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ABSTRACT Automated Guided Vehicles (AGV) are increasingly used in industry to automate material
flow tasks. To efficiently operate systems of AGVs, researchers have proposed many different planning
and control methods, e.g., for scheduling, dispatching, and routing. The performance of these methods
depends on the characteristics of the system, such as transport distances and station operation frequencies.
Even though these characteristics strongly influence the algorithms, no classified collection of layout data
was found based on a scientific literature review. In this paper, a data set of 72 material flow and layout
compositions from the scientific literature (42) and German industry (30) is presented. Each composition
in the data set consists of a transport matrix and a distance matrix. To classify the compositions, a holistic
taxonomy was established based on distinguishing criteria for material flow and layout compositions known
from the scientific literature. The compositions were classified according to the taxonomy. An analysis of
the station operation frequency and transport distance distribution data reveals typical characteristics of the
compositions as well as variations between the classified compositions. The aim of this data set is to allow
benchmarking of planning and control methods, thus increasing the transparency and traceability of scientific
work. Furthermore, the analysis of the layouts and their taxonomy allows to compare the methods of different
disciplines. By providing standardized, machine readable formats, automatic testing and optimization will
be possible.

INDEX TERMS AGV, AMR, automated guided vehicle, autonomous mobile robot, automated material
flow, distance matrix, intralogistics layout, logistics data set, transport layout, transport matrix.

I. INTRODUCTION
Automated Guided Vehicles (AGVs) and Autonomous
Mobile Robots (AMRs) increasingly perform intralogistics
processes. However, planning and designing such a sys-
tem requires a great deal of information about the intended
application. In most cases, it is not possible to provide gen-
eral statements about e.g. the number of vehicles required,
without specifically modeling the layout and a simulation.
The minimum information required to model the material
flow and layout is the number of stations, the transport dis-
tance relationship, and the transport frequency relationship
between them.

The associate editor coordinating the review of this manuscript and
approving it for publication was Shaohua Wan.

A. MOTIVATION
To validate new methods in science, a benchmark is available
in the ideal case. In many cases, the data used in exist-
ing benchmark studies is not publicly available. Therefore,
a scientifically well-founded comparison between existing
and new methods cannot be carried out. Transparency and
traceability are reduced when the data basis is not available.
With the transparent and consistent data set described here,
it will be possible to conduct various investigations in the
planning and control of AGVs. The analysis of the layouts
and their taxonomy allows to compare methods of different
disciplines based on layout topologies, flow path orienta-
tions, and task structures. In order to validate new methods
on corresponding material flow and layout classes in future
studies, a taxonomy for the classification of material flow and
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layout compositions is required. The literature already covers
aspects such as layout topologies, flow path orientations, and
task structures [1], [2], [3], [4], [5], [6]. However, a holistic
taxonomy for classification that takes into account all the
distinguishing criteria identified was not found in scientific
literature.

B. METHODOLOGY
At the beginning of the data set compilation, a literature
review was conducted to investigate how a material flow
system using AGVs can be described. Furthermore, a lit-
erature review of related studies in the field of planning
and control of AGVs was carried out to identify the data
on which the scientific studies were based. It was found
that the most important information to describe a material
flow system using AGVs is the transport distances and the
transport frequencies. Based on this finding, the data of the
individual material flow systems were named material flow
and layout compositions, where material flow describes the
transport frequencies and layout describes the distance rela-
tionships between transport stations. Taking a closer look at
the possiblemodeling types ofmaterial flow systems (accord-
ing to [7]), the transport matrix and distance matrix have
emerged as suitable modeling types for providing material
flow and layout compositions. On the one hand, these can
be used for automated experiments and simulations, and on
the other hand, based on the actual data, they can always
be extracted by an analysis of the available data or, given
the matrix form, be adopted. The applied analysis methods
and data acquisition methods are described in III-C and III-
D. In order to classify the collected material flow and layout
compositions, a literature review was conducted to determine
what distinguishing characteristics material flow and layout
compositions may have.

C. CONTRIBUTIONS
The data set described in this paper contains 42 material
flow and layout compositions from examples in the literature,
as well as 30 further data collected from the German indus-
try. Each composition consists of several transport matrices,
a distance matrix, an empty run matrix, a station list, and
a job list. As a benchmark for minimizing required empty
runs in a material flow and layout composition, an empty run
matrix was generated for each composition according to [7],
showing theminimum number of empty runs needed. All data
acquisition and treatment methods for the determination of
the transport matrices, the distance matrix, and the job list
are described in detail in this paper.

A taxonomy is presented that can be used to classify mate-
rial flow and layout compositions based on layout topology,
flow path orientation, and task structure. Based on the tax-
onomy, the data are classified into 25 classes. In addition,
the applied data acquisition and treatment methods were
transparently listed for each composition. An analysis of the
data on the station operation frequency and the distribution

of transport distance shows typical quantitative indicators
for the composition as well as the relationships between the
taxonomy criteria. The collected material flow and layout
compositions were analyzed according to the quantitative
indicators of transport distance and station operation fre-
quency. By comparing the indicators, relationships between
the taxonomy criteria were revealed.

Accordingly, the remainder of the paper is structured as
follows. In the following chapter, six research topics are
presented that benefit from the use of such a material flow
and layout data set. In the third chapter, data acquisition
and treatment methods as well as the taxonomy criteria are
presented. In the fourth chapter, the material flow and layout
compositions of this data set are described in detail and
classified in tabular form based on the taxonomy introduced
in chapter three. In addition, the methods used to acquire and
treat the data are contrasted with the corresponding material
flow and layout compositions in the appendix of this paper.

II. RELATED WORK
This section illustrates, through the variety of research areas
in AGV and AMR planning and control, the potential benefits
of the development and publication of the data set described
in this paper. The 42 cited publications in the literature review
by [8], as well as other scientific studies presented in this
section, use similar data as a basis. It is often found that the
data on which the studies are based are reproducible either
partly or not at all. Reference [8] defined research topics in
the strategic, tactical, and operational areas for AGVs and
AMRs in a review paper and classified published papers
between 2006 and 2020. It was found that at least 42 of the
130 classified scientific studies are based on data such as
transport times, transport distances, or job lists. Additional
scientific studies based on such data are presented below. For
this work, six research areas were defined, inspired mainly
by [8], in addition to other literature.

A. LAYOUT TOPOLOGIES AND FLOW PATH ORIENTATION
OPTIMIZATION
Initial studies of flow path orientation have already been
conducted by [1] and [2]. References [9] and [5] introduced
bidirectional flow path orientation and investigated mixed
directional flow path orientations, which enabled a higher
throughput of the overall system for specific layouts. Further-
more, [2], [9], and [4] investigated a tandem layout topology.
These investigations were authoritative for the various subse-
quent flow path orientations and layout topologies. A taxon-
omy of these flow path orientations and layout topologies can
be found in section III-A. Recent works, such as [10] and [11]
are based on the criteria mentioned above. Reference [10]
present further differentiation criteria of layouts and path
topologies. For layout topologies, they distinguish between
two tier and single tier layouts to investigate the performance
of an AGV based sorting system, whereas [11] investigate
single and multiloop topologies for the design of container
terminal operations.
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B. LAYOUT AND MATERIAL FLOW PLANNING
When it comes to planning the layout and material flow
in a facility, data about the current, planned, or predicted
material flow intensity between different stations is important
as well. Reference [12] give an overview of loop based facility
planning and material handling decisions for material han-
dling equipment like AGVs. They refer to aspects of facility
design like sequencing stations and locating production cells,
the design, including the material handling system (layout
topology), and operational issues such as home locations of
idle vehicles and the avoidance of blocking and congestion.
An approach to optimally locating workstations in a tandem
AGV system by [13] is formalized as a mixed integer pro-
gramming formulation. Reference [14] presents an integrated
genetic approach to the simultaneous design of both the
layout and the material handling system in a facility.

C. CHARGING AND OPERATING STRATEGIES
Charging and operating strategies are summarized in the
review paper by [8]. They are also reported by [15]. The
paper presents a charging strategy designed to smooth the
utilization of charging systems over the entire operating
period. Reference [16] investigated and compared two charg-
ing strategies for improving utilization using real layout
compositions. With the conceptualization of a dual energy
storage system, another charging strategy was presented in a
paper, which refers to the optimization of the energy storage
design of AGVs in terms of energy related size. In that
case, knowledge about the transport layout as well as their
transport orders is necessary for the design and the functional
validation of the energy storage system [17].

D. TASK ALLOCATION PROBLEM
The task allocation problem is divided by [8] into the two
research areas of scheduling and dispatching. 34% of the
classified literature covers these two research areas, which
can thus be considered important research topics in the field
of planning and control of AGVs. Reference [18] investi-
gated whether applying multi objective generic algorithms to
multi-objective scheduling problems enhances the quality of
the solution, minimizes the computation time, and maximizes
the effectiveness. The study is based on a transport layout,
given distances, and order frequencies. Furthermore, [19]
studied decentralized task allocation considering energy con-
straints in their paper, which is a multidisciplinary study
based on a transport layout. Based on the same layout com-
position, a decentralized task allocation considering route
constraints was investigated in [20].

E. FLEET SIZING
Planning AGV systems (AGVS) involves, among other
things, determining the number of vehicles based on influ-
encing factors, such as transport frequency, distances between
stations, and vehicle specifications. Reference [21] developed
a discrete simulation model to find the minimum number

of AGVs to enable the manufacturing distribution. Refer-
ence [22] used a simulation model to investigate the optimal
fleet size, considering charging strategies in a specific trans-
port layout. Furthermore, studies can be found in which the
vehicle loading capacity is varied. Examples are provided
by [23] and [24]. Reference [23] studied the maintenance
strategies for multi-load AGVs. The number of vehicles as
well as the vehicle capacity were varied. This study was also
based on transport distances, which were given in the form of
a graph with bidirectional flow path orientation. Regarding
multiple load AGVS, [24] presented a mathematical model
for configuring a multiple load AGVS for tandem layout
topologies based on a given transport layout.

F. ROUTING AND PATH PLANNING
Reference [25] described an algorithm to find the optimal
number of vehicles considering conflict-free routing in flexi-
ble transport layouts. Six different transport layouts and an
exemplary time matrix were used as data to validate this
method. Reference [26] presented a method to optimize the
coordination of a fleet of AGVs traveling on predefined
transport layouts. Reference [27] described different methods
for path planning. It is important to emphasize that layout
compositions are required as a basis for applying themethods.
Studies on dynamic or consistent routing, where the trans-
port frequency relation between stations varies as described
in [28] and [29], use both transport frequency relations (cf.
customer-based graph in [29]), as well as transport distance
relations (cf. road network-based graph in [29]).

III. METHODS
This chapter begins with a taxonomy of material flow and
layout compositions and then describes the methods applied
for data acquisition, the subsequent data treatment.

A. MATERIAL FLOW AND LAYOUT COMPOSITION
TAXONOMY
In this section, a taxonomy of material flow and layout com-
positions according to flow path orientation, layout topology,
and task structure is presented. This allows for a comparison
of the quality of the methods to be investigated on the basis
of corresponding classes.

1) FLOW PATH ORIENTATION
The flow path orientation defines the allowed direction of
movement of the respective flow path specified in the lay-
out. Based on [3], the orientation of the flow paths can be
distinguished as follows:

• unidirectional flow path
• bidirectional flow path
• mixed directional flow path

A layout essentially consists of nodes and edges, where nodes
can also be stations or junctions. A flow path starts with a
node and ends with another node. In a unidirectional flow
path layout, all flow paths are limited to one direction. In a
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bidirectional flow path layout, however, all flow paths can be
used in both directions. Combinations of both flow path types
in one layout are referred to as mixed flow path layouts.

2) LAYOUT TOPOLOGY
The layout topology describes the 2D arrangement of the
stations and the structure of the routes in the layout. Sin-
gleloop, multiloop, tandem, and segmented topologies are
distinguished. Singleloop has no branches and can have any
number of stations. The stations are arranged in a ring struc-
ture. If a layout has at least one junction or at least three
stations with bidirectional flow paths, it is classified as a
multiloop topology.

More complex layouts with a larger number of stations and
flow paths can also be described by several linked singleloop
systems. These layouts are classified as tandem topologies.
Such a layout contains at least two singleloops linked by at
least one transfer station. Alternatively,more complex layouts
can be described by several linked multiloop systems. These
layouts are assigned to the segmented topology. Such a layout
contains at least two multiloops connected by at least one
transfer station (cf. [3], [4], [30]). The basic idea of split
topologies is that they can achieve higher robustness, higher
throughput, and higher flexibility in terms of extensibility
(cf. [2], [3], [9]).

3) TASK STRUCTURE
A task structure describes the general transport request rela-
tionship between sources and sinks. The left digit 1 or m
describes the number of sources and the right digit next to the
colon with 1 or n is the number of sinks in the system. Based
on [3], a task structure can be split into the four following
listed categories:

• (1 : 1)
• (1 : n)
• (m : 1)
• (m : n)

In a (1 : 1) task structure, there are exactly one source and
one sink in the system. This is the case, for example, for
a shuttle operation between one source and one sink. The
(1 : n) task structure describes a task structure with one
source and n sinks. This occurs, for example, in the supply of
materials to production lines by route trains (cf. Literature02
based on [21]). In contrast, an m : 1 task structure describes
a system with one sink and m sources. An example may be a
waste disposal system where waste is generated at m sources
and transported to a central disposal point, the one sink. The
last case is the m : n task structure. It describes systems
with at least two sources and at least two sinks and is most
common in AGVS (cf. Tables 5 and 6). Table 2 shows the
possible combinations between the layout topologies and the
task structures.

The combination of a multiloop topology with a 1 : 1 task
structure is not possible, since amultiloop topology is defined

by more than two stations. Otherwise, it is a singleloop topol-
ogy without any outgoing paths to additional sources or sinks.

B. REPRESENTATION OF MATERIAL FLOW AND LAYOUT
COMPOSITIONS IN MODELS
In order to identify a suitable representation of the data, the
possible ways of modeling material flow and layout com-
positions in literature were considered and presented below,
sorted by decreasing information density. For transport lay-
outs, there is the scaled plan as a modeling type. This is
the modeling variant with the highest information density.
It contains information about the actual transport routes, the
coordinates of the stations, as well as possible dwell points,
flow path orientation, and further information about the sys-
tem periphery, like the position and orientation of obstacles.
The next abstraction level is a node-edge graph [7]. Infor-
mation about the actual transport routes and the coordinates
of the stations are represented, as in the scaled plan, only
information on the periphery is lost. Through the connectivity
in directed graphs, unidirectional as well as bidirectional flow
path oriented transport routes can be represented. The next
abstraction level is a simplified node-edge graph. It is a visual
representation of the transport distance or frequency between
the stations. The loss of information on the actual routes of the
vehicles can be considered in form of edge weights [7]. The
stations can be arranged in the same way as in the real layout,
thus keeping the information on the actual spacial relation
between each other (cf. [29]). This information content can
also be represented as a matrix. The matrix contains only
the distance relationship (distance matrix) or the transport
frequency relationship (transport matrix) between all stations
in the layout [7].

During the collection of material flow and layout composi-
tions, it was noticed that the data was not in a uniform format.
Due to the lack of information in most cases, the matrix
was chosen as the form of representation. The matrix format
is suitable for automated data processing, as it inherently
possesses machine-readability and no conversion is needed
which would be the case for scaled plan modeling.

C. DATA ACQUISITION METHODS FOR TRANSPORT
MATRIX
If the transport orders are not specified as a transport matrix
or on an hourly basis, the following methods were used:

• Case: Job sequences
In some layouts, only job sequences were specified.
These occurred, for example, in systems with route
trains for supplying production lines. A given job
sequence followed a 1 : n relationship, with 1 source
and n sinks. From a job sequence (Q −→ S1 −→ S2 −→

. . . −→ Sn), single trips were derived, all originating from
the single source Q for the job sequence. For a given job
sequence (Q −→ S1 −→ S2 −→ . . . −→ Sn −→ Q) that
ends at the same Q as started, the last job (Sn −→ Q) is
not considered for the transport matrix. These examples
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TABLE 1. Classification of layout topologies and flow path orientations. Sn describes stations. Double circled stations are transfer stations. Different lines
describe different subsystems. Own illustration based on [1], [2], [3], [4], [5], and [6].

TABLE 2. Possible task structures based on layout topologies. Station
denoted by a Q describes a source, S a sink.

of job sequences both result in the job list J = {(Q −→

S1), (Q −→ S2), . . . , (Q −→ Sn)}. If there were multiple
job sequences for a source or an additional source, the
job list was expanded accordingly.

• Case: Job list
If a job list was the basis after data collection, a matrix
was derived from the transport order relationships,
which correspond to the transport matrix.

• Case: Not normalized period
If transport data are given based on a time interval t ̸=

1h, the transport data have been normalized to t = 1h.

D. DATA ACQUISITION METHODS FOR DISTANCE MATRIX
In order to use data of a material flow for the data set
described here, specification of the transport matrix as well
as a description of the station distribution, e.g. with a distance
matrix, a time matrix, or a scaled layout plan, are necessary at
least. Alternatively to the scaled layout plan, the specification
of station coordinates or a graph is sufficient. If the descrip-
tion of the station distribution is not in a distance matrix
format, a distance matrix was determined from the given data
using the following methods:

• Case: Incomplete distance matrix
Stations, between which no transport orders are exe-
cuted, were missing. If missing distances could be deter-
mined from a graph or a scaled plan, this was done.
In all other cases, no distance relation is set. For machine
readability, dmn = −1 is used.

• Case: Time matrix
If a time matrix was given instead of the distance matrix,
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an average transport velocity of Vavg = 1m/s was
assumed, based on the safe collaboration velocity of
AGVs [31]. The multiplication of the time matrix by the
scalar quantity of the average velocity Vavg results in the
distance matrix [32].

• Case: Coordinates
If coordinates of the stations are given and nomore infor-
mation about routes is available, we used the Manhattan
distance method, based on [7]. The Manhattan distance
method determines the distance dmn considering only
rectangular route trajectories. Reference [33] uses this
method for distance determination of AGVs in a ware-
house environment. The Manhattan distance between
the stations x, y ∈ R2 can be described mathematically
as dmn = |x1 − y1| + |x2 − y2|, where 1 and 2 are the
respective coordinates of the stations.

• Case: Scaled layout plan
If only a scaled layout plan was given, a coordinate
system was placed on the layout and the coordinates of
the stations were determined. If information about the
routes is known or can be seen from the layout, the dis-
tances are determined based on the scaled lengths. Flow
path orientation is also taken into account. If no flow
path information is available, the Manhattan method is
used as an approximation of the distances between two
stations (cf. case: coordinates) [7], [33].

• Case: Graph
A graph contains all stations and their distance relations.
In most cases, flow path and nodes are also specified and
taken into account when determining the distance. If the
distance matrix is based on a graph, the shortest possible
path considering the given flow path and its orientation is
determined using Dijkstra’s algorithm according to [7].

E. DATA TREATMENT METHODS
1) EMPTY RUN MATRIX GENERATION
The empty run matrix results from the need for transports
or from the supply of outgoing transport jobs at the stations.
For transport systems that use load carriers or vehicles, empty
runs are required to fulfill the demand for vehicles or load car-
riers. The empty runs for the data set described in this paper
are determined by minimizing the distances of all empty runs
according to [7]. Mathematically, this can be described in
simplified terms by the following minimization equation of
the total transport distance T :

T =

N∑
m=1

N∑
n=1

λmn · dmn (1)

min T (λ)
λ ∈ RN

+\{0}

s.t.
N∑
n=1

(λin − λni) = 0, i ∈ {1, . . . ,N } (2)

TABLE 3. File naming and their referenced chapters.

λ describes the frequency of empty runs between stations m
and n, where d is the distance between stations m and n and
N is the number of stations in the transport layout.

2) JOB LIST GENERATION
A transport job describes a set of equal transport orders
and its frequency. The relationship between job and order
is further described in section IV-F. The job list is a clearly
structured and more easily processable form of provisioning
transport jobs. The job list is automatically generated using
the total transport matrix, which already includes the empty
run matrix. During generation, all cells of the total transport
matrix are created as one transport job and the frequency
is adopted as an attribute. Then, all transport jobs with a
frequency of f = 0 are filtered out.

IV. DATA DESCRIPTION
In this section, the data of the data set is described in detail.
The material flow data set includes 72 specific material
flow and layout compositions, which are stored in several
comma separated values (.csv) files. The following Table 3
summarizes all documents of each material flow and layout
composition, which are described in detail afterwards.

The contents within the listed files start after a header line,
and for matrices after a header column. The matrices are
always square, i.e. the number of rows is equal to the number
of columns (cf. section IV-A).

A. TRANSPORT MATRIX
The transport matrix AT describes the frequency of transports
between all stations normalized to a time period. The first
column shows the respective sources and the first row the
respective sinks of a transport order. In the literature, the
frequency is typically normalized to one hour and can refer
either to specific transport trips or to material transports.
If compositions are considered where several conveyor units
are transported at the same time, normalize to the number of
necessary transport trips to determine the transport jobs. For
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FIGURE 1. UML diagram to illustrate the relationships between job, order, and station.

the main diagonal λmn = 0, ∀ n = m is valid.

AT =

∣∣∣∣∣∣∣∣∣∣∣∣

From/To S1 S2 . . . Sn

S1 0 λ12 . . . λ1n

S2 λ21 0 . . . λ2n

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

Sm λm1 λm2 . . . λmn

∣∣∣∣∣∣∣∣∣∣∣∣
B. DISTANCE MATRIX
The distance matrix AD contains the transport distances
within a layout. The first column shows the respective sources
and the first row the respective sinks of a transport job. The
distance matrix for the description of transport distances d
is typically given in meters in an intralogistics environment.
As for the transport matrix, we assume that dmn = 0, ∀ n = m
applies to the main diagonal.

AD =

∣∣∣∣∣∣∣∣∣∣∣∣

From/To S1 S2 . . . Sn

S1 0 d12 . . . d1n

S2 d21 0 . . . d2n

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

Sm dm1 dm2 . . . dmn

∣∣∣∣∣∣∣∣∣∣∣∣
C. STATION LIST
The station list is optional and not specified in each composi-
tion, but includes at least a column listing all ‘‘Station IDs’’,
as well as all ‘‘Origin station IDs’’ to link to the naming in
the original literature. Optionally, coordinates are available
in meters in some files. Furthermore, information about the
station type is available. This includes the types of sink and
source, which were determined by the demand and excess of
the respective stations from AT. Each station can also contain
a combination of several types. An example of a station list
is shown below:

D. EMPTY RUN MATRIX
The empty run matrix ATE is similar to a transport matrix
(cf. section IV-A), but only contains the empty runs based
on a given transport matrix. The empty run matrices are
determined according to a method, which is described in
section III-E1.

TABLE 4. Sample station list with specification of optional coordinates
and functions (Q: source, S: sink).

E. TOTAL TRANSPORT MATRIX
The total transport matrix ATT is also similar to a transport
matrix (cf. Section IV-A). It is the sum of the transport matrix
AT and the empty run matrix ATE and can be mathematically
represented as follows:

ATT = AT + ATE

By determining the empty run matrix based on the transport
matrix, the sum of all incoming transport orders per station
matches the sum of all outgoing transport orders of the same
station. This corresponds to the constraint from (2).

F. JOB LIST
Finally, a job list is specified in a file named [Lay-
outID]_Joblist.csv. A transport job Tj describes a set of
similar transport orders and is characterized by the properties
of the transport orders and the frequency of occurrence. The
UML diagram in Fig. 1 shows the relationship between job,
station, and order, with a job being defined as a transport
between exactly two stations in this data set. The job list
is normalized to one hour. This allows to generate transport
orders for various examinations. In addition, frequency dis-
tributions can be derived from the job list, for example, the
frequency of specific transport distances or the frequency
of outgoing or incoming transport orders of the respective
stations.

V. DATA ANALYSIS
A. MATERIAL FLOW AND LAYOUT CLASSIFICATION AND
OVERVIEW
The compositions of the data set are classified in
Tables 5 and 6 based on the taxonomy presented in
Section III-A. Fields marked with dots (•) apply according
to the column description. The specified number of stations
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TABLE 5. Literature based layout data classification.

represents the number of all stations in the raw data. In two
compositions, the addition ‘‘used’’ indicates the number of
stations actually served. In all other compositions, all stations
are served. This information was kept to allow further layout
investigations regarding the spatial arrangement. The data
acquisition and treatment methods (Sections III-C, III-D, and
III-E) for each composition are presented in the appendices.

In Table 5, the 42 literature based material flow and layout
compositions are presented. Classified by flow path orienta-
tion, there are 8 unidirectional, 30 bidirectional, and 4 mixed
directional compositions. Only one of the layouts is in the

singleloop topology class, the remaining 41 are in the mul-
tiloop topology class. Of these, 12 are also part of a total of
3 tandem groups marked as •A, •B, and •C in the table. All
individual layouts of a tandem group are also combined in an
additional, holistic layout. Among the literature layouts, two
task structures are represented, 35 times m : n and 7 times
1 : n. The number of stations in the layouts from literature
varies from 3 to 20 stations, with a median of 8 and a mean of
9.025. 31 material flow and layout compositions also contain
further information about the coordinates, to conclude the
physical location of the stations.
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TABLE 6. Industry based layout data classification.

Table 6 shows the classification of 30 industry based
material flow and layout compositions. 19 are unidirectional
layouts, 10 bidirectional, and one is a mixed directional lay-
out. 17 layout topologies can be classified as singleloop and
13 as multiloop topologies. The 1 : 1 task structure exists
in 16 of 30 industrial material flow and layout compositions,
i.e. in more than half of them. The 1 : n task structure is
represented once, the m : n task structure 13 times, where the
number of stations served varies between 4 and 33. Excluding
the material flow and layout compositions with a 1 : 1 task
structure and two stations, the mean value is 9.8 stations
and the median is 7 stations. In summary, it can be seen
that m : n task structures are considered in the majority
(83%) of the material flow and layout compositions from
literature whereas in the sample of 30 material flow and
layout compositions from industry only 47% are considered.
Similarly, only 2.4% singleloop topologies are present in the
literature data with whereas in the industry data 57% of the
layouts are classified as singleloop topologies.

Industry26 to Industry30 originate from the same system.
Industry26 covers the entire system, whereas Industry27 to

Industry30 describe subsystems in which different vehicle
types are used. Industry28 and Industry29 collectively form
a tandem group D in which four stations serve as transfer
stations.

B. STATION OPERATION FREQUENCY ANALYSIS
Besides the structure of a layout, the distribution and opera-
tion frequency of the stations in the layout are also important
with regard to operating strategies. This section focuses on the
operation frequency of the stations. The operation frequency
describes the relative frequency of all transport requests that
start or end at a certain station. The analyses presented in this
section are based on the transport matrix of all compositions.
To perform the analysis, 25 data classes were established
based on the previously performed classification of the data
(cf. Section V-A), which can be found in Table 7 below.
A class is an intersection of material flow and layout compo-
sitions that have a specific characteristic and can be assigned
to literature, industry, or literature and industry based compo-
sitions.
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FIGURE 2. Station operation frequency analysis for industrial material flow and layout compositions.

FIGURE 3. Station operation frequency analysis for literature based material flow and layout compositions.

Since there is no literature based 1:1 task structure com-
position in the data set, the classes of literature based task
structure 1:1 and all task structure 1:1 are not considered.
The station operation frequency of the material flow and lay-
out compositions of the corresponding classes are analyzed
next. The results of the analysis are presented as boxplots in
Fig. 2 to 4. On the left side, the figures contain all boxplots
for the compositions of station operation frequencies of the
whole class, literature compositions, and Industry composi-
tions, respectively. On the right side of each figure, there
is an additional boxplot, which considers all stations of all
compositions of the corresponding class and represents the
distribution of the whole class.

Fig. 2 shows the station operation frequency of the indus-
trial material flow and layout compositions. It can be seen
that the distribution of the station operation frequency either
shows a scattering between 0.0 and 0.5, or a constant distribu-
tion at 0.5. The exception is composition Industry02, where
a constant station operation frequency of 0.25 occurs. In a
singleloop layout topology, such as Industry02, each station is

TABLE 7. Data classes and their count of compositions. N/A means not
present, as data on specific characteristic is not available in the presented
data set.

visited equally often. Thus, the station operation frequency is
the reciprocal value of the number of stations in the singleloop
(4 in this composition). As shown in Fig. 2 and 3, there is
a significant amount of layouts where the station operation
frequencies are low, meaning that there is no station with a
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FIGURE 4. Class based station operation frequency analysis.

FIGURE 5. Transport distance analysis for industrial material flow and layout compositions.

dominant frequency. The following Fig. 3 shows the station
operation frequency of the literature based compositions.

Comparison of Fig. 2 and 3 reveals, that more than half of
the industry compositions have no scatter, while most litera-
ture data has scatter, except for Literature05 and Literature09.
Finally, the analysis of the classes is presented (cf. Fig. 4),
where all compositions belonging to a class are considered
the set of stations.

This representation shows that only stations of the 1 : n
and 1 : 1 task structure classes have a maximum operational
frequency of 0.5. Due to the 1 : n task structure, the frequency
of the station on the left side is set to exactly 0.5, since all
transport runs either start or end at this station. 1 : 1 task
structure compositions can only have stations with frequen-
cies of 0.5, since these systems are defined to have exactly

two stations. Since a m : n task structure must have at least
two stations acting as sources and at least two stations acting
as sinks (cf. Section III-A3), a station operation frequency of
0.5 is not achievable. This can also be seen in the boxplots of
the classes with m : n task structure. The compositions of the
two classes Literature m : n and Industry m : n shown here
differ only slightly.

Fig. 4 also shows similarities of different classes. When
comparing the classes of singleloop topology, 1 : 1 task
structure, and unidirectional flow path orientation, a relation
can be found. Quantitatively, 17 of 19 industrial unidirec-
tional compositions are singleloop topologies (89.5%) and
16 (84.2%) of 1 : 1 task structure. When comparing the
classes of multiloop topology, m : n task structure, and
bidirectional flow path orientation, another relation becomes
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FIGURE 6. Transport distance analysis for literature based material flow and layout compositions.

FIGURE 7. Class based transport distance analysis.

obvious. Out of 41 literature based multiloop compositions,
35 (85.4%) are assigned to the m : n task structure. At the
same time, 30 (73.2%) of the 41 compositions are assigned
to the bidirectional flow path orientation. In the industry
compositions, 13 are assigned to the multiloop topology,
of which 12 (92.3%) are assigned of m : n task struc-
ture and 11 (84.6%) of bidirectional flow path orientation.
The analysis of station operation frequencies has highlighted
class specific features. A significant dependence between
singleloop layout topology, 1 : 1 task structure, and unidi-
rectional flow path orientation can be found. Another sig-
nificant relation can be found between the multiloop layout
topology, m : n task structure, and bidirectional flow path
orientation. The different layouts show very different station
operation frequencies. This emphasizes the need of such
data set as reference point to be able to evaluate operating
strategies.

C. TRANSPORT DISTANCE ANALYSIS
Apart from station operation frequencies, transport distances
between the stations and their distribution have an impact on
the performance of operating strategies. Therefore, the data
set was subjected to a transport distance analysis, in which
the transport distances of the respective compositions were
examined. The distances analyzed here are the distances of
the actual transport jobs to be served from the transport matrix
AT . Similar to Section V-B, the results are presented in three
diagrams, showing the transport distance distributions in box-
plots. The first diagram (cf. Fig. 5) contains the transport
distance distribution of the individual industrial composi-
tions. In the same diagram, the last boxplot on the right
summarizes the entire class industry, where all stations of the
corresponding compositions are considered as a common set.
Fig. 6 contains a similar representation for the literature based
compositions.
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TABLE 8. Applied data acquisition and treatment methods based on literature data.

Looking at Fig. 5 and 6, it can be noticed that layouts
have both narrow and wide spreads in the distances. The
quantitative analysis of the industrial compositions (cf. Fig. 5)
shows that the minimum transport distance is 2 meters, the
median is 65 meters, and the maximum value is 340 meters.
For the literature based compositions, the minimum distance
is 4 meters, the median is 56 meters, and the maximum
distance is 480 meters. The qualitative analysis has shown
that scattering of the transport distances is found for the

1 : n and m : n structures only. The last Fig. 7 contains the
distributions of the transport distances in the corresponding
classes as boxplots. The previous classification of the data,
as well as the subsequent analysis of the data, reveal the main
characteristics of the material flow and layout compositions
contained in the data set. From the sample size of 72 layouts,
relations among flow path orientation, layout topology, and
task structure could be identified and typical quantitative
metrics regarding station operation frequency and transport
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TABLE 9. Applied data acquisition and treatment methods based on industry data.

distance could be determined. In particular, the broad range of
different transport distances in the analyzed layouts empha-
sizes the need of such data set as a reference to be able to
evaluate operating strategies in different layouts.

VI. CONCLUSION AND FUTURE WORKS
In this paper, six different research topics were identified,
which would benefit from a data set of material flow and
layout compositions for benchmarking. No similar data set
could be found in the literature so far. The presented data
set consists of 72 material flow and layout compositions
from scientific literature (42) and German industry (30).
By defining and applying methods for data acquisition and
treatment, all compositions were brought into a standardized,
machine readable format. A taxonomy was created to allow
for a better comparison of algorithms for specific layouts.
Each composition was classified according to the criteria of
flow path orientation, layout topology, and task structure.
The final analysis of the data has shown relations among
these criteria. Furthermore, the analysis shows a wide range

of different transport distances. Additionally, typical key fig-
ures for transport distances and station operation frequency
are presented. This data set allows for more comparable
and transparent research and can be used to validate newly
developed or improved planning and control methods. With
the 30 layouts from the German industry in addition to the
data from literature, it will even be possible to use real
process data. The analysis of the layouts and their taxonomy
allows to compare methods of different disciplines based
on layout topologies, flow path orientations, and task struc-
tures. By providing standardized, machine readable formats,
automatic tests and optimizations become possible. The data
set can be used for further studies, such as energy demand
modeling and energy storage dimensioning of AGVs, or the
planning of charging infrastructure systems within a material
flow layout. Furthermore, the development and improvement
of task allocation and routing algorithms can be pursued.
Finally, a comprehensive evaluation of both centralized and
decentralized control strategies can be performed, providing
valuable insight into their effectiveness.
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APPENDIX A
See Table 8.

APPENDIX B
See Table 9.

ACKNOWLEDGMENT
The authors would like to thank the KIT-Publication Fund of
the Karlsruhe Institute of Technology and the KIT students
Ibrahim Bouriga, Yarkin Doruk Dogan, and Jonas Fitz for
their assistance in data set development.

AUTHOR STATEMENT
Marvin Sperling: conceptualization, methodology, formal
analysis, investigation, resources, data curation, writing-
original draft preparation, writing-review and editing, visu-
alization; Benedikt Schulz: writing-review and editing; Con-
stantin Enke: writing-review and editing; Diana Giebels:
resources, data curation, writing-review and editing; and Kai
Furmans: writing-review and editing, supervision, manage-
ment and coordination responsibility for the research activity
planning and execution.

REFERENCES
[1] W. L. Maxwell and J. A. Muckstadt, ‘‘Design of automatic guided vehicle

systems,’’ IIE Trans., vol. 14, no. 2, pp. 114–124, Mar. 1982.
[2] Y. A. Bozer and M. M. Srinivasan, ‘‘Tandem configurations for automated

guided vehicle systems and the analysis of single vehicle loops,’’ IIE
Trans., vol. 23, no. 1, pp. 72–82, Mar. 1991.

[3] A. Schrecker, Planung und Steuerung Fahrerloser Transportsysteme.
Wiesbaden, Germany: Deutscher Universitätsverlag, 2000, doi:
10.1007/978-3-663-08855-4.

[4] D. Sinriech and J.M. A. Tanchoco, ‘‘An introduction to the segmented flow
approach for discrete material flow systems,’’ Int. J. Prod. Res., vol. 33,
no. 12, pp. 3381–3410, Dec. 1995.

[5] D. Sinriech, J. M. A. Tanchoco, and Y. T. Herer, ‘‘The segmented bidirec-
tional single-loop topology for material flow systems,’’ IIE Trans., vol. 28,
no. 1, pp. 40–54, Jan. 1996.

[6] S. Rajotia, K. Shanker, and J. L. Batra, ‘‘An heuristic for configuring a
mixed uni/bidirectional flow path for an AGV system,’’ Int. J. Prod. Res.,
vol. 36, no. 7, pp. 1779–1799, Jul. 1998.

[7] D. Arnold and K. Furmans, Materialfluss in Logistiksystemen. Berlin,
Germany: Springer, 2019.

[8] G. Fragapane, R. de Koster, F. Sgarbossa, and J. O. Strandhagen, ‘‘Plan-
ning and control of autonomous mobile robots for intralogistics: Liter-
ature review and research agenda,’’ Eur. J. Oper. Res., vol. 294, no. 2,
pp. 405–426, Oct. 2021.

[9] Y. A. Bozer and M. M. Srinivasan, ‘‘Tandem AGV systems: A partitioning
algorithm and performance comparison with conventional AGV systems,’’
Eur. J. Oper. Res., vol. 63, no. 2, pp. 173–191, Dec. 1992.

[10] B. Zou, R. De Koster, Y. Gong, X. Xu, and G. Shen, ‘‘Robotic sorting
systems: Performance estimation and operating policies analysis,’’ Transp.
Sci., vol. 55, no. 6, pp. 1430–1455, Nov. 2021.

[11] D. Roy, R. De Koster, and R. Bekker, ‘‘Modeling and design of container
terminal operations,’’ Oper. Res., vol. 68, no. 3, pp. 686–715, May 2020.

[12] A. Asef-Vaziri and G. Laporte, ‘‘Loop based facility planning and material
handling,’’ Eur. J. Oper. Res., vol. 164, no. 1, pp. 1–11, Jul. 2005.

[13] A. Salehipour and M. M. Sepehri, ‘‘Optimal location of workstations in
tandem automated-guided vehicle systems,’’ Int. J. Adv. Manuf. Technol.,
vol. 72, nos. 9–12, pp. 1429–1438, Jun. 2014.

[14] G. Aiello, M. Enea, and G. Galante, ‘‘An integrated approach to the
facilities and material handling system design,’’ Int. J. Prod. Res., vol. 40,
no. 15, pp. 4007–4017, Jan. 2002.

[15] D. Colling, J. Oehler, and K. Furmans, ‘‘Battery charging strategies for
AGV systems,’’ Logistics J., vol. 2019, no. 12, pp. 1–8, 2019.

[16] X. Zhan, L. Xu, J. Zhang, and A. Li, ‘‘Study on AGVs battery charging
strategy for improving utilization,’’ Proc. CIRP, vol. 81, pp. 558–563,
Jan. 2019.

[17] M. Sperling and T. Kivelä, ‘‘Concept of a dual energy storage system
for sustainable energy supply of automated guided vehicles,’’ Energies,
vol. 15, no. 2, p. 479, Jan. 2022.

[18] M. Gen, W. Zhang, L. Lin, and Y. Yun, ‘‘Recent advances in hybrid evolu-
tionary algorithms for multiobjective manufacturing scheduling,’’Comput.
Ind. Eng., vol. 112, pp. 616–633, Oct. 2017.

[19] M. De Ryck, D. Pissoort, T. Holvoet, and E. Demeester, ‘‘Decentral
task allocation for industrial AGV-systems with resource constraints,’’
J. Manuf. Syst., vol. 59, pp. 310–319, Apr. 2021.

[20] M. De Ryck, D. Pissoort, T. Holvoet, and E. Demeester, ‘‘Decentral task
allocation for industrial AGV-systems with routing constraints,’’ J. Manuf.
Syst., vol. 62, pp. 135–144, Jan. 2022.

[21] N. Singh, P. V. Sarngadharan, and P. K. Pal, ‘‘AGV scheduling for auto-
mated material distribution: A case study,’’ J. Intell. Manuf., vol. 22, no. 2,
pp. 219–228, Apr. 2011.

[22] A. Hamdy, ‘‘Optimization of automated guided vehicles (AGV) fleet
size with incorporation of battery management,’’ Ph.D. dissertation, Old
Dominion Univ. Libraries, Norfolk, VA, USA, 2019, pp. 1–81.

[23] R. Yan, S. J. Dunnett, and L. M. Jackson, ‘‘Model-based research for
aiding decision-making during the design and operation of multi-load auto-
mated guided vehicle systems,’’ Rel. Eng. Syst. Saf., vol. 219, Mar. 2022,
Art. no. 108264.

[24] B. Rahimikelarijani, H. Fazlollahtabar, and S. Nayeri, ‘‘Multi-objective
multi-load tandem autonomous guided vehicle for robust workload balance
and material handling optimization,’’ Social Netw. Appl. Sci., vol. 2, no. 7,
Jul. 2020.

[25] X. Lyu, Y. Song, C. He, Q. Lei, and W. Guo, ‘‘Approach to integrated
scheduling problems considering optimal number of automated guided
vehicles and conflict-free routing in flexible manufacturing systems,’’
IEEE Access, vol. 7, pp. 74909–74924, 2019.

[26] V. Digani, M. A. Hsieh, L. Sabattini, and C. Secchi, ‘‘Coordination of
multiple AGVs: A quadratic optimization method,’’ Auton. Robots, vol. 43,
no. 3, pp. 539–555, Mar. 2019.

[27] M. De Ryck, M. Versteyhe, and F. Debrouwere, ‘‘Automated guided vehi-
cle systems, state-of-the-art control algorithms and techniques,’’ J. Manuf.
Syst., vol. 54, pp. 152–173, Jan. 2020.

[28] K. C. T. Vivaldini, L. F. Rocha, M. Becker, and A. P. Moreira, ‘‘Compre-
hensive review of the dispatching, scheduling and routing of AGVs,’’ in
Proc. 11th Portuguese Conf. Autom. Control (CONTROLO), in Lecture
Notes in Electrical Engineering, vol. 321, A. P. Moreira, A. Matos, and
G. Veiga, Eds. Cham, Switzerland: Springer, 2015, pp. 505–514.

[29] Y. Yao, T. Van Woensel, L. P. Veelenturf, and P. Mo, ‘‘The consistent
vehicle routing problem considering path consistency in a road network,’’
Transp. Res. B, Methodol., vol. 153, pp. 21–44, Nov. 2021.

[30] D. Sinriech and J. M. A. Tanchoco, ‘‘SFT—Segmented flow topology,’’ in
Material Flow Systems in Manufacturing, J. M. A. Tanchoco, Ed. Boston,
MA, USA: Springer, 1994, pp. 200–235.

[31] G. Ullrich and T. Albrecht, Automated Guided Vehicle Systems.
Wiesbaden, Germany: Springer Fachmedien Wiesbaden, 2023.

[32] J. Fottner, S. Galka, S. Habenicht, E. Klenk, I. Meinhardt, and
T. Schmidt, Planung von Innerbetrieblichen Transportsystemen. Berlin,
Germany: Springer, 2022.

[33] Z. Zhang, J. Chen, W. Zhao, and Q. Guo, ‘‘A least-energy-cost AGVs
scheduling for rasterized warehouse environments,’’ in Proc. IEEE Int.
Conf. Syst., Man, Cybern. (SMC), Oct. 2021, pp. 2888–2893.

[34] M. Kaspi and J. M. A. Tanchoco, ‘‘Optimal flow path design of unidirec-
tional AGV systems,’’ Int. J. Prod. Res., vol. 28, no. 6, pp. 1023–1030,
Jun. 1990.

[35] M. Kaspi, U. Kesselman, and J. M. A. Tanchoco, ‘‘Optimal solution for the
flow path design problem of a balanced unidirectional AGV system,’’ Int.
J. Prod. Res., vol. 40, no. 2, pp. 389–401, Jan. 2002.

[36] W. Yu and P. J. Egbelu, ‘‘Design of a variable path tandem layout for auto-
mated guided vehicle systems,’’ J.Manuf. Syst., vol. 20, no. 5, pp. 305–319,
Jan. 2001.

[37] D. Sinriech and J. M. A. Tanchoco, ‘‘Solution methods for the mathemati-
cal models of single-loop AGV systems,’’ Int. J. Prod. Res., vol. 31, no. 3,
pp. 705–725, Mar. 1993.

[38] M. Gourgand, X.-C. Sun, and N. Tchernev, ‘‘Choice of the guide path
layout for an AGV based material handling system,’’ in Proc. INRIA/IEEE
Symp. Emerg. Technol. Factory Automat. (ETFA), Oct. 1995, pp. 475–483.

95006 VOLUME 11, 2023

http://dx.doi.org/10.1007/978-3-663-08855-4


M. Sperling et al.: Classified AGV Material Flow and Layout Data Set for Multidisciplinary Investigation

[39] S. Uttendorf and L. Overmeyer, ‘‘Fuzzy-enhanced path-finding algorithm
for AGV roadmaps,’’ in Proc. Conf. Int. Fuzzy Syst. Assoc. Eur. Soc.
Fuzzy Logic Technol., in Advances in Intelligent Systems Research. Paris,
France: Atlantis Press, 2015, pp. 675–681.

[40] M. M. Srinivasan, Y. A. Bozer, and M. Cho, ‘‘Trip-based material han-
dling systems: Throughput capacity analysis,’’ IIE Trans., vol. 26, no. 1,
pp. 70–89, Jan. 1994.

[41] B. S. P. Reddy and C. S. P. Rao, ‘‘A hybrid multi-objective GA for
simultaneous scheduling of machines and AGVs in FMS,’’ Int. J. Adv.
Manuf. Technol., vol. 31, nos. 5–6, pp. 602–613, Nov. 2006.

MARVIN SPERLING received the B.Eng. and
M.Eng. degrees in electrical engineering from the
Hochschule Hannover-University of Applied Sci-
ences and Arts, Hanover, Germany, in 2017 and
2019, respectively. He is currently pursuing the
Ph.D. degree in mechanical engineering with the
Karlsruhe Institute of Technology (KIT), Karl-
sruhe, Germany.

Since 2019, he has been a Research Associate
with the Institute for Material Handling and Logis-

tics, KIT. His research interests include the development of energy storage
and charging systems for automated guided vehicles, safety engineering for
intralogistics systems, and modeling of automated guided vehicles under
certain constraints.

BENEDIKT SCHULZ received the B.Sc. and
M.Sc. degrees in industrial engineering from
the Karlsruhe Institute of Technology (KIT),
Germany. He is currently a Research Associate
with the Institute for Material Handling and Logis-
tics (IFL), KIT. His research interests include
stochastic models to design and analyze produc-
tion and logistic systems and data science.

CONSTANTIN ENKE received the B.Sc. and
M.Sc. degrees in mechanical engineering from the
Karlsruhe Institute of Technology (KIT), Karl-
sruhe, Germany, in 2018 and 2021, respectively,
where he is currently pursuing the Ph.D. degree in
mechanical engineering.

Since 2021, he has been a Research Associate
with the Institute for Material Handling and Logis-
tics, KIT. His research interest includes the com-
munication between automated guided vehicles

and other participants in intralogistics systems. A special focus lies on the
changeability of such systems.

DIANA GIEBELS received the B.Sc. and M.Sc.
degrees in industrial engineering from the Karl-
sruhe Institute of Technology (KIT), Germany,
in 2019 and 2021, respectively. She is currently
involved in logistics consulting. Her research inter-
ests include data-based applications, especially in
the logistics environment, and data-driven opti-
mization of supply chains.

KAI FURMANS (Member, IEEE) received the
Diploma degree in industrial engineering and the
Ph.D. degree in mechanical engineering from
the Karlsruhe University, Karlsruhe, Germany, in
1988 and 1992, respectively. From 1996 to 2003,
he was with Robert Bosch GmbH in several posi-
tions in logistics, the final position being the Head
of the Divisional Logistics, Thermotechnology
Division. As a Postdoctoral Scholar, he was a Vis-
iting Researcher with the IBM Thomas J. Watson

Labs, Yorktown Heights, NY, USA, and the Venia Legendi for Logistics
from Karlsruhe University, in 2000. He is currently a Full Professor and the
Head of the Institute for Material Handling and Logistics, Karlsruhe Institute
of Technology (KIT). His research interests include the design of material
handling systems and models for supply chain material handling systems.

VOLUME 11, 2023 95007


