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Abstract. Today, smart manufacturing is differentiated from many other initia-
tives by its emphasis on human ingenuity. Human capabilities must be enhanced
by intelligently designing a customized solution for a specific domain. For exam-
ple, Industry 4.0 is based on collaborative robots that digitize and simplify manu-
facturing processes. In fact, Automatic Guided Vehicles (AGVs) are widely used
in intelligent industries due to their productivity, flexibility, and versatility. They
are widely considered as one of the most important tools for flexible logistics in
workshops. They can move materials and products without a predefined route.
Many commercially available AGVs provide a self-guided navigation system to
find their way to target workstations. However, many developers and producers of
industrial robots face several challenges in designing AGV systems, such as the
difficulty of defining a decentralized system decision as well as the discontinuity
and complexity of the design process. In this article, we propose a new design ap-
proach based on multi-agent technology and the Model-based systems engineering
method (MBSE) to meet the challenges of functional, physical, and software inte-
gration. It is a top-down approach from requirements specification, functional and
structural modeling using the systems modeling language (SysML) to model
simulation with the multi-agent tool (Anylogic). Our design approach was applied
on an Automated Guided Vehicle (AGV) system to serve items and deliver parts
and supplies to stations in a smart factory.

Keywords: automated guided vehicles (AGV), MBSE method, SysML, Multi-
agents’ technology, Industry 4.0
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Table 1. List of abbreviations and acronyms used in this article.

Abbreviation Explanation

AGV Automatic Guided Vehicle

BDD Block definition diagram

IBD Internal block definition

ROS Robot operating system

SysML Systems modeling language
MBSE Model-based systems engineering

1 Introduction

Productivity in industries is increasing thanks to rapid advancements in manu-
facturing technologies and applications. Manufacturing companies are becoming
more flexible, compatible and scalable (Zhong et al. 2017). Indeed, the complexity
of a manufacturing system becomes higher and higher, its size becomes larger and
larger. Today, the new manufacture mode requires the application system to have
agility and flexibility. Recently, the agent concept has been used in many fields of
application, including the field of industrial logistics (Yao et al. 2000). The appli-
cation of multi-agents’ system in the industrial logistics brings new challenges for
multi-agents system technique such as the architecture of the multi-agent system
and the prediction of the collaborative decision of the agents (Lasi et al. 2014).

An agent system is applied in various fields because it has many advantages.
The most important thing is in favor of distribution. This is because the agent
technique is one of the best choices when the problem area is linked to many dif-
ferent objects that are physically or logically distributed (Guizani et al. 2014).
These objects must cooperate with each other for same goad (Guizani 2014). Col-
laborative robotics has been considered as one of the enabling multi-agents’ tech-
nologies in the industry 4.0 program (Ferraguti et al. 2019). The use of AGVs in
industrial logistics today is not yet widespread in manufacturing plants. Many
manufacturers and developers of industrial robots have entered the AGV industry
to reduce the problems of transporting of raw materials and final products by
manual forklifts (Sabattini et al. 2013) but they have faced many integration chal-
lenges.

The first challenge to integrating AGVs into the production industry is related
to the restrictions of the operating environment. Indeed, complete flatness and hor-
izontality are imperative for the safe and efficient operation of AGVs, for example
floors should not be too uneven, and every transition from one surface to another
should be considered (Ferreira and Gorlach 2016). The second challenge is relat-
ed to the limited flexibility of AGVs compared to driver-controlled vehicles since
the human operator can react and change tasks quickly. AGVs are therefore less
adapted to unrepetitive tasks. Different AGV systems do not really share the same
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language. So, the third challenge to AGV integration in the smart factories is the
problem of making AGVs built by different manufacturers work together. We will
see later in this paper that the right choice of AGV development methodology
could facilitate the collaboration of AGV systems from different manufacturers.
Another challenge in integrating AGVs into the production industry is the high
initial capital cost of the AGV system. However, AGVs are becoming more and
more feasible while increasing the number of working hours which increases the
overall efficiency and productivity which generates economic benefits (Saputra
and Rijanto 2021).

To ensure the effective development of AGVs, all of the above challenges must
be overcome by adopting the right development tools and methodology. For ex-
ample, the complexity and discontinuity of the design process are major issues
that slow down the integration of AGVs in smart industries. In other words, to
avoid the risk of errors and rework, there must be continuity between the data and
the models used throughout the design process. Additionally, the designer should
verify physical and software integrations to ensure design consistency.

In this article, we present a design approach to reduce the gap between the dif-
ferent design phases of an AGV system. In particular, our approach reduces the
discontinuity between the different design phases and improves traceability be-
tween the design specification, behavioral modeling, architectural modeling and
validation phases with multi-agent simulation.

Generally, this article will be organized as follows: in the next section, we pre-
sent the different methods proposed in the literature for the design of AGV sys-
tems. In the third section, we will detail our approach to designing AGV systems
based on multi-agent concepts. We will also detail the implementation of the pro-
posed design method using the systems modeling language SysML and the multi-
agent tool Anylogic. In the fourth section, a case study of an AGV system design
in a production industry is considered in order to validate our method. Lastly, we
close the article with a conclusion.

2 Related Works

Logistics plays an important role in the smart industry where typical manufac-
turing operations are conducted. Recent advances in computer processing power
and wireless internet technology have opened up new possibilities in the field of
automated guided vehicles (AGVs) (Zaheer and Kacprzak 2013). In the context of
Industry 4.0, several researchers are faced with several challenges to develop
AGVs that meet more specific and personalized needs. (Mahadevan et al. 1990)
are focused on the design of a vehicle-based automated guided material handling
system for a flexible manufacturing system. (Aloui et al. 2021) proposed a new in-
tegrated design methodology based on swarm robotics to meet the challenges of
functional, physical and software integration. This methodology comprises two
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phases: a top-down phase from specification of requirements to functional and
structural modeling using the systems modeling language (SysML); with a bot-
tom-up phase for the integration and implementation of the model in the robot op-
erating system (ROS). In addition, (Stouten et al. 2004) have described the use of
AGYV systems for the cooperative transport of heavy loads. In another research
work, (Luna et al. 2010) have proposed partially decentralized solutions to reduce
the complexity of the optimization process and address the problem of planning
multi-robot paths through a set of network nodes. Indeed, AGVs must be equipped
with an appropriate detection system, to identify obstacles when they have moved
in congested environments.

System modeling is another big challenge in the design of AGV systems. For
example, (Sharma et al. 2017) modeled an AGV system with a nonlinear kinemat-
ic model that describes the speed of the robot, its position, the orientation and the
angular speed of its links. (Caruntu et al. 2020) present the concept of applying
bio-inspired coordination and control techniques to the development of freight
transportation and future manufacturing. On the other hand, the optimization and
scheduling of tasks is another issue to be considered from the design phases of
AGYV systems. For this reason, several researchers are working on swarm ap-
proaches to develop AGV systems. The study (Aloui et al. 2021) proposes a top-
down approach to ensure consistency and continuity from the level of requirement
at the behavioral level to the functional and structural levels of a swarm system
that can be used for the AGV system. Even though we have complete knowledge
of the robot's interior, analyzing and designing self-organizing systems like swarm
robotics remains a difficult task (Aloui et al. 2020). For this, (Lategahn et al.
2012) proposed an integrated methodology based on the principles of swarm ro-
botics to design a swarm of automated guided vehicles (AGVs).

To overcome the challenges described above, we propose in this article a new
approach based on multi-agent technology combining the possibilities SysML and
Anylogic. SysML will be used to specify the system requirements and model the
AGYV architecture from different points of view (behavioral, functional, and struc-
tural). Anylogic, on the other hand, will be used to adapt existing base robots with
the SysML information model and to validate the design with multi-agent simula-
tion. In the next section, we detail the different SysML diagrams used to model the
AGVs system which can then be simulated on Anylogic to ensure compliance
with system requirements.

3 Top-down approach for designing an AGVs system

The current need for AGV development is a closer integration that encom-
passes various factors related to design methods, design practices and tools, design
team members, and their interactions. this study is to develop a design approach
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allowing specialists from different engineering fields to combine their expertise to
ensure functional, physical, and software integration using SysML and Anylogic.

The AGV design approach proposed in this article is a top-down approach from
the specification of requirements to functional and structural modeling using
SysML to the integration of models on the multi-agent tool (Anylogic) and their
implementation on real robots (Prototype).

The designer of the AGVs system begins by specifying design requirements
using SysML diagrams to describe the various system needs. From these require-
ments, the designer identifies the different functions that build the collective be-
havior of AGVs. SysML activity diagrams and state machine diagrams are there-
fore used to model swarm behavior. Indeed, the designer uses the allocation
matrices (Requirement-Behavior, Behavior-Function) to ensure high-level tracea-
bility between requirements, behaviors, and functions. These matrices plot the
specified requirements with the functions that the AGV system must perform
while respecting the collective behavior. Once the collective behaviors of the
AGVs are modeled, the designer details the structure of the AGV by specifying
the components capable of performing the previously modeled functions that the
AGV must perform using the block definition diagram (BDD) and the internal
block diagram (IBD). To ensure software integration, the designer uses the SysML
model developed in the previous steps to implement the collective behavior of
AGVs on Anylogic. The final simulation of the behavior of AGVs is performed
with Anylogic to meet the requirements described with the SysML requirements
diagrams. Figure 1 shows the steps in the proposed top-down design approach.

Design Requirements satisfy
Behavioral Modeling
S}’SI\‘[L Functional Modeling =
Modeling

Structural Modeling !mmtify
Multi-agents Tool Software Integration

Fig. 1 Top-down approach for designing an AGV system

3.1 Design Requirements of AGVs

The design requirements are the necessities, the needs, and expectations that
the developed AGVs system must meet, or the constraints that it must satisfy
(Schranz et al. 2018). AGVs are deployed in many different application areas.
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They are used in the manufacturing, warchousing, automotive, food, and
healthcare industries. This variety of applications specifies general system re-
quirements. The requirements diagram shown in Figure 2 is used to specify the
design requirements for an AGVs system. As illustrated in this figure, a traceabil-
ity relation "satisfy" is added to ensure traceability between the different design
views.

req [Model] AGVs system[ AGVs requirements ]J

«system»

AUTOMATED GUIDED VEHICLES «requirements
Tasks allocation
u;e;]:;r:;n;r:» wsatisfy» __ — usatisfys 1d="5"
ld="2" - Y ™ Text = "There are two different
Text = "The AGVs navigate / \ AGVs fleets : one serves items
il i i / that are processed at the
facility floors without bein \
guideyd by predefined patl?s" esatisfys , \«Sﬂhsfw workshops 1, 2, and 3, and the
/ other delivers parts and supplies
/ \ to stations at workshop 3."
\
”:g?:;:i;t» «reguirements

Avoid collisions

1d="3"

Text = "The AGVs move between
conveyors, racks and station
buffers, they automatically find
shortest paths"

Id="4"

Text = "The AGV's must avoid
collisions with other

and obstacles, like
conveyors, pilliars and walls.”

Fig. 2 Requirement diagram of automated guided vehicles (AGV) in SysML

The AGVs navigate facility floors without being guided by predefined paths.
There are two different AGVs fleets in this model: one serves items that are pro-
cessed at the workshops 1, 2, and 3, and the other delivers parts and supplies to
stations at workshop 3. The AGVs move between conveyors, racks and station
buffers, they automatically find shortest paths and avoid collisions with other
transporters and obstacles, like conveyors, pillars and walls.

3.2 Behavioral Modeling of AGVs

An AGV usually transfers a pallet from an automated production line. The pal-
let must be brought to the shipping area. Sometimes pallets have to be stored in a
warehouse that is composed of a set of block storage areas. There are two different
AGVs fleets in this model: one serves items that are processed at workshops 1, 2,
and 3, and the other delivers parts and supplies to stations at workshop 3. Figure 3
shows the distribution of this two AGV fleets.
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Workshop 1

AGVS:IH

Workshop 2

Workshop 3

AGVs1

AGVs ZH

Parts Storage

AGVs1
Finished product Storage

Fig. 3 Different behaviors of two AGYV fleets

3.3 Functional Modeling of AGVs

For the AGVs system, the functions offered by the system are the functions
performed by each AGV. A set of functions forms a collective behavior of AGVs.
On the other hand, this behavior satisfies a requirement of the system. To apply
the collective aspect, each AGV performs its functions in parallel with the other
AGVs (that is, throughout the mission, each AGV performs a set of individual
functions). The state machine diagram shown in Figure 4 represents all the func-
tions of the first fleets of AGVs serving the items processed in workshops 1, 2 and
3.



Khalil Aloui et al.

stm [State Machine] AGV1 Functions [ AGV1 Functions ])

START
—]
Left conveyor

Go_to_conveyor | 2vaiable

left workshop 2 |~

Go_to_conveyor
workshop_1

H Loading

J ‘ Unloading
Both are

unavailable | Go_to_storage
workshop 2

Right conveyor

if processing 1 ———————
Else terminated JGgFto_the end '_'foiéa?\f]
=T
Else FE— (i Go_to_
| ing for conveyor
| processing 2 workshop_3

if processing 2

available
| __Go_to_cénveyt;r_ 3
right workshop 2 ——vunmding in
Unloading fO: finished product
processing storage

terminated [ Go_to_theend B cading
workshop 3

Fig. 4 Functional modeling of the first AGV fleets in workshops 1, 2 and 3

Additionally, the functional modeling of the other AGV fleets that deliver parts
and supplies to workshop 3 stations is shown in the state machine diagram shown

in Figure 5.

stm [State Machine] AGV2 Functions [ AGV2 Functions ])

START
Loading parts
and supplies

Alieu;n to parts Unlodaing
storage

Go_to
workshop 3

Fig. 5 Functional modeling of the AGV fleets in workshops 3

3.4 Structural Modeling of AGVs

In this step, the general structure of the AGV system should be defined. The
AGYV swarm consists of a group of AGV individuals. So, the block definition dia-

gram shown in Figure 6 describe the general AGV structure.




Development of an AGV system using MBSE method and multi-agents’ technology 9

bdd [Model] AGVs system[ AGVs structure ])

«system»
AGVs system
values AGV Y
Groupe size : number of AGV that form the system 1+ Aév
Mission time : Time required to to complete the task *?
Covered area : workshop 1

Fig. 6 General architecture of AGVs system in SysML

The next step is to identify the different alternative solutions that can meet the
functional architecture of the AGV system. In fact, the final structure of the AGV
is broken down into subsystems and components. Figure 7 represents the different
elements of an AGV.

bdd [Model] Automated guided vehicles [ AGV_structure ] )

«subsystem»

Width: 0.3 m
Length: 0.6 m
Height: 0.3 m
Speed : 15 m/min

«blocks

«blocks Control system
Power supply system
«block»
Motion system
ablocks «block
battery 4-axis controller board. Laser
«blocks wheels [4 motors |4 1
Battery «block» «blocks «blocks
24V Lr(hnum- :Battery wheels Motors Stereo camera
battery_height : 0.2 m values values
battery_width : 0.26 m | |Wheel diameter:0.19 m | |24V AC s
battery_length : 0.8 m wheel_width : 0.055 m Max 15.5Nm / Max 120r/min

Fig. 7 The AGYV structure modeled with the SysML BDD diagram

The structure of the automatic guided vehicle depends on the functions re-
quired. In fact, AGV consist of a motion system such as motors to operate and
wheels to provide movement. In addition, the AGV contain batteries to provide
energy. Other components are specified according to the appropriate behavior
such as position sensors to provide localization and laser sensors to explore the
environment.

Finally, an allocation matrix is created to link the hardware components of the
AGVs system with the individual functions provided by each AGV to ensure the
design continuity and consistency of this approach. Figure 8 represents a compo-
nent function allocation matrix.
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Lepend T T

il e l{[ P4 | HEA (B
2| 458, L1 L2
Bl g8egez ;! cui
S| 322882¢2 /38 %4
Sli 2% % B3 5 £z
T pegit3E |53 - |
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AGVscomponents: |00 §'0'0:0.0:0:0:0!0.0/0:0
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i~ Battery L
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- motors D A A A AP A AT P AT APAr A PACA

i--[=] stereo camera Ve Ve & 7 v

L wheels A AT AT AT Al <

Fig. 8 Components-Functions allocations

3.5 Multi-agents Simulation

In this step, a multi-agent software tool called AnyLogic is used to implement
the AGV simulation model (AnyLogic Simulation Software 2016).

Generally, the AGVs move on the floors of the installations without being
guided by predefined paths. In fact, our model is made up of two different AGV
fleets. Using the models developed with the MBSE method above, the simulation
presented in figure 9 shows that the AGVs move between conveyors, racks, and
station buffers, they automatically find the shortest paths and avoid collisions.
with other carriers and obstacles.

Fig. 9 Simulated model of AGVs system in smart factory
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In this simulated model, the following two performance criteria are evaluated:
Item wait time for AGV and Number of items moved. Figure 10 shows the evolu-
tion of these two criteria over time.

ltem wait time far AGV, sec . Mumber of iteme moved
u.lL e ;

D 50 100 0 50 100

@ To Workshop 2 @ o Workshop 3 0

From wiorkshaop 1 to conveyors in workshop 2 £

From workshaop 1 to store in workshop 2 0
| # From store to conveyor in workshop 2 14
r From workshop 2 to workshop 3 8

@ to Finished product storags Fram workshop 3 to final preducs stors O
= t storage

Fig. 10 Evolution of the Item wait time for AGV and the number of items moved

3.6 Prototype: Real robots’ implementation

In this phase, manufacturers and developers of industrial robots design the final
AGVs system. Indeed, using the models developed and the simulation performed,
manufacturers and developers of industrial robots can use already found robots or
create new robots to perform given tasks. In this paper, we have not yet imple-
mented real robots. This task is undergoing and it could be a subject of a future
paper.

4 Conclusion

Differently from bottom-up approaches, our top-down design approach, which
is based on the MBSE method and multi-agents’ technology, offers a systematic
methodology towards the development of AGVs systems. With our approach, we
can specify the AGV requirements to avoid the risk of developing the “wrong”
system, that is, a system that does not satisfy the requirements. Our approach facil-
itates also the development of a set of simulation and hardware-independent mod-
els that can be easily reused in future applications.

In the future, we plan to validate our approach with a real implementation of an
AGVs system. After that we can apply our design approach to more complex ap-
plications.
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