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Abstract. Planning of automobile terminal operations is a complex task, which
is highly affected by volatile demand fluctuations and unforeseen dynamic
events. Autonomous control concepts already showed promising results
regarding the terminals logistics performance. Especially, in highly dynamic and
complex settings autonomous control copes better with undesired dynamics than
conventional yard planning approaches. In this regard, this paper focuses on the
influence of structural complexity on the performance of an autonomously
controlled automobile terminal. It addresses the terminals size and the vehicle
volume as parameters of structural complexity. By using a discrete event sim-
ulation model of a generic terminal scenario, this paper analyses the logistics
performance of an autonomous control strategy. It shows that autonomous
control performs best in situations with a high degree of structural and dynamic
complexity.

Keywords: Autonomous control � Discrete event simulation � Automobile
terminal

1 Introduction

An increasing trend in vehicle shipment volumes in global vehicle production and
distribution networks can be observed. Within these networks, automobile terminals
play a key role for the fulfillment of transshipments and technical services related to the
customers’ demands. Usually automobile terminals offer handling processes (i.e.
loading and unloading of cars from transport carriers), storage processes and technical
service processes, which are directly triggered by the terminals customers (OEMs) [1].
This close interrelation with OEMs naturally affects yard planning processes of the
automobile terminal. On the one hand, terminals need information about specific
planned movement of cars (e.g., cars allocated to particular ship). On the other hand the
terminals planning is based on order neutral long-term forecasts. Due to these char-
acteristics (order neutral and order specific planning aspects) the role of automobile
terminals in the entire automotive supply chain can be compared to a classical
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decoupling point with parallel occurring push and pull processes [2]. Generally,
decoupling allows increasing flexibility of supply chains (e.g., terminals may act as
short-term buffer of production plant). However, this leads to a higher the complexity
for terminals yard planning tasks. In general, yard master planning aims at minimizing
driving distances (the distance between the point of car entrance, storage area and its
exit point) of cars on the terminal. In order to meet this goal classical master planning
approaches assign groups of cars to predefined parking areas (e.g. sorted by manu-
facturer, model and destination) [3]. In less volatile situation, this assignment leads to
good results regarding the realized driving distance. Increasing dynamics (e.g., caused
by usage of flexibility potentials) affects this long term orientated planning negatively.
It is prone to forecast deviations and unforeseen events [4, 5]. In this context first
autonomous control approaches showed promising results regarding the yard assign-
ment under dynamic and volatile conditions in automobile terminals [6, 7]. According
to the concept of autonomous control an improved handling of dynamics in systems
with high degree of structural complexity is a key element [8]. This paper focuses on
the applicability of autonomously controlled processes at automobile terminals. It
addresses the impact of increasing structural complexity on autonomous control
methods performance. For this purpose, Sect. 2 gives an overview about the planning
problems related to automobile terminals. On this basis, Sect. 3 describes the concept
of autonomous control and presents first terminal related applications. In order to allow
a structured analysis of terminals with different degrees of structural and dynamic
complexity, Sect. 4 introduces a scalable generic terminal model and its implementa-
tion in a discrete event simulation. Subsequently, Sect. 4 presents an existing auton-
omous control and a conventional planning method as well as their implementation into
the scalable terminal model. Section 5 depicts the simulation results and Sect. 6 gives
an outlook with further research directions.

2 Automobile Terminal Planning Processes

Planning tasks of automobile terminals are closely related to the physical movements of
the vehicles. Figure 1 depicts the elements of the material flow and maps relevant
planning tasks to the physical movement of cars according to [3]. The planning tasks
can be differentiated according to their specific time scale. According to Fig. 1 yard
master planning plays a central role in this cascaded planning process. This task
comprises the assignment of incoming car volumes to suitable yard areas. On the one
hand, this process aims at increasing the utilization of parking areas and on the other
hand on minimizing driving distances of cars on their route between unloading loca-
tions, yard position and loading locations. Often yard master planning includes the
localization of loading and unloading operations (e.g., general berth positions) [1, 4].
Usually, order neutral forecast give information about incoming vehicle volumes for
yard planning purposes. This situation differs for outgoing vehicle volumes. Here
terminals have information about particular customers’ orders. Dias et al. [2] describe
these parallel order neutral push and customer related pull processes as a classical
decoupling point in a supply chain [2]. Decoupling points allows a supply chains to
react flexible to market demands fluctuations. However, they may lead to increasing
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complex internal dynamics. Classical yard planning addresses the orders’ neutral
(forecast-driven) aspect by assigning vehicle volumes to predefined storage areas [5].

Volatile demand fluctuations or unforeseen disturbances may affect the planning
results negatively and decrease the terminals logistics performance. Planning proce-
dures, which allow a more dynamic assignment of cars to storage areas, may improve
the handling of parallel order neutral push customer related pull processes and lead to a
better planning performance.

3 Autonomous Control of Logistics Processes

The concept of autonomous control aims at improving the handling of dynamic and
structural complexity in logistics systems. It postulates a transfer of decision-making
capabilities from centralized planning instances to the logistics objects. According to
the general idea of autonomous control, intelligent logistics objects are able to interact
with others in order to collect information about relevant local system states and to
make decisions (e.g., routing decisions) according to their own objectives [9]. By
allowing local decision-making, autonomous control aims at generating a positive
emergent system behavior, which leads to an improved overall system performance
[10]. Due to the locally dispersed decisions of intelligent logistics objects the system
performance is less prone to unforeseen events and variations of process parameters
[11, 12].

Several implementations of autonomous control strategies can be found for dif-
ferent logistics disciplines (e.g., production logistics [13] or transport logistics [14]).
For the area of terminal logistics first autonomous control approaches showed
promising results. Böse and Piotrowski [7] propose an agent based approach for

Fig. 1. Automobile terminal planning tasks (based on [3])
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assigning vehicles to technical services and related storage areas [7]. Görges and
Freitag propose a biologically inspired approach, which allows assigning groups of cars
to storage areas. Compared to a classical yard assignment this approach improved the
logistics performance. Especially under dynamic conditions, this new approach per-
forms best [6]. The analysis of this autonomous control method focused on the impact
of internal and external dynamics, but the relation between systems structural com-
plexity and the systems performance is still a topic of interest. In other logistics
application autonomous control contributed to the system’s ability to cope with
structural complexity [12, 15]. The ability to operate in structural complex logistic
systems successfully is a crucial factor for autonomous control methods. Usually,
automobile terminals (e.g., Bremerhaven) are characterized by a high degree of
structural complexity (i.e., capacity of more than 100,000 vehicles, multiple berths and
unloading points like truck slots or rail ramps). Thus, coping with structural complexity
is essential for autonomously controlled terminal processes.

4 Automobile Terminal Scenario

4.1 Structural Configuration of the Scenario

In order to address the impact of structural complexity a generic and scalable terminal
scenario (analogue to [6]) will be used. Figure 2 shows all elements of this scenario. It
consists of nxm parking slots (A11 to Anm), which are interconnected by driveways.
Arriving and departing cars enter via sources (I1 to Ik) and leave the terminal via sinks
(O1 to Oj). These sources and sinks may be modelled for any kind of transport media
(ship, truck or train). On a detailed level, every parking slot is defined by its height (h),
is width (w), and the row width (r). The amount of parking rows l in a slot results from
these parameters. The height h defines the rows capacity and the row capacities defines
the capacity of the parking slot (sum of rows capacities).

Fig. 2. Scalable automobile terminal scenario with variable parking dimensions, different
sources and sinks
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In this paper the following parameters are used for generating scenarios: The area
width is w ¼ 160m, the area height is h ¼ 75m and the row width is r ¼ 3m for each
storage area. Hence, the capacity of a single parking slot is 795 for cars with a standard
length of 5 m. In order to address the structural complexity, the size of the terminal
scenario will be varied (increasing n and m). In particular, the following configurations
with increasing sizes will be analyzed: 3 � 3, 4 � 4, 5 � 5, 6 � 6, 7 � 7, 8 � 8 and 9 �
9 parking areas. The analysis will focus on two typical auto terminals KPIs. The first
KPI is the total driving distance of cars. The second KPI is the degree of sorting (i.e.,
sorting result). It describes the mixture of cars from different categories in one parking
area. The higher the sorting result value, the better is the sorting of vehicles.

4.2 Modelling Incoming and Outgoing Volumes

In order to keep the modelling of vehicle volumes as simple as possible, this scenario
focuses on vehicles arriving at the terminal via rail and leaving it via ship. There is an
OEM for every parallel parking lot. This means a 3 � 3 size scenario has three OEMs,
the 4 � 4 size scenario has four OEMs and so on. Every OEM in a scenario serves as
many shipment destinations as sequential parking lots are available (i.e., three desti-
nations in the 3 � 3 scenario and four destinations in the 4 � 4 scenario). In this
context, a group or category of cars is defined for the following analysis as the mix of
OEMs and destinations.

In order to model a realistic incoming behavior for all vehicle groups a sinusoidal
arrival function (analogue to [6]) will be used. This allows to model volatile seasonal
demand fluctuations. Similar seasonal effects can be observed in arrival volumes of real
automobile terminals. Equation (1) shows the underling sine function for every group
of vehicles k. The parameter kk determines the mean arrival rate of vehicles in category
k, while the amplitude of the sine function is defined by lk . Besides the mean arrival
rate, the phase shift uk and the period T determine the dynamic characteristics of this
arrival function. The period T has be set to a quarter year.

Ikd tð Þ ¼ kkd þ lkd � sin
t
T
þuk

d

� �
ð1Þ

The following table summarizes all chosen arrival rates of a destination of an OEM
in for all size scenarios. Due to the higher terminals capacity the mean arrival rate has
to increase with the scenario size. In our study, the mean incoming volume increases by
35 cars per day per OEM. Table 1 shows the volume distribution for all destinations.

In order to provide a realistic terminals behavior an initial inventory for all vehicle
categories has been modelled. The terminals initial inventory for every class is set
arbitrarily to 1000 vehicles. The phase shift is modelled according to the number of
destinations of an OEM. It is distributed linear over all categories in order to provide an
overall homogeneous influx of cars over time.

As in the real world, there are high and low runner destinations. High running
destinations have a shorter turnaround time than low running destinations. In all sce-
narios a high runner destination has a mean terminal turnover time of 10 days and a low
runner destination of 30 days. Accordingly, the turnover time vehicle of a particular
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OEM is linear distributed between 10 days and 30 days for every destination served by
the OEM. These turnover times determine the behavior of outgoing vehicles.

4.3 Conventional Control Method

A simple yard assignment method has been implemented. Due to the scenario settings
(described in Sect. 3.2), there is a separate parking lot segment for each destination of
each OEM. Based on mean arrival rates and the estimated departure times (i.e., turn-
around times) volumes of every vehicle category are assigned to a particular row.
Destinations with a high turnover time will be located at a parking area further away
from the quayside. Accordingly, there is more free storage space for high running
volumes close to the quayside. This way of assignment is comparable to a forecast
driven long term yard plan.

4.4 Autonomous Control Method

The autonomous control method used in this evaluation is a pheromone based
approach. This approach is inspired by ants’ natural foraging behavior. It aims at
marking decision alternatives with artificial pheromones, which can be interpreted by
the logistics objects. While searching for food, ants leave evaporating pheromone trails,
marking possible routes to food sources. Other ants are attracted by these trails and
follow it. Ants following a trail increase the pheromone concentration. The pheromone
concentration decreases over time due to the natural evaporation process. This natural
concept can be transferred to decision marking in auto terminal scenarios (for a detailed
description see also [6]). In particular, cars using this approach try to mark suitable
parking rows by leaving artificial pheromones coding information about estimated
driving distances between sources, parking rows and possible sinks (i.e. berth places)
as well as information about the sorting result and the turnover time. Succeeding cars
are able to read all available artificial pheromone information and to decide for a
suitable parking row. The following equation describes the calculation scheme for the

Table 1. Mean arrival rate for all destinations of one OEM for all size scenarios

Scenario
Arrival rates k for scenario 3 � 3 4 � 4 5 � 5 6 � 6 7 � 7 8 � 8 9 � 9

1 16.66 13.5 11.33 9.76 8.57 7.64 6.89
2 33.33 27 22.67 19.52 17.14 15.28 13.78
3 50 40.5 34 29.29 25.71 22.92 20.67
4 – 54 45 39.05 34.29 30.56 27.56
5 – – 56.67 48.81 42.86 38.19 34.44
6 – – – 58.57 51.43 45.83 41.33
7 – – – – 60 53.47 48.22
8 – – – – – 61.11 55.11
9 – – – – – – 62
Total mean arrival rate 100 135 170 205 240 275 310
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pheromone value for a particular car category k for every available row i. As mentioned
above, a category represents a combination of cars from one OEM for one destination.

Pk
i ¼ c1

RANK Wk
i

� �
F

� RANK Gkð Þ
K

����
����þ c2

di
Dk þ c3 1� vki

Vk

� �
þ c4

min Wk
i

� �
max Wkð Þ ð2Þ

The pheromone value Pk
i consists of four terms. Each term focuses on a different

target value and can be weighted by a factor c. The first term aims at balancing the
estimated turnover time Gk and the estimated driving distances Wk

i between source and
sink of cars belonging to category k. Therefore, this term calculates the ranking
position of the estimated distance factor Wk

i divided by the amount of parking areas F
and relates it to the ranking of turnover time of remaining categories. The second term
addresses the time of the latest vehicle parked in row i di and the oldest vehicle Dk on
the terminal of category k. By doing so, this term tries to address the FIFO principle of
a terminal. Vehicles with similar turnover times should stand closely together. The
third term focuses on volume of vehicles of category vki in the parking area of row i to
the overall volume of vehicles Vk belonging to category k. It tries to avoid spreading of
vehicle volumes of the same category over many parking areas. The last term addresses
the estimated driving distance of cars and aims at realizing short distances on the
vehicles route from the source (e.g., truck or rail) to the parking row and finally to the
sink (e.g., ship). It is defined as the ratio between the estimated distance Wk

i based on
the moving average and the maximal possible distance for category k regarding all
sources, storage areas and sinks. A car deciding for a particular parking row takes all
available pheromone values into account and chooses finally the row with the lowest
value of Pk

i . A moving average over the last a cars of a category is used in order to
model the evaporation process. In particular Wk

i and Gk are determined by using a
moving average.

Two variants of this pheromone-based approach are implemented. In the basic
variant cars are able to choose a row out of the set of rows which are available
according to the conventional assignment (basic PHE). The alternative variant uses the
same principles as described, but cars using this variant may choose a row out of all
rows in the scenario without further restrictions (all area PHE).

5 Simulation Results

The scalable nxm terminal model has been implemented in a discrete event simulation
model. The terminal size has been increased systematically in different simulation runs
(see also Sect. 4). All assignment methods described before are implemented in this
scenario. Both pheromone-based implementations use the same weighting parameters
(c1 ¼ c2 ¼ c3 ¼ 0:1 and c4 ¼ 0:4Þ, which performed well in pretest simulation runs.
For reasons of general comparability, a forth assignment method has been applied in
terms of a random assignment method. This random method assigns an arbitrarily
chosen row to an incoming car. The performance of this method is expected to be the
worst. However, it is used as a benchmark and can be seen as a kind of upper bound.
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Figure 3 summarizes all simulation results. It depicts the average realized driving
distance for all scenarios and for all methods. Moreover, it presents the respective
sorting results (proportion of parking lots with two or more vehicle categories over
time) for each scenario. Regarding the driving distances Fig. 3 shows that the auton-
omous control methods lead to a better performance compared to the conventional
assignment. Especially, in scenarios with a higher structural complexly the autonomous
control (basic PHE) performs better than the conventional method. As expected, the
random assignment performs worst. Besides the driving distance, Fig. 3 shows the
average sorting results in the simulations runs. As in the real world the conventional
method, leads to a very good sorting result, due to its strict predefined assignment to
parking areas. Compared to the conventional method the pheromone-based methods
performs worse. To the cost of a lower sorting result, both autonomous control methods
optimize the total driving distance. In general the pheromone based method helps to
cope with increasing structural complexity.

In addition, these results show an interesting effect regarding the behavior of the basic
pheromone method and the pheromone method for all area assignment. In scenarios with
lower structural complexity, the alternative pheromone method (PHE all areas) performs
better that the basic variant. This effects changes for scenarios with a higher structural
complexity (beginning from a scenarios size 6 � 6). This can be explained by the
underling parameters of the used pheromone method. Especially, the amount of cars for
generating moving average (a values) for each Pk

i may have an effect on the performance.
Smaller values may cause quicker changes in the decisions, while bigger values lead to
slower adjustments of decisions. Figure 4 confirms this. It shows exemplarily the 3 � 3
and the 6 � 6 scenario for both autonomous control methods for increasing a value. For
both scenarios (3 � 3 and 6 � 6) the basic pheromone method leads to nearly constant
results for increasing a values. Due to the lower structural complexity dynamic and the
fewer decision alternatives, this parameter does not have an impact on the results. The
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Fig. 3. Avg. driving distance and sorting results for different size scenarios
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alternative method (PHE all areas) shows a different behavior. In both scenarios an
increase of the a value lead to varying results regarding the driving distance and the
sorting result. Figure 4 shows that the impact of varying a values is higher in the 6 � 6
scenario. Here the best avg. driving distance has been realized for a = 1400. A compar-
ison of the basic method and the modified version shows that the alternative version
performs best regarding the average driving distance in the 3 � 3 scenario.

Regarding the sorting result, it leads to better results in the 6 � 6 scenario. These
results show, that besides the weighting factors the parameter a can be used to adjust
the PHE methods performance.

6 Summary and Outlook

This paper presented a biologically inspired autonomous control method for the general
assignment of cars at an automobile terminal and compared it with a conventional
method. The analysis focused on scenarios with varying degrees of structural com-
plexity. The analysis confirmed that the novel autonomous control method performs
best in scenarios with a higher structural complexity (11% driving distance improve-
ment for the basic method in the 6 � 6 scenario). This analysis showed that the
improvements of avg. driving distances lead to lower sorting results. Moreover, the
analysis focused on the impact of the pheromone based methods parameters. It showed
that an adjustment of the methods underling parameters helps to improve the overall
performance of the autonomous control method. Overall, it showed that autonomous
control helps to cope with increasing structural complexity in different terminal sce-
narios. Further research activities will focus on this aspect and investigate methods for
dynamically adjusting the moving average parameter in order to optimize the methods
results. Another interesting research field is the implementation of similar autonomous
control strategies for other logistics object (e.g., ships or trains).
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