, the transfer point provided for outgoing trans-
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port depends on the customer and the delivery mode and is therefore
pre-determined.

Depending on the mode of delivery, the retrieval of vehicles from the
terminal is announced up to two weeks in advance by the forwarder or
import company. Thus, planning and scheduling can be done ahead of
the actual retrieval operations. At the time of retrieval, the vehicles
pass through a pre-delivery inspection (PDI), before they are eventually
delivered by rail or truck.

4.1.2 Export Process

Vehicles for export arrive at Bremerhaven from inland production
plants via rail or truck and remain in the terminal a few days only, before
they are shipped in the majority of cases to the US. Approximately
85% of the outgoing vehicles come by rail in block trains of a minimum
length of 600 meters consisting of at least 17 freight cars. German rail
offers a priority service for this type of transport such that a maximal
transport time of 24 hours within Germany is guaranteed. The export
quantities and the associated production dates of vehicles are subject to
long-termed production planning. Since carrier capacity is allocated in
advance of the vehicle production, vehicle transshipment is a matter of
sorting and merging incoming vehicles into storage areas dedicated to
already scheduled car carrier departures.

A dedicated area is usually formed by one or more parking lines each
of them sufficient to hold dozens of vehicles. Vehicles arriving in a block
train are provided for different destinations. These destinations can
be served either by distinct liner services or by the same carrier in a
prescribed order of port calls. In the latter case, the stowage plan for the
car carrier has to respect the order of vehicle dispatches in the sequence
of port calls. Vehicles arriving at Bremerhaven for export have to be
assigned to parking lines such that the stowage plan of the outgoing
vessel is supported by the parking line assignment.

At the time the car carrier is arriving in Bremerhaven, the loading
operations have to be performed efficiently. Kiedel (2001) reports a case
of the carrier ‘Kassel’ where the unloading/loading operation of 5.300
vehicles has been performed in 5 working shifts, This figure yields an
impressive loading time of 5 seconds per vehicle operated. The provi-
sion of efficient loading operations is the primary challenge of operations
planning for export transshipment.
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4.1.3 Auxiliary Process

Due to the stochastic retrieval process of vehicles stored in buffer
stocks, the utilization of storage areas tend to get fragmented over time.
Relocations of vehicles may be required in order to warrant an efficient
en bloc reuse of storage areas. However, additional relocations have to
be carefully planned and kept at an absolute minimum.

Because of the risk of damages to vehicles whilst being moved manu-
facturers are unwilling to accept moves other than necessary for storage
and retrieval. Furthermore, new vehicles should have driven a distance
of less than 10 kilometers when handed over to the customer. Thus, self
propellant movements at the terminal are to be confined to the minimal
distance only.

4.2  Management Decisions

The design of terminal processes is a matter of management decisions.
As yet, there has been almost no methodological support available for
vehicle terminal operations of the type already developed for container
transshipment (Vis and de Koster, 2003; Steenken et al., 2004; Giinther
and Kim, 2004). So far, only Mattfeld and Kopfer (2003) propose an
operational model for the planning of vehicle transshipment tasks and
Fischer and Gehring (2004); Fischer (2003) proceed this research into
vague direction when compared to the problem as it appears in practice.

With regard to the scope of decisions to be taken we can differentiate
strategic from tactical and operational issues. Usually, decisions on the
strategic, tactical and operational level are interrelated. For example,
the strategic decision to seal an area for storage, the tactical decision
for a certain layout of the storage area and operational decisions of uti-
lizing the storage area all contribute to a common measure of terminal
operations.

A typical measure for the quality of transshipment processes is the
productivity of operations, i.e. the mathematical inverse of the pro-
duction coefficient as known from operations management. For vehicle
relocation processes the productivity measure denotes the number of ve-
hicles moved within a certain time span by a driver. For instance, an
import process run at a productivity of 4.5 means that on average a
single driver moves 4.5 vehicles per hour into a storage area.

The measure expresses customer oriented service capability and cost
oriented efficiency at the same time. The measure can be easily recorded
in practice and it allows a meaningful interpretation as aggregate mea-
sure as well as for detailed operations. Surely, a tradeoff between a high
productivity and a low process quality e.g. in terms of vehicle damages
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exists. Since customers nowadays expect an almost zero damage rate,
management decisions address the maximization of productivity under
the constraint of an almost perfect customer service.

4.2.1 Strategic Decisions

Strategic decisions focus on business strategies on a time horizon of
years. Such long-term oriented strategies effect the infrastructure and
the processes within the whole port. Strategic decisions are hardly irre-
vocable and are seen as a prerequisite for future business success.

The probably most important issue is the choice of a strategy to de-
velop one segment of the vehicle transshipment market as a strategic
business unit. Because of scarce resources, a strategy will be taken up in
favor of further opportunities in other market segments. I.e. focusing on
the high & heavy segment requires infrastructure investments in sealed
ground and armed loading ramps in order to attract a high frequency of
carrier callings at the port. Typically, vehicle transshipment segments
compete with one another as well as with other intermodal transship-
ment markets like container or common cargo transshipment. Thus, a
strategy supporting the high & heavy segment will make the port less
attractive for other transshipment segments like deep-sea, short-sea or
used cars.

As we have shown in Chapter 3, a strategy aiming at a high market
share within a dedicated market segment has already been adopted by
all major ports of the North Range. This is seen as the main competitive
advantage for safeguarding business (Porter, 1980). A strategic business
unit is implemented by investments with regard to the infrastructure and
to the business competence. Infrastructure decisions comprise the pro-
vision of sealed ground, travel-ways, berthing facilities and park decks.
Also excellent rail and highway connections to the hinterland have to
be provided. For ports located close to the coastline a sluice system
will help to keep loading and unloading operations independent of the
tide. This can enormously speed up ship service times and is therefore
regarded as a key-feature in regions of high tide.

Business competence in terms of process orientation, quality manage-
ment and human resource development becomes increasingly important
also for the traditionally oriented logistics industry. Port operators start
to act as third party logistics provider for vehicle manufacturers and of-
fer added value and vehicle inspection services besides traditional trans-
shipment. The intention behind such activities is to bind customers with
integrated logistics functions into long lasting contracts. Such functions
also include integrated information systems with a tracking and tracing
capability along the entire supply chain.
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Although in theory strategic decision-making can draw on method-
ological support offered by standard approaches to hub location (Dom-
schke and Krispin, 1997; Racunica and Wynter, 2000; Goetschalckx
et al., 2002), in practice vehicle transshipment terminals are typically
built in an already existing port infrastructure. Even if in rare cases
terminals are newly built like recently in Zeebriigge, the number of po-
tential locations is very small and only a few alternatives have to be
considered. Different to distribution terminals located in the hinterland,
for ports location models play a minor role only.

To summarize, strategic decisions aim at implementing a strategy to
attract business to the port (Paixdo and Marlow, 2003). Investments in
infrastructure and business competence are necessary prerequisites for
successful negotiations with carriers and manufacturers. Once a port is
integrated in a carrier’s liner service, contracts are awarded on a time
horizon of years. It is the challenge of tactical management decisions to
provide efficient operations in this given strategic framework.

4.2.2 Tactical Decisons

Tactical Decisions address agreements, roles and procedures in or-
der to translate strategies into operational issues. To this end tactical
decisions interface long-termed strategies and short-term planning and
scheduling with decisions on a mid-termed horizon. Thus, the goal at
the tactical level is to manage premises for the control of resources on a
day to day level.

Ship Scheduling. Carrier lines operate in accordance with a fixed
schedule. Given the expected vehicle volumes to be loaded and un-
loaded at the ports under consideration over a mid- to long-termed hori-
zon, the liner schedule can be derived from a capacitated pickup- and
delivery problem (Ronen, 1993; Fagerholt and Christiansen, 1999; Ben-
dall and Stent, 2001; Mourao et al., 2001). Vehicles to be loaded at ports
correspond to pickup operations whereas vehicles to be dispatched are
depicted by delivery operations. The distance in miles between ports is
divided by an average carrier speed of 20 knots leading to approximated
shipping times between the ports involved. By assuming standard pro-
ductivity rates for loading and unloading operations, port service times
can be determined. The ship scheduling problem aims at determining
a ship route and a service schedule which maximizes capacity utiliza-
tion. However, the ship scheduling takes place at the carrier line and is
typically beyond the scope of the transshipment terminals.
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Figure 4.8. Representations of berth planning problem.

Berth Allocation Planning. A schedule prescribes the arrival time
and approximated service time at a port. All calling ships are to be
serviced without waiting times. Tidal currents and restricted sluice
times introduce a structure of “berthing time slots” in the granular-
ity of hours easing the temporal assignment of car carriers to berthing
facilities. However, multiple berthing locations exist (compare Figure
4.1) and ships have to be assigned to distinct sections of a berth. In the
context of container transshipment Nishimura et al. (2001) consider the
distance between the berth and the relevant container yard by means of
a variable handling time Cj; of ship 4 at berth j. The authors minimize
the sum of waiting and handling times over all ships to be serviced. In
vehicle transshipment the transfer points to the hinterland transport are
known in advance, so we can proceed in a similar way. Berth facilities are
chosen such that the expected routing of vehicles through the terminal
becomes minimal (Hall, 1987).

Car carriers are of different length. A berth planning approach pro-
posed in Lim (1998) takes this fact into account. The author proposes
a model and suggests a heuristic procedure to solve the problem. In
the following we sketch (a simplified version of) the model in order to
outline the characteristic of the berth planning model. A geometrical
representation of the problem depicts a solution in a rectangular plane.
The x-axis represents the time whereas the y-axis depicts the length of
the berthing facility. A rectangular plane describes that a ship occupies
a certain section of the berthing facility for a certain time span.
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In Figure 4.3, first ship 1 and ship 3 share the berthing facility. After
ship 1 has left, ships 4 and 5 take over the free section of the berthing
facility. Ships 2 and 5 leave the berth simultaneously later on, so that
ship 3 calls at the free part of the berth. Lim suggests a graph represen-
tation where nodes v; — vs represent the berthing of ships. The section
length required for berthing is given as node attribute. Lim starts by
adding undirected edges between nodes representing ships with over-
lapping berthing time, i.e. (v1,vq), (v2, va), (v2,vs), (v3,v4), and (vs, v4).
Then, the undirected arcs are successively turned into directed arcs rep-
resenting the order of berthing at the mooring facility. The heuristic
aims at an acyclic graph which minimizes the length of the longest path.
Obviously, the longest path in the graph corresponds to the maximum
usage of berthing facility L over time.

For the berth planning problem in vehicle transshipment we suggest
to apply the decision version of the above optimization problem, i.e. to
find a directed acyclic graph where no path exceeds a given length L
of the berthing facility. In order to keep the handling times reasonably
short (corresponding to a high productivity), we suggest to search the
graph satisfying the above constraint while minimizing the sum of ex-
pected handling times as suggested by Nishimura et al. (2001). However,
the handling times can be taken as a rough estimate only, because the
actual number of vehicles and the particular routing through the termi-
nal are not known in advance. Anyway, a mid-termed berth allocation
planning on the basis of scheduled car-carrier lines will support terminal
operations to a large extend.

Storage Space Partitioning. Within a given infrastructure deter-
mined by strategic planning, berthing facilities, storage areas, travel-
ways and transfer points can be devoted to particular tasks on the level
of mid-termed decisions. As outlined in Section 4.1, the types of vehicle
transshipment can be distinguished into batch processing and individ-
ual transshipment arrangements. Dedicated routes through the terminal
can be determined between berthing facilities and transfer points to the
hinterland. If for instance a Japanese manufacturer transships large
batches of vehicles via rail to East Europe, the terminal layout should
allow a direct routing with a minimal distance through the terminal.
The provision of suitably partitioned storage space should exist on the
straight line connecting the rail ramp and its closest berthing facilities.

However, in a large terminal many such interleaving routings ex-
ist. Thus, the assignment of dedicated storage areas to distinct vehicle
routes may lead to an inferior overall performance only (Goetshcalckx
and Ratliff, 1990). The authors favor shared- over dedicated storage
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assignment policies for warehousing. In the context of automated stor-
age/retrieval systems, Muralidharan et al. (1995) propose a shuffling
heuristic combining class based (i.e. shared) and random assignments to
storage locations. With this approach service times can be significantly
reduced. Petersen (1999) stress the interdependency of routing- and stor-
age policies for warehouse efliciency. They argue that for a given storage
policy routes produced by simple heuristics are much more intuitive for
implementation than routes produced by optimizing algorithms.

Simulation models help to determine a suitable structuring of the stor-
age policy with respect to the actual needs. See Yun and Choi (1999);
Chen (1999); Shabayek and Yeung (2002); Murty et al. (2005) for ref-
erences on simulation approaches for container terminals. For vehicle
transshipment terminals the partitioning of the overall storage space in
areas of suitable size and location is of predominant importance. Typi-
cally, this mid-termed decision has to be taken in accordance with exist-
ing transfer points and tavel-ways, compare Figure 4.1. For the purpose
of operations planning in the Bremerhaven terminal, a partitioning of
the storage space has led to 80 areas of approximately 1000 vehicles ca-
pacity each, see Figure 8.2. In a next step, for each of the storage areas
a suitable storage layout has to be determined.

Storage Area Layout. The layout of storage areas interfaces infras-
tructural decisions with the options to be taken by operational planning
of vehicle transshipment. As we have already seen, import and export
processes differ in the way vehicles are stored into and retrieved from
a storage area. Regarding import, vehicles are stored as a batch and
contingent of the distribution policy, vehicles are either retrieved in the
same batch or they are subject to re-consolidation due to stochastically
arriving customer delivery orders. For export, vehicles are consolidated
according to their destination in order to warrant an effective car carrier
loading in a batch.

The layout of the terminal’s storage space has to support all of the
above processes, which will hardly be obtainable by just one storage
layout. To cover the distinct needs, the layout of storage areas pro-
vided for processing batches is distinguished from a layout suitable for
stochastic retrieval. Batch processing can be best supported by dividing
a rectangular area by lines, such that vehicles are queued within the
resulting stalls in a first-in-first-out (FIFO) fashion. The length of the
stalls should be chosen in accordance with the mean size of batches oc-
curring such that the overall space utilization is sufficiently high. Two
contradicting issues determine the width of stalls. A small width con-
tributes to a higher utilization of the storage space but will come along
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Figure 4.4. Aisle and two rows of stalls at angle a.

with an increased damage rate of vehicles. Therefore quality considera-
tions of vehicle manufacturers will typically dictate minimum measures
for the dimensions of stalls.

Although large volumes of vehicles are processed in batches, the space
requirement for this type of transshipment is rather small. The mean
dwell time of vehicles in the terminal for this type of transshipment will
be in the range of a few days only. To the contrary, import vehicles in
buffer stocks remain longer in the terminal and consequently a major
portion of storage space is devoted to these processes. Therefore, the
storage layout for buffer stocks is of predominant importance. In the
event that vehicles are stored in lines, only the first and the last vehicle
can be accessed directly, which complicates the re-consolidation of vehi-
cles for retrieval. With increasing line length n, the number of directly
accessible vehicles decreases with 2/n, and on average (n —2)/4 vehicles
have to be shunted in order to access a stored vehicle (provided that the
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Figure 4.5. Saving of aisle width due to a stall angle < 90°.

capacity of the storage area is exhausted). In order to avoid shunting at
all, n = 2 is required.

The stochastic retrieval process for buffer stocks suggest stall length
of n = 2 which increases the space required for aisles in order to access
the stalls. The topic of maximizing space utilization for a parking lot
has been discussed in literature, compare Cassady and Kobza (1998);
Thompson and Richardson (1998). For quantitative approaches in park-
ing lot design see Bingle et al. (1987); Iranpour and Tung (1989). In
the following we survey the approaches proposed in the latter two ref-
erences. We consider a flat and rectangular storage area where stalls
for head-in parking are to be arranged in a symmetric way. We assume
that the stalls are accessible through parallel one-way traffic aisles, see
Figure 4.4. Given a prescribed number of storing positions, we aim at
minimizing the storage space required.

We consider the stall width W and the stall length L to be constant,
and decide upon the angle « including the orientation of the aisle and
the stall. The stall depth d, the curve length ¢ and the block length b
depend on a. For o = 90° the storage space is completely utilized, which
appears to render a minimal overall space requirement. The smaller o
gets, the larger the unusable space (grey shaded in Figure 4.4) gets.
However, the overlapping of stalls as shown in the lower part of the
figure do not contribute to the unused space.
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Unfortunately, for o = 90° one quarter of the circular arc with turn-
ing radius 7T is needed in order to access the stall, compare the left part
of Figure 4.5. For o/ < 90° the turning angle required while entering
the stall becomes smaller, because from a certain point on the vehicle
can continue on a straight line. This point is determined where the ex-
tended outer diagonal of the stall forms a tangent with the turning arc.
Because of the smaller turn, the width of the aisle a’ can be diminished
by s. Bingle et al. (1987) show, that there is a tradeoff between in-
creasing ¢, d to ¢, d’ and decreasing a to a/. For large parking lots with
the same number of places, the calculations yield a smaller overall area
consumption for o = 74.2° than for o = 90°. Iranpour and Tung (1989)
confirm this result and prove, that an optimal « with respect to W, L
and T exists.

Next to a saving of storage space, o < 90° alleviates the likelihood of
damages due to turning operations. This complies with the quality re-
quirements of the vehicle manufacturers. Unfortunately, a smaller angle
is not applicable with larger stall length. These have to be operated in
a FIFO sequence, i.e. head-in parking and back out leaving is no longer
feasible. Instead, leaving a stall in the front direction of the vehicle re-
quires a turning arc > 90° in order to comply with the driving direction
of the opposite aisle, compare the bottom part of Figure 4.4. Thus, for
batch operations we commend large stalls operated in a FIFO way with
stall angles of 90°. For import processes, which require an individual
access to vehicles for retrieval, we commend small stall length and stall
angles of approximately 70°.

Personnel Planning. The transshipment of vehicles is a manpower
intensive task. Different to container transshipment, operations cannot
be automated by means of automated guided vehicles, see Section 3.3.
in Steenken et al. (2004). On a strategic level of planning, a structure
for the recruitment and training of personnel has to be set up. On a
tactical level, a working shift model has to be determined, which allows
the flexible usage of personnel depending on the scheduled carrier calls
at the port.

At the Bremerhaven terminal, in former years workload peaks have
been resolved by a flexible hiring of personnel from external sources,
i.e. by workers from a port-wide workforce pool or by volunteers from
the local auxiliary fire brigade. Advances in quality management now
restrict the recruitment of driving personnel to well trained employees
with regular work contracts. In order to keep the flexibility of work-
force, suitable labor tour models can be applied (Brusco and Johns,
1996; Aykin, 2000). Given a dynamic workforce demand derived from a
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Figure 4.6. Mid- and short-termed planning and scheduling problems.

mid-termed liner schedule, labor tour scheduling arranges work shifts of
personnel in accordance to the expected demand distribution.

Nobert and Roy (1998) illustrate the interdependency between labor
tour scheduling and demand leveling in order to cope with an unevenly
distributed workforce demand. The authors consider the planning and
scheduling of transshipment personnel at an airline cargo terminal. De-
spite the fact, that many handling tasks have to be executed on time,
other handling work can be deferred. Thus, a balancing of workforce de-
mand is performed either by providing extra personnel at demand peaks,
or by shifting the demand to non-peak times. Due to the stochastic en-
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vironment, Nobert and Roy (1998) perform both planning tasks simul-
taneously at the stage of operational planning.

For vehicle transshipment, the fixed liner schedule and the mid-termed
announcement of vehicle transshipment allow to perform the labor tour
scheduling on the level of mid-termed planning, see Figure4.2. Demand
leveling and detailed scheduling are performed later on at the level of
operational planning. Figure 4.6 surveys the steps of integrated person-
nel and transshipment task planning. In advance of operations, the liner
schedule and demand forecasts are used for the determination of a fu-
ture demand. Labor tour scheduling takes the demand distribution, the
number and attributes of employees to schedule and further constraints
due to labor and union contracts. Labor tour scheduling aims at an
assignment of personnel to work shifts such that the expected demand
distribution is met as close as possible.

The planning and scheduling of actual transshipment operations is
deferred to decision-making on the operational level.

4.2.3 Operational Decisions

At the operational level, decisions focus the seamless and efficient im-
plementation of work processes on a short-term horizon. In contrast to
the process oriented view taken in Section 4.1, the integrated view to re-
sources is of particular importance. The allocation of storage space, the
scheduling of transshipment operations and the assignment of personnel
to operations are important decisions to be taken.

Storage Space Allocation. For the related problem of container
transshipment, approaches aim at improving the performance of opera-
tions by means of transport control and storage space allocation. A high
productivity of the gantry cranes shortens the berthing time of vessels,
which is the most important goal for container transshipment. Trans-
port scheduling and storage space allocation aim at avoiding bottlenecks
in the service of gantry crane operations. Bottlenecks can be avoided
by using marshaling yards where containers are sorted prior to gantry
crane operations. Another strategy aims at a spread of containers to
(and from) multiple storage locations in order to alleviate congestion of
transport vehicles at the storage yard.

For both strategies, a tradeoff between the transport time and the
handling time has to be taken into account. Central locations accessible
at a high productivity will be heavily used which leads to the stacking
of containers. Stacking in turn lengthens the access time for containers
which is referred to as handling work. Thus, it may be advantageous to
favor remote locations for storage and to avoid extra handling work this
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way. Since information about the hinterland of transport is typically
lacking, see Steenken et al. (2004), storage allocation merely supports
gantry crane operations rather than providing a distance minimal rout-
ing of containers through the terminal.

Approaches to the combined transport and storage allocation problem
are reported in Sagan and Bishir (1991); Taleb-Ibrahimi and Castilho
(1993); Steenken et al. (1993); Kim and Kim (1999); Holguin-Veras and
Jara-Diaz (1999); Kozan and Preston (1999); Bése et al. (2000); Bish
et al. (2001); Preston and Kozan (2001); Zhang et al. (2003); Kim and
Park (2003); Ebben et al. (2004); Nishimura et al. (2005).

Terminal operations in vehicle transshipment differ significantly from
operations in container transshipment.

= First, container flows are strongly fragmented and planning is done
for the entity of a single container. Vehicle flows have much in com-
mon with bulk cargos. The notion of bulk grouping allows the defi-
nition of reasonably sized entities for planning.

= Second, containers may be relocated several times during their stay
in a terminal. Due to the danger of damage resulting to vehicles,
the practice of relocation is avoided at vehicle terminals. Since the
relocation of vehicles should be kept to a minimum, their assignment
to appropriate locations is a matter of importance.

» Third, containers can be stacked upon one another, increasing storage
space, whereas vehicles cannot. The area taken up by vehicle stocks
is enormous, so that the distances to be covered become an important
factor in the planning process.

w Finally, different to container transshipment, reliable data about op-
erations is available in advance. In particular, the locations vehicles
are entering and leaving the terminal are known.

We see the above properties as prerequisites for an effective method-
ological support of transshipment operations. Particularly the grouping
of vehicles into transshipment task entities allows to base operational
decision on optimization. In actual fact, the detailed usage of resources
can be planned days ahead of operations by means of a mathematical
optimization model.

Tactical decisions provide berthing positions or carriers, storage areas
with a prescribed layout, and a personnel capacity n the granularity of
work shifts. Goal of decisions at the operational level is the balancing of
work load on a detailed level, such that the personnel capacity is met and
operations are performed at a high productivity. Planning is performed
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on a rolling horizon allowing that capacity bottlenecks can be identified
and alleviated an an early stage.

To adopt the workload to the prescribed level of personnel, two oppor-
tunities can be taken. First, one portion of transshipment tasks can be
shifted back and forth in time. Second, storage locations for vehicles can
be chosen such that movements to nearby locations at a high produc-
tivity are performed in congested work shifts whereas remote locations
are favored under a relaxed workload situation. Generally, a placement
of vehicles at an area is chosen, which is located close to the straight
line connecting the given two transfer points of a transshipment task.
In case of congestion, a nearby storage location is chosen such that the
distance to be driven is reasonably small, i.e. the task is processed at a
high productivity.

Since storage space is a scarce resource, a capacitate multi-period
optimization model is required in order to benefit from operational deci-
sions. Its in- and output is sketched in the lower part of Figure 4.6: The
personnel assigned to individual work shifts is received as input from
the mid-termed planning. Additionally, the capacity utilization of the
storage system and the distance between areas of the system are input
to the demand leveling step. Finally, transshipment tasks are defined by
grouping vehicles with the same manufacturer and the same destination.

The demand leveling assigns tasks to work shifts and storage space to
tasks, such that the prescribed level of personnel is met and transship-
ment tasks are performed with reasonable high productivity. Chapter 5
presents the optimization model and Chapter 6 presents an Evolutionary
Algorithm to solve the complex problem at hand. So far, a detailed as-
signment of transshipment tasks to (groups of) drivers is missing. This
is subject to the final scheduling step.

Gang Scheduling. A transshipment task is processed by a dedicated
group of driving personnel. Dependent on the charge of vehicles and the
distance moved, a number of taxis carrying up to six drivers each form
a gang with a dedicated foreman. Since for example carrier unloading
is performed under narrow conditions in the vessel, for this type of task
the maximum size of a gang is limited to approximately 50 drivers. At
the minimum, only one taxi with even less than 6 drivers can form a
gang.

Because of organizational issues, a gang structure is fixed for an entire
work-shift of 7.5 hours. Neither the number of gangs nor the number
of drivers assigned to a gang is given in advance. Thus, first a suitable
gang structure has to be determined. Then, the transshipment tasks are
to be assigned to the individual gangs.
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Earliest starting times and latest finishing times complicate the seam-
less integration of tasks into a gang structure. Additionally, precedence
constraints between transshipment tasks apply. The optimization model
on this detailed level of operations aims at the minimization of driving
personnel in order to perform a set of transshipment tasks within a work
shift. It takes the level of personnel from the demand leveling step as an
lower bound and proceeds by keeping the number of additional drivers as
small as possible. A deviation from the lower bound means that waiting
times for gangs occur because of logical or temporal constraints.

The in- and output for this detailed scheduling step is sketched in the
bottom part of Figure 4.6. The storage allocation already performed in
the demand leveling step is replaced by a productivity measure corre-
sponding to the distance covered. In this way the storage area utilization
and the distance between these areas is excluded from the scheduling
model. Gang constraints are taken as a further input such that eventu-
ally a detailed work schedule is determined. Again, Chapter 5 presents
the model and Chapter 7 deals with an elaborated neighborhood search
technique developed for the problem.

Operational Issues. Operational issues refer to details performing
transshipment tasks. This includes, for example the loading and un-
loading of auto trucks, rail wagons and car carriers (Agbegha et al.,
1998). Furthermore, the placement of vehicles inside a storage area is of
concern. So far, storage space has been allocated merely on the level of
storage areas (of approximately 1000 parking stalls each). In even more
detail, the utilization of an area with respect to its storage layout has
to be determined. This is done by priority rule based assignment during
the execution of operations. Although certainly experience is needed to
implement work processes with a high productivity, these issues are not
further investigated throughout this book.

4.3 Summary

In this chapter transshipment operations within a terminal have been
described twice. First, a process oriented view has been taken in or-
der to sketch the work-flows of interest. Then, a resource oriented view
has been taken in order to depict the interrelations of resources shared
by the work processes involved. The latter view has been divided with
respect to management decisions on a strategic, a tactical, and an op-
erational level. The differentiated view allows the optimized assignment
of resources by means of methodological support. In the next chapter
we focus on the operational level of planning and scheduling in detail
and propose a mathematical optimization model. This is operationalized



60 THE MANAGEMENT OF TRANSSHIPMENT TERMINALS

into the demand leveling and scheduling step as already done informally
in this chapter.



Chapter 5

MODELING TERMINAL OPERATIONS

Abstract

5.1

In this chapter we describe terminal operations to be performed in ve-
hicle transshipment. Particular attention is paid to the key-factors for
efficient operations. We show, that next to the matter of a high pro-
ductivity, the balancing of the operation effort is an important goal of
terminal operations. A balanced load ensures safe and reliable opera-
tions, a prerequisite for the transshipment of finished vehicles. Finally,
we discuss tasks and objectives of automated planning and scheduling
for vehicle transshipment.

We formalize operational issues of vehicle transshipment in a math-
ematical model, which integrates storage space allocation and personal
deployment. Such a model is needed in order to assess the problem
difficulty with respect to the number and type of variables, objective
function and constraints. Furthermore, the model supports the organi-
zational embedding of decisions along the planning process. Since the
problem is dynamic by definition, time and/or conditions have to be de-
termined at which recent planning is to be renewed. Finally, the model
is useful to derive manageable problems from a hierarchical problem
separation. To this end the integral model is separated into two sub-
problems coupled by an anticipation term.

Vehicle Transshipment Planning

In this chapter we present a mathematical model for the general case
of integrated space allocation and personnel deployment. Although de-
veloped for vehicle transshipment, the model is applicable to. a wide
array of transshipment applications. The model covers the transship-
ment of non-homogeneous goods, which require an intermediate storage
at a terminal. Reasons for storage comprise a modal shift of goods, the
need for a certain slack in the supply chain, or the need for a buffer stock
in order to ensure delivery reliability.
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Figure 5.1. Three alternatives of allocating a storage location are depicted.

5.1.1  Allocation of Storage Space

Central to our approach is the notion of a task. A task comprises
the relocation of a number of identical (assumed) vehicles, which are
treated as bulk cargo. The vehicles included in the task are supposed
to be transported from an origin to a destination in a given, typically
narrow time window. We differentiate between “storage tasks” entering
vehicles to the terminal and “retrieval tasks”, performing the vehicle
dispatch from the terminal.

We refrain from considering actual distances between locations. In-
stead we consider a productivity measure, i.e. the number of vehicles
that can be moved between two locations per unit time. This measure is
based on distances, but includes setup times and may even be modified
in order to incorporate bottlenecks in the travel way system, etc.

A pure modal shift consists of two successive tasks comprising the
same volume of vehicles. If intermediate storage beyond the planning
horizon is required, storage and retrieval tasks are handled indepen-
dently. The same treatment applies for vehicles to be kept in buffer
stocks. Here, a single storage or retrieval task depicts the consolidation
into a storage area, or the vehicle commission from a storage area.

Customers do not necessarily insist on the transportation within a
certain period, but grant time-windows for both relocation types, the
storage into the transshipment hub and its corresponding retrieval. In
order to model that the storage and retrieval may fall asunder, we con-
sider the transshipment of a charge of vehicles as a pair of storage and
retrieval tasks coupled by a precedence constraint.

Whenever customer granted time-windows for a pair of tasks do not
overlap, an intermediate storage becomes unavoidable. In these cases a
storage location of sufficient capacity is chosen, such that the manpower
demand for both logistic tasks, storage and forthcoming retrieval, is
reasonably small. Whenever the time-windows for a pair of storage and
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Figure 5.2. Tllustration of options to balance manpower. Tasks can be shifted be-
tween periods (a), performed in different modes due to a trade-off between time and
personnel requirement (b), or due to a change of productivity due to the choice of a
storage location (c).

retrieval tasks overlap, typically both tasks are assigned to the same
period, i.e. the vehicles are shipped directly. The consumption of storage
space can be neglected in this case.

A small overall inventory level allows the greatest choice among stor-
age locations; therefore typically storage tasks are assigned to their latest
permissible period of processing, whereas retrieval tasks are correspond-
ingly assigned to their earliest period. Besides a small overall manpower
demand, balanced manpower utilization over the periods considered is
an important goal of the terminal management. A balanced load en-
sures safe operations and simplifies the integration of prioritized tasks
that arrive late.

Therefore an earlier period of storage and/or a later period of retrieval
can be advantageous. Even if direct shipment can be performed, an
intermediate storage of vehicles may be preferable in order to balance
manpower.

Although differently skilled personnel work together in order to per-
form a task, we focus on the drivers, whose costs are almost proportional
to the number of vehicles moved and the distance covered. Therefore,
storage locations are assigned to tasks such that the overall distance of
storage and retrieval is minimized. Even if equal overall distances are
considered, the distribution of storage locations has a significant impact
on the manpower usage. Under a congested condition, we prefer storage
into a nearby location. In this way the utilization of driving person-
nel is kept low at the expense of a higher driver demand for the future
retrieval.

Figure 5.1 illustrates the dependencies. One may accept reasonable
higher manpower consumption — resulting from a long distance — for
periods of modest manpower utilization. This decision turns out advan-
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tageous if it yields a short retrieval distance for a forthcoming congested
period, compare ’location 1’ and ’location 2’. In extremely congested
periods, ’location 3’ may even be preferred — despite the longer overall
distance — because of its exceptionally short storage distance.

5.1.2 Manpower Deployment

In order to ensure safe and reliable operations, drivers are grouped
into gangs of between 5 and 50 drivers assigned to a dedicated foreman.
In this way the choice of modes of performance can pursue the seamless
integration of tasks into a gang structure. However, neither the number
of gangs per shift nor their sizes are known in advance. In actual fact,
gangs are set up flexibly depending on the characteristics of the tasks to
be performed during a shift. Thus, scheduling pursues both, determining
a gang structure and fitting the tasks into this structure.

Figure 5.2 illustrates options to perform tasks. First of all, tasks can
be moved between shifts if permitted by their time-window of processing
(a). Furthermore tasks can be performed in different modes resulting
from a trade-off between driving personnel and processing time required
(b). The interdependencies of location assignment and personnel usage
are shown in (c): Since the (location dependent) productivity has to be
substituted by driving personnel and vice versa, the location capacity
planning and the detailed task scheduling are linked into one integral
problem.

The performance of tasks is constrained in multiple ways. First, a
storage task must be performed before its corresponding retrieval can
take place. In addition bottlenecks with respect to storage capacity
have been taken into account between otherwise unrelated tasks. For
example, a retrieval task has to be completed clearing a storage area,
before another storage task can be processed.

Luckily, no upper limit for the usage of manpower has to be taken into
account because drivers can be hired flexibly from a port-wide workforce
pool. Management aims at avoiding short-term hiring due to the fact
that inexperienced drivers tend to increase damage rates and decrease
productivity. Therefore, besides efficiency issues, an evenly balanced
allocation of manpower is pursued.

5.1.3 Goals for Terminal Operations

In the first case the safe and reliable accomplishment of terminal oper-
ations has to be ensured. Although carrier, forwarder and hub operators
are primarily interested in a high productivity of operations, all of them
have to meet the concerns of the manufacturer and avoid damaging of
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Figure 5.8. Illustration of the objective function considered.

vehicles whenever possible. However, an unbalanced workload will re-
sult in congested periods with a relatively high risk of damages. Thus,
terminal operations aim at balanced manpower utilization under the
constraints of efficient loading and unloading operations.

Obviously, it is trivial to balance workload over the shifts by decreas-
ing the efficiency of operations in shifts of relaxed load situation. In
order to keep operations efficient, a regular level of manpower has to be
specified by the human planner as a positive estimate of the manpower
demand over the shifts. Now it is subject of the automated planning pro-
cedure to place tasks such that the manpower demand is drawn as close
as possible towards the level of regular manpower given. In this way the
manpower consumption is balanced by ensuring efficient operations over
the shifts considered.

Figure 5.3 illustrates a solution of 17 tasks placed in 4 shifts. Within
each shift, horizontal guillotine cuts indicate the number of gangs in-
corporated, i.e. 3 gangs for the first shift. Time-window or precedence
constraints hinder a seamless integration of tasks, e.g. for the uppermost
gang in shift number one idle-time has to be accepted in the middle of
the shift’s time-span. The highest vertical extension of tasks in a shift
determines its manpower requirement for this shift. The dashed line
represents the regular level of manpower prescribed as an optimistic es-
timate of the human planner.

An even better solution would aim at filling the gaps in shifts one,
two and four. This will hopefully lead to a manpower level that is closer
to the regular level of manpower than given in the solution depicted in
Figure 5.3. Finally a transfer of transshipment volume or a change of
productivity is needed in order to increase the manpower demand for
shift number three. The losses accompanied with such a change may
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lead to the opportunity of a further reduction of the manpower demand
for shifts number one, two or four.

5.2 An Integrated Transshipment Model

First we model problem resources to be considered, i.e. time, tasks,
manpower, storage areas and transfer points, and finally the productivity
based telemetry in order to cover transport costs. Then, the variables
of the model are described, before we turn to detailed considerations
of the several classes of constraints involved. We differentiate tempo-
ral constraints from gang-oriented, manpower, location and inventory
constraints. Finally we formalize the objective function proposed in
Chapter 5.1.3.

In order to separate input data from variables, we denote the former
with capital letters and the latter with lowercase letters. Central figures
are the number of time ticks 7', the set of tasks A and the set of storage
areas F'. Constraint sets are typically stated by using dynamically gen-
erated subsets of T, A and F'. Subsets are expressed by S : condition,
denoting a subset of set S for which condition holds.

5.2.1 Problem Resources

Tasks. For task j a certain number of vehicles L; are to be moved in
a time interval specified by its earliest starting time EST; and its latest
finishing time LFT;. Vehicles of a task are either to be stored (Y; = 8)
or retrieved (Y; = R). In case of storage @); denotes the given origin,
whereas in case of retrieval Z; prescribes the destination. Clearly, the
destination of a storage task is subject to search and is therefore modeled
as decision variable. The role of the origin of retrieval tasks is not that
obvious:

m In case of a coupled transshipment, i.e. storage and retrieval task of
a certain number of vehicles fall into the same planning horizon, the
origin of the retrieval depends on the destination of the storage task.

» In case of an uncoupled retrieval task, the origin is specified by Q;.
A set of tasks j € A

L; number of vehicles relocated by task j

EST; earliest starting time of task j

LFT; latest finishing time of task j

Y; € {S,R} denotes type (storage, retrieval) of task j
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Q) originof task jforj€ A:Y; =8
Z; destination of task j for j € A:Y; =R
V; predecessor task of task j for j € A:Y; =R, V; = () otherwise

If tasks ¢ and j are coupled so that ¢ precedes j, then V; =14, Y; =8
and Y; = R. Furthermore, for both tasks i and j: L; = L; and Q; = Z;.

Time. The terminal operations are performed during separated shifts.
There are two shifts per day, and each shift comprises 7.5 working hours.
Discrete time steps model the flow of time. Since a resolution of 1/2 hour
is used, each shift consists of ¢t; = 15 time ticks . Although not limited
by the model, let us consider that at most 19 consecutive shifts are
planned simultaneously. Since shift boundaries are not stated explicitly,
a total of T'= 19 x 15 = 285 ticks are considered.

t time ticks for the entire planning horizon, t =0,...,T

ts the number of time ticks per shift is set to a prescribed value

u the shift number of time tick ¢ can be calculated by u(t) := HEJ
Manpower. The model provides a regular number of drivers R, on a
per shift basis, which is chosen close to, but typically below, the expected
demand. Since performing a task requires an administrative overhead,
its minimal driver utilization is restricted to a useful number of drivers
R™n  We can suspect bottlenecks in the traffic system, i.e. bridges
crossing rail connections as shown in Figure 4.1. Therefore we suppose
a decreasing benefit of engaging additional drivers beyond a certain num-
ber. Hence we provide a limitation R™** on the number of drivers per
task in the model. In practice, between 5 and 50 drivers perform a task.

R,, regular manpower (number of drivers) employed in shift «
R™™ minimum number of drivers required performing a task

R™2* maximum number of drivers allowed performing a task

Locations. For internal locations, indicated by a type descriptor H =
I, a capacity K and inventory levels B are considered. External locations
with H = E serve as transfer points and consequently no capacities or
inventory levels are maintained, cf. Figure 5.4. Car carrier operations
have to be performed under spatially narrow conditions; therefore a
maximal number of simultaneously operating drivers M is specified for
a location.
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Figure 5.4. Illustration of terminal as considered in the planning and scheduling
module. Internal locations represent storage areas of certain capacity, whereas exter-
nal locations merely represent transshipment points. Locations are connected by a
system of travel ways.

2/

I set of parking lots ¢ € I

H; € {I,E} describes type (internal, external) of location ¢
K, capacity of internal location ¢

B; initial inventory level of vehicles of internal location ¢

M; maximal number of drivers working simultaneously in location ¢

Distances. Productivity ¢(i1,19) between location ¢; and ig deter-
mines the number of vehicle movements between ¢; and 75 one driver
can perform during a time tick. Analogously, the production coefficient
¢~ ! gives the time needed to perform a single vehicle movement {cycle).

©(%1,72) productivity between location 4 and location iy with 41,79 € F

5.2.2 Decision Variables

Storage Areas. Only the destination of storage tasks z; can be sub-
jected to a search. In case of a coupled transshipment, the origin of
retrieval q; equals the destination of its logical predecessor, i.e. ¢; = zy;.
For this reason origins are also modeled as (dependent) variables.

zj € F destination location of task j

g; origin location of task j, if V; # 0
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Manpower demand. Since the number of gangs and their size differ
from shift to shift, we do not model gangs explicitly. Instead the number
of drivers utilized in a gang is stored as attribute p; of its tasks. Thus, all
tasks a gang performs during one shift have the same number of drivers
assigned to them. Since different gangs can have the same manpower
demand, p; does not suffice to uniquely determine a gang.

Therefore we model a gang as a chain of predecessor relations n;
among tasks. The first task j in the chain with n; = 0 stands proxy for
the implementation of a gang with p; drivers assigned to it.

Pj [Rmin,-- -, Rmax| number of drivers employed for task j

n; € A predecessor task of j in the same gang chain

Starting and Completion Times. We can derive starting times s;
from a gang chain by assuming left shifted scheduling at the earliest
possible starting time. Similarly the completion time c; of a task is fully
determined, see Equation (5.19).

s; [1,...,T) starting time of task j

¢; [1,...,T] completion time of task j

Inventory Control. Inventory levels are maintained for each internal
location and every time tick. External locations are not considered here,
because they are customer-owned and merely serve as transfer points for
storage and retrieval tasks. Clearly the modifications of inventory levels
depend on the starting- and completion time of the tasks involved.

ly; inventory of location ¢ at time ¢

Independent variables of central denotation are the destination loca-
tion in case of storage z;, the number of driver performing a task p;
and the implicit assignment of a task to a gang n;. These figure fully
determine a solution to the problem, all other variables are derived by
means of constraints to be considered.

5.2.3 Constraints

Temporal Constraints. Equations (5.1) ensure that the starting-
and completion time of task j fall into the same shift, i.e. tasks can-
not be processed across shift boundaries. Time windows of tasks are
taken into account by Equations (5.2) and (5.3). In case of coupled
tasks precedence relations are considered by Equations (5.4) ensuring
that tasks do not overlap in time. Note that time is considered in inter-
vals instead of points in time, thus we have used the “strictly greater”
operator in Equations (5.4).
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u(s;) = ulcy), Vie A (5.1)
s; > EST;, VjeA (5.2)
c;j < LFTj, Vie A (5 3)
8 > CVjs . V]EAVJ;&@ (54)

Gang Constraints. Equations (5.5) ensure that all tasks of a gang
fall into the same shift. Equations (5.6) avoid the splitting of gangs by
ensuring that no two tasks share the same predecessor. Finally, Equa-
tions (5.7) enforce that tasks belonging to the same gang have the same
number of drivers assigned to them. Hence we can interchangeably use
the terms gang and task in the context of manpower requirements. Simi-
lar to Equations (5.4), Equations (5.8) ensure that tasks assigned to one
gang do not overlap in time.

u(s;) = u(sny), VieA:n; #0 (5.5)
n; # ng, Vj,kEA:j#kANj#(bAnk#Q) (5.6)
Pj = Pnj VieA:n; #0 (5.7)
85 > Cn, VjGA:nj#w (58)

Manpower Constraints. Equations (5.9) and (5.10) restrict the num-
ber of drivers assigned to a gang. Equations (5.11) implement a more
intricate constraint on the grouping of drivers into gangs. Drivers may
hinder each other while working at the same location (even if they per-
form different tasks). Thus, the maximum number of drivers simultane-
ously allowed at location 4 can be restricted.

p; > R™  VjeA (5.9)
pji < R™, VjeA (5.10)
> p; < My, Vi€ FVt=0,...T (5.11)

JeA:(q=1Vz;=i)As; <t<c;

Location Constraints. Equations (5.12) assign the prescribed origin
for storage tasks as well as for uncoupled retrieval tasks. The prescribed
destination of retrieval tasks is assigned by Equations (5.13). In case of
coupled tasks, a predecessor of the retrieval task exists. Equations (5.14)
state that the destination of storage equals the origin of retrieval. Fur-
thermore, Equations (5.15) restrict the destination of storage tasks to
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internal locations. In this way the storage into transfer points is pre-
vented.

g = Qj VieA:Y; =8V (Y;=RAV;=0) (5.12)
zj = Zj VieA:Y;=R (5.13)
G = zv, Vi€A:Y;=RAV;#0 (5.14)
H, = 1, VieA:Y; =8 (5.15)

Inventory Constraints. Equations (5.16) assign an initial inventory
level at t = 0 to all internal storage areas 7. The set of dynamic inventory
balance equations (5.17) maintains the inventory level from ¢t = 1 to 7.
Only internal areas i, (H; = I) are taken into account, such that the L,
vehicles of storage task j,(z; = i) are added at ¢, (s; = t). Conversely,
the L; vehicles of retrieval task j, (g; = i) are subtracted at ¢, (c; = t).
This formulation considers each task j twice by removing vehicles as
early as possible from ¢; and by adding them as late as possible to z;.
In this way buffer times are provided in order to avoid traffic jams.
Equations (5.18) keep the inventory level within the feasible domain.

l(),i = By, VieF: H=I1I (516)
i = b= Y, Li+ Y. Ly
JEA: JEA:
qj:i/\c]-:t Zj:i/\szt
VieF: H=1,Vt=1,...T (5.17)

Iy < Kj, VieF: H, =1 Vt=1,...T (5.18)

Completion Time. Equations (5.19) determine the completion time
of a task dependent on its starting time and duration. The duration of
a task depends on the number of vehicle relocation cycles required and
the duration of an individual cycle, resulting in a non-linear constraint.
The vehicle volume L; and number of drivers p; determine the number
of cycles. A non-integer value of L;/p; indicates that only a subset of
drivers can be used in the last cycle. The rounding to the next larger
integer implements that the remaining drivers may have to wait for their
driving colleagues during the last cycle.

The duration of an individual cycle is given by the coefficient o L
which depends on the productivity measure between the associated stor-
age areas. Fractional durations are rounded up to the next time tick.
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Figure 5.5. Example of the impact on a task’s processing time by the productivity
and the number of driver involved.

L] _ :
¢ =8+ Hp—ﬂ P 1(%%‘)} , VjeA (5.19)
J

Figure 5.5 illustrates the dependencies expressed by Equations (5.19)
for a task of L; = 200 vehicles. The duration of processing decreases by
either increasing the number of drivers p; or by increasing the produc-
tivity .

The non-linearity of the constraint can be easily recognized from Fig-
ure 5.5, where the duration of processing increases non-linearly with a
decreasing number of drivers p; or/and a decreasing productivity g;, z;
of task j involved.

The integer conditions with respect to the vehicle relocation cycles
performed as well as with respect to time intervals covered lead to the
stairways-like function with plateaus of identical performance. When-
ever there is a choice, efficient points of a plateau should be implemented.
For instance, a productivity of 5 and 40 drivers denote an efficient point.
Neither a further increase of productivity nor an increase of the number
of driver involved can lead to an additional shortage of the processing
time.



Modeling Terminal Operations 73

5.2.4  Objective Function

Since the tasks are externally defined and therefore prescribed for a
problem instance, solely the manpower requirements can be subject to
optimization. A minimization of the total number of drivers summed up
over the shifts considered will probably lead to a cost minimal solution.

However, an uneven usage of manpower will not comply with the qual-
ity issues of operations. From the viewpoint of quality management a
leveling of the manpower demand over the shifts considered is preferable.

We pursue a combination of both goals by minimizing the deviation of
manpower demand from a prescribed (typically optimistic) regular level
given by Ry for shift k.

Po= > p (5.20)

jeAu(s;)=kAn;=0

Equation (5.20) determines the driver demand Py for shift k. This
figure is easily calculated by summing up p; over a representative task
J for each gang (n; = (0 considers the first task of a gang only) that is
processed in shift k.

u(T")

min f(z,p,n) = Y (R — Py)’ (5.21)
k=1

By taking Equation (5.1)-(5.19) into account, a solution to the prob-
lem is fully determined by an assignment of the decision variables z;,
p; and n; for all tasks j € A. Equation (5.21) minimizes the squared
deviation of Py from the regular level Ry over the shifts considered. In
this way a unit of a large deviation is penalized more highly compared
to a unit of a small deviation.

By comparison with Figure 5.3, we immediately grasp that summing
up the driver demand of an arbitrary task for each gang implemented
in a single shift k& results in the total driver demand Pj considered.
The minimization of the squared deviation to the regular demand Ry
(given as dashed horizontal line in the figure) is a meaningful objective
to balance the manpower demand.

Since the demand P is drawn towards Ry, a reduction of the sum
of the manpower demand is pursued whenever Ry is low (enough). In
the event that Ry is set too low the focus of the optimization gets lost,
because the deviation to Py is not meaningful anymore. With Ry set
properly, however, the objective function formulation aims at leveling
demand peaks while increasing the overall productivity of the terminal
at the same time.
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5.3 Problem Separation
5.3.1 Implications of the Integral Model

For the matter of problem separation Schneeweiss (1999) differentiates
between an organizational hierarchy due to information asymmetries and
a constructional hierarchy, which reduces conceptual and/or computa-
tional complexity. In the following we show that both issues exist for the
integral model presented, which calls for a separation of the problem,

Constructional Hierarchy. The model defined above comprises a
large number of integral variables and at least one set of non-linear con-
straints of central meaning. Characteristics of the problem are related
to the

® general assignment problem: This problem considers the assignment
of items to sites. Although efficient algorithms exist for special cases
of the problem, the more general formulation, e.g. allowing the assign-
ing of multiple resources remains as a challenge (Gavish and Pirkul,
1991). Variants of the problem differ with respect to the number and
type of constraints involved (Laguna et al., 1995).

» transshipment problem: This variant of the famous transportation
problem was introduced by Orden in 1956 (Williams, 1999). Al-
though the transportation problem decides on flows between various
sources and sinks, this formulation can be used to model assignments
between sources and sinks as well. In the case of transshipment, be-
side the explicit distinction of sources and sinks, nodes can act as
sources and sinks at the same time.

= dynamic lot-sizing problem: Dynamic lot-sizing decides on the peri-
ods of producing a good in a certain quantity under the assumption
of a costly storage of goods beyond the period of production (Haase,
1993). The multi-period formulation of the problem necessitates dy-
namic inventory balancing equations in order to couple the inventory
of the periods considered.

m resource constrained project scheduling : This problem is concerned
with the assignment of resources to tasks over time (Kolisch, 1995).
The scheduling problem becomes difficult because of logical prece-
dence relations between tasks encountered as well as earliest and
latest finishing times considered for tasks. A recent work considers
the allocation of resources over time, which allows the modeling of
the intermediate storage of goods (Schwindt, 2002).
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Since for all of the above problems the generation of an optimal so-
lution remains as a computational challenge, we cannot expect to solve
the integral problem sufficiently fast (if at all).

Also the problem size may prohibit solving a problem instance to opti-
mality. Bear in mind, that more than 1,000,000 vehicles are transshipped
via large terminals per year. This figure has to be doubled, because each
vehicle is moved twice. Approximately 6,000 vehicles are processed per
day. By assuming a mean task volume of 200 vehicles, 30 tasks have to
be processed. By taking a planning horizon of 10 days only, 600 tasks
have to be assigned to periods, reasonable storage areas have to be found
among dozens of locations, and finally, within each shift, the tasks to be
distributed to several gangs of varying size.

Organizational Hierarchy. Due to the stochastics of the available
data, a solution procedure will be applied iteratively in the framework
of a decision support system. A human planner is able to modify crit-
ical input data interactively. Therefore the process of evolving a final
solution typically requires a number of successive optimization cycles al-
ternated with data modifications performed by a human planner. This
process requires a solution procedure, which allows for problem refine-
ment during successive optimization cycles, and generates solutions as
quickly as demanded by interactivity.

To cope with the argument of successive data refinement, in the fol-
lowing we separate the integral model into a mid-term planning model
and a short-term scheduling model. Besides the obvious benefit of re-
ducing problem complexity, organizational advances can be stated:

s Planning and scheduling is applied on the basis of a rolling time
horizon, cf. Figure 5.6. As time passes by, data about future terminal
operations is becoming more accurate. The tasks of a shift are re-
planned with varying data, before the shift is eventually deployed
and finally implemented. The planning of far-termed shifts can be
done approximately on a mid-term level only. The relatively bad
data quality concerning far-termed shifts does not justify a detailed
scheduling from the first time of consideration on.

s A human planner can decide on the number of shifts the detailed
scheduling actually covers. In the extreme, one may even omit any
detailed scheduling while merely relying on estimates obtained from
mid-term planning. Scheduling can then be integrated into the opti-
mization course successively in later cycles. Thus, the separation of
mid-term planning and short-term scheduling takes up the existence
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Figure 5.6. Scheme of planning on a rolling time horizon.

of information asymmetries for temporal as well as for organizational
reasons.

In terms of Schneeweiss (1999), the concept of problem separation
supports both, an organizational hierarchy due to information asymme-
tries , and a constructional hierarchy, which reduces conceptual and/or
computational complexity. Although for our purpose the reduction of
computational complexity is aimed at in the first case, also information
asymmetries exist due to the stochastics of data. Obviously, data about
tasks to process in the future are less specific than task data belonging
to the current shift of execution. We benefit from a mid-term plan-
ning based on relatively rough data, which can be iteratively refined by
short-term scheduling in later stages of the planning procedure.

Such an approach has to integrate mid-term capacity planning and
short-term scheduling, see Nobert and Roy (1998), for an application at
an air cargo terminal. The authors describe the capacity planning as
a problem of determining the manpower requirements in a given plan-
ning period. The scheduling problem consists of designing efficient work
schedules that satisfy the manpower requirements and comply with reg-
ulations that apply.

The problem separation is presented in detail in Section 5.3.2.Furthermore
we consider heuristics, because the sub-problems generated by the prob-
lem separation are still too complex to be solved exactly. A reason-
able way of solving the mid-term planning problem is given in detail in
Chapter 6. Finally the development of a reasonable heuristic for the
short-term scheduling problem is subject of Chapter 7.

5.3.2  Hierarchical Problem Separation

We separate the integral model into a mid-term oriented allocation of
storage space, i.e. an assignment of tasks to periods and storage space
to tasks (top-level), and a short-term oriented personnel deployment, i.e.
scheduling of tasks into gangs of a shift (base-level).
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Figure 5.7. Scheme of the hierarchical separation into a top-level planning model
and a base-level scheduling model to be solved for each shift separately. The top-
level model considers a manpower aggregate in terms of “driving hours” while the
base-level model considers the number of drivers directly.

Top-Level Model. The model decides upon the processing shift u(s;)
and the storage area z;. Therefore, constraints (5.1)-(5.4) are relaxed
by considering a single tick per shift only, i.e. s; = ¢; = u(s;) = u(c;).
Equations (5.5)—(5.11) are no longer relevant, because neither gangs nor
drivers are considered in the top-level model. Decisions regarding the
choice of storage locations must satisfy Equations (5.12)-(5.15). All
decisions to be taken are linked by a shift-oriented relaxation of the in-
ventory constraints (5.16)—(5.18). Since the duration of tasks is relaxed,
i.e. s; = ¢;, different to the integral model a storage area can be reused
immediately at the time it is emptied.

« 1 -
Py =+ > Lo g, %) (5.22)
S JjeAu(s;)=k

Since p; is not defined in the top-level model, Equation (5.20) is not
applicable. Therefore we determine P} in Equation (5.22) to estimate
the manpower demand for shift & by dividing the aggregate “driving
hours” by the number of ticks per shift 5. Since P} is a lower bound
on the actual driver demand Py, we can still use Equation (5.21) as the
objective function with the only difference of using P} instead of Fj.
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Figure 5.8. Example of a solution to the mid-term model for operations planning.

Before we proceed by deriving a mathematical model for the base-
level problem, we sketch the mid-term model by an example. Figure 5.8
depicts two solutions for 19 shifts with 312 tasks in different stages of
the optimization course. The x-axis denotes the shift &, whereas the y-
axis depicts the manpower capacity. The number inside a shift-column
reports the number of tasks processed in that shift. The number on top
of a shift-column reports its anticipated driver demand P.

Two horizontal lines are shown in the figure. The above line refers to
the mean manpower demand over the shifts for solution (a). Note, that
in solution (b) almost all shifts show a smaller manpower demand than
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Figure 5.9. Example of short-term operations scheduling.

the mean demand of (a). Obviously, significant efficiency improvements
with respect to the manpower utilization have been gained. The lower
horizontal line refers to the regular manpower demand Ry,

The extremely high manpower demand of 331 drivers for shift 2 in
solution (a) is decreased by moving tasks into shifts 0 and 1 in solution
(b). If time windows are narrow, a movement of tasks may not be
feasible, as it is the case (data not shown) for shift 11 in the example.
In order to gain improvements here, alternate location assignments are
considered.

The choice of remote locations in shifts with a relaxed manpower
demand is by no means a waste of capacity. Rather, distant storage
areas are chosen in order to employ the number of regular drivers Ry.
In this way central locations of potentially high productivity may be
preserved for use in a forthcoming congested shift. Here, the driver
demand for shifts 7,8 and 9 increases in (b), whereas the demand of
shifts 10 and 11 significantly decreases.

Base-Level Model. At the base-level, operations scheduling can be
carried out for each shift separately. Scheduling receives the locations g;
and z; and the shift u(s;) as input data from the top-level. The temporal
constraints (5.2)—(5.4) apply in their original setting. Furthermore, gang
related constraints (5.5)—(5.7) and manpower related constraints (5.9)-
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Figure 5.10. Scheduling is (partly) anticipated by a deterministic simulation in the
top-level model. By considering EST, and LFT) at the level of time ticks for shift &,
the actual manpower demand can be much better estimated.

(5.11) apply. Instead of controlling the inventory in the detailed model,
precedence constraints as expressed by Equations (5.4) are inserted for
all tasks ji,72 € A if jo re-uses a certain storage area directly after it
has been emptied by j;.

Since for the base-level model Equations (5.19) apply, Equation (5.20)
can be used to determine the actual manpower demand £, i.e. the
number of drivers required for the shift. The goal of the base-level
problem is to draw Py as close as possible towards ;. Minimizing Py
can make this goal operational.

Although, at a first glance, operations scheduling shows apparent sim-
ilarities with multi mode project scheduling (Brucker et al., 1999), it dif-
fers in the objective function pursued and in the minor role of precedence
relations to be considered. The introduction of gang constraints requires
the consideration of two successive problems. At the upper level, tasks
are assigned to gangs, whereas at the lower level the manpower-minimal
order of tasks is determined for each gang separately.

The assignment of tasks to gangs does not completely specify a solu-
tion, since different task sequences within a gang may still be feasible.
Thus, as a sub-problem the manpower-minimal task sequence has to be
calculated. Figure 5.9 presents a fairly good solution for shift no. 2 of
Figure 5.8(b) with 31 tasks and an approximated manpower demand
of 187 drivers. The tasks are depicted over the 480 minutes of a shift
(x-axis) requiring a total of 190 drivers organized in 9 gangs.

Base-Level Anticipation. The validity of the hierarchical separation
depends on how well P} approximates Py. If there is a weak correlation
only, the top-level model will take unfavorable decisions with respect to
the base-level model. According to Schneeweiss (1999), there should be
an anticipation of the base level. We follow Schneeweiss by generating
an approximate schedule already at the top level, see also Schneeweiss
and Zimmer (2004).
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Figure 5.11. Integration of the hierarchical separation of the solution procedure. The
anticipatory simulation is integrated in the top-level procedure.

In so doing a time resolution at the tick level is taken into account,
which allows a partial support of Equations (5.2)—(5.4). The starting
and completion times are set to the prescribed earliest starting times and
latest finishing times, i.e. s; = EST}; and ¢; = LF'T;. This consideration
of task durations at the level of time ticks improves P} to P;*.

On the left of Figure 5.10 manpower capacity is treated on a per-ghift
basis in accordance with Equation (5.22) of the top-level model. The
right side shows the estimated number of drivers P;* obtained by the
anticipated schedule construction, which will be considerably closer to
Py, compared to P .

Figure 5.11 shows the integration of the anticipatory simulation in the
two-level solution procedure. The top-level produces P} which is refined
by the base-level anticipation to P;*. This cycle can be run several times
before the solution (for which P}* has been determined) is irrevocably
passed on to the base-level. On this basis, Py is generated and finally
implemented.

Since the top-level problem considers an aggregate of the actual man-
power demand to be considered, we are able to run the top-level model
without support from the underlying base-level model, while retaining a
meaningful result for the problem instance under consideration. When
the disposition applies the procedure on a rolling time horizon, usually
many shifts are involved in a problem instance. Typically only a small
subset of shifts in the near future has to be implemented. Only for these
shifts the base-level model has to be considered.
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5.4  Summary

In this chapter we have modeled vehicle terminal operations under the
goal of meeting customer expectations. In particular, low damage rates
are essential for successful business, which can be achieved by balancing
the workload.

A balanced workload can be obtained first by shifting transport tasks
forth and back, and second, by an appropriate allocation of storage
space with respect to the transport distance covered. Moreover, safe
and reliable operations are achieved by a deployment of personnel into
gangs.

We have shown that the decisions to be taken highly interrelate with
each other, leading to a complex optimization problem. Several resources
enter the model as input data, namely, discrete time steps, transship-
ment tasks, storage areas and transfer points and finally a productivity
based distance metric for the locations considered.

The resulting model depicts the apparent dependencies between the
choice of the storage area and the mode of task processing, i.e. its uti-
lization of the transport facility. In this way the model seems generally
applicable to transshipment problems where the distance to be covered
and the amount of transport facility needed interrelate.

The complexity of the model suggests a hierarchical separation into a
mid-term consideration of terminal and manpower capacity and a short-
term consideration of personnel deployment. Both sub-problems derived
will be still too complex in order to be solved exactly. However, the
separation may yield a reasonable problem difficulty, which allows the
application of heuristics.

Whenever an integral model is hierarchically separated, an anticipa-
tion of base-level decisions has to be considered with respect to decisions
taken at the top-level. Clearly, the ways of anticipating future decisions
are problem specific. For our purpose we have integrated certain aspects
of detailed scheduling into the period-oriented planning model.



Chapter 6

ALLOCATION OF STORAGE SPACE

Abstract  This chapter addresses the allocation of storage capacity over time.
Transshipment tasks compete for storage space in spatially distributed
storage areas of finite capacity. Although the optimization model de-
veloped suggests considering the assignment of tasks individually, the
Evolutionary Algorithm proposed evolves a capacity utilization strategy.
This capacity utilization strategy then controls a construction heuris-
tic, which assigns tasks to periods and allocates storage areas to tasks.
A well adopted construction heuristic allows solving large instances of
space allocation problems.

6.1 Space Allocation Problems

The space allocation is an important task in the mid-term planning
of vehicle transshipment operations. Since vehicles cannot be stacked,
the land use of terminals can be enormous. Thus, the transportation
effort plays a major role for the efficiency of a terminal. Unfortunately,
capacity constraints on the storage areas implemented in multi-period
models are needed in order to depict transshipment processes reasonably
well. Moreover, a large number of storage areas and an even larger
number of transshipment tasks have to be considered. In the following
we present a heuristic approach to cope with the problem at hand.

First, we give a brief overview on recent approaches to related prob-
lems. In Section 6.1.2 we describe our problem and present a mathemati-
cal formulation of the problem in analogy to Section 5.2. In Section 6.2 a
procedure for the generation of test problems is proposed. In Section 6.3
we describe the construction heuristic controlled by the capacity utiliza-
tion strategy. In Section 6.4 the adaptation of this strategy is subject to
an Evolutionary Algorithm, for which we perform a thorough computa-
tional investigation.
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6.1.1 Literature Overview

Space allocation problems consider the allocation of storage capacity
to inventory with respect to transportation effort (Kusiak, 2000, 412-
427). Whenever the deviation of the transshipment volume over time is
rather small, the problem can be solved by modeling one period only.
The assignment of storage areas to tasks can be done by a variant of the
standard transportation problem, which minimizes the transportation
effort between spatially distributed storage areas.

Already in 1956, Orden introduced the transshipment problem, which
extends the model by the flow of commodities from origins to destina-
tions via intermediate transshipment points (Williams, 1999). Nowa-
days, advanced multi-stage, multi-commodity distribution models con-
sider sources and destinations interconnected by distribution centers and
consolidation points (Fleischmann, 2005). These models, however, pri-
marily address strategic decisions because of their simplifying assump-
tions.

Provided that storage in standardized racks, the space-allocation prob-
lem can be sourced out to a generously dimensioned automated stor-
age/retrieval system (AS/RS)(Muralidharan et al., 1995). Research
in this field is targeted at finding reasonable or even optimal policies.
Whenever the availability of storage space is constrained, the temporal
dependencies between transshipment tasks with regard to the storage
space consumption have to be taken into account. This must already
be included at the level of task planning and cannot be deferred to the
level of process control at the AS/RS.

To support this goal, storage space allocation problems may be mod-
eled as vehicle routing problems (Bramel and Simchi-Levi, 1997) with
intermediate storage facilities (Angelelli and Speranza, 2002). This way
of modeling maintains a focus on the utilization of the transport facility.

By focusing on precedence dependencies of transshipment tasks, we
may model the problem as a resource constrained project scheduling
problem where tasks can be performed in various modes (Brucker et al.,
1999). Here, storage areas of finite capacity can be depicted as non-
renewable resources (Neumann and Schwindt, 1999; Schwindt, 2002),
which can be handled efficiently (Laborie, 2001). However, the problem
complexity prohibits finding satisfying solutions to any reasonably sized
problem at this detailed operational level.

Literature concerned with container transshipment stresses the par-
ticularities of equipment handling. The stacking of containers decreases
the storage space needed and hence also decreases the mean transporta-
tion effort required. To the opposite handling work increases in case of
stacking and therefore we observe a tradeoff between the consumption
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of storage space and the handling work required (Taleb-Ibrahimi and
Castilho, 1993). The authors aim at calculating the minimum space
required for a given transshipment rate. Furthermore, the minimal han-
dling costs can be obtained for a given storage space. Both figures
address strategical/tactical decisions only.

At an operational level Kozan and Preston (1999); Preston and Kozan
(2001) suggest optimizing the allocation of storage space such that setup
times (synonymous for handling work) and transport time become min-
imal. The authors use a Genetic Algorithm in order to generate a se-
quence of geo-coordinates, at which containers are to be placed. Stacking
of containers is penalized by additional handling times, whereas unneces-
sary detouring during container placements are penalized by additional
transport effort. The approach does not consider multiple periods of
transshipment.

Time is incorporated either implicit by applying suitable rules for
space allocation, i.e. based on the duration of stay of containers in a
yard (Kim and Park, 2003). Bish et al. (2001) make timing explicit by
means of a (single period) scheduling model. The authors minimize the
time needed to unload a container ship under the constraints of limited
availability of storage areas and transport vehicles. The model developed
assigns container to storage areas and vehicles to containers. Handling
work is not considered in this rather simple model.

Zhang et al. (2003) propose two successive MIP formulations to be
solved for a multi-period problem. First, the workload is balanced over
the storage areas available, before second, the transportation effort is
minimized. Workload can be balanced between various periods by means
of space allocation decisions. This multi-period assignment problem is
applied on the basis of a rolling time horizon by currently adjusting the
solution to forthcoming changing conditions.

In vehicle transshipment, handling work is assumed constant and
therefore just transport effort is to be minimized in storage space al-
location models. See Mattfeld (2003) for an earlier work on this subject.
Here, the balancing of workload is of first importance. Different to con-
tainer transshipment, where the buffering of containers at a marshaling
area can be used to balance workload over time, in vehicle transship-
ment such buffer facilities do not exist. Because of reasons of reliability
and safety, the number of movements of vehicles is to be kept at the
absolute minimum. Furthermore, a balanced workload over the periods
contributes to the safety of operations.

In the following we consider a capacitated multi-period space allo-
cation problem where transportation tasks between two transfer points
call for intermediate storage. Besides the choice of appropriate stor-
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age areas, time-windows allow for selecting periods of operation. Since
transportation volumes fluctuate strongly over time, a balanced utiliza-
tion of vehicle driving personnel is aimed at. The transportation effort
constitutes an important cost driver; therefore efficient operations are
also pursued.

The Evolutionary Algorithm proposed to solve this problem evolves
capacity utilization strategies. The capacity utilization strategy controls
a construction heuristic, which performs the actual plan generation. This
algorithm is particularly well suited for the capacity constrained plan-
ning of space allocations on a rolling time horizon. The assignment of
tasks to periods and the allocation of storage space have to be carried
out for the periods of the planning horizon. Thereby the deviation of
manpower demand over the periods is to be minimized while keeping
the overall manpower consumption reasonably small.

6.1.2  Problem Modeling

We consider a transshipment terminal which consists of a network of
spatially distributed (internal) storage areas of finite capacity intercon-
nected by travel ways. This scope of the network is extended by (ex-
ternal) transfer points which depict the interfaces of the terminal to the
outside world, i.e. berthing facilities, rail ramps, and dealer compounds.
The manpower demand — standing proxy for other transportation costs
— generated by a relocation of vehicles is determined as a function of the
number of vehicles (volume) and the distance covered (Daganzo, 1999).

Services offered to customers comprise the transshipment of charges of
vehicles from one transfer point to another. Customers do not necessarily
insist on the transportation within a certain period, but grant time-
windows for both relocation types, the storage into the transshipment
terminal and its corresponding retrieval . In order to model that the
storage and retrieval may fall asunder, we consider the transshipment of
a charge of vehicles as a pair of storage and retrieval tasks coupled by a
precedence constraint.

Whenever customer granted time-windows for a pair of tasks do not
overlap, an intermediate storage becomes unavoidable. In these cases
a storage area of sufficient capacity is chosen, such that the manpower
demand for both logistic tasks, storage and forthcoming retrieval, is
reasonably small. Whenever the time-windows for a pair of storage and
retrieval tasks overlap, typically both tasks are assigned to the same
period, i.e. the vehicles are driven directly. Since the consumption of
storage space can be neglected in this case, storage capacity is not taken
into account.
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To summarize, the assignment of tasks to periods and the allocation
of storage space has to be carried out for the periods of the planning
horizon. Thereby the sum of the squared deviation of the manpower de-
mand from a prescribed regular manpower level is to be minimized. The
quadratic term is used to penalize large deviations strongly, while a rea-
sonable small prescription of regular manpower in the objective function
can be utilized to keep the overall manpower consumption reasonably
small.

This problem comprises a large number of integer variables and can
result in a highly constrained solution space. In the following, we de-
scribe the problem resources before going on to list the decision variables
explicitly. Then we turn to a description of the objective function and
the constraints involved.

Resources Considered

discrete time model

t periods of the planning horizon, t =0,...,T

storage areas and transfer points

F set of locations

H; € {I,E} denotes the type (internal, external) of location i € F'.
Internal locations may be used for storage, while external loca-
tions (transfer points) merely act as origin or destination of ve-
hicles

K; storage capacity of internal storage locationi € F: H; =1
B; initial inventory of internal storage location s € F': H; =1

manpower capacity

P, level of regular manpower for period ¢ in terms of working-hours.
This figure will be externally given by the terminal management
as an optimistic estimate of the actual manpower demand. The
model will minimize the squared deviation from this figure, such
that large deviations are strongly punished.

productivity measure

D;  production coeflicient between location ¢ and location k& ex-
pressed working-hours required for a relocation of one vehicle.

transshipment tasks

A set of all transshipment tasks to be performed
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Y; € {8,R} denotes type (storage, retrieval) of task j

L; volume (number of vehicles) of task j

(); origin of storage task prescribed for j€ A:Y; =8

Z; destination of retrieval task prescribed for j € A:Y; =R

V; preceding storage task of retrieval task j, V; = 0 if not existing
Nj succeeding retrieval task of storage task j, N; = 0 if not existing
EST; period of earliest permissible shipment of task j

LFT}; period of latest permissible shipment of task j

Variables
We distinguish two types of decision variables, namely the assignment

of tasks to periods s; and the allocation of storage space z; for storage
tasks. Since we decide on the destination of storage tasks, the origin of
the corresponding retrieval tasks g; is modeled as a dependent variable.
A task j € A is fully determined by an assignment to (s, g5, z;). Other
variables have to be considered as dependent variables in order to im-
plement appropriate constraints on the manpower demand (p;) and the
storage capacity ().
task-to-period assignment
s; € {1...T} period of shipment of task j
storage area allocation
z; € I" destination location of storage task j
retrieval location allocation
g; € F origin of retrieval task j
manpower planning
p¢ actual manpower demand in working-hours for period t.

inventory holding

ly; inventory of location 4 in period ¢
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Objective Function and Constraints

T
min Y (P —p)? (6.1)
t=1
> LjDy. = p, Vt=1,...,T (6.2)
JEA:
s]-:t
ESTj<s; < LFTj;, VjcA (6.3)
sy; < sy, VieA: V; #0 (6.4)
1<s; < T, Vi € Aj (6.5)
g = Qj Vi€eA:Y;=8 (6.6)
5 = Zj, VjeA:Y;=R (6.7)
H, = W, VYj€A:Y;=5 (6.8)
G = 2y, VjGA:V}#O (6.9)
lO,i = B, VieF: H =1 (610)
bevit Y, L o= ha+ Y, L
JEA: JEA:
szzt/\z]-:i Sj:t/\qj:i

VieF: H=1,Vt=1,...,T (6.11)
0<l; < Ki, VieF:H=1VYt=1,...,76.12)

The objective function (6.1) minimizes the squared deviation of the
manpower demand p; from the regular demand F;. In this way, the
deviation from the regular manpower demand can be kept reasonably
small while minimization of the sum of manpower demand over the pe-
riods considered is pursed. In (6.2) p; is determined as the product of
volume L; and production coefficient D, », with regard to the tasks
jEeA: 85 =t.

The constraints (6.3)-(6.5) refer to temporal dependencies. Con-
straints (6.3) keep the time-windows of tasks, constraints (6.4) ensure
that precedence relations among coupled tasks are kept, i.e. retrieval
task j cannot be processed before its coupled storage task V. Finally,
constraints (6.5) restrict the period of processing to the domain of plan-
ning periods considered.

The constraints (6.6)-(6.9) address location requirements. For
storage tasks the origin is prescribed by (6.6) and for retrieval tasks
the destination is externally given by (6.7). Constraints (6.8) ensure
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that space allocations are performed for internal locations only, whereas
constraints (6.9) couple the storage locations of retrieval task j and its
predecessor task V.

Sets (6.10)-(6.12) refer to inventory constraints. Initial inventory
levels are prescribed by (6.10). The dynamic inventory balance equations
(6.11) necessitate that for every storage area i and every period t the
inventory level of ¢ — 1 plus the volume stored in ¢t will be equal to the
inventory level of ¢ diminished by the number of vehicles retrieved in
period t. Finally (6.12) ensure that inventory levels do not exceed the
area capacities given.

6.2 Problem Generation

In this section we present a way of producing solvable test problems
for which at least one feasible solution exists. Finally we describe the
parameterization of the set of 4500 test problems used later on.

6.2.1 Producing Solvable Test Problems

The generation of solvable test problems is a challenge. We commence
by firstly generate a model of a terminal, and then proceed with the
stepwise generation of transshipment tasks.

Terminal Generation. The terminal consists of internal storage ar-
eas ¢ € F': H; = I and external transfer points ¢ € F': H; = E. The
storage capacity K; of internal location 4 is drawn from a uniform dis-
tribution, and the total capacity of the storage system is summed up to
K= ZieF:Hi:I K.

The coordinates of the storage areas are distributed to a standard
normal, while the coordinates of transfer points are generated from a
uniform distribution in [—-3, 3]. Since a variable drawn from the standard
normal distribution falls into this interval with probability .997, storage
areas tend to be located in the center of the transfer points.

The distances observed are taken as production coefficient D;y, i.e.
the working-hours needed to transport one vehicle from location 7 to
location k. Figure 6.1 provides a bird’s eye view to the locations and
distances of the simulated terminal.

Generating Storage Tasks. Tasks are produced by simulating a
transshipment scenario for a number of periods with respect to already
existing terminal data. In this simulation, storage tasks are assigned
to periods with increasing time. The inter-arrival time of storage tasks
is consecutively drawn from an exponential distribution. The corre-
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Figure 6.1. Distribution of storage locations (black) and transfer points (gray).

sponding number of vehicles (volumes L; for task j) is generated from
a uniform distribution with mean L.

Assuming that the total capacity of the simulated terminal K is fully
utilized over the entire time horizon, the mean inter-arrival time of stor-
age tasks is A = (L - A)/K, with A being the intended duration of
storage. In the simulation run a storage task j is assigned to period
s; = t determined by rounding its arrival time up to the next largest
period number.

Generating Retrieval Tasks. After a storage task j is assigned to
a period, a storage areas ¢ of sufficient capacity is chosen at random,
where j is placed with volume L;. Whenever j cannot be placed anymore
because all capacity constraints are violated, a storage areas 3 is selected
at random where j could be placed if the location were empty, i.e. L; <
K;.

To place j in 4, storage capacity is freed by generating retrieval task &
in order to remove vehicles from storage area i. The number of vehicles
to be removed L, equals the number of its storage task counterpart, i.e.
Ly = Ly, . Retrieval tasks are contingently generated for location ¢ and
assigned to period t until the initiating storage task j can be placed in
i. Finally, the number of vehicles L; of j is added to 1.

To summarize, the intended duration of stay A determines the fre-
quency of generating storage tasks. The capacity limitation of the ter-
minal entails the generation of retrieval tasks at the same rate.
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Altering the Inventory Level. Since retrieval tasks are generated
reactively, the terminal is almost fully utilized and therefore its overall
inventory level is close to 1.0. To produce test problems of differing
character, we allow a lowering of the overall inventory level with hind-
sight. Once a retrieval task k£ has been assigned to period s, we can
safely pre-draw k for a number of periods without risking violation of
inventory constraints, i.e. sy = sy, + [(sk —sy,) -] with 0 < ' < 1
being the intended inventory level.

Time-windows are generated for tasks j € A by setting EST; = s;
and LFT; = EST; + t, with ¢ uniformly distributed in [0, (2 - A - Q)].
Thus, the extension of time-windows of tasks are specified in proportion
0 < 2 <1 of the indented duration of stay A. The existence of time-
windows allows the execution of storage tasks later than performed in
the simulation run. This gives the opportunity to further decrease the
overall inventory level as a matter of optimization.

Deriving a Problem from the Simulation. To produce a problem
of T periods, the simulation is run for a much larger number of periods
in order to prevent initial distortions.

In order to derive a problem instance, all tasks with EST; < 100
are executed as suggested by their £'ST;. The inventory levels of the
storage areas ¢ € F': H; = I at the beginning of period 100 are assigned
as initial inventory level B; for the problem instance. The tasks executed
to produce B; are discarded from being considered in the test problem.

All retrieval tasks j € A with EST; > 100, whose corresponding stor-
age tasks V; have been discarded because of ESTy; < 100, are assigned
the storage area chosen for V; as their prescribed origin @;. In this way
these retrieval tasks completely withdraw the initial inventory level B;
over the course of the simulation.

All tasks with j € A: LFT; > E, with ' = 100 + T are discarded
from consideration, merely the destination Z; of task j is kept to allow
the determination of suitable storage area for the corresponding storage
task V; being part of the test problem with ESTy, < E. Finally all
tasks with £ST; < F and LFT; > E are assigned LFT; := E.

For all the tasks j € A generated, transfer points are chosen at ran-
dom. Transfer points are determined as origin ); for storage tasks and
as destinations Z; for retrieval tasks.

To derive a test problem from the above simulation warrants that a
feasible solution exists in principle. Obviously, the information about the
solution, i.e. the storage area of tasks chosen as well as their assignments
to periods are not passed on to the test problem.
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6.2.2 Parameterizing Test Problems

In this research we consider problems consisting of more than 1,000
tasks. For these problems we prescribe different inventory levels and we
vary time-windows of tasks in order to validate our algorithmic approach.

The terminal is generated with |{¢ € F': H; = I}| = 10 storage area
and [{¢ € F : H; = E}| = 30 transfer points. The capacity K; for a
storage area is drawn from a uniform distribution in [100,1900]. The
total capacity of the terminal is summed up to K = Yierm—1 Ki =
13529.

All problems consist of 7' = 50 periods with an intended duration of
storage of A = 8.0. The task volumes are generated from a uniform
distribution [50,250] with mean L = 150. The mean inter-arrival time
A is determined by (150 - 8.0)/13529 = 0.088, such that per period on
average 11.3 storage tasks are generated. Since retrieval tasks are pro-

duced reactively at the same rate, a problem consists of approximately
22.6 - 50 = 1,130 tasks.

We vary the overall inventory level I' € {0.7,0.8,0.9} to produce a
modestly to heavily utilized terminal. The mean extension of time-
windows (fraction of A = 8.0) is prescribed by © € {0.000,0.125,0.250,
0.375,0.500}. For each combination of I" and 2 we generate problems
by varying the seed ¥ € {1,...,30}. Each of the 450 test problems is
uniquely referred to by (I", 2, 2).

6.3 Construction Heuristic
6.3.1 Greedy Strategy

A low overall inventory level allows choosing among storage area. To
support this, storage tasks are assigned to their latest permissible pe-
riod of processing, whereas retrieval tasks are correspondingly assigned
to their earliest permissible period. In order to minimize the overall
manpower demand, then the location with the smallest sum of storage
and retrieval distance is greedily chosen. We assume this procedure to
produce a manpower-efficient solution and refer to it as “greedy strat-
egy” in the following.

From this “greedy strategy” we can expect superior solutions in terms
of the of the average manpower demand per period, i.e. p := 7! DDt
By setting the level of regular manpower demand to P; := p for all t
considered, the standard deviation v := T~1,/,(P, — p;)? provides a
measure for the balance of manpower over the periods considered, cf. the
formulation of the objective function in equation (6.1). However, there
is no rationale that the “greedy strategy” supports the minimization of
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Table 6.1. Mean manpower demand p, deviation of manpower demand v, and mean
inventory level observed [ obtained from the construction heuristic parameterized with
the “greedy strategy”.

Q I'=o0r7 =08 I'=09

D v l D v 1 D v l
0.000 6343.2 1209.6 0.67 6501.8 12949 0.77 6756.3 1511.5 0.87
0.125 6216.5 1186.0 0.5 6324.2 1288.2 0.65 6470.0 13482 0.75
0.250 61374 12579 0.46 6220.8 1276.8 0.55 6317.1 1314.1 0.64
0.375 6053.7 1293.2 0.38 6133.6 1320.1 0.47 6201.1 1372.2 0.56
0.500 5986.8 1315.2 0.32 6054.1 1347.2 0.41 6116.7 1400.7 0.49

v, since the opportunity to balance the usage of manpower by altering
the period assignment is not used.

Table 6.1 shows the mean values observed over ¥ = 30 test prob-
lems of an attribute combination, i.e. the intended inventory level T’
and the extension of time-windows (2, cf. Section 6.2.2. Furthermore,
I= (T K) 'S e H,=I lt;i reports the mean overall inventory
level observed. Since the problems are generated by means of a simula-
tion, the observed inventory level [ is slightly lower than intended by T’
even if no time-windows are provided, i.e. 2 = 0.000.

For © > 0 we observe a significant decrease of I, because the number
of direct transshipment (without intermediate storage) performed by the
“greedy strategy” increases with increasing time-windows. This in turn
causes a decrease of the overall inventory level, because the intermediate
storage of vehicles is avoided. The manpower demand p directly bene-
fits from the greater availability of storage capacity, leading to shorter
relocation distances obtained. This observation becomes apparent with
increasing load, i.e. I' = 0.9 and increasing 2.

For a higher utilization of the storage capacity the peaks of unbalanced
manpower demand become more prominent leading to in increasing de-
viation of the manpower demand v. With respect to an increasing 2, v
first decreases due to the greater availability of storage space, resulting
in less prominent peaks of the manpower distribution. While setting
) even larger, the “greedy strategy” tends to produce unfavorable de-
cisions for extremely large time-windows, causing a slight increase of v
with large Q2.
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Figure 6.2. Scheme of the two-pass construction heuristic.

6.3.2 Generalized Procedure

Besides a small overall manpower demand pursued by the “greedy
strategy”, a balanced manpower utilization over the periods considered
is an important goal of the terminal management.

s A balanced load ensures reliable and safe operations and simplifies the
integration prioritized tasks which may arrive late. An earlier period
of storage and/or a later period of retrieval can be advantageous, even
if vehicles unnecessarily occupy storage space by taking this option.

s The portion of the overall relocation distance covered by one task
can be a crucial issue for planning. One may accept a reasonable
higher manpower consumption — resulting from a long distance for
storage — for periods of modest manpower utilization. This decision
turns out advantageous if it yields a short retrieval distance for a
forthcoming congested period.

In order to allow a variation from the above described “greedy strategy”,
in the remainder of this section we propose a generalized procedure to
be controlled by a set of parameters. The procedure is defined in two
passes, illustrated in Fig. 6.2.

An assignment of tasks to periods in accordance to the “greedy strat-
egy” will lead to an unbalanced volume as sketched in the uppermost
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histogram. In order to balance the volume, we apply a filter on the
task-to-period assignment by means of parameter «y. Its appliance can
lead to a more balanced distribution of volume as sketched in the second
histogram from top. On the upper-left-hand side of Fig.6.2 we depict a
possible result of this parameter using the “funnel model” proposed for
the load oriented production control developed by Wiendahl (1987) (sim-
ilar ideas have been proposed in the “optimized production technology”
by Goldratt (1997)).

In the next pass we consider the distribution of manpower instead of
the volume, compare the y-axis of histograms. The manpower needed
is largely determined by the allocation of storage areas. By greedily
allocating storage space a balanced distribution of volume may turn
into an unbalanced distribution of manpower (depicted by the transition
of the second to the third histogram from the top of Fig. 6.2). This
time we filter with respect to the manpower demand by means of the
parameter G;. Finally, we end up with “capacitated tasks” in a hopefully
well balanced distribution of manpower as depicted in the lower-most
histogram.

Task-To-Period Assignment. In a first pass the tasks are assigned
to periods. Parameter o, provides a way to shift task volumes between
periods in order to achieve balanced transshipment volumes. Thereby
oy decides upon the number of optionally executable tasks to be pro-
cessed in period t. A large value of oy causes the execution of almost all
assignable tasks, whereas a small value of oy tends to defer assignable
tasks to forthcoming periods. The assignment of tasks to periods is per-
formed for each consecutive period ¢ = 1...T separately, in four steps.

1 Set S of assignable tasks is built from the backlog of tasks already
considered in the last period but not yet assigned (8§ = @ for ¢t = 1).
Then S is updated by tasks with an earliest processing time ¢, i.e.
S:=8U{je A: EST; =t}.

2 All tasks with LFT; = t have to be assigned to ¢t and therefore
unconditionally enter the set of tasks assigned to period ¢, i.e. R :=
{S : LFT; = t}. Finally these tasks are deleted from S, such that
S := 8\ R holds.

3 A fraction of the optionally assignable volume (remaining in S) is
specified by o € [0,1], i.e. L= a; D ;c5 Lj. In this way the man-
power demand of period ¢ is controlled indirectly by the vehicle vol-
ume L.
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Table 6.2. Example of utility U; for different ¢ and different type of task.

period t 1 2 3 4 5
storage task j with LF'T; = 5 and L; = 200 -1000 -800 -600 -400  -200
retrieval task j with LFT; =5 and L; =200 1000 800 600 400 200

Optionally processable tasks are determined from &, which are § for
a; = 0 and S for oy = 1. For oy € (0,1) a subset of S is selected

by means of function ® controlled by volume L and period ¢, i.e.
R:=RU @%(8).

4 Tasks in R are assigned to period ¢, i.e. s; :=t for all j € R. Tasks
in R are deleted from S such that S := &\ R holds and S merely
contains the backlog for period ¢ + 1. Finally R := 0.

The specification of function ® in step 3 remains as an open issue. ®
selects tasks in R C § with respect to period ¢ and the maximal volume
of transshipment L. We model the selection problem as a knapsack
model, which maximizes its total utility with respect to the constrained
knapsack volume L.

A utility U; is introduced for all tasks j € S which aims at a low
overall inventory level of the terminal. Storage tasks are deferred in
favor of retrieval tasks. With respect to the volume L; of tasks, large
retrieval tasks are preferred to smaller ones while small storage tasks are
preferred to larger tasks. Generally, utility U; expresses the urgency of
executing task j of size L; with respect to the current period ¢.

Processing retrieval task j in its latest permissible period LF'Tj re-
lieves the terminal by L; units of volume. Pre-drawing j to its earliest
permissible period EST} is credited with (LFT; — (EST; — 1)) - L, be-
cause the L; units of volume freed can be utilized by other tasks for
another (LF'T; — EST}) periods. The above consideration leads to the
general term U; = (LFT; — (t — 1)) - L;.

In the event of a storage task we have to accept a loss of L; units of
storage space by processing the task in its latest permissible period. By
pre-drawing a storage task j, its L; units of storage space are unnec-
essarily occupied for additional periods. This is taken into account by
U; .= (LFT; — (t — 1)) - —L; which applies in case of storage. As shown
in Tab. 6.2, this selection scheme favors retrieval tasks over storage tasks
and therefore aims at a low overall inventory level.
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Whenever the time-windows of a storage task 7 and its corresponding
retrieval task /V; overlap, the execution of both tasks in the same period
is pursued. In the event that the current period ¢ is still smaller than the
earliest permissible period ESTy;, j is treated as ordinary storage task
as already given above. As time proceeds, ¢t becomes equal or greater
than ESTy,, i.e. t enters the overlapping interval of j and N;. The
greater ¢ becomes, the closer LF'T; gets and consequently the more the
execution of j is enforced.

Thus, for the overlapping periods the utility of 7 is determined by
Uj=((t+1)— ESTN,;)/((LFT; + 1) — ESTy;) * —L;. Eventually, with
t = LF'T;, j is unconditionally executed. Similarly, the execution of a
potentially overlapping retrieval task NNV; is treated. If the storage j has
already been processed, but IV; has not yet been executed, N; is handled
like an ordinary retrieval task described above. Otherwise, the utility of
Nj is determined by Uy, = ((t+1)—ESTy,)/((LFTj+1)— ESTy,)* L;.

To shift the utility values U; of tasks j € S into N, we add min;es{U; }+
1. Now the knapsack problem can be formulated with decision variable
x; such that {j € S : z; = 1} constitutes a solution to the problem:

max ZCEJ‘U]‘ (6'13)
JjES
ijLj S f/ (614)
jes
ri—z; <0 Vi,j €S8
i#jANj=V,\EST; > LFT; (6.15)
z; € {0,1} VjeS (6.16)

Eq. (6.13) maximizes the utility while (6.14) depicts the capacity con-
straint. If time-windows of retrieval task ¢ and storage task j overlap
and j has not been scheduled already, (6.15) ensure that in case of se-
lecting retrieval task j, also its corresponding storage task Vj is selected.
Finally (6.16) express the integer condition of the problem.

This mixed integer problem has been implemented using the software
package 1p_solve version 3.2. To solve a knapsack problem entailed from
constructing a solution for one of the test problems defined in Section 4
takes just a fraction of a second only. Since one run of the construction
heuristic requires to state 7' = 50 knapsack problems, solving each prob-
lem to optimality may become computationally prohibitive when used
iteratively as a base heuristic inside an Evolutionary Algorithm, as we
will see in Section 6.4. For this reason, in the computational investiga-
tion performed the mixed integer formulation of the knapsack problem
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is replaced by a greedy heuristic task selection scheme with almost no
loss of solution quality.

Allocating Storage Space. This second pass allocates storage space
for the tasks involved. Parameter §; allows shifting the manpower de-
mand between periods by controlling the way storage areas are chosen.
Deciding upon the manpower demand of a storage task j, the manpower
demand of its corresponding retrieval task N; is determined. If the stor-
age and retrieval of a transshipment are performed in different periods ¢
and u, B and B, determine the relative importance of saving manpower
in t with respect to u and vice versa. This way parameter 8 controls
whether transports to nearby or remote locations are preferably carried
out in a period. The steps to perform are described in the following:

1 The dynamic inventory balance equations (6.11) do not track inven-
tory fluctuations within a period. In order to comply the consecutive
space allocation of the construction heuristic with the model pro-
posed in Section 6.1.2, for each period retrieval tasks are processed
before storage tasks. Thus, storage space is always freed before being
reused.

2 In order to process storage task j, considered storage area of sufficient
capacity G := {1 € F : H; = I AK; — l;; > L;} are identified. To
provide a (contingently feasible) solution in every case, a storage area
d with unlimited capacity and extremely large production coefficient
with respect to all other locations is provided, G := G U {d}. The
production coefficient of d is set 10 times larger than the mean of
coefficients observed in the terminal. This prevents search from using
d unnecessarily, although random solutions will make use of d.

3 A storage area is determined by min;eg{0s; Dy -I—ﬂij Di,zzvj b B e
[0,1] . Whenever §s;, = Bsy, for the period s; of a storage task j
and the period sy, of its corresponding retrieval task N;, the efforts
for storage and retrieval account at the same rate and consequently
the location of sufficient capacity with the smallest overall distance
available is chosen. In case of a comparably larger 3, the storage
effort is favored over the retrieval effort. As a consequence, a nearby
location will be chosen at the expense of a higher transportation effort
for the corresponding retrieval task (and vice versa).

Figure 6.3 provides an example of the storage allocation scheme. Con-
sider a storage task with origin a to be executed in ¢t = 1 and its cor-
responding retrieval task with destination d to be executed in t = 2.
In comparison to ¢ = 1, manpower capacity is more constrained in
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Figure 6.3. Example of selecting a location.

t = 2. This is expressed by the setting with §; = 0.4 and G = 0.8
respectively. Two storage areas b or ¢ of sufficient capacity can be
chosen for intermediate storage. For the example, due to the setting
of 81,02 location c is selected with mine o} {81 Da,i+ 02+ D; 4} Here,
min{(0.4-44+0.8-1),(0.4-14+0.8-3)} = min{1.64+0.8,0.4+2.4} =24
favors the alternative with the larger sum of productivity coefficients
with respect to the higher relevance of manpower productivity in
t=2.

4 Finally, inventory is tracked by freeing storage space Iy q; = ltq; — L;
in case of a retrieval task and allocating space l;; := l;; + L; in case
of a storage task.

6.3.3 Balancing Strategy

In the following we propose a reasonable setting of o and 3 for the
generalized procedure, which retains properties of the “greedy strategy”
with respect to its efficiency, but shows a much better behavior with
respect to the balancing of manpower. Therefore, this strategy is called
“balancing strategy” in the following.

Concerning the task-to-period assignment, ay,t € 1,...,7 has to be
set such that tasks are assigned almost evenly distributed over the plan-
ning horizon. Parameter a; applies to the dynamically changing set of
assignable tasks. Since the size of this set predominantly depends of the
mean extension of the time-windows of the tasks involved, this figure is
taken into account by setting oy = 1/A identically for all periods with
A being the intended duration of stay, cf. Section 6.2.

As an example take a problem instance of 10 periods without time
window constraints for the tasks involved. Since we aim at scheduling
1/10 of the tasks in every period, we are going to set a; = 1/10 for all
t considered. In this way, the task volumes are almost evenly prorated
over the planning horizon while the task-to-period assignment procedure
takes care of executing retrieval tasks before storage tasks whenever
possible.
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Table 6.3. Improvement in percent obtained by the “balancing strategy” compared
to the “greedy strategy” for the mean manpower demand P’ and the deviation of the
mean manpower demand v’

Q =07 '=08 =09

=/ /

D v l D v l D v l
0.000 0.00 0.00 0.67 0.00 0.00 0.77 0.00 0.00 0.87
0.125 -0.12 8.82 0.57 -0.16 8.35 0.67 -0.56 3.59 0.77
0.250 0.32 9.62 0.47 0.23 9.62 0.57 0.01 7.32 0.66
0.375 -0.14 17.33 0.41 -0.16 14.33 0.50 -0.25 13.15 0.58
0.500 0.23 1418  0.35 0.20 16.65  0.44 0.10 1466  0.52

Concerning the allocation of storage space the greedy storage selection
scheme is applied by setting 5; = 1.0 for all periods considered. The
regular manpower demand P; has to be set appropriately. In Figure 6.1,
v reports the standard deviation, i.e. the deviation of individual figures
against the mean P observed. For the “balancing strategy” (and later
on in this chapter, for the “adaptive strategy”) we proceed in the same
vein. Since the “greedy strategy” works effective with respect to p, we
set P, = P as observed for the “greedy strategy”. This choice supports
our goal to improve the balance of manpower over the periods without
increasing the sum of manpower needed at the same time.

Table 6.3 presents the results obtained from applying the “balancing
strategy”. Instead of p and v, here the improvements in % over the
figures given in Table 6.1 are given as 7 and v’ respectively. In so
doing we focus on the advantages of planning over the “greedy strategy”.
While the sum of the manpower demand 7' is kept almost constant, the
balancing of manpower can be significantly improved with increasing
time-windows to approximately 15% for all " considered. For greater
time-windows we observe a saturation of the improvement, particularly
for ' = 0.7, where the rate of improvement starts to decrease for a
large §. Interestingly, the utilization of the storage area [ observed is
only slightly larger then observed for the “greedy strategy” in Table 6.1.
Obviously, only a small variation of the “greedy strategy” is able to
produce a significant reduction of the deviation of manpower over the
periods.

In the remainder of this article we investigate whether an individual
setting of o and B by means of an Evolutionary Algorithm can improve
the balancing of manpower even further.
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6.4 An Evolutionary Algorithm Approach

We briefly introduce Evolutionary Algorithms as a promising candi-
date for this research, as they have proven successful for many parame-
ter setting problems. Their main advantage is the generic optimization
model, which can be applied without further knowledge of the underlying
problem to be solved.

6.4.1 Evolutionary Algorithms

Evolutionary Algorithms are iterative stochastic search methods based
on the principles of natural evolution. They mimic the process of evo-
lution as it was stated by Darwin (1809-1882) in the late 19’th cen-
tury. The analogy to natural phenomena is best carried out by way of
metaphor. Therefore we introduce the basic concept of Evolutionary
Algorithms in terms of evolutionary genetics, see Smith (1989).

“Due to Darwin, individuals with characteristics most favorable for survival
and reproduction will not only have more offspring, but they will also pass
their characteristics on to those offspring. This phenomenon is known as
natural selection.”

An individual’s characteristics may be advantageously compared to
the characteristics of other individuals of the species. These advantages
are a relative measure called fitness. The fitness of an individual depends
on how its characteristics match the environmental requirements. For
the Evolutionary Algorithm, a solution, and in our case a parameter
setting, is taken as an individual. Since we assume the same global
environment, i.e. the problem to be solved, for all individuals, this
population slowly evolves towards individuals of higher fitness by means
of natural selection.

The individual’s fitness is determined by its acquired characteristics,
called its phenotype. The phenotype itself is determined by the indi-
vidual’s genetic prerequisites, called its genotype. Only genotypic infor-
mation is inherited to offspring. Hence we understand an evolutionary
process of a species as a continuous change of genetic material over time.
Since Evolutionary Algorithms are inspired by nature, the lingo used in
the following is taken from biology.

Genetic Algorithms were developed by Holland (1975), and his asso-
ciates in the late sixties. Holland referred back to the basic research of
Mendel (1822-1884) on genetic inheritance. Therefore he distinguishes
between the genotype and the phenotype of an individual. Genetic Al-
gorithms model sexual reproduction by forming offspring from genotypic
information of parent individuals.
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algorithm Genetic Algorithm is
t:=0
initialize P(t)
evaluate individuals in P(t)
while not terminate do
t=t+1
select P(t) from P(t — 1)
recombine individuals in P(t)
evaluate individuals in P(t)
end while
end algorithm

Figure 6.4. GA as proposed by Holland.

In Holland’s approach a system of continuous variables of a function
to be optimized is coded in a binary vector, called a chromosome. A
chromosome consists of a finite number of genes with values from the
alphabet {0,1}. In the Genetic Algorithm lingo we call positions within
this vector loci and the possible values alleles. For fitness evaluation
the chromosome is transformed into an argument of the function to be
optimized, namely its phenotype. Then, the fitness is determined by
means of the objective function.

New chromosomes are generated syntactically by so called genetic
operators, which do not use problem specific information. The backbone
of genetic search is the crossover operator. It combines the genotypes of
two parents in the hopes to produce an even more promising offspring.
The logic of the crossover operator assumes that a successful solution
can be assembled from highly adapted pieces of different chromosomes.
About one half of the genotypic information of two mating individuals
is recombined to form an offspring.

In Genetic Algorithms the mutation operator plays a background role.
A gene once lost by accident from the gene pool of the population will
never appear again. Thus mutation slightly changes chromosomes in
order to reintroduce lost genes. Again, mutation works without problem
specific knowledge flipping a small number of alleles randomly.

Figure 6.4 gives a brief Genetic Algorithm outline adopted from Hol-
land (1975). Before we are able to run the algorithm, a suitable problem
coding has to be found such that solutions of the entire search space
can be represented in a chromosome. In a first step we set the gener-
ation counter ¢ to zero. Then the initial population P(0) is filled with
chromosomes, which consists of uniformly distributed binary values. We
evaluate the fitness of all chromosomes in P(0). The evaluation proce-
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dure decodes a chromosome into its phenotype and determines its fitness
by means of the objective function value. Now we start a loop for a
number of generations until some termination criterion is met. A simple
termination criterion is a fixed number of generations. A generational
reproduction model in encountered.

In each generation the counter ¢ is incremented. A new population
P(t) is selected from P(t — 1) by some selection operator. Typically
proportional selection, also called roulette wheel selection is used. The
chance to place individuals in the new population in generation ¢ is
proportional to f;/f, where f; is the fitness of the i’th individual and f,
is the average fitness in P(t). The individuals in P(t) are recombined by
crossover and mutation. Finally the individuals in P(t) are evaluated in
order to obtain fitness values for the selection in the next generation.

A comprehensive introduction to Genetic Algorithms and their prop-
erties is given in Reeves (1993), the standard Genetic Algorithm text-
book has been written by Goldberg (1989).

Similar ideas have been taken up by two German researchers, Rechen-
berg and Schwefel in the late 1960s, leading to the notion of Evolutionary
Strategies (Schwefel, 1977). They pursued the optimization of engineer-
ing systems by means of continuous parameter optimization. Rechen-
berg and Schwefel altered a single solution to an engineering problem
by a random mutation of its set of parameters. Different to Genetic
Algorithms, Evolutionary Strategies work on the basis of a real coding
of numbers. Thus, mutations have been formulated in terms of small
numerical deviations controlled by gradient information.

Two reproductional models have been developed in the context of
Evolutionary Strategies (ES). Given the number of parents p and the
number of offspring A with A > p, we distinguish the (g, A) and the
(1 + A) strategy. The population size is fixed to pu over the generations.
In the (i, \) strategy the population of the next generation is formed
by the u best offspring only, whereas in the (u + \) strategy the next
population is selected from the parents and the offspring of the current
generation.

During the 1990s, GA and ES merged, leading to the notion of Evolu-
tionary Algorithms (EA). Depending on the context of optimization, a
discrete or real coding and its corresponding mutation and crossover op-
erators are used (Michalewicz, 1996; Béck, 1996). In this vein crossover
operators have been developed for real coded EAs too. The hypercube
crossover operator for example generates offspring uniformly on the diag-
onal joining both parents, i.e. by doing linear combination for each of the
continuous variables independently. I.e. an offspring variable o is gener-
ated form parent variables p; and ps as follows: o = p1+rand()*(p1—p1).
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Result of the merging towards EA’s is a large number of software li-
braries, which have led to a further standardization of Evolutionary Al-
gorithms (Fink et al., 1999; Woodruff and Vo8, 2002; Dreo et al., 2005).
The “adaptive strategy” developed in the following is implemented by
making use of “Evolvable Objects”, a well established C++ class library
(Keijzer et al., 2001).

6.4.2 Parameter Optimization

The EA proposed in this research adapts the capacity utilization strat-
egy by means of the parameters a; and ;. The construction heuristic
proposed in Section 6.3 is integrated as a base heuristic in order to eval-
uate the strategies evolved.

In order to evolve suitable strategies, a pretty standard EA design is
taken from the “Evolvable Objects” open source software library, avail-
able from http://eodev.sourceforge.net. The esea program pro-
vided with section 4 of the tutorial of the library in version 0.9.3 is
adopted for the adaptation of a storage allocation strategy. This pro-
gram has been configured as follows:

® A real coded vector has been chosen for representation purpose con-
sisting of oy and §; of all t = 1...T periods. All vector elements
cover the domain [0, 1].

= Mutations as given in are applied at a rate of p,, = 0.2 and alter a
vector element by € = 0.03, see Béck et al. (2000).

w A standard hypercube crossover produces superior results and is
therefore applied at a rate p. = 0.8, see Booker et al. (2000).

® A population size of 200 individuals has shown to work sufficiently
well. 400 offspring are produced and are subject to (u, A) replacement
(Deb, 2000).

m A generational reproduction model is run for 100 generations, the
40,000 evaluations performed require approximately 15 seconds on a
Pentium IV running at 2.6 Ghz.

Because the construction heuristic may produce infeasible solutions
due to capacity restrictions, feasibility can neither be warranted by the
EA. Since the use of the dummy storage area d is punished by extremely
high relocation costs, over the generations infeasible solutions are driven
out by means of selection. For the test problems considered, infeasible
solutions occur in the very first phase of adaptation only. In the following
the best feasible solution obtained for each GA run is reported.
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Figure 6.5. For a problem of 50 periods solutions are generated by the “greedy
strategy” (up) and the “adaptive strategy” (down).

6.4.3 Adaptive Strategy

The “adaptive strategy” evolves a, f parameter vectors by means of
the EA, which are then used to control the generalized procedure. The
effect of the “adaptive strategy” against the “greedy strategy” is exem-
plarily sketched in Figure 6.5 for a single problem instance with I"' = 0.9
and Q = 0.5. One clearly observes that manpower is almost perfectly
balanced by the “adaptive strategy”.

Table 6.4 reports numerical figures obtained for the “adaptive strat-
egy”, again given in terms of improvement over results obtained from
the “greedy strategy”. Generally, drastic improvements with respect to
the balancing of manpower rise up to almost 40 %. At the same time,
also slight improvements in terms of the sum of the manpower demand
P can be observed. This finding strikes, since one might pay advances
in the distribution of manpower with deterioration with respect to the
overall sum of manpower.

Here, major improvements are obtained for test problems without, or
with a marginal extension of time-windows. Notice, that the improve-
ments gained for 2 = 0.000 are solely due to the proper setting of £,
since in the absence of time-windows tasks are unconditionally assigned
without any influence of ;. Thus, merely the choice of locations on a
period-oriented basis accounts for up to 28 % of improvement compared
to the “greedy strategy”.
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Table 6.4. Improvement in percent obtained by the “adaptive strategy” compared
to the “greedy strategy” for the mean manpower demand P’ and the deviation of the
mean manpower demand v’.

Q r=0.7 =08 r=09

5/ o I =/ / i =/ / i

0.000 0.70 28.75 0.67 0.44 28.84 0.77 0.563 28.98 0.87
0.125 1.11 34.37 0.57 0.69 39.37 0.67 0.58 38.25 0.77
0.250 1.17 34.18 0.51 0.85 36.68 0.61 0.37 37.03 0.71
0.375 0.99 33.85 0.48 0.72 36.20 0.58 0.26 36.42 0.67

0.500 0.84 31.42 0.46 0.62 33.09 0.56 0.16 34.42 0.66

For © > 0.000, the influence of o leads to even stronger improve-
ments, although the benefits of controlling the task-assignment seem to
be bounded, particularly for larger €2 values. Interestingly, the mean uti-
lization of storage space [ is larger than the one observed for the “greedy
strategy” and the “balancing strategy”, cf. Tables 6.1 and 6.3.

For test problems with large time-windows, the “adaptive strategy”
allows storage tasks to be executed early and retrieval tasks to be exe-
cuted late. This results in a higher utilization of the storage area over
time, which may hinder the proper allocation of storage space if used
carelessly. Obviously, the GA is able to evolve both controls simulta-
neously. It yields effective load balancing while retaining efficiency of
operations for all variations of the problem data considered.

6.5 Summary

We have proposed a multi-period capacitated transshipment problem
to improve the efficiency of operations for inter-modal vehicle transship-
ment. For this problem we have developed an optimization model and
we have presented a way to generate challenging problem instances.

We solve these instances by means of an Evolutionary Algorithm
which evolves a capacity utilization strategy with respect to the peri-
ods considered. The decisions with respect to the individual tasks are
performed by an elaborated base heuristic, which is parameterized by a
capacity utilization strategy.

We have focused on a period oriented control because the large size
of the problem instances prohibits the consideration of tasks as decision
entities. We have investigated whether significant improvements over a
reasonable deterministic strategy can be gained. The results obtained
validate the approach chosen.
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This chapter has proposed a solution to the mid-term planning prob-
lem of transshipment terminals. This problem domain is insofar in-
teresting as it addresses the derivation of internal work-processes from
customer orders. The customer is not concerned about the storage ar-
eas chosen to store his goods; his only interest concerning storage is the
bridging of time. We have seen that from an operational viewpoint the
allocation of storage area is an essential feature for warranting efficient
and reliable operations.

Efficiency and reliability can also be improved by exploiting time-
windows of customer orders. However, customers will not necessarily
offer time-windows for transshipment by themselves. The results ob-
tained for the test problems in this chapter give a strong indication for
the importance of time-windows for transshipment planning.

Thus, the management of a transshipment terminal should pay at-
tention to achieve time-windows of operations wherever possible. This
issue can be discussed already in the framework-contract closed down
with the manufacturer on a strategic/tactical level. Obviously, carrier
involved in liner services will not accept a lengthening of discharging or
loading because of the internal process optimization issues. However,
the retrieval of vehicles to the hinterland transport provides a variety of
opportunities for achieving time-windows of operations.



Chapter 7

PERSONNEL DEPLOYMENT

Abstract  Short-term scheduling determines a structure for the employment of
personnel. We model such a problem as a multi-mode task-scheduling
problem with time windows and precedence constraints. We aim at
determining a gang structure supporting reliable as well as efficient op-
erations. For this end we propose a Tabu Search procedure that moves
tasks between gangs. In order to determine the manpower demand of
a gang we solve the corresponding one-machine scheduling problem by
an iterated Schrage heuristic.

7.1  The Gang Scheduling Problem

Short term manpower planning integrates personnel into dedicated
gangs in order to perform a given set of tasks. This gang structure has
to be chosen in a way such that an efficient and reliable processing of
tasks is achieved. Generally, a structuring of personnel into gangs will
increase the reliability of operations while deteriorating the efficiency of
operations because of missing flexibility. We propose an algorithm for
determining a gang structure, which ensures the efficient processing of
a given set of tasks, c.f. Mattfeld and Branke (2005).

In Chapter 6 tasks have already been assigned to a period and an
appropriate storage area has been chosen. Purpose of this chapter is the
detailed scheduling of transshipment tasks within single periods. The
transshipment tasks assigned to a gang determine its mode of processing,
i.e. its minimal level of manpower necessary to perform all tasks assigned
to a gang within the planning horizon. Thus, next to the number of
gangs incorporated also the tasks assigned to each gang are subject to
optimization. We show that the meta-heuristic approach proposed is
capable of solving large problem instances reasonably well.
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A Tabu Search (TS) procedure moves single tasks between gangs.
Whenever a move is performed, its gang of origin and its gang of des-
tination have to be re-scheduled. These sub-problems are modeled as
one-machine problems with varying modes of processing. Since such a
sub-problem is already NP-hard for a single mode of processing, an ef-
ficient base-heuristic is iteratively applied to determine the manpower
demand. The selection of such a complex move is controlled by an esti-
mation of the decrease of manpower to be achieved.

Below we discuss related models dealing with task planning under
manpower constraints. In Section 7.1.2 we describe the problem at
hand in more detail. Then we develop a mathematical model in Sec-
tion 7.1.3, before we outline a way of generating benchmark problems
in Section 7.1.4. In Section 7.2 we describe general properties of Local-
Search algorithms before the framework of a Tabu Search procedure
is discussed. In Section 7.3 the problem dependent components of the
Tabu Search procedure are described in detail, namely the neighborhood
definition, the procedure of scheduling a gang, and finally the estimate
proposed for selecting a move. We perform a computational investiga-
tion for a varying set of problem parameters in Section 7.4. Finally we
summarize the potentials of personnel deployment.

7.1.1 Literature Review

The problem of assigning manpower to tasks has led to a variety of
models and algorithms. In the following we describe related approaches
in the order of an increasing level of detail in modeling attributes of
manpower and tasks.

Labor Tour Scheduling. Dantzig (1954), proposed the labor tour
scheduling or shift-scheduling problem. Tasks are modeled as an ag-
gregate in terms of a manpower demand pattern over the time horizon
considered. Manpower is assigned by selecting individual shifts, which
differ with respect to starting, completion, and relief break times. La-
bor tour scheduling pursues the minimal number of shifts assigned while
covering a prescribed demand pattern. Aykin (2000), extended the orig-
inal set covering formulation towards the implicit consideration of relief
breaks. The resulting decrease of decision variables has opened the way
to solve extremely large problem instances today (Mehrotra et al., 2000).

Workforce Scheduling. Workforce scheduling also aims at cover-
ing a manpower demand by shift assignments, but typically multi-shift
scenarios are addressed and it is differentiated between demand pro-
files and categories of employees. Again, an economical workforce size
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with respect to the profile specific demand coverage is pursued. In
case of the hierarchical workforce scheduling problem categories are ar-
ranged hierarchically with respect to employee capabilities. Employees of
higher categories may substitute lower categories but not vice versa, see
e.g. Narasimhan (1996). In the discontinuous case, employees are con-
sidered on an individual basis allowing “days-off” constraints between
successive shifts (Brusco and Johns, 1996). Finally, variable demand
patterns as already discussed for labor tour scheduling have been taken
into account (Billionnet, 1999).

Machine Scheduling. Machine scheduling focuses on the detailed
modeling of tasks while the availability of resources is depicted in terms
of a binary state only. Daniels (1990), has considered a one-machine
problem, where tasks can be performed in different modes. Since modes
of short duration lead to higher resource consumption, it is aimed at
finding resource minimal modes for the tasks involved. For the objective
of minimizing the maximum lateness, Daniels (1990), first obtains an
optimal task sequence by the earliest due-date priority rule, before he
applies a linear program to optimize the resource consumptions of tasks
for the given sequence.

Resource Constrained Project Scheduling. Resource constrained
project scheduling considers the consumption of multiple renewable and
non-renewable resources per task (Brucker et al., 1999). The consid-
eration of multiple modes allows a trade-off between a task’s process-
ing time and its resource consumption. For prescribed subsets of tasks
mode-identity constraints have been introduced in order to allow the
assignment of identical personnel to a group of related tasks (Salewski
et al., 1997). Finally so-called partially renewable resources have been
defined in order to model phases of relief breaks or days-off, see Bottcher
et al. (1999).

Applied Approaches. Next to the generalized modeling approach of
resource constrained project scheduling applied problems have evolved.
Airline crew scheduling assigns a crew to a number of subsequent flights,
such that all flights are covered and complex safety regulations are met.
In doing so the minimization of the number of crews involved is pur-
sued, see e.g. Graves et al. (1993). Driver scheduling refers to a related
problem, where shifts have to be selected such that a given number of
bus or train routes are covered (Kwan and Wren, 1996).

The audit staff-scheduling problem is the probably most complex one
considered so far. Auditors are assigned to engagements each consisting
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of various subtasks. All subtasks of an engagement have to be performed
by the same auditor in prescribed time windows. The duration of sub-
tasks differ depending on the performing auditor. Furthermore, auditors
may have phases of non-availability. Finally, auditor dependent setup
costs have to be taken into account. Dodin et al. (1998), report on a TS
approach for an audit-scheduling problem.

Obviously, an increasing level of detail regarding the consideration of
tasks or/and manpower attributes comes along with an increasing num-
ber of integer decision variables as well as an increasing number of contin-
gently non-linear constraints. Therefore heuristic approaches dominate
algorithms devoted to task planning under manpower constraints.

Transferred Approaches. Besides of analogies to models of man-
power planning and scheduling, an apparent similarity to the vehicle
routing problem with time windows exists (Bramel and Simchi-Levi,
1997, Chapter 7). There, a fleet of vehicles serves a number of cus-
tomers, even though not every vehicle has to be used. The problem is
to assign customers to vehicles, and to generate a route for each of the
vehicles, such that a performance criterion is minimal.

Finally, a similar problem is the assignment of non-preemptive com-
puting tasks to groups of processors of a multi-processor system. Tasks
can be performed in various modes, the size and number of groups of
processors can vary, and finally time-windows for the execution of tasks
and precedence relations between computing tasks can exist (Blazewicz
and Liu, 1996; Drozdowski, 1996; Feitelson, 1996).

Container Transport Approaches. In this book we have chosen a
separation of the storage allocation and the personnel scheduling prob-
lem. In fact, these problems are interdependent. Particularly for con-
tainer transports within terminals the duration of transportation tasks is
varying. Containers to be relocated have to be assigned to storage areas
and transport vehicles have to be assigned to containers for the duration
of the container movement. The duration of a container movement de-
pends on the storage area chosen, such that a transport vehicle schedul-
ing model with time varying durations of tasks can be derived. Steenken
et al. (1993) describe a real world application, and Chen (1999) presents
a simulation model in order to control operations. Bose et al. (2000)
suggest a Genetic Algorithm to evlove assignement strategies and Bish
et al. (2001) suggest a MIP model for a vehicle scheduling application.
For an overview of scheduling equipment and manpower at container
terminals see Hartmann (2004).
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7.1.2 Problem Description

Different to container movements, a vehicle transshipment task can
be processed in different modes determined by the number of drivers
performing a task, compare Figure 5.5. In order to warrant a safe and
reliable relocation of vehicles, drivers are grouped into gangs. The num-
ber of gangs as well as their sizes is subject to optimization. However,
a gang once established does not change over the course of the planning
horizon, i.e. a working shift. Therefore all tasks assigned to one gang
are processed in the same mode.

Time windows of tasks and precedence constraints complicate the
seamless processing of tasks within a gang. Resulting idle-times equate
to a waste of personnel capacity, therefore it is aimed at assigning tasks
to gangs such that the personnel capacity of all gangs is seamlessly uti-
lized over the entire planning horizon. This objective can be formulated
by minimizing the sum of drivers over all gangs established.

For the problem considered in this research, pair wise precedence re-
lations between tasks are taken into account. This may express that a
storage task must be performed before its corresponding retrieval can
take place. In addition a precedence relation may express a storage
capacity bottleneck between otherwise unrelated tasks. For example, a
retrieval task has to be completed clearing a storage area, before another
storage task can be started. These real world constraints are concealed
by depicting them as pair wise precedence constraints,

As long as the same gang processes two tasks coupled by a precedence
constraint, gang scheduling can handle the constraint locally. Whenever
a precedence relation exists across gang boundaries, it becomes globally
visible, and acts like a dynamically changing time-window constraint for
its associated task. In the event that many precedence constraints exist,
the seamless utilization of manpower capacity within the various gangs is
massively hindered by dynamically changing time-windows. Managing
this constraint will be the greatest challenge while searching for a near-
optimal solution to the problem.

Although the problem shows many analogies to models discussed
above, none of these problem formulations exactly fit the needs of this
application. Although already complex models like resource constrained
project scheduling with mode-identity constraints or audit-scheduling
could be extended towards the requirements of gang scheduling, this ad-
ditional complexity will prohibit competitive solutions to the problem
at hand.
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7.1.3 Problem Modeling

The model presented in the following refers back to the model given
in Section 5.2. Here, we present the model of the multi-mode gang
scheduling problem in more general terms.

Let A be the set of (non-preemptive) tasks involved in a problem.
For each task j € A, a certain volume Vj is to be processed in a time
interval specified by its earliest permissible starting time EST}; and its
latest permissible finishing time LFT;. The predecessor task of task
J of an existing pairwise precedence relation is denoted by n;. If no
predecessor is defined, n; = 0.

Time is modeled by 1,...,T discrete time steps, which are treated as
periods rather than as points in time. If one task is complete at time ¢,
its immediate successor task cannot start before ¢ + 1.

The drivers are grouped into a set of G gangs G = {G1,Go,...,Gc}.
Each gang G; is assigned a subset of the tasks A; C A with Ule A=A
and ﬂf_,l A; = 0. The number of drivers in gang G; is denoted by p;,
the number of tasks assigned to gang G; is denoted by h; = |A;]. At any
time step, a gang can only work on a single task.

A solution is described by the number of drivers in each gang, an as-
signment of tasks to gangs (i.e. a partition of A into 4;), and a sequence
of tasks for each gang.

Let the task on position & in gang ¢’s permutation of tasks be denoted
by 7 (i.e. task m;; with & > 1 is processed after task m; ;_1). Starting
times of tasks s; € [1,...,T] can be derived from such a task sequence
by assuming left shifted scheduling at the earliest possible starting time.
Similarly, the completion times ¢; € [1,...,T] of tasks are fully deter-
mined by the starting times and the manpower demand.

The model can be stated as follows:

G
min Zpi (7.1)
i=1
s; = EST; VieA (7.2)
c; < LFT; Vie A (7.3)
s> ey VicAin #0 (7.4)
Smi; > Cmi_y Vie{l...G},je{2...h} (7.5).
V.
c;g = 8+ t—lJ , Vie{l...G},Vj € A (7.6)
(1
A C A Vie{l...G} (7.7)
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G
UAi = A (7.8)
7,21
A = 0 (7.9)

Eq. (7.1) minimizes the sum of drivers p; over all gangs. Time windows
of tasks are taken into account by Egs. (7.2) and (7.3). Precedence
relations among tasks are considered by Eq. (5.4). Eq. (7.5) ensures a
feasible order of tasks belonging to the same gang. The completion time
of each task is calculated in Eq. (7.6). Finally, Egs. (7.7) to (7.9) make
sure that each task is assigned to exactly one gang.

7.1.4  Generating Problem Instances

In order to gauge the quality of our Tabu Search algorithm, challeng-
ing benchmark instances are needed. In the following we present a way
to produce instances for which optima are known in advance.

The basic idea is to view a schedule as a rectangular plane, where
the horizontal extension represents the time dimension and the vertical
extension denotes the number of drivers involved. Obviously, an entirely
filled rectangle means that all drivers are occupied for the whole planning
horizon, i.e. an optimal schedule.

The example in Figure 7.1 shows a schedule with 13 tasks organized
in 4 gangs. The planning horizon comprises 25 time units for which 20
drivers are utilized. Time-windows and precedence relations are not yet
specified, but can be easily derived from this schedule.

A benchmark instance is generated based on the following input pa-
rameters:

[\
o

gang A

10

no. of driver

gang B

gang C
gang D

25
time

Figure 7.1. Exemplary optimal solution to a problem instance.
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the number of time units in the planning horizon T

m the total number of tasks H

® the number of gangs G.

® the minimal and maximal number of drivers in a gang pmin T€SP. Pmax
» the percentage of tasks involved in a precedence relation 7 € [0, 1]

= 3 parameter w € [0, 1] determining the extension of time windows.
To produce a benchmark instance we proceed as follows:

1 The number of tasks h; for gang ¢ is determined by prorating the
H tasks uniformly upon the G gangs. This can be implemented by
first initializing array K of dimension [0, G] and setting K[0] = 0 and
K|G] = H. Then, we assign uniformly distributed random numbers
in the range [1,H — 1] to K[1],...,K[G — 1]. Next, we sort K in
ascending order, and finally we determine h; := K[i] — K[i — 1].

2 The starting times s; of task j € A; in gang ¢ are determined by
distributing the h; tasks onto the T time units. We proceed in analogy
to the procedure described for Step 1. The completion times c; of
tasks are determined by means of the gang’s task chain: ¢, 1= s; —1.

3 The number of drivers p; of gang 7 is drawn uniformly distributed
from the range [Pmin,Pmax). Finally we calculate the task volume
by multiplying the task’s duration with its manpower demand, i.e.
Vi = ((¢j = s5) +1) - pic

4 A task can have a precedence relation with every other non-overlap-
ping task of the schedule. For example, in Figure 7.1 task no. 2 can
have a precedence relation with tasks in {1, 3,4, 5, 8,11, 13}. We iter-
atively select random non-overlapping pairs of tasks not yet involved
in a precedence relation and insert a precedence relation until a frac-
tion  of the tasks are involved in a precedence relation or there is
no pair of non-overlapping tasks left.

5 Finally time windows are specified in percent w of the examined time
horizon. In particular, we determine EST; := [s; - w| and LFTj :=
[c; + (T —¢;) w].

We are able to generate benchmark instances of varying properties
with respect to their size, their number of precedence relations, and
their time-window extension.
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7.2 Tabu Search

Tabu Search has been applied to a wide range of combinatorial prob-
lems. The technique seems to be generally well suited for highly con-
strained problems, which allow a neighborhood definition. We are going
to show, that Tabu Search is a suitable candidate to solve the gang
scheduling problem at hand. Before we describe the algorithmic design
in Section 7.3, we sketch the general functioning of Local-Search before
we describe the particularities of Tabu Search in some detail. Finally we
specify Tabu Search related generic parameters for our gang-scheduling
approach.

7.2.1 Local-Search Framework

Various Local-Search algorithms have been developed sharing the ba-
sic idea of neighborhoods. A neighboring solution is derived from its orig-
inator solution by a predefined partial modification, called move (Hertz
et al., 1997). A move results in a neighboring solution that differs only
slightly from its originator solution. We expect a neighboring solution
to produce an objective value of similar quality as its originator solution
because both solutions share a majority of characteristics. One can say
that a neighboring solution is within the vicinity of its originator. There-
fore we concentrate on search within neighborhoods, since the chance to
find an improved solution within a neighborhood is much higher than in
less correlated areas of the search space.

The success of a Tabu Search procedure heavily depends on the prop-
erties of the neighborhood defined. Before we develop a neighborhood
definition for the problem at hand, some considerations on desirable
features of neighborhoods are addressed (Mattfeld, 1996):

Correlation A neighboring solution s’ should be highly correlated to
its originator s. Thus, a neighborhood N (s) of s should ensure a
neighboring solution s’ that differs only within a small spread from
s. This property takes care for a thorough exploration of the search
space.

Feasibility Perturbations should always lead to feasible solutions. If
possible, the search should be restricted to the domain of feasibility
in order to avoid expensive repair procedures which in turn would
lead to further modifications of s'.

Improvement A move should have a good chance to obtain an im-
proved f(s') value. In order to achieve this goal additional problem
specific knowledge may be incorporated into the neighborhood defi-
nition.
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Size The average size of a set A/ (s) should be within useful bounds. A
small number of possible moves may halt the search process in early
stages (at relatively poor local optima). To the opposite, a large
number of moves in N’ may be computationally prohibitive if f itself
is computationally expensive.

Connectivity It should be guaranteed that there is a finite sequence of
moves (worsening ones included) leading from an arbitrary schedule
to a global optimal one. Otherwise, promising areas of the search
space may be excluded from the search. This is known as the
connectivity property.

Some of the above considerations may contradict each other. Often
these conflicts cannot be solved theoretically. At least some experience
with applications is needed in order to develop appropriate neighborhood
definitions. Summing up, the features above are desirable properties,
which can be used for developing efficient neighborhood definitions.

The simplest deterministic iterative improvement starts from an ini-
tial (current) solution, and continually searches the neighborhood of the
current solution for a neighboring solution of better quality. Each time a
neighboring solution gains an objective value improvement, this neighbor
replaces the current solution. The procedure stops if no further improve-
ment can be gained. The described procedure is known as hill climbing
in discrete optimization. It can loosely be seen as the counterpart to
gradient methods in continuous optimization.

Consider a multi modal objective function. A hill climbing procedure
will accept a replacement of the current solution by a neighboring one
as long as an improvement can be gained. The final solution is called a
local optimum with respect to the neighborhood used. To the contrary,
a global optimum is a solution for which the objective value cannot be
improved by any other solution of the entire search space. The chance
that a local optimum is also a global optimum is very small for most
difficult multi modal objective functions. The advantage of having a
good chance to improve the objective value within a neighborhood comes
along with the drawback of exploring only a small portion of the search
space.

In order to avoid the short-come of getting trapped in a local optimum
several extensions of the basic hill climbing principle are proposed. They
resemble each other in the usage of a more intricate acceptance criterion,
which allows a temporary deterioration of the objective value. Such a
feature allows the search process to escape from local optima. Examples
for such methods are the well-known Simulated-Annealing or the Tabu
Search algorithms.
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algorithm Tabu Search
build initial solution s and set the best known solution s* = s
repeat the following steps until a stopping condition is satisfied
let NV (s) be the neighborhood of s w.r.t. the tabu list
select s’ € N (s) for which C(s, s’) is minimal
set s = s’ and update the tabu list appropriately
if f(s) < f(s%), let s* = s endif
end repeat
report s* and terminate
end algorithm

Figure 7.2. A basic Tabu Search algorithm.

The average solution quality obtained by Local-Search strongly de-
pends on the neighborhood definition since the neighborhood definition
affects the number of local optima and their distribution in the search
space. The search space properties depend on the neighborhood defi-
nition applied. Thus, using different neighborhood definitions lead to
different appearances of the search space.

If there are only a few local optima present, it’s not unlikely that
Local-Search will run into a global optimum. On the other hand, if the
search runs into a local optimum, the chance to escape is very small
even for methods using temporary deterioration. To the contrary, if
there are many local optima, hill climbing will perform poor and escape
mechanisms are needed. If the local optima are widely spread across
the search space, escape mechanisms will more likely fail as if the local
optima are closely related.

7.2.2 Guidance of Search by Tabu Moves

Glover and Hansen have proposed Tabu Search independently in the
80’s. An excellent survey is given in two parts by Glover (1989, 1990).
More recent comprehensive treatments can be found in Glover and La-
guna (2002); Glover and Kochenberger (2003).

A framework of a Tabu Search algorithm is given in Figure 7.2 with
f() being the objective function. Its basic idea of tabu search is to
iteratively move from a current solution s to another solution s’ € N (s)
in a neighborhood of the current solution. The neighborhood definition
allows “small” changes to a solution, called moves, in order to navigate
through the search space. The move to perform is selected upon costs
C(s, s') associated with the move from s to s’. For the case that the
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costs are minimized, the deepest descendent, mildest ascendant strategy
is applied for selecting moves.

In order to avoid cycling in a local optimum, recently performed moves
are kept in a list of currently forbidden moves for a number of iterations.
This tabu list is maintained and updated each time a move has been
carried out. Unlike Simulated Annealing, an explicit memory of recent
moves is kept and evaluated later on for the choice of subsequent moves.
Note that keeping moves in memory is not as restrictive as keeping a
memory of solutions or parts there of. Not particular points of the search
space, but subsets of the path into these points are kept in memory.
Glover distinguishes between short- and long-term memory.

Short-term memory consists of the last k moves. Typically the short-
term memory is implemented as a list, called tabu list. Each time a
move is performed, it is stored at the front end of the tabu list. At
the same time the £’th entry of the list is discarded. If a selected
move is part of the tabu list, this move is temporarily forbidden (or
tabu in the notion of TS). This mechanism helps to prevent cycles in
move sequences after a deterioration of the objective function value
has taken place.

Long-term memory consists of a data structure keeping track of all
moves performed so far. Each time a move is carried out, an anno-
tated counter is increased. The value of the move counter is the basis
for a penalty function. The more frequent a move has already been
carried out in the past, the more this candidate move is punished.
In the long run this penalty avoids searching of areas, which already
have been explored. Hence the search is directed into potentially
unexplored regions of the search space.

Under certain circumstances the memory may prevent some substan-
tial improvements because it currently forbids a potential good move.
Therefore an aspiration criterion is introduced, which temporarily dis-
ables the memory function. A useful aspiration criterion is to allow a
tabu move if an improvement beyond the best solution found so far can
be achieved.

7.2.3 Setting of Generic Parameters

Although Tabu Search is generally well suited as a meta-heuristic
for the gang scheduling problem at hand, we refrain from specifying
an elaborated Tabu Search procedure. In an interactive procedure of
iterated plan generation the algorithm used should deliver a reasonable
solution within a time span a human planner is willingly to wait for.
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Such a time span will be within the range of a minute or less. Thus,
moves carried out should contribute with a significant improvement and,
the total number of moves to be carried out is limited by definition.

For our purpose we set a move tabu for a variable duration in [5, v/N]
where NV is the number of tasks involved in a problem. Experience shows
that this relatively small number suffices to prevent cycling through
local optima. Furthermore, a small number of forbidden moves only
rarely prevent improving moves from being carried out. Therefore the
temporary deterioration by non-improving moves is reasonable small.

For the same reason we do not incorporate an aspiration criterion.
The smaller the number of tabu moves is, the more indispensable an
aspiration criterion gets. Merely in the very unlikely case that all poten-
tial moves are currently set tabu, we perform the most improving tabu
move existing.

Since computation time is limited, a stopping criterion of a fixed num-
ber of 10,000 moves is used. For a practical application an even smaller
number of moves would suffice in order to produce acceptable results.
However, a small number of moves carried out prevent a long-term mem-
ory from working effectively due to the relatively small number of sam-
ples taken. Therefore we confine ourselves to the usage of the recency
based short-term memory only.

7.3  Algorithmic Design
A solution has to specify three things:

1 the number of gangs G and the number of drivers p; for each gang G;
2 the assignment of tasks to gangs, and
3 the sequence of operations in each gang.

In this paper, we are going to use a Tabu Search algorithm to as-
sign tasks to gangs. For every such assignment, inside the Tabu Search
heuristic, an appropriate schedule for each gang is derived by applying
a simple Schrage scheduler (Carlier, 1982).

The basic idea of Tabu Search is to iteratively move from a current
solution s to another solution s € N(s) in the current solution’s neigh-
borhood. The neighborhood definition allows “small” changes to a so-
lution, called moves, in order to navigate through the search space. The
move to be executed is selected based on costs C(s, s") associated with
the move from s to s’. For minimization problems, the deepest descent,
mildest ascent strategy is applied for selecting moves.

In order to avoid cycling in a local optimum, recently performed moves
are kept in a list of currently forbidden (“tabu”) moves for a number of
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iterations. This tabu list is maintained and updated each time a move
has been carried out (Glover and Laguna, 1993). We use a variable tabu
list length.

In the remaining subsections, the following four issues will be ad-
dressed in more detail:

s What is a suitable neighborhood definition?
s How to build an initial solution?
s How to perform a move?

» How to estimate the cost of a move?

7.3.1 Neighborhood and Tabu List

The purpose of the Tabu Search framework is the integration and
disintegration of gangs by re-assigning tasks. We have chosen the most
elementary move possible, namely the re-assignment of a single task from
one gang to another, resulting in a neighborhood size of roughly i/ - G
with H being the number of tasks involved in a problem instance. We
refrain from engaging more complex neighborhood definitions like the
exchange of two tasks between two gangs, because determining the costs
C(s,s’) for all s’ € M(s) is computationally prohibitive and, as we will
see, the remedy of estimating the costs becomes almost intractable for
complex neighborhoods.

As a move attribute we consider a task entering a gang. Consequently,
a tabu list entry forbids a task to leave a certain gang for a certain
number of iterations. Not every move is permissible. For example, for a
certain interval of the planning horizon, whenever there are more tasks
to be scheduled than there are time steps available, the move is excluded
from N (s). Also, moves which disintegrate and integrate a gang at the
same time are not considered.

7.3.2  Building an Initial Solution

The construction of a competitive and feasible solution is not trivial,
because the necessary number of gangs is not known in advance. In anal-
ogy to the vehicle routing problem described in Section 7.1.2, we build
an initial solution by separating tasks into as many gangs as possible.
Tasks without precedence relations are placed in a gang of their own,
whereas pairs of tasks coupled by a precedence relation share a gang.
This way, precedence relations can be handled within the local scope of
individual gangs, and it is guaranteed that the initial solution is feasible.

Tasks are placed in a gang, such that the minimal number of drivers
required to process the tasks are utilized. In the event that only one task
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function lower_bound(A;)
forall j € A; do p; = [L;/((LFT; — ESTj) + 1))
p = maxje4, {pj}
w=3"T usable(t, A;)
=S en L
P = [l/u]
return max{p,p'}
end function

Figure 7.8. Function lower_bound() returns the maximum of two distinct bounds.

is assigned to a gang, or that two tasks share a gang with non-overlapping
time windows, for gang ¢ its number of drivers p; = max;eca,{p;}. The
number of drivers required is p; = [L;/((¢; — s;) +1)] where s; = EST;
and ¢; = LF'T;.

Whenever two overlapping tasks j and k£ with predecessor Vj, = j form
gang 4, we obtain the number of drivers p; by treating the overlapping
tasks as one task, i.e. p; = [(Lj + Lg)/((LFT, — EST};) + 1)]. However,
the merge of two overlapping tasks may underestimate the number of
drivers required due to the integer condition of variables.

Furthermore, we extend the above consideration towards a lower-
bound calculation for the number of drivers required for an arbitrary
sized set of tasks A;, c.f. Figure 7.3. First, lower bound p refers to the
optimistic case that every task can utilize its entire time-window. Then
bound §’ is determined for the case that all tasks overlap by utilizing
all possible time steps ¢ of the planning horizon T. Function usable()
returns 1 if time step t can be utilized by at least one task, and 0 oth-
erwise.

The lower-bound will serve as a first optimistic estimate of the number
of drivers required in the scheduling procedure subject to Section 7.3.3.
Moreover, it is used to produce an initial solution. In this latter case,
we contingently increase the number of drivers by 1 until the schedule
becomes feasible.

7.3.3  Performing a Move

A move is performed in three steps: first, we move the task from
one gang to the other. Then, these two gangs are re-scheduled, and
possibly their mode (number of drivers) is adapted. Finally, it is checked
whether the re-scheduling of the two directly involved gangs can also lead
to improvements in other gangs due to changed time-windows. These
aspects shall be discussed in the following.
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function est(j) function [ ft(5)
t .= EST; t:= LFT;
if Vj # 0 then if W; # 0 then
t = max{t,cy; + 1} t := min{t, sy, — 1}
end if end if
return ¢ return ¢
end function end function

Figure 7.4. Function [ ft() returns the latest permissible finishing time of task j w.r.t.
to a contingent successor task W;. Function est() returns the earliest permissible
starting time of task j w.r.t. to a contingent predecessor task Vj.

Scheduling a Single Gang (in a Given Mode). Let us first assume
that the number of drivers is given. This problem can be seen as a one-
machine problem with heads and tails, where the head of a task denotes
the non-available interval from t = 1 to EST}, and the tail denotes the
corresponding interval from ¢ = LFT} up to the planning horizon T'. The
head of task no. 5 in Figure 7.6 ranges from time unit 1 to 8, whereas
its tail comprises only time unit 18. Consequently the time-window of
task no. 5 covers time units 9 to 17. In the current mode of processing,
two time units are covered.

For our purpose we extend the notion of heads and tails by the consid-
eration of precedence relations of tasks placed in different gangs. Since
only one gang is modified at a time, predecessor and successor tasks
placed in other gangs may additionally constrain the temporal place-
ment of tasks. The functions est() and [ft() in Figure 7.4 restrict the
time-window of a task to its currently largest permissible extension. If
a predecessor task V; or a successor task W; exists, EST; or LF'T; have
to be modified appropriately.

In the event of pursuing the minimization of the makespan the prob-
lem has been shown to be NP-hard. For this problem Carlier (1982),
proposes a Branch & Bound algorithm, which alters a schedule built by
the Schrage-heuristic. We adopt this heuristic by trying to schedule all
tasks of A; in the planning horizon 1,...,7T in the given mode p;.

The Schrage-heuristic is sketched in Figure 7.5. Basically, tasks with
the smallest permissible finishing time are placed along the time axis.
In every iteration, one task is placed starting at time unit ¢. For this
purpose all tasks with est() < ¢ enter S. From this set the task j with
the smallest {ft() is selected. If it can be placed at time unit ¢ in mode
p; without violating its time-window, starting and completion time of
j are determined, ¢ is updated and finally j is removed from further
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function schrage(A;, p;)
R = A;
t:=0
while R # 0 do
if t < minjerest(j) then
t := minjerest(y)
end if
S:={jeR est(j) <t}
select 7 € S : [ft(j) = minges [ft(k)
8j:=1
¢j = sj+ [Lj/pi] =1
if ¢; > 1ft(j) then
return false
end if
ti=cj+1
R :=R\{j}
end while
return true
end function

Figure 7.5. The Schrage-heuristic schedules all task of A; in mode p;. Due to the
violation of time-windows the function returns “success” or “failure”.

consideration. After all tasks have been successfully placed, “true” is
returned.

Besides precedence constraints across gang boundaries, precedence
relations between tasks to be scheduled in the same gang may exist.
The Schrage-heuristic does not take precedence relations into account
explicitly. However, regardless of the original problem data we can avoid
scheduling successor task & before predecessor task j = Vi by setting
ESTy := max{ESTy, EST; + 1} and LFT; := min{LFT;, LFT; — 1}.
In order to ensure that est() and [ft() handle the precedence of tasks
within gangs correctly, we set s; := 1 and ¢; := T for all j € A; before
the Schrage-heuristic is run.

Figure 7.6 shows a schedule built by the Schrage-heuristic. Initially,
tasks no. 1 and 2 can be scheduled at ¢ = 1. Task no. 1 is given preference
because of its smaller [f¢(1) = 3. In the second iteration only task no. 2
can be placed at ¢ = 3. In iteration three, no task is available at ¢t = 6
and therefore ¢ is updated to the minimal starting time of the remaining
tasks ¢ = 7. Task no. 3 dominates no. 4 due to its smaller [ ft(). Then,
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1 |2 3|4|5 | 6|7|8|9 l10111|12|13|14|15116]17|18|

Figure 7.6. Example of Schrage-schedule consisting of 7 tasks to be scheduled in 18
time units. Dark gray rectangles represent the time of processing while light gray
rectangles depict the time-windows given. Critical tasks are indicated by a black
border.

no. 4 is placed at its latest permissible time of placement. Finally the
placement of tasks no. 5, 6, and 7 complete the schedule.

Determining the Manpower-Minimal Mode. The execution of a
move requires solving several gang scheduling problems. In the event
that task j is removed from gang 4, the time units freed may be used
to schedule its remaining tasks in a new mode with a smaller number of
drivers. To complete the move, the task j removed from gang ¢ has to
be inserted into gang k. Here, the processing mode may have to change
by increasing the number of drivers in order to warrant an integration
of task j into gang k.

The Schrage-heuristic schedules a gang in a prescribed mode. We aim
at scheduling the tasks in A; of gang ¢ with the smallest permissible
number of drivers p;. To this end we initially set p; = lower_bound(A;)
and contingently increase p; by one as long as the Schrage-heuristic fails
to place all tasks without violating a time-window, c.f. Figure 7.7.

Propagation of Time-Windows. Scheduling the tasks of a gang
may also entail the re-scheduling of other gangs. In the event that tasks
of gang ¢ and k have precedence constraints with tasks of other gangs, a
change of i’s or k’s schedule may impose a change of the time-windows
arising from the existence of precedence constraints also for other gangs.
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procedure schedule(A;)
pi = lower _bound(A;)
while schrage(A;, p;) = false do
pi=pi+1
end while
end procedure

Figure 7.7. Determining the mode of processing which ensures the utilization of the
smallest possible number of drivers involved.

Thus, in addition to ¢ and k also other gangs may have to be re-scheduled
in order to keep the schedules of the gangs consistent with the existing
constraints.

In particular, we appreciate a further extension of a time-window
in the event that the completion time ¢; of task j impedes an earlier
starting time s of the successor task k£ in another gang. Thus, whenever
¢j+1 = s holds, and then ¢; decreases because the gang of task j is re-
scheduled, also the gang of task k is noted for re-scheduling. Similarly,
whenever the starting time sy, of task k has impeded a later completion at
c; of the predecessor task j in another gang, j is noted for re-scheduling.

Gangs noted for re-scheduling are held in P and are determined by
function note(), see Figure 7.8. Once noted, gangs are re-scheduled in a
random order. Since time-windows can be recursively extended, we call
this procedure time-window propagation. However, the prerequisites for
propagating a time-window are rarely satisfied, such that the number of
re-scheduling activities triggered is limited. If, however, gang ¢ is noted

procedure per form_move(t, k, j)

Ai = AN}
P = {i}
Ap = A U {j}
P:=PuU{k}
while {{ € P} # 0 do
schedule(A;)
P = P\{l}
P :=P U {note(A))}
end while

end procedure

Figure 7.8. Performing a move of task j from gang i into gang k.
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for re-scheduling, there is a reasonable chance to decrease the number
of drivers p;.

7.3.4  Estimating the Costs of a Move

Since the simulation of a move is computationally burdensome, we
estimate the effects concerning the two gangs directly involved in a move
and neglect further effects of the propagation of time-windows.

To estimate the costs of a move we determine a contingent saving of
drivers p; — p; due to the removal of a tasks j from gang i. Next, we
determine the additional effort pr —py spent on integrating j into another
gang k. We calculate the difference of the two figures, i.e. p;+pr —pi — pr,
and select the move with the highest approximated gain (or the lowest
approximated losses) for execution.

Schedule Properties. In order to estimate p; and py for gangs ¢ and
k, we discuss some properties of schedules which will help to derive
appropriate estimates. Central notions of our argumentation are the
block of tasks and the criticality of tasks.

DEFINITION 7.1 A block consists of a sequence of tasks processed with-
out interruption, where the first task starts at its earliest possible starting
time and all other tasks start later than their earliest possible starting
time.

Tasks of a block are placed by the Schrage-heuristic independent of
all other tasks not belonging to this block. Therefore blocks separate
a schedule in distinguishable parts, which can be considered indepen-
dently. Another interesting property concerning blocks is that slack can
occur only at the end of blocks or before the first block.

In Figure 7.6 we identify three blocks. Block 1 consists of tasks no. 1
and 2 and is easily distinguished from block 2 consisting of tasks no. 3,
4, and 5 by the idle-time of time unit 6. Block 3 consisting of tasks no. 6
and 7 can be identified by considering ESTg = s = 14.

DEFINITION 7.2 A task is said to be critical, if it is involved in a se-
quence of tasks (called a critical path), which cannot be shifted back or
forth in any way without increasing the number of drvivers involved.

Obviously, all tasks of a critical path belong to the same block, but
not every block necessarily contains a critical path. However, if a crit-
ical path exists, it starts with the first task of a block. A critical path
terminates with the last critical task of its block. Thus, it completes pro-
cessing at its latest finishing time, although there may exist additional
non-critical tasks scheduled later in the same block.
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Only one critical path can exist in a block. In the event that a task j
scheduled directly before a critical task k causes k’s criticality, obviously
J itself must be critical. Accordingly, if we classify any task to be critical,
all preceding tasks of its block are critical too.

In Figure 7.6 none of the tasks no. 1 and 2 forming the first block are
critical, because the entire block could be shifted to the right by one time
unit without delaying other tasks. Task no. 3 and 4 form a critical path
within the second block. Although task no. 5 is immediately preceded
and succeeded by critical tasks, it is not critical by definition, because it
does not complete at its latest finishing time. Task no. 6 is again critical
without the participation of other tasks placed.

As we will see, the notions of blocks and critical tasks make a valuable
contribution to the estimation of a move.

Estimating the Manpower Release of a Task Removal. Obvi-
ously, every schedule has at least one critical block (a block containing
a critical path), which constrains a further decrease of the number of
drivers p;. For that reason the only way to obtain a benefit from re-
moving a task from a gang is to break a critical block. If two or more
critical blocks exist, and one critical block breaks, at least one other
critical block remains unchanged and consequently no benefit can be
gained. For instance, in Figure 7.6 the removal of the block consisting
of task no. 6 cannot lead to an improvement because tasks no. 3 and 4
still remain critical.

If only one critical block exists, but a non-critical task is removed,
again the number of drivers is invariable. As illustrated in Figure 7.9,
in all these cases the procedure returns p;. As described below, for the
remaining case an improvement of the objective function value due to
the reduction of the number of drivers is possible.

Estimating the Manpower Demand of the Critical Block Re-
moving a critical task from the only critical block existing, can lead to
a decrease of the number of drivers involved. Generally, we prorate the
volume of the remaining tasks onto the total time span given. We distin-
guish the removal of a task 1. within a critical path, 2. at the beginning
of a critical path, 3. at the end of a critical path, and finally 4. the
removal of a solitary task.

1 In case of the removal of a task inside a path we determine the time-
span stretching from the starting time s; of the first task j of the block
to the completion time ¢ of the last critical task k& of the block. We
sum the volumes of all tasks but the one to be removed from the
critical path, and divide the sum of volumes through the extension of
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yes critical? 1no
yes one critical path?
yes solitary task? o
one block?
yes
improve improve improve invariable invariable
(exact) (estimate) | (estimate) (exact) (exact)

Figure 7.9. Scheme of estimating a task removal from a gang.

the time-span. Consider a critical path consisting of tasks 1, 2 and
3. If task 2 is removed, the novel number of drivers is estimated by

(L1 +L3)/((c3 — 51) +1).

2 The removal of the first task j of a critical path alters the starting
condition of the path. Therefore the path can start at the maximum
of the earliest possible starting time ESTy of the second task k of
the path, and the completion time ¢; + 1 of the predecessor task [ of
task j to be removed (if [ does not exists, set 1).

3 Similarly, the removal of the last task of a critical path alters the
terminating condition of the path. Therefore the path can complete
at the minimum of the latest possible completion time LFTj of the
last but one task j of the path, and the starting time s — 1 of task
k succeeding the path (if & doesn’t exist, set T').

4 In the special case that items 2. and 3. apply at the same time,
task ¢ is removed as the last task of a block leading to a manpower
requirement of zero.

After having determined the time-span to be considered as well as
the volume to prorate onto this time-span, the novel approximated man-
power demand for the block is calculated.

Integrating the Bound Imposed by Non-Critical Blocks The
approximated manpower demand refers to one critical block only. After
the removal of a critical task from this block other so far non-critical
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fit into gang?
no gang yes

solitary task?
no yes

deteriorate | deteriorate invariable
(estimate) (exact) (exact)

Figure 7.10. Scheme of estimating a task insertion into a gang.

blocks may become critical, and for that reason may limit a further
decrease of the manpower demand.

Consider a critical block b, for which the removal of a critical task
has been estimated. For blocks in B = {b1,...,bc—1,bct1,...,bn} &
lower bound on the number of drivers required is calculated by prorating
the sum of volumes of its tasks onto the time-span used by the block
plus a contingent idle-time following the block. The number of drivers
applicable is then approximated by the drivers p, determined for block
¢ and for the other blocks of B by p; = max{p., maxgep{pr}}-

Together, the procedure accurately identifies the majority of non-
improving task removals. If the removal of critical tasks in the only
critical block existing may lead to a benefit, this benefit is limited by
the manpower capacity required for other blocks. In all these cases a
conservative estimate p; is returned by the procedure. Only the im-
provement of the removal of the last task from a gang can be stated
exactly.

Estimating the Manpower Demand of a Task Insertion. For
estimating the effect on p caused by the insertion of a task t into gang
k, we first try to fit this task into an existing gang schedule. Since we can
state a fit exactly, we return the previous number of drivers for this case.
Otherwise, we estimate the additional number of drivers i required in
order to produce a feasible schedule. If ¢ integrates a new gang as a
solitary task, we even calculate the exact manpower demand py of the
new gang k. See Figure 7.10 for an overview.

Fitting a Task into an Existing Gang We start by determining the
task u in an existing gang schedule, before the task ¢ is to be inserted.
To identify u we scan the tasks of the schedule in the order produced
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by the Schrage-heuristic and stop at the first task u with EST; < EST,
and LFT; < LFT,. After having found u, we next determine the earliest
permissible starting time s; and the latest permissible completion time
¢¢ with respect to the existing gang structure.

If t has to be appended to the schedule, we easily check whether
contingent idle-time T" — ¢; after the last task j suffices to integrate ¢.
For this purpose we set s; = max{c;+1, EST;} and ¢; = min{LFT;,T}.

If ¢t is to be inserted, we are going to verify the available idle-time.
Idle-time to the left of u can be available only if w is the first operation
of a block. In this case t may start right after the completion time of u’s
predecessor v, i.e. at time step ¢, + 1. The utilization of the idle-time,
however, is limited by EST;, thus s; = max{c, + 1, EST}}.

Idle-time on the right can be available only if v is non-critical. In
this case u and its non-critical successor tasks can be shifted to the right
in order to obtain additional idle-time. The maximal amount of idle-
time available can be determined by placing the tasks right-shifted in
the opposite order of the task sequence given in the Schrage-schedule.
We refer to the resulting starting time of task v as 5,. Thus, ¢ =
min{s, — 1, LFT;}.

In the event that [L¢/((c;—s¢)+1)] is smaller or equal to the number
of drivers currently engaged, task ¢ could be integrated in the schedule
without engaging additional drivers. The procedure returns p; = p; and
terminates.

Extending the Manpower Demand If the number of drivers does
not suffice to integrate task ¢, the additional manpower demand has to
be estimated. Since task ¢ for sure becomes critical, the blocks merged
by t are considered for prorating t’s volume. The approximated increase
of the number of drivers p; is returned to the calling procedure.

As a special case of extending the manpower demand we consider the
insertion of task ¢ into an empty gang or into a solitary time-window,
which does not allow a merge of ¢ with any other task. In this case the
exact manpower demand p; = p; = [L;/((LFT,— EST;)+1)] is returned
by the estimation procedure.

Tuning of the Estimation Procedure. Due to the large number of
gangs in the initial solution, primarily the disintegration of gangs will
prevail. However, in later stages of the search integration and disinte-
gration of gangs will occur counter-balanced.

As a main strength the estimation procedure unerringly recognizes
non-deteriorating task insertions. Although important, these cases will
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Table 7.1. The mean relative error of the local optima found by the local hill-climber.

small problems large problems
v/ w 1.00 0.75 0.50 0.25 1.00 0.75 0.50 0.25
0.00 2.5 6.3 10.4 18.0 2.1 5.9 10.4 17.3
0.25 2.6 6.5 10.6 16.8 2.1 6.0 10.2 16.2
0.50 2.7 8.1 11.9 17.2 2.3 6.5 10.9 15.9
0.75 3.3 9.9 14.6 18.6 3.1 9.1 13.6 17.1
1.00 5.8 13.3 17.1 20.5 6.0 12.8 16.8 18.7

rarely occur over the course of the search. In the majority of calls to the
procedure, an increasing manpower demand has to be approximated.

Unfortunately, the effect of inserting a task into an existing gang can
be approximated rather vague leading to a conservative estimate of the
manpower requirement. Only for the integration of a new gang the
increase of manpower can be stated exactly. Whenever there is a choice
between moving a task into an existing gang and integrating a new gang,
the former move will be often preferred by the Tabu Search procedure
due to the seemingly better performance.

In addition, the estimation of task removals biases the execution of
moves. The saving gained from the disintegration of a gang by remov-
ing its last task can be stated exactly. The saving to be gained from
removing a task from a gang consisting of several tasks can only be esti-
mated rather vague by a conservative estimate. If there is a choice, the
alternative of closing a gang will be often preferred.

Thus, the estimation procedure will unjustifiable favor the disinte-
gration of gangs. In order to subtend this disposition, we multiply the
(obviously too small) number of drivers approximated for the insertion
of a task into an existing gang with a constant § = 1.1. In this way the
alternative move of integrating a new gang gets a reasonable chance to
be executed.

7.4  Computational Investigation

- To assess the potentials of the Tabu Search procedure, a computa-
tional investigation is performed with benchmark problems generated as
described in Section 7.1.4.

7.4.1 Experimental Setup

We generate problem instances in two sizes, namely with 10 gangs
and 100 tasks (small problems) and with 20 gangs and 200 tasks (large
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problems). For each size, we additionally vary the extension of time
windows w and the percentage of tasks involved in precedence relations,
v. Time windows are generated with w € {0.25,0.50,0.75,1.00}, and
the percentage of tasks coupled by a precedence relation are given by
v € {0.0,0.25,0.50,0.75,1.00}.

As parameters for the Tabu Search algorithm, we use a variable tabu
list length of [5,v/H] where H is the number of tasks involved in the
problem, and the stopping criterion is fixed at 10,000 iterations.

For every combination of size, time-window extension and number
of precedence relations specified, 10 benchmark instances are generated
which are solved three times each, because of the non-deterministic na-
ture of the variable sized tabu list length used. Overall, every figure
given in Tab. 7.3 and 7.4 represents the mean over 30 samples observed.

7.4.2  Hill-Climbing Algorithm

In order to gauge the competitiveness of the Tabu Search procedure,
additionally to the Tabu Search procedure a local hill-climber is ap-
plied. The algorithm starts from the same initial solution as proposed
in Section 3.2 and uses the same neighborhood definition as the Tabu
Search procedure, refer to Section 3.1. Different to Tabu Search, the
local hill-climber calculates its C(s,s’) exactly by simulating all moves
in advance. Iteratively, the move yielding the greatest reduction in the
number of drivers is performed until a local optimum is reached, i.e. no
further improvements can be obtained.

For the local hill-climber, the mean relative error (against the optimal
solution) over the 10 benchmark instances of identical parameterization
is presented in Table 7.1. For unconstrained problems, the relative error
is quite small, with 2.5% and 2.1% for small and large instances respec-
tively. However, with an increasing tightness of the constraints imposed,

Table 7.2. Mean number of hill-climbing moves performed.

small problems large problems
v/w 1.00 0.75 0.50 0.25 1.00 0.75 0.50 0.25
0.00 37.4 52.5 59.2 65.9 80.3 104.8 118.5 133.9
0.25 31.7 45.7 51.4 59.3 70.9 91.1 103.1 120.2
0.50 26.0 36.4 42.5 52.7 58.1 78.1 88.1 110.0
0.75 18.8 25.2 33.9 50.2 42.7 54.2 72.9 104.8

1.00 3.8 11.7 28.3 47.7 10.5 27.3 55.8 99.0
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Table 7.3. The mean relative error of the best solutions found by the Tabu Search
procedure.

small problems large problems
v/w 1.00 0.75 0.50 0.25 1.00 0.75 0.50 0.25
0.00 4.59 8.86 6.87 8.67 4,71 8.76 6.89 8.77
0.25 4.83 8.46 7.42 8.36 4.84 8.20 8.21 9.60
0.50 4.39 7.27 8.15 9.45 5.04 9.47 8.81 9.65
0.75 4.32 7.71 9.93 9.81 4.95 10.32 9.97 10.70
1.00 3.69 9.64 9.19 10.01 4.62 9.16 9.30 10.92

the relative error increases drastically to approximately 20% for v = 1.00
and w = 0.25.

Obviously, the search space becomes more rugged, and local optima
become more frequent. This goes along with a decreasing performance
of the hill-climber. However, as shown in Table 7.2, the number of hill-
climbing moves performed does not directly reflect the ruggedness of the
space to be searched. As one may expect, the hill-climbing paths get
shorter with an increasing number of precedence constraints imposed
(7). The reasonable relative error of ~ 6 % for v = 1.0 and w = 1.0 is
obtained by a mere 3.8 moves on average for small problems and 10.5
for large problems respectively.

By narrowing the time-windows from the entire planning horizon
(w = 1.0) towards 1/4th of the horizon (w = 0.25), the number of moves
performed on a downhill walk increases significantly. Apparently, tight
time-windows introduce a locality to search such that only tiny improve-
ments per move can be obtained. Although with w = 0.25 more than
100 moves are performed for large problems, the relative error obtained
increases with an increasing tightness of time-windows.

Despite performing an increasing number of moves, an increasing rel-
ative error is observed. Thus, a further improvement in searching a
rugged search space requires the temporary deterioration of the objec-
tive function value. Although the Tabu Search procedure provides this
feature, the large number of iterations needed by the Tabu Search pro-
cedure requires a considerably faster estimation of move costs. This
can be obtained by the estimation procedure developed, although at the
expense of inaccurate measures.
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Table 7.4. Number of gangs recorded with the best solution observed.

small problems large problems
v/w 1.00 0.75 0.50 0.25 1.00 0.75 0.50 0.25

0.00 70.2 30.5 16.2 11.2 138.5 61.3 29.3 20.5
0.25 64.6 29.1 14.1 11.0 125.5 51.3 23.9 19.4
0.50 57.1 20.5 14.6 11.3 115.3 54.4 27.7 19.0
0.75 49.8 18.7 14.9 10.8 100.7 56.2 25.8 18.3
1.00 39.5 28.8 13.3 10.5 82.9 36.1 21.4 18.4

7.4.3  Tabu Search Algorithm

Tab. 7.3 presents the mean relative error observed for the Tabu Search
procedure. For a maximal time-window extension w = 1.00 the relative
error comprises ~ 4% regardless of the number of precedence relations
specified. This is twice the relative error observed for the hill-climber,
and pinpoints at the shortcoming of the estimation procedure. Obvi-
ously, the estimation delivers poor approximation of the changes in the
number of drivers imposed by a move in the case of loose constraints.

Narrowing the time windows increases the relative error of the Tabu
Search procedure only slightly up to ~ 10% for w = 0.25. This figure
is approximately half of the relative error observed for the hill-climber,
which convincingly demonstrates the advantage of Tabu Search for prob-
lem instances with tight constraints.

The tighter the constraints are, the better the costs of a move are
approximated by our estimation procedure, because the time span onto
processing times are prorated decreases with an increasing tightness of
constraints. Therefore, the estimation procedure is able to guide the
search more accurately. The algorithm proposed seems pleasantly robust
against the existence of precedence relations and an increasing problem
size.

Tab. 7.4 shows the mean number of gangs recorded with the best so-
lution observed. This figure demonstrates how well the gang structure
of the optimal solution has been reproduced by the Tabu Search proce-
dure. For large time-windows (w = 1.00) an enormous number of gangs
have been integrated. Since only the integer condition on the number of
drivers restricts the algorithm from finding the optimal solution, there is
no need to reduce the number of gangs. However, merely the existence
of precedence relations (which has only a small influence on the solution
quality) cuts the number of gangs in half.
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For higher constrained problems with v > 0.5 and w < 0.5 the gang
structure of the optimal solution is successfully approximated. Here,
for small problem instances =~ 10 gangs are integrated, whereas the 200
tasks of large problem instances are essentially distributed among ~
20 gangs. For highly constrained problems an effective gang structure
is a prerequisite for obtaining high quality solutions. Obviously, this
structure is identified by the algorithmic approach proposed.

7.5  Summary

In this chapter we have addressed the problem of finding a suitable
gang structure for a task scheduling problem such that the number of
drivers required becomes minimal. For this problem we have presented
a model and we have proposed a way to generate benchmark instances
of varying properties. We have developed an efficient Tabu Search pro-
cedure in order to solve such gang scheduling problems.

Particular attention has been spent on the design of the Schrage-
scheduler acting as a base-heuristic in the Tabu Search framework. Al-
though the move of a task from one gang to another modifies just these
two gangs directly, the other gangs are indirectly affected by the change
of time window constraints and have to be rescheduled as well.

Since the move neighborhood is large and the calculation of the cost
of benefit is computational expensive, we have proposed a cost estima-
tion procedure, which approximates the outcome of a move before it
is actually performed. Although an estimate must be imperfect in the
face of the move’s complexity, experience has confirmed the applicability
of the estimate developed. For a wide range of benchmark instances a
promising solution quality has been achieved.

We have shown throughout Chapter 6 and 7 that an efficient algo-
rithmic solution to the sub-problems derived in Chapter 5 is possible at
reasonable computation costs. The heuristics defined are fast enough to
be applied in an interactive framework controlled by a human planner.
In the following we consider the integration of the algorithmic solution
into an existing I'T-infrastructure based on an enterprise resource plan-
ning solution.



Chapter 8

IT-INTEGRATION OF PLANNING

Abstract In this chapter we discuss the integration of operations planning into
an existing IT-infrastructure of a transshipment terminal. By example
of the vehicle transshipment terminal Bremerhaven we outline general
concepts of integrating planning issues as a re-engineering activity. We
start with a description of commonly used I'T-functions supporting the
execution of terminal operations, before we sketch the interfaces used
in order to synchronize the information system level and the execution
level.

We then focus on software modules for the user interface to planning.
Finally, we discuss details of the integration of planning by viewing the
planning activity as a business process. We handle this issue on the
level of the requirement definition, the design specification and the im-
plementation description. We conclude this chapter with a discussion
of the impact of planning for the vehicle transshipment terminal of Bre-
merhaven.

8.1 Support for Terminal Operations

The need for an integrated IT system to support terminal operations
is known since long (Leeper, 1988; Giannopoulos, 2004). Its benefits
with regard to an increased terminal performance has been proven, for
instance by Wan et al. (1992) for the port of Singapore. Three main
functions have to be distinguished: First, the data exchange by means
of EDI (Garstone, 1995), second, the tracking of detailed operations
by means of an ERP (Kia et al., 2000), and finally, the planning and
scheduling of terminal operations as proposed in this book.

So far, we have discussed prospects of operations planning for a trans-
shipment terminal, we have derived suitable optimization models and we
have developed efficient heuristics to solve the arising problems. Thus,
we are ready to build a software module in the form of a callable opti-
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mization library. However, without a proper integration of the terminal
operations planning (TOP) into the existing I'T environment, we cannot
expect any positive impact on the efficiency and reliability of operations.

Clearly, the TOP module has to be supplied with appropriate input
data. This sounds trivial, but usually information is hardly available at
an aggregate level that is appropriate for optimization. Customer deliv-
ered transshipment orders have to be aggregated into (internal) tasks.
Moreover, data with regard to the port infrastructure like storage ca-
pacities, travel ways and distances have to be provided.

Once a implementation scenario is generated by the TOP module,
this solution has to be evaluated an analyzed. Probably multiple op-
timization runs with modified input data are needed until a solution
fully satisfies a human planner. Since the analysis of a solution is by
no means trivial, a significant effort has to be spent on the visualization
of implementation scenarios. Finally, one accepted planning scenario is
implemented by means of a disaggregation of the planning objects into
meaningful work-processes for terminal operations.

The aggregation of customer orders into meaningful objects for plan-
ning as well as their future disaggregation are typically well supported
by enterprise resource planning (ERP) systems. However, the “planning
functionality”, i.e. the anticipation of decision alternatives, is typically
less distinctive (Shobrys and White, 2002). Purpose of the following con-
sideration is the integration of planning into an existing ERP framework
by example of the transshipment of finished vehicles at the Bremerhaven
terminal, c.f. Mattfeld (2005).

8.1.1 Functionality of ERP Systems

Primary goal of an ERP system is the mapping of transshipment
processes to the information system in order to provide control for the
execution of logistic processes (Rizzi and Zamboni, 1999). For vehi-
cle transshipment this mapping starts with the definition of internal
planning tasks from customer orders. The execution of tasks is then
controlled by tracing the state of vehicle transshipments. This also com-
prises the tracking of the storing position of vehicles. After a vehicle
has been retrieved from the terminal, its transshipment is accounted by
issuing an invoice to the customer. Finally, transshipment operations
are controlled with hindsight by means of debit/actual comparisons.

For the Bremerhaven terminal, the above ERP functionality is imple-
mented in the “car individual network” (CARIN) software , developed by
BLG data services, a subsidiary of BLG Logistics AG. The name CARIN
implies that the system covers the logistics network on the basis of indi-
vidual vehicles. This functionality of CARIN is emphasized by Drewry
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(1999): “BLG was amongst the first terminal operators to set up an on-
line status tracking system for car exports. This was designed initially
for BMW and Mercedes exports to England, the Far East and USA and
has since been expanded to include all vehicle movements”.

In order to offer more complex transshipment arrangements to the
customer, also the tracking and tracing of vehicles beyond the terminal
area is supported (Polewa et al., 1997). The CARIN system “is designed
to act as a link from the manufacturer’s office overseas via Bremerhaven,
via the various port status indicators and pre-delivery inspection facil-
ities, direct to the dealer. The customers can thus ascertain the exact
position of their cars at any time with BLG providing the communica-
tions interface” (Drewry, 1999).

CARIN has recently been extended by means of a web-based interface.
Kuhr (2000), states, that CARIN integrates the entire chain of transport
from the manufacturing plant in Japan to the import forwarders and all
the way to the dealer in the destination country. Although possible from
a technical point of view, the organizational obstacles imposed by the
large number of firms involved in the logistics network dominate. Thus,
a complete trace seems possible only for long-termed arrangements with
only a few partners involved in the logistics chain (Nijkamp et al., 1996).

Bubois and Gadde (1997) notice, that in the transport industry freight
forwarders and transportation companies have been able to strengthen
their positions by establishing efficient large-scale transportation systems
as well as local timetable based delivery services. The extension of the
ERP system of the BLG can be seen as a contribution in this fruitful
direction.

8.1.2 Control of Terminal Operations

The tracing of vehicle along the logistics import chain requires inter-
faces to many external and internal sub-systems. Figure 8.1 shows con-
trol interactions between the execution level and the information system.
First, an avis of vehicles is received from the manufacturer by a notice
of dispatch via electronic data interchange (EDI). Before the respective
vehicles are discharged at Bremerhaven, usually also “manifesto” is re-
ceived from the carrier, describing type and physical conditions of the
vehicles to be unload from the calling car-carrier.

Since the responsibility is incurred from the carrier to the BLG at the
point of discharge, vehicles are checked for damages etc. when entering
the terminal. A bar-code badge is placed inside the front window of a
vehicle, which is then associated with the vehicle’s identification number
(VIN) and other data already received from the manufacturer. In this
way the vehicle becomes existent for the ERP system CARIN. After
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Figure 8.1. Interaction of execution and planning activities.

the vehicle has been stored into a storage area, its physical position is
transferred to the ERP system for further management by scanning its
bar-code badge.

After the release order for a vehicle has been received from the im-
porter or forwarder, the vehicle is retrieved from the storage area and
loaded onto rail, truck or feeder ship. Since the responsibility for the
vehicle is disposed, the vehicle is once more checked for damages, this
time on the behalf of the forwarder. Finally its departure is noted in
the ERP system. For controlling purposes, the productivity of trans-
shipment operations is recorded with hindsight.

8.2 Software Support for Planning

Although substantial effort has been spent on the design of the ERP
system, its use for planning purposes is limited (Galliers, 1994). Data
structures suitable for “what-if” considerations are missing, such that
planning purposes can hardly be covered. This deficiency is mainly
caused by the detailed data structures provided with respect to process
control and execution issues.

Furthermore, CARIN covers the terminal infrastructure as the most
important resource only rudimentary. Data access paths acquire storing
positions via individual vehicle data sets, and not vice versa. In this way
the physical position of a vehicle in the terminal can be easily tracked,
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Figure 8.2. Overview of vehicle transshipment terminal as it appears in the terminal-
viewer. The middle-gray area in the southeast shows the seaside at the Weser River
with water connections to the port area. Two large compounds can be identified in
the north (primarily export) and in the east of the port (primarily import). The ruler
in the southeast of the plot determines a length of 371 meter.

but to determine the number of vehicles stored at a certain area, as
demanded by capacitated planning, will be a tedious task.

8.2.1 Terminal Viewer Module

In order to integrate the infrastructure into planning, the Institute of
Shipping Logistics (ISL), Bremerhaven, has developed a graphical user
interface for this purpose. The “terminal viewer” is able to display geo-
data regarding travel ways, quaysides, rail ramps, transfer points and
storage areas in several scales ranging from a port overview to a detailed
mapping of one storage area.

Since an enormous effort is spent for this important prerequisite of
resource planning, the activities related to the collection and processing
of data are briefly sketched in the following. First of all, a digital map
of sufficient resolution is required, which may be trivially purchased
for most public properties nowadays, but which has to be individually
produced for the majority of private properties (Jiang et al., 2003).



144 THE MANAGEMENT OF TRANSSHIPMENT TERMINALS

Figure 8.8. Detailed view on the capacity utilization of one single storage area as
it appears in the terminal-viewer. One clearly recognizes the distinct blocks each
consisting of a large number of parallel rows. Rows are appear empty, semi-full,
full, or even over-loaded with respect to their prescribed capacity. The ruler in the
southeast of the plot shows a distance of 22 meters in this detailed scaling.

A differential global positioning system (DGPS) is used to determine
geo-coordinates of the transshipment terminal. DGPS receives satellite
signals like a commonly used GPS, but corrects these signals by means
of an additional transmitter located at a nearby radio tower. In Bre-
merhaven the DGPS transmitter of the neighboring container terminal
is engaged to collect geo-coordinates deviating from their true location
by less than one centimeter. Nevertheless, determining more than 6,000
geo-coordinates is truly a matter of diligence.

In a next step, the coordinates are assigned to objects in order to
model spatial borders and separations of objects. Then, the capacity of
storage area is estimated by means of the physical extension of areas.
However, as can be taken form Figure 8.2, storage areas are for historic
reasons by no means rectangular. Thus, again a manual examination of
storage capacities is unavoidable.

Storage locations are integrated into a four level hierarchy, starting
with storage rows of four to ten vehicles capacity at the lowest level,
c.f. Figure 8.3. Rows are integrated into blocks, which are again inte-
grated into areas. Finally areas are integrated into terminal regions at
the top level. For planning purposes, the hierarchy level storage space
provides a reasonable number of objects of sufficient capacity (approxi-
mately 1,000 vehicles per area), which are distinguishable with respect
to their assigned productivity.
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Figure 8.4. Utilization of a storage area “C” with a capacity of 6,000 vehicles over
eleven shifts of three days.

Distances with respect to travel-ways are calculated in a further step.
Therefore the medians of storage areas are determined and, based on this
data, the distance between each two of the 80 storage areas and the 60
transfer points considered are determined. This distance metric serves
as source for the derivation of productivity measures for optimization.

A database link to the ERP system opens the opportunity to display
the capacity utilization of areas as shown in Figure 8.3. Besides a vi-
sualization of the actual capacity utilization, targeted debit utilization
produced by automated planning can be displayed too. In this way, the
terminal viewer can be used as a valuable tool for analyzing planning
scenarios.

8.2.2  Terminal Information System

A simulated view at the planned state of the terminal will hardly
suffice to assess a planning scenario. Therefore a main challenge is the
processing of various aspects of a planning scenario with respect to hu-
man decision support. A graphical user interface visualizes a planning
scenario, so that it can be analyzed and contingently modified by a hu-
man planner.

The ISL has also developed such a software system, called auto ter-
minal information system (TIS). TIS receives a set of partially specified
tasks from the ERP system, prepares these tasks for optimization, and
finally receives a planning scenario, i.e. a solution consisting of fully
specified tasks, from the optimization procedure. Dependent on manual
modifications of the task data, the optimization cycle may be run for
multiple times.

In order to assess a planning scenario, different points of view to
the scenario are provided. Next to the terminal viewer, the capacity
utilization of single storage areas can be displayed over time. Figure 8.4
gives an example of the time-oriented resource viewer. The utilization
of manpower can be displayed in a similar fashion. However, viewing
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Figure 8.5. Hierarchy of storage areas with capacity and storage utilization.

the progression of resource utilization is limited to important figures of
central meaning.

For other resources an overview in terms of starting and finishing con-
ditions may suffice. Figure 8.5 shows an example of the development of
the utilization of the storage capacity for several locations. The storage
areas are structured according to the hierarchy levels of regions and ar-
eas. For these objects the capacity and the space allocation are shown
at the begin (“Belegt”) and end (“Plan”) of the planning horizon. The
main advantage of this way of presentation is the user-defined level of
detail for the various objects depicted.

The display of tasks can be selected with respect to their type, time of
processing, and storage or retrieval location, c.f. Figure 8.6. This feature
allows the grouping of tasks in order to solve planning conflicts: In Chap-
ter 6 a dummy storage area of infinite capacity is introduced to warrant
that the algorithm produces a feasible solution in every case. Obviously,
such a solution is not necessarily feasible with regard to practice. When-
ever vehicles are place at the dummy storage area, manual intervention
is needed. The task viewer provides a selection of mistakenly assigned
tasks.

The task editor is provided in order to allow manual modifications of
planning scenarios. There are two issues related to the manual modifi-
cation of solutions. First, changes made in the task editor have to be
propagated to terminal, resource, capacity and task viewers. This re-
quires the existence of a central presentation management that controls
the different viewers. Whenever data change, it is checked for out-of-
date contents in currently open viewers. If out-of-date information is
detected, the respective viewer is notified to reload its data content.

A more intricate issue of manual interaction is related to the tempo-
rary violation of model constraints. A manual modification may require



IT-Integration of Planning 147

a chain of modifications, which temporarily drives the planning scenario
into an infeasible state with respect to model constraints. Thus, the
task editor functionality can merely avoid the violation of constraints
with respect to static input data. Significant effort is spent to guide
a human planner back to feasible planning scenarios in case of manual
modifications.

Together, TIS consists a collection of interacting graphical user inter-
faces, i.e. the terminal viewer, the resource viewer, the task viewer and
finally the task editor. These parts of the user interface are to be con-
figured individually in order to efficiently analyze and modify planning
scenarios.

8.3 Interplay of Execution and Planning

So far, requisitions of an ERP system suited for the management of
a transshipment terminal have been described. Furthermore, light has
been shed on the functionality of TIS, suited for the analysis and control
of the TOP module. Subject of this section is the requirements planning,
the design specification and the implementation description of the inte-
gration of automated planning support. Thereby, we view the planning
activity as a business process, starting from the dispatch of a customer
order and ending with the activities scheduled for execution (Ng et al.,
1999). Although many different tools exist to support the development
and documentation of business processes, we confine ourselves to models
with regard to the ARIS toolset (Scheer, 1999).

8.3.1 Requirements Definition

The requirements definition considers the functions and interactions
of a business process with respect to different organizational units. In
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Figure 8.6. Selected tasks are displayed in the task viewer with respect to storage
area “B”.
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Figure 8.7. Business interaction diagram of the planning process.

the following we consider the re-engineering of the process of terminal
operations planning. Without automated planning support, the plan-
ning and execution of a vehicle transshipment is teamwork of just two
organizational units, see the dark-gray shaded systems on the right of
Figure 8.7:

1 The sales department defines tasks in the ERP system in accordance
with arriving customer orders. After a task has been executed, the
corresponding invoice is issued and finally process execution data are
provided for controlling purpose.

2 The terminal operation department receives a target schedule from
the ERP system and controls the execution of scheduled tasks via
PC standard software. The recently finished schedule is transferred
back to the ERP system for reasons of accounting.

In case of antomated planning support, the planning department is
introduced as a new organizational unit. In this extended setting, tasks
are no longer scheduled by the sales department. Instead, tasks are
processed by TIS and are optimized by TOP.

3 The planning department converts a set of tasks into an optimization
problem and transfers this problem to the TOP module. After a
solution has been generated, TIS checks this solution for validity and
the fully specified tasks are confirmed to the ERP system.

4 The TOP module is evoked as a callable library from TIS. A problem
instance is passed, and a solution to the optimization problem is
returned. Thereby, TIS performs several consistency checks on the
input data and provides an interface for the parameterization of the

algorithms of TOP.

The main advantage of this extended planning functionality is the
opportunity of frequent re-planning of tasks on the basis of a rolling
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Figure 8.8. Process chain diagram of the planning process.

horizon. A task first appears at the end of the planning horizon and is
then re-planned for a number of planning iterations before it is eventually
confirmed for implementation in the near future.

The process chain diagram of Figure 8.8 illustrates the interplay of
the various functions related to planning in more depth. In analogy to
the level of requirements definition in ARIS, the diagram shows the in-
teraction of functions and business states in terms of an event driven
process chain. Additionally, the diagram integrates the use of informa-
tion objects and the organizational embedding of functions.

Three organization units are involved in the planning process. The
workflow at the interface between different departments is depicted as
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a dashed line connecting the final function of one subsystem and the
initial state of the next subsystem. The sales department receives the
customer orders as a notification of dispatch and derives internal tasks
from this data. The planning department sets up a problem definition
from the partially specified set of tasks and runs an optimization cycle
resulting in a solution of the problem.

The solution is carefully analyzed and validated. In case of refusal, the
task data are slightly modified and the optimization cycle is repeated.
Otherwise the solution is accepted, and a schedule for the forthcoming
shift is dispatched to the terminal operations department. The sched-
ule is further processed by a deployment of personnel in terms of the
schedule’s gang structure, which finishes the planning activities.

Apparently, the information objects generated along the business pro-
cess resemble each other to a certain extent, cf. the third column from
the left hand side of Figure 8.8. First, internal tasks are derived from
external customer orders. Then, the subset of tasks with a time windows
falling into the current planning horizon are passed on to the problem
definition. Apart from the tasks selected and the planning horizon cov-
ered, the resources available and the objective pursued also contribute
to the constitution of an optimization problem.

For a problem at hand a solution is generated by specifying the storage
area, the processing gang and the starting time for every task considered.
In refined optimization cycles the problem data will be modified even
by means of a re-definition of task data. Once accepted, a solution is
dispatched into a schedule, i.e. fully specified tasks for a nearby shift are
confirmed for execution. At the same time, decisions concerning later
shifts close to the planning horizon are deferred to consecutive planning
and scheduling cycles. For the tasks of a schedule a gang structure is
specified by means of the personnel deployment.

Since the information objects involved are subsequently used and re-
used by the business functions depicted, an integral data model will
support the integration of planning and scheduling. The development of
such an integral data model is subject to the following considerations.

8.3.2 Design Specification

Main purpose of the design specification for business processes is the
semi-formal description of data involved. Documentation approaches
supporting this goal make use of entity-relationship models (ERM), orig-
inally proposed by Chen (1976). An advantage of this modeling approach
is that relationships between objects (called entities in this context) are
modeled explicitly.
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Figure 8.9. Objects related to planning in entity-relationship model notation with
min/max cardinalities.

Figure 8.9 shows a reasonable, although simplified ERM for data ob-
jects related to planning. Rectangular boxes denote entities whereas
rhombuses denote relationships. We have chosen an ERM extension,
which presents minimum and maximum cardinalities of relationships
between entities.

For example, the entities “area” and “task” are coupled by the rela-
tionship “allocate”. Reading the cardinality from left to right means,
that (minimal) zero and (maximal) n tasks allocate a certain storage
area. Reading the relationship in the opposite direction means that ev-
ery task is assigned to exactly one area. Similarly, exactly one gang
performs a task, but a gang will typically perform more than one task.
A task starts at a discrete time step, and at each time step zero to many
tasks can be started.

A prescribed number of time steps constitute a working shift. A gang
exists for exactly one shift, although many gangs can exist in a shift.
Since the existence of a gang is restricted to one shift, but many shifts
are considered, drivers work in many gangs. On the other hand, typi-
cally many drivers form a gang. Finally, several areas can be aggregated
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Table 8.1. We differentiate states of a task with respect to its prescribed attributes
and with respect to the attributes acquired by planning. Six meaningful states exist.

state  prescribed  acquired system  description

UN undefined not-known  ERP task not yet described

DN defined not-known  ERP task described, but not yet planned
DP defined planned TIS planning attributes acquired

RN refined not-known  TIS prescribed attributes modified

RP refined planned TIS acquired attributes for modified data
DS defined scheduled ERP task fully determined for execution

into one region, but every area is dedicated to exactly one region. We
recognize by means of the (1,1) cardinalities for the task entity in Fig-
ure 8.9, that a task is fully specified by a) allocating a certain area, b)
a certain gang performing this task and c) the assignment of a unique
starting time.

However, little is said about the state transitions necessary for ac-
quiring this data. In Figure 8.8 we identify several information objects
as they appear over the course of planning, i.e. a set of tasks, a prob-
lem, a solution, a schedule, and finally a gang deployment. The entity-
relationship model presented integrates all these information objects. In
doing so, the temporal dependencies between the information objects
are obscured. A state-transition model can be used to make the depen-
dencies between information objects explicit. States of the transition
model can be seen as counterpart to the information objects described
on the level of requirements definition.

States of a task with respect to its prescribed attributes (task type,
time window, vehicle volume, etc.) can be distinguished. We consider
three states,

undefined the task is not yet defined in the ERP system,
defined the task has been specified by the sales department, and

refined the attributes are tentatively changed for planning purposes.

Furthermore we consider the states of task attributes acquired from
planning (start time, number of driver, area allocation) . Here, we also
distinguish three states,

non-know a planning cycle has either not taken place or its results
have been discarded,
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Figure 8.10. State transition model for task attributes.

planned a planning cycle in the TIS has been successfully performed,
and finally

scheduled the results of a planning cycle have already been accepted
by the ERP system for execution.

Together, the Cartesian product of 3 x 3 = 9 states results, but merely
six states are meaningful, such that they correspond to an information
object, compare Figure 8.8. For example, (DN) corresponds to the in-
formation obhject “problem”, because tasks are specified but planning
attributes are not yet known. Consequently (DP) corresponds to the
information object “solution”, because next to the prescribed attributes
also the planning attributes have been determined. The six states con-
sidered are listed in Table 8.1.

The life cycle of a tasks starts from UN with its definition in the ERP
system (DN), see Figure 8.10. The task is considered for planning in the
TIS and therefore planning attributes for this task are acquired (DP).
The task can be either written back to the ERP system as scheduled
for execution (DS), or its prescribed data attributes can be refined in
order to generate a different solution in a further planning cycle. In the
latter case, its acquired data cannot be used anymore and its prescribed
data is noted to be refined (RN). In sub-sequent planning cycles several
planning scenarios can be validated (RP). In the event that a refined
task is accepted for execution by the ERP system, next to its acquired
data also its prescribed data attributes have to be modified in the ERP
database.

The formulation of information objects by means of states and state
transitions with respect to an integral data model allows the close in-
tegration of the planning and scheduling functionality into the existing
ERP system. In the remainder of this section we discuss the implemen-
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Figure 8.11. Model of software layers involved in the Planning solution.

tation of state transition issues in the planning and scheduling software
modules.

8.3.3 Implementation Description

The IT-integration of planning has been implemented as a distributed
system. The ERP system, the TIS and the TOP are autonomous systems
and can even run on different hardware platforms. This allows a flexible
usage of the system modules, eases maintenance effort significantly, and
provides a way to a future re-engineering of individual modules. The
modules are separated in accordance to a four-layered model, with the
presentation layer further separated into several software components.

Figure 8.11 shows the modules of the entire system arranged in a
four-layered structure (Bass et al., 2000). The layers depict the levels of
data generation and modification, application and presentation. Addi-
tionally, a communication layer is provided in order to physically split
the modules of the data layer from the application layer.

The presentation layer consists of several graphical user interface
(GUI) components like viewers and editors, compare Section 8.2.2. Fur-
thermore, a planning control window provides a user interface to the
TOP module. These GUI components are integrated by means of the
TIS presentation manager. As already stated above, its main purpose is
the propagation of changing data into the GUI components.
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Figure 8.12. Hard- and software components involved in planning.

The presentation manager interacts closely with the TIS data man-
ager, which corresponds to the application layer of the four-layered
model. The data manager stores an integral model of the planning
data and controls its modification by means of a state transition model
as described in Section 8.3.2. The data manager is linked via the Open
Database Connect Protocol (ODBC) directly to accessible database ta-
bles of the ERP system.

Once a planning scenario has been read-in by the application layer and
displayed by the presentation layer, the automated planning is performed
by the TOP module. This module is connected to the application layer
via a Common Open Request Broker Architecture (CORBA) interface,
which allows the integration of heterogeneous hard- and software by
means of a middle-ware protocol.

The strict appliance of software layers allows the integration of plan-
ning in a fairly heterogeneous IT-infrastructure. Figure 8.12 gives a
brief overview. The ERP system is based on a SPARC workstation run-
ning the Sun/Solaris operating system. The Oracle database software
supports remote access via an ODBC server.

The TIS component is developed in Delphi and runs on an ordinary
PC under Windows NT. Despite its wide user oriented functionality,
its hardware requirement is limited. Obviously, the converse holds for
the TOP component. Although heuristics have been chosen to produce a
reasonable solution quality in a time span a human planner is willingly to
wait for, a fast computer directly increases the response time of planning.
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Because of the fast and continuous increase of PC power, a UNIX
based operating system has been used on a PC architecture. The TOP
module is written in C++ and is interconnected via Mico CORBA to
the Visibroker CORBA implementation of the TIS module. Together,
all three modules efficiently utilize their distinct hard- and software en-
vironments in order to efficiently support the resource planning of the
transshipment terminal.

8.4 Impact of Automated Planning

The planning and scheduling system described has been in use for the
terminal operations of the vehicle terminal in Bremerhaven since Jan-
uary 2001. Now, in 2002 efficiency gains can be reported by comparing
productivity measures and transshipment volumes of 2001 and 2002 with
the ones of 2000 as the last year of manual planning.

The main challenge of the vehicle terminal in 2001 was to cope with an
exceptionally high volume of 1,193 thousand vehicles (in comparison to
1,073 thousand vehicles in 2000). Managing this peak volume by auto-
mated planning and scheduling was actually a great success. Generally,
an increasing transshipment volume will lead to a decreasing productiv-
ity of operations.

Despite the increased transshipment volume marginal productivity
gains have been achieved by automated planning and scheduling. The
average time of a single vehicle storage took 9.21 minutes in 2000 and
was decreased to 9.17 minutes in 2001. With respect to the retrieval of
vehicles, 15.2 minutes per unit in 2000 has been reduced to 14.8 minutes
in 2001.

After returning to typical load conditions, according to BLG represen-
tatives, the productivity i.e. for import transshipment has been increased
to currently 16.3% in comparison to 2000. By emanating from 363 em-
ployees of regular driving personnel, this figure will lead to an annual
reduction of personnel costs of more than 1 million Euro.

Mr. Michael Reiter, the manager of terminal operations, sees the ma-
jor contribution to this positive development in the process orientation
imposed by the automated planning and scheduling system. System
modeling and software implementation have changed the managerial fo-
cus from inventory management to transshipment processes, such that
currently more than 60 % of import vehicles are not relocated beyond
the necessary storage and retrieval movements.

Although the system’s functioning has surpassed the operator’s ex-
pectations, further improvements seem possible:
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s Along with the development of the planning and scheduling mod-
ule, the telemetry has been analyzed by the Institute of Shipping
Economics and Logistics (ISL). Estimate-actual comparisons of the
productivity can further fine-tune the system over time.

» Customers tend not to submit EDI records before the data is entirely
definitive. Often this is too late for planning and scheduling purposes;
hence the early integration of approximate data from the customer’s
side is seen as a hallmark for further improvements.

m [t’s up to the human planner to make use of the system’s flexibility.
Next to a proper functioning of the user interface, the unswerving be-
lief of the planner that the system will deliver a reasonable solution in
every case is of immense importance. Experience will further encour-
age the planner to entrust planning and scheduling to the automated
system.

First reports of the practical use of the system are encouraging. How-
ever, the process of organizational embedding of planning has not come
to an end yet and therefore further gains can be expected.

8.5 Summary

In this chapter we have banked on the problem modeling and heuris-
tics development made in the preceding chapters of this book, by assum-
ing the existence of an efficient terminal operations planning software
module. Purpose of this chapter is the possible integration of such a
software module into an existing I'T-infrastructure of a firm.

By example of vehicle transshipment in Bremerhaven we have de-
scribed typical functions of ERP systems and their interfaces to the
operations execution level. Then, we have outlined requirements to a
user interface connecting the ERP system and the automated planning
module. Particular attention has been spent on a graphical user interface
for the depiction of spatial resources.

Then, we have focused on the planning activities as business process,
for which we have proposed a re-engineering step. In analogy to the
ARIS toolset we have passed through the requirements definition, where
we have defined functions and states of planning. We have assigned
information objects to functions and we have embedded those functions
into organizational units.

In the design specification we have primarily focused on the data and
we developed an integral data model for planning by means of an en-
tity relationship approach. Furthermore, we have identified states for
the possible alteration of data attributes. Finally, in the implementa-
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tion description we have presented a four-layered model of the software
modules involved, which allows the physical separation of modules in a
distributed computing environment.
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