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utonomous Mobile Robots (AMR) are used in in-

tralogistics to automate internal transport pro-
cesses. In addition to the increasing number of robots in
the system, the demands on the performance of AMR are
increasing due to more complex use cases. At the same
time, cloud computing is a key technology for handling
data- and compute-intensive processes on demand. This
work explores the possibility of offloading AMR functions
to the cloud and taking advantage of both technologies.
To this end, AMR functions are defined and differenti-
ated in a flowchart. After identifying offloading-relevant
criteria, the potential of offloading these functions to the
cloud is examined using the Analytical Hierarchy Process
method. The results show that cross-AMR functions such
as traffic control, task assignment, task planning, map-
ping and path planning have a high potential for offload-
ing to the cloud. On the other hand, AMR functions that
require a fast and reliable response time or are safety rel-
evant should be executed on the AMR itself. However,
these results underscore that AMRs and the cloud can be
combined to great advantage.

[Keywords: Offloading, Decision making, Analytical Hierarchy
Process, Autonomous Mobile Robots, Cloud-Edge]

A utonome mobile Roboter (AMR) werden in der Int-
ralogistik zur Automatisierung innerbetrieblicher
Transportprozesse eingesetzt. Neben der steigenden An-
zahl von Robotern im System steigen auch die Anforde-
rungen an die Leistungsfahigkeit von AMR durch kom-
plexere  Anwendungsfalle. Gleichzeitig ist Cloud
Computing eine Schlusseltechnologie, um daten- und re-
chenintensive Prozesse bedarfsgerecht zu verarbeiten.
Dieser Beitrag untersucht die Mdglichkeit, AMR-
Funktionen in die Cloud auszulagern und die Vorteile
beider Technologien zu nutzen. Dazu werden AMR-
Funktionen definiert und in einem Ablaufdiagramm von-
einander abgegrenzt. Nach der ldentifikation auslage-
rungsrelevanter Kriterien wird das Potenzial der Ausla-
gerung dieser Funktionen in die Cloud mit Hilfe der
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Methode des analytischen Hierarchieprozesses unter-
sucht. Die Ergebnisse zeigen, dass insbesondere AMR-
Ubergreifende Funktionen wie z. B. Verkehrssteuerung,
Fahrzeugdisposition, Transportauftragsverwaltung,
Kartierung und Pfadplanung ein hohes Potenzial fur die
Auslagerung in die Cloud aufweisen. AMR-Funktionen,
die eine schnelle und zuverlassige Antwortzeit erfordern
oder sicherheitsrelevant sind, sollten hingegen auf dem
AMR selbst ausgefihrt werden. Diese Ergebnisse unter-
streichen jedoch, dass AMR und Cloud vorteilhaft kom-
biniert werden kénnen.

[Schltisselworter: Auslagerung, Entscheidungsfindung, analyti-
scher Hierarchieprozess, autonome mobile Roboter, Cloud-
Edge]

1 INTRODUCTION

The fourth industrial revolution demands extensive
changes in production and logistics. The principal drivers
of this transformation are the growing networking and in-
tegration of intelligent systems, the digitalization of pro-
cesses and the utilization of innovative technologies [1, 2].
In the field of intralogistics, which focuses on the internal
material and information flows [3], autonomous mobile ro-
bots (AMR) represent one of the key technologies [4]. The
use of AMRs offers great potential for the optimization of
intralogistics processes. The robots are capable of autono-
mously transporting materials and products, monitoring
stock levels, and executing production steps [5].

The increasing digitalization and networking of pro-
duction and logistics systems requires not only automation
solutions for material transports, but also the use of power-
ful information and communication technologies [6].
Cloud Computing plays a pivotal role in this context, as it
allows companies to provide demand-driven and scalable
computing resources and IT-infrastructure [7]. The inter-
connection of industrial systems, machines, and products
with a cloud-based infrastructure enables the real-time re-
cording, processing, and analysis of data. This facilitates a
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wide range of possibilities for the improvement of produc-
tion and logistics processes, including data-driven deci-
sion-making and demand-driven resource allocation [8].

Comprehensive research already exists on both AMRs
and cloud technologies. However, a synthesis of these two
domains that investigates a strength-oriented interaction
between AMRs and the cloud by integrating their mutual
benefits has yet to be adequately explored. In the light of
these findings, this article examines the potential for of-
floading the functions currently performed on board the
AMRs to a cloud. To this end, the functions involved in the
execution of AMR processes are broken down into differ-
entiated and assessable function modules. Then, criteria are
derived that are essential when offloading AMR functions
to a cloud. Once the basis for evaluation has been estab-
lished, the potential of offloading the AMR functions is de-
termined by carrying out the Analytic Hierarchy Process
(AHP) method. The analysis and classification of the tech-
nical feasibility of the implementation complete the pro-
Cess.

2 FUNDAMENTALS
2.1 AUTONOMOUS MOBILE ROBOTS

AMR have become the symbol of the automation of
transport processes [4]. Since AMRs have evolved from
automated guided vehicles (AGV), it is necessary to first
examine the concept of classic AGVs to then gain an accu-
rate understanding of AMRs [9]. AGV systems comprise
one or more vehicles in combination with a high-level mas-
ter control [10]. The master control serves an overarching
function, managing the entire system to complete transport
tasks. Advances in sensor technology and software have re-
sulted in the continuous development of AGV functions.
This has led to an increased system intelligence, as per-
ceived by the users. The intelligence is most evident in the
increased degrees of freedom in driving maneuvers and the
simplified integration into operational processes [9, 11].

In this context the term “AMR” has emerged. The Ro-
botic Industries Association provides a high-level defini-
tion of the distinction between AGVs and AMRs based on
the navigation methods employed [12]. AGVs are guided
by tracks, which range from physical guidelines to virtual,
software-based tracks that are stored within a predefined
digital map. In contrast, AMRs navigate freely through the
workspace based on a self-recorded map and additional
sensor information. The AGV Technical Committee of the
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“Verein Deutscher Ingenieure” (VDI) has further expanded
the autonomy of a transport system in a guideline, defining
an automatic and autonomous version for various functions
[11]. Autonomous functions include, for example, the abil-
ity to navigate approved areas without a specified lane,
while avoiding obstacles and responding to the surround-
ings based on object recognition and classification. An ap-
proach to autonomy can also be found in Fottner et al. [5],
who adapted the levels of autonomous driving from cars to
intralogistics systems. The systems are distinguished ac-
cording to three criteria: the environment in which they op-
erate, the location of decision-making, and the interaction
of the system elements. Consequently, autonomous sys-
tems are deployed in highly complex and dynamic environ-
ments and utilize decentralized decision-making. Moreo-
ver, a high level of interaction between its system elements
is characteristic of autonomous systems.

For the understanding of this work, it is essential to
recognize the execution of transport processes in intralogis-
tics as the primary objective of AMRs. To fulfill this objec-
tive, the system must perform a range of functions. These
functions can be executed in the robots themselves, in a
centralized control system, in a cloud, or in a combination
of these three.

2.2 CLOUD/EDGE COMPUTING

In recent years, there has been a notable shift in the
activities of companies towards digital spaces demanding
high computing power and storage capacities, requiring the
content being offloaded [13]. One solution to this problem
is cloud computing, which involves the use of flexible,
high-performance hardware and software infrastructure
that users can access as required. The cloud computing ar-
chitecture is centralized. A significant disadvantage of this
approach is the potentially high latency experienced by us-
ers at the network edge (e.g. AMRs on the shop floor) when
communicating with the cloud [14]. In practice, cloud
structures are typically supplied by large providers (e.g.
Microsoft, Amazon, Google), which raises concerns about
the security of company data in the cloud.

An extension of cloud computing is decentralized and
distributed edge computing, in which fewer calculations
are performed in the cloud and instead are carried out closer
to the data source on the shop floor [14]. By utilizing re-
sources at the edge of the network, the latency and band-
width of the system can be improved. Therefore, edge com-
puting is the antithesis of cloud computing in terms of
latency, bandwidth, storage capacity and computing power.
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Figure 1. Cloud-edge network for AMR (based on [15])

Regarding the content of this work, the AMRs are sit-
uated at the edge of the network and possess their own com-
puting power through onboard processors (see figure 1).
The combination of edge computing with a cloud appears
to be a promising design approach for the optimal alloca-
tion and provision of computing power and functions in the
overall system, as the advantages of both paradigms should
be combined as far as possible.

3  METHODOLOGY
3.1 AMR REFERENCE PROCESS AND FLOWCHART

To start, the basis for the evaluation must be estab-
lished. This is achieved by first defining a reference process
for intralogistics transports (see figure 2) and then deriving
the AMR functions involved in the process execution.

The execution of transport processes is one of the most
widespread activities in intralogistics, representing the core
task of AMRs and the focal point of the proposed method-
ology. The reference process is based on the exemplary se-
quence of transport processes defined and is expanded to
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include AMR-specific aspects [16]. The transport process
is initiated with the provision of information regarding the
subsequent transport order via the IT system. Until then,
the AMR remains in a waiting position. If the AMR is not
directly at the source of the transport order, a trip must first
be made to the corresponding source, which is classified as
an empty trip. The third step in the reference process is to
pick up the transport unit at the source, which is described
by the load pick-up process step. In contrast to the empty
run, the distance traveled with the transport unit from the
source to the sink is referred to as a load run. Ultimately,
the transport unit is transferred to the sink in the form of a
load delivery and the process can be restarted with the pro-
vision of information regarding the subsequent transport
order. In bundled transport processes (e.g. tugger trains),
multiple transport units are conveyed by the AMR simulta-
neously. This results in the concurrent execution of indi-
vidual operations rather than their sequential execution. If
the battery charge level is insufficient for the subsequent
transport order, an empty run to a charging station is initi-
ated. Once the AMR has reached an adequate charge level,
it is able to accept the subsequent transport order.

Start
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Empty run

Load pick-up

Load

Load run -
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Empty run
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Figure 2. AMR reference process (based on [16])
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The fulfillment of the transport task and the subse-
quent reference process are dependent on a multitude of
software and hardware components. These components en-
compass both cross-AMR and AMR-internal functions.
The functions serve as the basis for the evaluation of of-
floading decisions. A generic flowchart is created to better
understand the differentiation between the functions (see
figure 3). It should be noted that the need to implement a
function in an AMR depends on the respective use case. As
existing function descriptions for AMRs do not adequately
reflect the scope of this paper, these have been supple-
mented by literature research and expert interviews to cre-
ate a complete generic flowchart [17-20]. A total of 13
functions were identified and a detailed description of the
functions can be found in figure 8 in the appendix:

e Task planning [17]

e Task allocation [21, 22]

e Localization [23-25]

e Mapping [26, 27]

e  Traffic control [28-30]

e  Path planning [31-33]

e  Obstacle avoidance [34-37]
e Positioning [38, 39]

e  Trajectory planning [40, 41]
e Trajectory tracking [42, 43]
o  Safety functions [44]

e  Energy management [45, 46]
e Service functions [17]

The planning and control processes of an AMR system
are initiated upon the submission of a new transport order
by a client. Subsequently, the order is accepted and pro-
cessed from an administrative standpoint. In the initial
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function of task planning (1), sequences of individual driv-
ing tasks are generated from the transport order. The driv-
ing tasks correspond to the process steps of the reference
process in figure 2. The transport orders are then assigned
to the most suitable AMR in the task allocation function
(2). The assignment is typically made by estimating the
shortest transport time or distance. The transport order is
subjected to further processing in the function of path plan-
ning (6). This process determines the most optimal global
path for the selected AMR on the shop floor. To this end,
the current position of the robot is determined in real time
in the localization (4) function. Moreover, the map of the
shop floor is updated continuously in function of mapping
(3). To prevent deadlocks, the current traffic status of all
AMRs in operation is prepared and processed in the traffic
control (5).

Considering the global path as well as dynamic
changes in the environment, the motion of the robot for the
present time frame is planned. In the obstacle avoidance
function (7), dynamic obstacles are detected and classified.
Furthermore, precise target positions are identified in posi-
tioning (8) through the analysis of image or laser data,
thereby enabling the robot to approach load carriers or
charging stations with high accuracy. In the trajectory plan-
ning function (9), the obstacles and target positions are
used to determine the local trajectory as a function of the
robot's velocity and acceleration.

The actuators are linked to the control system of the
robot via motion control. In trajectory tracking (10), the de-
termined trajectory is converted into functions of the re-
quired torques for the actuators. The safety functions (11)
are used to detect individuals and objects within the safety-
critical zone in front of the AMR and to initiate the braking
process in the event of an emergency. The required energy
is provided by the energy management function (12),
which also optimizes the robot's energy consumption. Ap-
plications designed to provide user support, such as visual-
izations or status messages displayed on the user interface,
are grouped together as service functions (13).
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The flow chart is completed with the addition of infor-
mation resulting from the execution of a function, which
simultaneously serves as input for a downstream function.
Hardware components (e.g., actuators) are incorporated
into the overall picture, yet they are not included in the
evaluation of the offloading. All perception tasks are in-
cluded in their superordinate functions (e.g. object detec-
tion as part of obstacle avoidance) as their scope depends
heavily on the respective objective.

3.2 ANALYTICAL HIERARCHY PROCESS

The AHP method is a multi-criteria decision-making
(MCDM) approach used to facilitate the decision-making
of subjective, generally non-quantifiable and intuitive de-
cisions [47]. The hierarchy lies in the decomposition of the
decision problem into several levels (see figure 4). At the
top level, the decision problem is defined. It is then broken
down into evaluation criteria and decision alternatives at
the subsequent levels. Another central feature of the AHP
method is the use of pairwise comparisons, which ensure
an objective weighting of the decision criteria and alterna-
tives. In a pairwise comparison, two criteria are evaluated
against each other in terms of their relative importance
[48]. A weighting of criteria can also be used in the related
weighted sum method. However, in contrast to the
weighted sum method, the AHP compares the decision al-
ternatives directly with each other and does not evaluate
them in isolation, as the pairwise comparison is also ap-
plied to the alternatives [49].

Alternative 1 Alternative 2 Alternative 3

Figure 4. Basic framework AHP (based on [48])

The assessment is typically based on expert inter-
views. These are particularly suitable when little or no his-
torical data is available, and a purely quantitative assess-
ment is not feasible [50]. Haag [51] notes that innovations
with significant potential to increase value are more likely
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to be prioritized in qualitative assessments than in quanti-
tative ones.

The criteria n and the alternatives m are used to ex-
plain the mathematical basis of the AHP method. At each
hierarchy level, the pairwise comparisons result in an eval-
uation with independent weightings. The result of the
method is the AHP score, which is calculated by multiply-
ing the weights of the alternatives by the superordinate
weights of the criteria.

The linguistic assessments are converted into numeri-
cal values, thereby enabling calculations within the
method. In accordance with Saaty [47], the linguistic rat-
ings ranging from "equally important” to “significantly
more important" are assigned values from one to five, while
the opposite ratings are given the reciprocal values. To cal-
culate the weights, pairs of the n elements are compared
with each other at the hierarchy level of the criteria. The
preference of criterion i over criterion j is indicated by a;;.
These preferences are entered in the n X n matrix A. The
diagonal of the matrix is comprised of ones, as the criteria
are evaluated against themselves. The numbers with their
corresponding reciprocal values are always mirrored to the
left and right of the diagonal. Therefore, the following ap-
plies:

a; = aij i,je{1,2,..,n} 1)
To obtain the weighting of the criteria, the principal eigen-
vector of the matrix A is determined and normalized. The
resulting weighting vector v contains the global weights

v = (v, Vp e, V)T )

The calculation of the alternatives m is carried out for each
criterion i and follows the same principle. After translating
the linguistic evaluations into numbers, the m x m matrix
Bt with the preferences b, of alternative k over alternative
1 is obtained. The principal eigenvector w' is determined
from the matrix, which contains the relative weights wi of
the alternatives after normalization.
wh={wl,wi, .., wh} i€{12..n} @)

The final AHP score of the alternative k is determined by
multiplying the weight of the alternatives w/. by the global
weights of the criteria v':

AHP Score, = Y™, wi * v; (4)

ie{12,..,n}ke{1,2,..,m}
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4 EVALUATION OF THE OFFLOADING OF AMR-
FUNCTIONS

4.1 ADAPTED AHP-DESIGN AND EXPERT PANEL

At the first hierarchy level of the AHP method for
evaluating offloading capability, the decision problem is
formulated as follows: Is the AMR function better imple-
mented on board the AMR or in a cloud? The remaining
levels can be derived directly from the formulation of the
decision problem. The second hierarchy level contains cri-
teria that are pivotal in the decision to offload, while the
third hierarchy level consists of the two alternatives for im-
plementation, namely on board the AMR and in the cloud.
The evaluation is individually conducted for each of the
AMR functions. Each function is evaluated in accordance
with the specified criteria. Figure 5 shows the hierarchical
structure and the linking of the hierarchies.

On the one hand, the established evaluation criteria are
based on the general advantages of cloud computing [52,
53] (e.g. cost advantage, scalability). On the other hand, a
literature review on cloud robotics [52, 54-59] (e.g. pro-
cessing time, energy consumption, quality of results) and

DOI: 10.2195/ lj_proc_morgenstern_en_202410_01

AMR use cases [17] (e.g. safety) resulted in additional cri-
teria. For the sake of clarity, the seven evaluation criteria
are assigned to three categories: economic, technical, and
strategic. The evaluation criterion “costs” is classified un-
der the economic criteria. The technical evaluation criteria
include processing time, energy consumption, quality of re-
sults and safety. Finally, the strategic evaluation criteria
consist of availability and scalability. Figure 9 in the ap-
pendix offers an overview of the evaluation criteria, includ-
ing the definitions used in this study, as well as the target
values for each criterion.

The AHP method was conducted via an expert survey.
To provide targeted responses, scientific (five experts) and
industry experts in the fields of logistics and IT were inter-
viewed. This approach ensures the integration of both the-
oretical and practical perspectives into the AHP method.
The industry experts include experienced planners and us-
ers of AMR and cloud projects (six experts) as well as
AMR manufacturers (five experts). As a result, the inter-
disciplinary nature of the AMR cloud combination is re-
flected, which leads to a high and realistic informative
value of the results. The AHP method was conducted by a
sample of 16 experts (n = 16).

On Board

Figure 5. Adapted AHP-Design

4.2 EVALUATION OF CRITERIA

The results demonstrate that the evaluation criteria are
of varying importance with respect to the decision to of-
fload AMR functions. Table 1 illustrates the ranking and
relative importance of the criteria, as determined through
the pairwise comparison.

Safety and availability were identified as the most im-
portant criteria. In intralogistics, AMRs are often deployed
in shared workspaces with personnel and manually guided
forklifts and tugger trains. While safety is essential in all
AMR systems, it is particularly significant in hybrid work
environments. The relevance of availability can be traced
back to the use of cloud computing. In this case, the con-
nection to the cloud represents a bottleneck. In the event of
a connection failure, functions can no longer be executed
properly. The duration and type of function affected will
determine whether the AMR is brought to a standstill. In
small systems, faults can still be rectified by performing the
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Cloud

transport task manually and keeping job-hoppers available.
In larger systems, this emergency strategy is not viable. A
loss of connection to the cloud or a cloud failure can result
in costly disruptions.

Table 1. Ranking and weights of evaluation criteria
Ranking Value
(according to weight)

1. Safety 0.31
2. Availability 0.22
3. Quality of results 0.13
4. Costs 0.11
5. Scalability 0.10
6. Processing time 0.08
7. Energy consumption 0.04
Page 7



The quality of results of a function is of great im-
portance, regardless of where it is performed. Furthermore,
any decision to offload must be made with a clear under-
standing of associated costs. It is noteworthy that in the ef-
ficiency-driven environment of production and logistics,
this criterion is not given greater consideration. A similar
observation can be made for the criteria of scalability, pro-
cessing time and energy consumption, as a substantial body
of research [52, 60, 61] has been conducted on these criteria
in recent years.

4.3 EVALUATION OF OFFLOADING POTENTIAL OF AMR-
FUNCTIONS

The application of the AHP method enables the deter-
mination of whether each AMR function should be of-
floaded to the cloud. Given that only two alternatives are

DOI: 10.2195/ lj_proc_morgenstern_en_202410_01

being compared, the mean of the achievable minimum and
maximum value of the AHP score represents the threshold
between the alternatives. If the AHP score exceeds 0.5, the
AMR function should be offloaded. If the AHP score is be-
low or equal to 0.5, the function should be processed on
board the AMR. The results of the evaluation are analyzed
in two stages. Initially, the YES or NO results regarding
each function are presented (see figure 6). These are ob-
tained by adding up all the benefit values of the evaluation
criteria for each function. Subsequently, the interim values
of the evaluation prior to determining the final AHP scores
are considered. This allows for a more nuanced understand-
ing of the decision process.
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Processing Time 0,06 0,06 0,03 0,05 0,06 0,05 0,02 0,03 0,03 0,02 0,02 0,04 0,05
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Offloading NO NO NO NO NO NO
Figure 6. Yes or No results of offloading

As illustrated in figure 6, the execution of cross-AMR
and administrative control functions is more optimal in a
cloud environment. The AMR functions of traffic control
(0.65), task allocation (0.65) and task planning (0.63) have
been assigned the highest AHP score. This finding aligns
with the required work steps associated with the functions
and the cloud-related benefits identified in the literature re-
view. In an environment with an overview of the entire
AMR fleet, task planning and allocation can be carried out
optimally. This ensures that the most suitable AMR is se-
lected for a given order. Moreover, the deployment of
AMRs with the capacity to receive data from the entire sys-
tem, rather than solely from their own sensors, has the po-
tential to enhance the efficiency of traffic control. The use
of a global map generated by mapping (0.54) in the cloud
and path planning (0.55) also contributes to this aspect.
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Furthermore, service functions (0.58) such as the provision
of AMR status data, information on successful and unsuc-
cessful processing of transport orders, or updates for the
AMR fleet can be more efficiently managed in the cloud.
The functions that are assessed as beneficial for offloading
are, in the context of conventional AGV systems, typically
allocated to the master control. The offloading potential is
further enhanced when heterogeneous AMR fleets are con-
sidered, in addition to homogenous ones, as the manufac-
turers own master control system can be replaced by a cen-
tral, overarching control system. This is the premise of the
VDAS050 [62] guideline, which is intended to enable man-
ufacturer-independent master control. The first industrial
applications have already been implemented in the domain
of fleet control. Exemplary solutions are offered by Synaos
or idealworks.
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Quality of Results 0,13 076 0,77 054 063 078 073 049 | 045 058 039 = 030 06l 0,68
Safety 0,31 0,51 0,55 = 041 050 | 0,55 | 044 030 034 031 024 022 045 @ 052
Availability 022 | 057 @ 058 @ 044 046 | 057 | 048 032 036 038 030 024 044 | 052
Scalability 0,00 | 082 080 065 066 08 070 0,57 | 054 = 062 @ 054 | 050 | 063 0,71

Figure 7. Evaluation in detail

In contrast, the results indicate that functions which re-
quire fast processing and response times should not be of-
floaded to a cloud. These include safety functions (0.29),
trajectory tracking (0.34), obstacle avoidance (0.38), posi-
tioning (0.40), localization (0.46), and energy management
(0.50). This observation is also consistent with the findings
of the literature research. Delayed responses in these func-
tions would potentially impair road safety and hinder the
efficient and rapid execution of AMR movements.

Figure 7 presents the results of the evaluation in detail.
The evaluations regarding safety and availability are espe-
cially influential, given the greater weight accorded to these
criteria. Conversely, these two criteria are currently pivotal
in determining whether to offload AMR functions to the
cloud. In this regard, the current range of wireless technol-
ogy options may present a challenge. It is therefore essen-
tial to consider the technical feasibility of offloading in ad-
dition to the qualitative evaluation.

4.4 TECHNICAL FEASIBILITY

The evaluation of offloading AMR functions cannot
be separated from the technical feasibility of implementa-
tion. In this context, two requirements must be emphasized.
Firstly, the cloud service must be equipped with sufficient
computing power to perform the required function. Sec-
ondly, the data required must be transferred from the AMR
to the cloud servers and vice versa. Both processes must be
completed within a certain period so that the robot can ad-
equately react to the conditions in its working environment.
The required response time varies from minutes (e.g. task
planning) to milliseconds (e.g. safety functions), depending
on the function. The processing time, which results from
the computing time and the transfer time between the cloud
and the edge, must be less than the response time required.

© 2024 Logistics Journal: Proceedings — ISSN 2192-9084
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The computing time is not a significant concern, as the
computing power of a cloud can be adjusted as needed. The
primary challenge of the technical implementation of
cloud-based AMR systems is the transfer time. This is
mainly determined by the attributes of the communication
network connecting the AMR and the cloud. In this con-
text, it can be stated that the greater the bandwidth and the
lower the latency, the faster data packets can be transmit-
ted. It is essential to ensure that the data volume can be
transferred between the AMR and the cloud by providing a
sufficiently large bandwidth. The estimation of the latency
results from the sum of the transmission time T, propaga-
tion delay T, and buffer time T}, [63]:

Latency = T, + T, + T, (5)

It is important to highlight that the latency times cal-
culated with the estimate differ significantly from the em-
pirical values obtained from industrial implementations.
The reason for this discrepancy is the inherent complexity
of real cloud server architectures [64]. These contain nu-
merous intermediate stations and require various infor-
mation protocols, resulting in significant delays that cannot
be calculated [65, 66]. Furthermore, the latency times of the
servers are dependent on the cloud providers, who often fail
to provide expected delay times. In conclusion, although
latencies can be estimated, reliable values can only be de-
termined through testing on real cloud-based AMR sys-
tems.

Redundancy and caching can be a solution to mini-
mize the impact of latency and bandwidth issues. Specific
examples include geo-redundancy and zone-redundancy
[67, 68]. The technical feasibility study also shows that a
hybrid design of scopes in the cloud and scopes at the edge
makes sense [69].
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5 CONCLUSION

This study has investigated the potential of offloading
AMR functions to a cloud. Based on the development of a
flowchart, which includes a standardized AMR transport
process and a classification of the functions involved in the
execution, criteria for the offloading decision were identi-
fied. Based on this assessment, the AMR functions were
evaluated regarding their offloading potential using the
AHP method. Finally, the technical feasibility of offload-
ing was assessed.

The application of the AHP method has demonstrated
that AMRs can be managed more effectively when inte-
grated into a cloud-based system. The most beneficial func-
tions for offloading are those related to cross-AMR man-
agement and control, namely traffic control, task
allocation, task planning, mapping, and path planning. In
contrast, experts determined that AMR functions, which re-
quire a rapid and dependable response time, are best per-
formed on board the AMR. In this regard, the primary con-
sideration is the safety relevance of functions such as safety
itself and localization. The classification of safety as the
most important evaluation criterion for offloading under-
lines this aspect. From a technical standpoint, the offload-
ing of AMR functions to the cloud necessitates the availa-
bility of a wireless connection with sufficient bandwidth
and low latency. The resulting requirements vary depend-
ing on the specific AMR function. In conclusion, it can be
stated that bandwidth is the less critical key figure due to
new possibilities, such as the 5G mobile communications
standard. Latency, on the other hand, is a more critical fac-
tor in the offloading of AMR functions to the cloud. This is
due to the distance that must be traversed from the AMR to
the cloud and, additionally, the latency time of the cloud
itself, which is often operated externally.

By modeling the AMR functions in the form of func-
tion blocks, which are displayed in a flowchart, the entire
AMR process can be mapped in detail. This enables even
those without prior experience to conduct in-depth analysis
and optimization of robot performance. Moreover, the po-
tential benefits and applications of integrating AMRs with
cloud computing were systematically explored in the con-
text of initial industrial implementations. It has been
demonstrated that specific AMR functions that are compu-
tationally or memory-intensive can be performed with
greater efficiency in a cloud environment. The potential is
particularly evident in the context of larger AMR fleets. As
the number of mobile robots in a system increases, the im-
portance of central data processing and robot coordination
in the cloud also rises. This allows for more efficient use of
robot resources, as the AMRs only require the necessary
performance components. This can also result in cost sav-
ings. AMR manufacturer independence is an important re-
quirement for large users. By standardizing the interfaces

© 2024 Logistics Journal: Proceedings — ISSN 2192-9084
Article is protected by German copyright law

DOI: 10.2195/ lj_proc_morgenstern_en_202410_01

(e.g. VDA5050) between AMR and cloud, cross-manufac-
turer integration can be made possible, thereby increasing
the flexibility and scalability of the overall system.

The practical implementation of cloud-based AMR
systems represents a logical progression regarding this pro-
ject, particularly considering the preliminary assessment of
their technical feasibility. The need for further research is
therefore primarily concerned with the practical validation
and proof of offloading. Furthermore, actual latency values
can be quantified, and the impact of offloading on AMR
operations can be more fully understood and analyzed.
Nevertheless, this study offers valuable insights into the
prioritization of functions for offloading in an experimental
setting, which warrants further investigation.

In summary, combining AMRs with a cloud offers sig-
nificant advantages in terms of function distribution, scala-
bility, and vendor independence. This approach is a prom-
ising way to further increase the performance of AMRs.
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APPENDIX
Category Order Management (h - min) Navigation (min - s)
Function 1 Task Planning 2 Task Allocation 3 Localization 4 Mapping 5 Traffic Control 6 Path Planning
- Assigned Driving Task,
Input Transport Order Env.?gnTask, Map, AMR- Sensor Information, Map Sensor Information Map, AMR-Locations Map, AMR-Location,
ositions Traffic Information
Output Driving Task Assigned Driving Task AMR-Location Map Traffic Information Path
Recei i i D i hi
ecelves incoming Allocates the Driving Determines the location of | Creates a Map of the shop| Collects Traffic e.termmes the mos.t
- Transport Orders and ! . . . suitable Path to fulfill the
Description . Tasks to the most suitable| the AMR on the Map floor using Sensor Information to avoid .
converts theminto . . . Driving Tasks (route from
[ AMR using Sensor Information | Information deadlocks i
specific Driving Tasks source to sink)
Category Motion Planning (s - ms) Motion Control (ms - ps) Other
Function 7 Obstacle Awidance 8 Positioning 9 Trajectory Planning | 10 Trajectory Tracking |11 Safety Functions 12 Energy Management |13 Service Functions
Path, Map, AMR-
Input Sensor Information Sensor Information Location, Obstacle Trajectory Sensor Signal Charge Level Status Information
Position, Target Position
Output Obstacle Position Target Position Trajectory Actuator Torque Halt Command Status Information N/A
R i hi
Detects Obstacles es:ogmzesl e target. Calculates the required . Detects persons and Optimizes the required - .
3 . object (e.g. undercarriage X Calculates the required . A Provisions service
- and determines their . Trajectory (speed, objects in the danger zone| amount of energy and A y
Description . - X rack) and determines the : Acturator Torque to track S . applications (e.g. via the
relative Position using ; . acceleration of the AMR . and initiates the braking reports the status of the .
. desired Target Position the trajectory user interface)
Sensor Information " along the Path) process Charge Level
(e.g. for load handling)
Figure 8. Description of the AMR functions
Category Criterion Description Better is...
§ The costs incurred
S G5 (takes into account investment and operating costs) lower costs
The duration from the triggering of the function to its completion
Processing Time (takes into account the duration of the data transfer (network) and the duration of the calculation (onboard lower processing time
CPU/cloud); does NOT take into account the physical execution by the robot)
. The power consumption of the robots during operation .
Sy G (does NOT include the power consumption of the cloud and the network) lower energy consumption
Technical
5 The achievable quality level of the calculated resuits . "
Quelity aiflResis (e.g. for path planning: The quality of the selected path (shortest distance, adapted to the traffic situation, etc.) higher quality of results
The achievable physical safety on the shop floor
Safety (takes into account the safety of persons and objects; does NOT take into account the data security of the .
higher safety
cloud/databases)
I The proportion of time during which the system is available without technical failure . I
AETERTS (takes into account all planned outages (e.g. maintenance) and unplanned outages (e.g. accidents, faults)) higher availability
Strategic
- The ability to integrate additional robots into the system . -
Sy (the lower the effort for the integration of new robots, the higher the scalability) higher scalability
Figure 9. Description of the evaluation criteria
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