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Abstract. In Flexible Manufacturing Systems (FMS), an
Automated Guided Vehicle (AGV) is often used for ma-
terial transport. To simulate this system, a production
environment with aisles and I/0 points is required. The
arrangement of individual areas within a production en-
vironment can be done by solving the Facility Layout
Problem (FLP). However, the previous methods only con-
sider individual aspects and there are hardly any solution
methods that consider the entire production system with
regard to the material transport. Due to this, a FLP solv-
ing method that also considers aspects regarding the ma-
terial handling system is useful so that the created pro-
duction environments can be simulated and/or used in
practice. Therefore, both topics - FLP and AGVs - should
be considered together.

Introduction

Flexible Manufacturing Systems (FMS) — a specific
type of multi-stage production system [10] — often use
an automated guided vehicle system (AGV-System)
for material transport [12, 11]. One possibility for
optimizing AGV-Systems is the arrangement of vari-
ous facilities, which can represent, for example, ma-
chines, storage locations, workplaces, production loca-
tions [13, 15], I/O points (where Automated Guided Ve-
hicles (AGVs) can load and unload material), parking
areas for AGVs as well as necessary AGV travel areas
within a production environment. The problem of ar-
ranging these facilities is known as the Facility Layout
Problem (FLP) and aims to minimize the costs of ma-
terial transport of the resulting production environment

so that they are as low as possible [13, 14, 15]. One
problem with the previous solution methods of the FLP
is that often aspects for the use of a real AGV-System
are not taken into account. These include the driving ar-
eas of the AGVs, the connection of the I/O points to the
AGYV driving area and the consideration of routing, dis-
patching and scheduling for the AGVs [2] on the basis
of the generated production environment.

Reference to simulation In this paper, a simula-
tion model is developed which, on the one hand, can be
used to the requirements of an AGV-System when cre-
ating the layout of the production environment (FLP).
On the other hand, the dynamics of the AGV-System are
already taken into layout by means of an abstract sim-
ulation of the AGV routing. For example, it is checked
whether the AGV-System is capable of handling all nec-
essary transport orders within a certain period of time.

1 State of the Art

In this section the basics are presented. The FLP is ex-
plained first, followed by the AGV-System and all re-
lated aspects.

1.1 Facility Layout Problem

The FLP positions a fixed number of facilities within
a limited area so that the cost of material transport is
minimized [13, 15, 14]. The FLP belongs to the NP-
hard combination problems and has been researched for
decades [15]. Due to this, there is a multitude of solu-
tion methods with different approaches.

Many of these only consider selected aspects, such
as the determination of I/O points. Steps one to three
from Figure 1 are known from the literature.
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In [13] a FLP approach for the arrangement of facili-
ties based on a special data structure — Slicing Tree (ST)
— was developed. This offers the possibility of inserting
an aisle structure in the layout with a simple procedure.
In [9] the FLP solution procedure extended by the deter-
mination of the I/O points. Thereby, an I/O point could
be positioned within one of the four corners of the fa-
cility. This is useful for the subsequent connection to
the transport aisles — the insertion of the transfer areas
— makes sense. In [15] they added the transport aisles
depending on the transport relationships and intensities
between the the facilities within the production environ-
ment for material transport. However, this method does
not take into account the aspects of AGV routing.

arrangement 2 determine 3] ]
[ of facilities [ | /O points | | insert aisles
6 | cCBS-Routing le—] 5 [BSNCTatEAGYI | 4|  create
! waypoints 1/O areas

Figure 1: lllustration of the steps to generate a FLP layout for
the creation of an production environment. Steps
one to three can be found in the literature. Steps
four to six should be considered with regard to
aspects of a material handling system and should
also be taken into account during the creation.

To evaluate a layout, the material transport costs C
are determined [13, 14, 15]:

M

C= Y (t-dij) (1)

i=1,j=1

This sum is defined by the distance d;; from facility
i to facility j weighted by the transport intensity #;;.
The transport intensity can be taken from the transport
matrix and corresponds to the material units that
are transported between the facility pairs. M is the
number of facilities to be placed in the layout. The
distance d;; is calculated differently depending on the
FLP approach. The FLP approaches in [13, 7, 8, 6]
calculate the distance between the centers of gravity
of the facility. With regard to AGVs, this assumption
of the travel distance between the centers of gravity
is unrealistic. In the method of [9], it is assumed that
the AGVs travel along the boundaries of the facility.
I/O points are determined which lie at the edge and
the distance is calculated between them along the
boundaries of the facilities.

T o [

The physical space to travel in is missing. In the
approach of [14], it is assumed that the travel paths are
always in the middle of the corridor. The path-based
distance is calculated between the I/O points taking the
aisles into account.

1.2 AGV-System

An AGV-System consists of one or more AGVs. It can
now be found in almost all industries and production
areas and is therefore an important part of intralogis-
tics [1]. According to the VDI 2510, AGVs are defined
as indoor, floor-based systems with automatically con-
trolled vehicles for the handling of material transport
[1]. In order to coordinate the AGVs, the AGV needs
to know about the possible routes. One possibility is to
create these in the form of topological graphs [19].

Topological graphs A topological graph G =
(V,E) is a planar graph with a finite set of nodes N
and edges E [18]. Each edge connects two nodes. In
the context of AGVs, the edges of the topological graph
represent paths or roads for the AGV. Intersections and
important stops, e.g. stations for loading and unloading
material at the facility, are represented by graph nodes.
To create the topological graph, an approach further de-
veloped at the Fraunhofer IML called Roadmap Graph
Creator (RGC), based on [19] is used.

Readers are referred to the literature [20]. The topo-
logical graph is used to calculate the distance between
the I/O points (path-based distance metric). The simula-
tion model for routing requires the topological graph to
determine the paths for the AGVs to execute the trans-
port orders.

CCBS-Routing An abstract simulation model is cre-
ated to take into account the dynamic behavior of the
AGVs in the created production environment. For this
purpose Continuous-time conflict-based search (CCBS)
is used. CCBS is an algorithm for searching paths
for multiple AGVs in a defined environment, so that
each each AGV reaches its destination without causing
conflicts with other AGVs [17, 16]. In doing so, a
set of transport orders is defined where the start and
destination are defined by nodes of the topological
graph. For each transport order one AGV is assumed.
The paths of the AGVs are selected via the topological
graph.




As aresult, CCBS returns certain characteristic met-
rics for the routing of the set of transport orders, includ-
ing the makespan m.

m = M(TI) 2)

The makespan corresponds to the time it takes the last
AGYV to reach its destination. CCBS plans in batches,
i.e. no new transport orders can be issued to an AGV
until all AGVs have reached their destination [17, 16].

2 Requirements regarding
AGV-System

Before a solution can be developed, the requirements
with regard to layout and topological graph for use
within an AGV-System must be defined. Based on
these criteria, the solution procedure is further devel-
oped so that a production environment model that is
well matched to the requirements of the AGV-System
can be generated. This model can be used for simula-
tion and/or implemented directly in practice if required.

2.1 Layout Requirements

In order for the layout created on the basis of the FLP
to be suitable for use within an AGV-System, the fol-
lowing aspects should be fulfilled: Transport aisles for
the AGVs between the individual facilities should be
defined [14, 15]. Additional several I/O points for each
facility should be created, instead of only one I/O point
for each facility like in [9]. With regard to application
in the AGV-System, only one I/O point can lead to a
problem. For example several AGVs arrive at the same
facility and at the same time. First of all it must be clar-
ified which AGV is allowed to drive to the I/O point to
load or unload the materials. This means waiting for the
other AGVs. The waiting AGVs could obstruct other
AGVs that are in the process of fulfilling other trans-
port orders. This leads to congestion and delay in the
entire FMS. Therefore, it may be necessary if multiple
I/O points can be identified. In our approach we use an
I/O area for this purpose (see later section 3.1).

2.2 Graph Requirements

The topological graph and thus the waypoints for the
AGVs are to be generated on the basis of the aisle struc-
ture. The topological graph must fulfill two require-
ments for use within an AGV-System.
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First, it must be ensured that from one node every
other node in the graph can be reached via the edges.
This property can be tested via the graph coherence,
if this is one, the requirement is fulfilled [3]. Further-
more, it must be checked whether all facilities also have
a connection to the aisle structure via graph nodes and
edges. For this purpose, it is checked whether at least
one graph node is located within the I/O area.

3 FLP - Solver

Due to the FLP solution procedures known to us, which
do not consider the requirements with regard to the ap-
plication in an AGV-System, we have developed our
own approach. This means that the production envi-
ronments created can be used in practice. Steps one,
two and three (see Figure 2) are known from the lit-
erature. Our further development of the FLP solution
method includes steps four to six from Figure 2, which
take into account the requirements with regard to the
AGV-System. For this purpose, the FLP solution pro-
cedure of [13] is extended. The individual steps are ex-
plained below.

3.1 Arrangement of the Facilities and
Determination of the I/0 Points

In order to solve the FLP, a number of input data are
generally required [13]. These include the dimensions
of the location support, the number of facilities to be
placed, the required area for each facility, the dimen-
sions of each facility and the transport matrix. The
transport matrix indicates how much material needs to
be transported between the individual facilities [13].
Based on this required random STs are generated in or-
der to determine the final positions of the facilities and
thus their arrangement (see Figure 2a).

To determine the I/O points (= stations for AGVs to
load and unload material at the facility), the procedure
of [9] is applied. First, candidates of I/O points are
identified based on the dominant region. For each
corner of the facility a node is added to a graph. The
boundaries of the facilities are represented by edges.
The dominant region consists of one or more contigu-
ous facilities that have at least one vertex or graph
node for each facility. These nodes in the dominant
region represent the candidates of I/O points. We have
resolved the restriction of [9] that a dominant region
must be rectangular.
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(c) FLP-layout after
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Figure 2: Representation of the generated production
environment according to the steps from Figure 1.

In our approach, the dominant region can also be a
polygon. After the candidate transfer points have been
determined, the facility pairs are sorted in descending
order according to their transport intensity. For each fa-
cility pair, the two I/O points with the smallest distance
to each other are selected (see Figure 2b) [9].

3.2 Creation of the AGV Driving Areas

The structure of the STs is used to create the driving
areas. The idea is based on [13] and was adapted for
our purpose. Each cut node in the ST is considered.
The right child of the intersection node and all nodes
are shifted along the x- or y-axis in a positive direction
by a predefined path width. This creates the driving
areas for the AGVs (see Figure 2c).

I s\ 3402) - 672024

3.3 Inserting the 1/0 Areas

On the basis of the I/O points determined in step 2 (see
Figure 2b), I/O areas of a predefined size are inserted.
All I/O areas are of the same size (see Figure 2d). The
idea is to treat these transfer areas also as driving areas
for the AGVs. This automatically generates a set of I/O
points for each facility related to the next step: gener-
ation of the AGV waypoints. All graph nodes of the
topological graph within the I/O areas can be identified
as I/O points.

3.4 Generation of the AGV Waypoints

The generation of the topological graph is carried out
over the open space, consisting of the driving and I/O
areas using the RGC software tool (see Figure 2e). It
is important that the graph fulfills the two requirements
mentioned (see section 2.2), otherwise the created lay-
out cannot be evaluated.

3.5 Simulation of the AGVs with CCBS Routing

To evaluate the layout, the CCBS makespan is used in
our approach (see eq. 2) and replaces the cost function
from the literature (see eq. 1). This leads to the consid-
eration of the dynamic driving behavior of the AGVs
and the parallelism of the transport orders to be pro-
cessed in the layout, which is not considered in other
evaluation criteria for the FLPs layout (e.g. in eq. 1).
For this purpose a set of transport orders must first be
generated. Then, taking into account a time window
(see section 3.6), CCBS is executed with the generated
transport orders and the makespan is assumed to be the
cost of the layout. If CCBS does not find a solution
within the time window, twice the longest distance in
the layout is calculated for evaluation:

c=2-max(d; ;) 3)

This can be done, because in CCBS the assumption is
made that the AGV has a velocity of 1 m/s [17, 16].
The longest path therefore also corresponds to the
makespan. In order to evaluate this solution more nega-
tively, since CCBS has not found a solution, the longest
path is considered twice.

3.6 Parameters

There are a number of parameters for the FLP-solver
that influence the result. In principle, the FLP-solver
distinguishes between the necessary input data and the
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parameters to be set for the best possible result. The
following input parameters are required for each data
instance: the number of facilities to place, the dimen-
sions of the entire layout or maximum allowed size for
the FLP-layout to be generated e.g. the production hall,
the minimal and maximal width and length of each fa-
cility, the area for each facility and the transport matrix
containing the transport intensities for each pair of fa-
cilities.

The parameters to be set for the best possible result
can be further differentiated. The first group of param-
eters influences the layout itself, e.g. the size of the I/O
area (see section 3.3). The width of transport aisles (see
section 3.2) can also be defined and thus the number of
parallel roads within a transport aisle. A time limit is
set at two points when creating a layout. When creating
the topological graph (see section 3.4), the time limit is
determined depending on the size of the layout and the
width of the transport aisle. To determine the costs via
CCBS (see section 3.5), a time limit of 10 seconds is
set, which is based on previous studies [20].

The second group of parameters influences the
search for the best FLP-layout, because the number of
STs considered is limited so that the runtime remains
within a certain period. These parameters are already
known from the literature e.g. [13]. An example is the
parameter iterations. The parameter defines how
often a random ST is created for searching a best FLLP-
layout.

One problem in creating a production environment
is finding the optimal parameters so that the runtime re-
mains within reasonable limits and the result is still as
satisfactory as possible. To find the right parameters,
we focused on the runtime. So that production environ-
ments can be created in a reasonable time for us (see
Table 2, 3, 4, 5).

4 Evaluation

For the evaluation, we have compared several data
instances (DI) from different publications and com-
pared their results with our approach. For this we
took into account different numbers of steps from
the literature to generate a layout (see Figure 1).
The evaluations were performed on an AWS server
instance EC2 C5A.XLarge [4]. Table 1 shows the
four different versions. The specified minimum and
maximum side lengths of the individual facilities could
not always be adhered due to the selected cuts in the ST.

The limitations for the side lengths are not taken
into account in the evaluation. Tables 2 - 5 compare
our results with the best results from the literature. The
numerical value in the columns "best result" and "our
result" represents the material transport cost C for the
respective DI. The value "nr. of STs" corresponds to
the number of valid ST found for the listed run of the
FLP-solver.

FLP- | litera-
solver | ture

considered
steps for gener-
ating a layout
(see Figure 1)

distance
metric

Vi1 [13, 7, | center of grav- | 1
8, 6] ity distance
V2 9] contour-based 1 and 2
distance
V3 [14] path-based dis- | 1,2 and 3
tance
V4 our ap- | path-based dis- | all steps seen in
proach | tance via topo- | Figure 1

logical graph

Table 1: Overview of evaluation applications V1 - V4.

4.1 FLP-solver: Arrangement of the Facilities
(V1)

Table 2 shows that the results from the literature for the
FLP procedure with center of gravity distance. With the
exception of data instance AB20, all results are better
by an average of 7.53%. It is likely that with further
elaboration for data instance AB20 a similar or better
result could be obtained.

4.2 FLP-solver: Determination of I/0 Points
(V2)

The results in [9] could not be achieved (see Table 3.
One reason for this is the adherence to the dimensions
of the layout. While [9] allows layouts with larger
dimensions, our approach only allows layouts that lie
within the specified dimensions. This is more practical,
since the necessary space, e.g. a production hall, is lim-
ited. To enlarge the hall afterwards is unrealistic. As
before, there is also the chance to achieve better results
with further designs.

sne 34062024 S
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data instance | best result | our appro.ach deviation |
bestresult | nrof STs runtime [HH:MM:SS]

OE7 131.57 [7] 108.78 5 00:00:06 -17.32%
OE8 242.73 [8] 220.94 7 00:00:16 -8.98%
OE9 235.84 [7] 207.51 9 00:00:25 -12.01%
VC10 19994.10 [6] | 19183.98 6 00:02:58 -4.05%
BAI12 8021 [13] 8071.28 34 00:02:21 +0.63%
BA14 4628.84 [13] | 4469.25 19 00:04:27 -3.45%
AB20 5073.82 [6] 67725.68 1 00:10:46 +92.51%

Table 2: Results of FLP-solver V1: arrangement of the facilities.

data instance | best resultin [9] | our approac.:h deviation |
bestresult | nrof ST runtime [HH:MM:SS]
OE7 21.64 36.85 7 00:00:12 +41.28%
OES8 52.09 66.64 6 00:00:25 +21.83%
OE9 53.29 76.32 7 00:00:32 +30.18%
VCI10 3097.91 18134.46 6 00:04:46 +82.92%
BAI12 3089.91 4747.06 27 00:08:25 +34.91%
BAI14 2188.33 3318.85 21 00:15:19 +34.06%
AB20 1185.99 89280.45 2 04:02:16 +98.67%

Table 3: Results of FLP-solver V2: arrangement of the facilities and determination of the I/0 points.

4.3 FLP-solver with Aisles (V3)

The comparability between [14] and our approach is
difficult due to some differences, e.g. the procedure
for inserting waypoints and the individual parameters,
which additionally influence the result [13].

In comparison with the four published data instances
in [14], data instance BA14 performs best. Here, too,
there is a chance to achieve better results with further
versions.

4.4 FLP-solver: 1/0 areas and CCBS-Routing
(V4)

Table 5 presents the results for our own metric, which
takes into account CCBS routing and thus parallelism
in the AGV-System and FMS.

Just as before there is a chance for better results with
further executions, since with each execution random
data instances are generated. Based on this random ST
the optimization is carried out [13].

T o6 [N

5 Discussion

In the following we will pick out some aspects and look
at them more closely. To do this, we will first examine
how much time it takes to create a layout (see section
5.1). Then we will look at the question of why STs
are created randomly (see section 5.2). Finally, we will
briefly show that the approach cannot create standard
layouts exclusively (see section 5.3).

5.1 A Runtime Analysis - Data Instance BA12

This section presents the results of a runtime analysis
of data instance BA12. For this purpose, the runtime
analysis is split into two parts. The first part aims to
analyze which steps for creating a layout (see Figure 1)
take the longest in terms of runtime. In the second part,
some experiments are carried out to show the effects of
the optimization and some input parameters.

For the first part, the optimization itself plays no
role. Only a layout is created using a ST. To do this,
a ST is first generated randomly. This is then passed to
all four FLP-solver versions (V1- V4).
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data instance | best resultin [14] |

our approach
PP deviation |

bestresult | nrof STs runtime [HH:MM:SS]
VCI10 7116.14 27315.12 15 04:43:27 +73.95%
BAI12 5561.12 8105.33 1 00:15:28 +31.39%
BAI14 3784.47 3964.14 1 00:20:27 +4.53%
AB20 1529.63 89516.26 3 08:26:22 +98.29%

Table 4: Results of FLP-solver V3 with aisles.

data in- our approach

stance | bestresult | nrof STs runtime mmmwss
VCI10 59,31 2 04:21:18
BA12 14,85 1 00:34:03
BA14 15,15 1 00:41:37
AB20 62,15 1 08:17:12

Table 5: Results of FLP-solver V4 with aisles and
CCBS-Routing.

This increases the comparability with regard to the
runtimes during the creation of the layouts.

The total runtime is recorded as well as the runtime
for certain steps (see Figure 1) during layout creation.
Step 4 is not considered because the final position is
already given by the I/O point and thus this step consists
only of cutting rectangular areas. As the previous time
display [HH:MM:SS] is not suitable at this point, all
running times determined are recorded in seconds. For
this evaluation, a timeout of 30 seconds is selected for
the creation of the topological graph. The time to start
and end the ROS-nodes to create the topological graph
is also measured, but the pure creation is limited to 30
seconds. The CCBS has a time limit of 10 seconds.

Table 6 shows an example of an evaluation for the
scenario described. As expected, the time required to
create the random ST is the same, as the same ST is used
for all FLP-solver versions (see column initialization in
Table 7). No time is required for steps 2, 3, and 5 with
V1, as this FLP-solver version does not carry out these
steps. The same applies to V2 with steps 3 and 5. Each
step takes approximately the same amount of time to
complete. Obviously, the most time-consuming step is
the creation of the topological graph. The more steps
are carried out to create the layout, the more time is
required overall (see column total time in Table 7).

To find out whether the runtimes from Table 6 are
average values or exceptions, the scenario described is

repeated 100 more times. The average value is deter-
mined from these 100 evaluations in Table 7. When
looking at the results, it was noticed that some of the
random STs are not suitable for creating a layout. These
invalid STs were filtered out in order to recalculate the
average values for the 82 remaining STs (see Table 7 at
the bottom). This gives a clearer picture of the runtime
to create a layout. It is striking that CCBS was not even
used in all 100 results. The time to calculate the costs
in V4 is lower than 10 seconds (see Table 7). This phe-
nomenon should be analyzed in detail in the future. Just
like the fact that some of the randomly generated STs
for the FLP-solvers V2, V3 and V4 are invalid. Perhaps
the solution space can be narrowed down even more be-
forehand. This would lead to a reduction in the total
runtime in connection with the optimization, as invalid
STs are no longer considered from the outset. To sum-
marize the first part of the runtime analysis: the values
in Table 6 correspond to the general average from Ta-
ble 7 (lower part) when considering the valid STs from
the initialization. In the case of data instance BA12 in
combination with the selected parameters, a layout can
be created in all FLP-solver versions within 60 seconds.
The longest part in terms of runtime is the creation of
the topological graph. The aforementioned phenomena
should be investigated further in the future.

The second part of the runtime analysis is about the
optimization time. Again for each FLP-solver (V1, V2,
V3, V4) the same ST is used. In principle, there are no
major changes, but (in contrast to the previous analy-
sis) the optimization of the created layout is carried out
after each step. The time required for the optimization
and how many different layouts (= STs) are created and
checked during the optimization are examined.

In the first experiment, the parameter iterations
is set to one. Table 8 shows the results. Compared to
the previous results (see Table 2, 3, 4, 5), Table 8 shows
a significantly longer total runtime for data instance
BA12. This highlights a problem with the heuristic pro-
cedure: depending on which ST is randomly created at
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time in seconds
FLP-solver o ) ) .
initial ~ arrangement I/O points aisles topo graph  costs total time
(step 1) (step 2) (step 3) (step 5) (step 6) (steps 1-6)
Vi 0.02362 0.0017 0 0 0 0.0015 0.00321
V2 0.02362 0.00132 0.18767 0 0 0.00578 0.19479
V3 0.02362 0.00173 0.18379 0.00814 47.89754 0.02436 48.11566
V4 0.02362 0.00144 0.18852 0.00832 49.2727 0.08869 49.55979

Table 6: An example of an evaluation for the first part of the runtime analysis of data instance BA12. For each FLP-solver version
(V1 - V4), the same ST - randomly generated ST in the initialization - is used to create a layout. The total runtime and
selected steps for creating the layout (see Figure 1) are recorded. The time is displayed in seconds.

nr of averaged time in seconds

FLP- ev‘alu- initial ~ arrangement I/O points aisles topo graph  costs total time
solver ations (step 1) (step 2) (step 3) (step 5) (step 6) (steps 1-6)
V1 100 0.01822 0.00154 0 0 0 0.00149 0.00304
V2 100 0.01822 0.00142 0.14851 0 0 0.00845 0.18018
V3 100 0.01822 0.00144 0.14793 0.00635 39.46056 0.02364 39.66755
V4 100 0.01822 0.00166 0.1525 0.00663 40.71342 0.07399 40.96945
V2 82 0.01846 0.00141 0.18111 0 0 0.0103 0.19284
V3 82 0.01846 0.00143 0.1804 0.00774 48.12264 0.02883 48.34702
V4 82 0.01846 0.00168 0.18598 0.00808 49.65051 0.09023 49.9366

Table 7: Result of the first part of the runtime analysis for data instance BA12. The average times (in seconds) are shown on the

basis of 100 evaluations as in Table 6.

the beginning, many STs may be invalid and therefore
not considered. Furthermore, the search for the local
minimum for BA12 converged relatively late compared
to other results. As result, significantly more layouts
were viewed than in the previous search (see Table 8).

FLP- layout

solver creation optimization  nr of STs
V1 [00:00:01] [00:00:01] 215

V2 [00:00:01] [00:01:02] 215

V3 [00:00:48] [07:34:20] 644

V4 [00:00:50] [02:59:44] 236

Table 8: Runtime analysis of data instance BA12 with layout
optimization (iterations=1). The time required to
create the first layout is also listed (for comparison
with the values from Table 7) as well as the time
required to optimize this created layout. A number
of layouts are created during the optimization
process (see column "nr of STs").

T op [N

In the second experiment the parameter
iterations is set to five. This will be used to
analyze the impact of the number of iterations in the
runtime. Table 9 shows the results. As expected,
the number of STs (=layouts) seen has increased:
However, only for V1 and V2. For the other two
FLP-solver versions, the number of STs has actually
fallen. This is also accompanied by the lower runtime.
It is likely that the 5 randomly created STs have led to
faster convergence to the local minimum than with the
previous 3 randomly created STs. The random creation
of STs at the start of the approach is always disruptive
in this case, as the influencing factors — in this case
parameter iterations — cannot be analyzed in a
meaningful way. This raises the question of how useful
the random generation of STs is (see section 5.2).

5.2 The Complexity of Creating Layouts

In this section we discuss the number of possible STs
for a given data instance. Figure 3 shows the number
of possible STs (y-axis) for a data instance with differ-
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FLP- layout

solver creation optimization  nr of STs
V1 [00:00:01] [00:00:01] 338

V2 [00:00:01] [00:01:34] 324

V3 [00:00:48] [03:29:36] 635

V4 [00:00:50] [02:32:53] 209

Table 9: Runtime analysis of data instance BA12 with layout
optimization (iterations=5). The time required to
create the first layout is also listed (for comparison
with the values from Table 7) as well as the time
required to optimize this created layout. A number
of layouts are created during the optimization
process (see column "nr of STs").

ent facilities (x-axis). The number of possible STs is
growing exponentially.

It can be observed that the number of STs increases
with the number of facilities. For example there are
8100 possible STs for a layout with 10 facilities. For a
data instance with 100 facilities 98010000 possible STs.
The number of possible STs is growing exponentially.
As soon as the number of facilities increases, the ST is
getting bigger and thus the runtime increases. There-
fore we decided to follow Scholz’s approach [13] with
the creation of random STs and test them to find a lo-
cal minimum FLP-layout. An alternative would be to
calculate the costs for all STs. Based on data instance
AB20 with 20 facilities and a runtime of approx. 160
seconds per ST, a runtime of 267.4 days is calculated
from the 144400 possible STs. First of all, it was im-
portant to create a layout that took material transport as-
pects (e.g. I/O points, transport aisles and routing) into
account. In future, research can be carried out into how
the topological graph can be created more quickly so
that more layouts can be considered in less time. This
would mean that it would no longer be a decision of
benefit vs. runtime.

- 98010000 240250000

29942400
12531600

2433600
Jdada00
104 B100

144

) 0 100 120
nr of facilities

Figure 3: The number of STs in addition to the number of
facilities due to a data instance.

5.3 How to Create Non-rectangular Layouts?

With small changes, layouts with non-rectangular facil-
ities and also non-rectangular layouts can be created.
To create layouts with non-rectangular plants, a list of
nodes of the actual shape must also be stored for each
leaf node of the ST. When reading in the input data, a
rectangle is placed around each non-rectangular shape.
To create layouts with non-rectangular shapes, a list of
points (or a function) describing the desired shape is
passed instead of the previous two points (min, max) of
the area. Figure 4 shows some examples. The vertical
and horizontal alignment due to the ST is maintained.

(a) FLP-layout with (b) FLP-layout with

non-rectangular non-rectangular
facilities. area.

(c) FLP-layout in
ellipse form.

Figure 4: Representation of possible FLP-layout without the
limitation of rectangular shapes.

6 Conclusion

In summary, it can be said that in this publication a
practical FLP approach for the generation of layouts
for production environments taking into account the re-
quirements for the use in an AGV-System is presented.
Each resulting layout of our approach can be used in an
AGV-System.

For future research work, on the one hand, optimization
should be carried out with regard to the runtime, so that
more layouts can be calculated in less time. This in-
creases the probability of a good result. Furthermore,
some aspects should be optimized further, such as the
question whether transfer areas should be chosen that
are adapted to the transport intensities of the facilities.
Thus, facilities with high transport intensities could be
approached by more AGVs at the same time. Also the
procedure for determining the I/O points and thus the
positioning of the I/O areas can be adapted, as it is based
on the procedure of [9], it is also possible to drive along
the outer edges (=boundaries of the facilities).

sne 34062024 S
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In reality, however, after insertion of the aisle struc-
ture, this is hardly possible, as additional space would
be required. Furthermore, the routing itself can be ex-
changed, for example by using a more practical anytime
routing method.

In contrast to the stacked planning CCBS [17, 16],
with anytime routing, e.g. CARP [5], an AGV can di-
rectly receive a new transport order as soon as the pre-
vious one has been completed, without having to wait
for the completion of transport orders from the other
AGVs.
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