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Scheduling of smart intra – factory material supply operations using mobile robots
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Patras 26504, Greece
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This paper presents the design and prototype implementation of a service-based control system responsible for the material
supply operations planning and coordination in assembly lines. The material supply processes are carried out by autonomous
mobile units that are responsible for the transportation of the consumables from the warehouse to the production stations. The
plan generation based on time and inventory level driven criteria is automatically carried out by a web-based software that can
also distribute the derived plan to the autonomous mobile units. The proposed system was implemented on a case inspired by
an actual production line from the automotive assembly sector. Discrete event simulation has been employed for the
investigated production system, to derive the specifications for the mobile units (e.g. number of boxes that can carry
simultaneously) that may serve the system efficiently. The results indicate that the proposed architecture integrated with
the discussed mobile assistant units may provide high quality solutions with respect to the end user criteria.

Keywords: material supply operations; real-time scheduling; discrete event simulation; autonomous mobile robots; service-
oriented architecture

Introduction

Chryssolouris (2006) identified that the transition from mass production to mass customisation has indicated the need of
deploying flexible manufacturing systems able to handle multiple product variants. Given the existence of multiple assembly
components, faults in the component’s feeding mechanisms (Shoval, Efatmaneshnik, and Ryan Michael 2017) and inventory
control (Louly, Dolgui, and Hnaien 2008) have been established as a major cause of failures during the assembly. Towards
this direction, a lot of research has been done in the field of in-plant material supply (Boysen and Emde 2014) aiming to
ensure efficient material flow allowing effective production volumes (Jainury et al. 2014).

Material supply policies in assembly systems

Most of proposed solutions are based in the Just-In-Time method (Boysen et al. 2015), where parts are supplied in the pro-
duction line just when are needed, aiming to reduce inventory size (Sugimori et al. 1977). Werner et al. (2003) proposed the
Just-In-Sequence method, where parts are pre-sorted into bins by the suppliers so for the workers to retrieve them in the
correct order, eliminating assembly errors. Set Parts Supply system has been proposed and implemented in Toyota Tsutsumi
by Noguchi (2005) and in the Malaysian Automotive by Jainury et al. (2012). This system, was operated by two kinds of
operators: (a) the worker devoted in the assembly process and (b) the worker responsible for selecting the required assembly
parts and delivering them to the assembly area. Jainury et al. (2014) proposed an integration of synchronised part supply and
e-Kanban system with the Manufacturing Execution System (MES). The quantification of the assembly lines feeding policies
impact based on the part features has been investigated by Caputo et al. (2017). However, most of the existing systems are
based on manual effort creating failures due to human errors and lack of real-time monitoring of the assembly line’s needs.

Autonomous resources for material supply operations execution

The latest trends in European manufacturing deal with the integration of intelligent search algorithms with mobile robotics
applications to support material supply in production (Kousi et al. 2016). AUDI tested the integration of two robots
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performing transportation tasks. STAMINA EU project, developed a fleet of mobile robots to perform kitting tasks based on
the requirements of the production line of PSA plant. Wurman, D’Andrea and Mountz (2008) proposed a multi – agent
Material Handling system, developed from KIVA Systems, where robots are navigating through the warehouses delivering
inventory shelves. Autonomous Industrial Mobile Manipulators (AIMM) are also under wide investigation for their appli-
cability on industrial settings (Hvilshøj et al. 2012). However, they receive limited acceptance since currently the proposed
applications are focusing more on the individual technologies, such as the robot manipulators and tooling, requiring signifi-
cant effort to be integrated in a real production setting.

Automated Guided Vehicles (AGVs) are used extensively in industry but they lack flexibility due to their need for per-
manent floor navigation lines, while in most cases the loading/unloading of parts to/from the AGVand the supply planning
process are carried out manually. The need of humans to undertake planning activities and the absence of real-time feedback
of the shop floor’s inventory levels restricts the efficient material flow.

To address this dimension, the use of service-oriented architectures (SoA) for the orchestration of industrial systems has
been introduced in the last years, gaining a lot of ground due to their ability to provide extensibility and modularity in the
control system (Tsarouchi et al. 2015). There are already robotic applications that have adopted SoA approaches (Chen, Du,
and García-Acosta 2010; Kouba 2014). However, only limited of the existing implementations address the material supply
operations coordination on industrial environment issue such as Krueger et al. (2016).

Task planning and scheduling for material supply operations

Concerning the planning dimension, several heuristic approaches were investigated for the part supply problem to be solved
autonomously. Lapierre and Ruiz (2007) proposed a Tabu Search Algorithm for scheduling part supply activities in case
study coming from the supply department of a hospital. Vivaldini et al. (2010) implemented the ‘intelligent’ warehouses
concept using routine algorithms for controlling the execution of in-plant logistics. A joint chance constrained model
aiming to reduce the assembly stopping forced by components delay has been proposed by Borodin et al. (2016). An inte-
grated approach for assembly line balancing and parts feeding planning using mixed integer problem formulation was pro-
posed by Battini et al. (2017). Müller, Grunewald, and Spengler (2017) coupled a genetic algorithm with an analytical
method for performance analysis targeting to allocate efficient buffer space between stations, able to compensate robot sto-
chastic failures. Other approaches use the Ant Colony Optimisation algorithm for inventory management and optimised
delivery paths for indoors (Montemanni et al. 2005) and outdoors (Arora, Chan, and Tiwari 2010) supply operations.
However, these approaches have not been deployed or validated in real world conditions.

A mixed integer programme formalisation for scheduling has been proposed by Mudrova and Hawes (2015) using
mobile robots. Critical path and resource levelling methods for task scheduling have been integrated by Hasgül et al.
(2009) and a three-level architecture has been applied on a mobile robot platform for planning and execution under uncer-
tainty (Hanheide et al. 2017). Hybrid approaches for task and path planning for a mobile robot team have been also proposed
using heuristics (Michalos et al. 2016; Muñoz, R-Moreno, and Barrero 2016; Bidot et al. 2017). However, the existing
approaches are focusing on scheduling low-level mobile robot actions and need expansion to address the needs of a material
supply system at the factory level.

Progress beyond the state of the art

Based on the principles of the Just-In-Sequence policy, this paper aims to progress the state of the art on the planning and
execution of the material supply operations by:

. Automatically identifying the material supply requirements based on the real-time reporting of the shopfloor status
and inventory levels.

. Automatically generating efficient material supply plans taking into account aspects related to the mobile robots’
performance, namely availability, travelling time and capacity.

. Introducing autonomous mobile assistant units (MAUs) that can autonomously navigate in the shop floor for per-
forming the required tasks while being able to dynamically regulate their operation through a service-based inte-
gration system.

. Developing a SoA system responsible for (a) detecting the material supply requirements, (b) triggering the material
supply operations scheduler and (c) dispatching the scheduled actions to the actual MAUs.

Through the proposed framework, a material supply scheduler along with the MAUs controllers are integrated into a
central integration system that allows their online communication and exchange of data. An online monitoring system of
the inventory levels and the shop floor status is also implemented (Kousi et al. 2016).
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Complementary, a Discrete Event Simulation (DES) model of an assembly system inspired by the automotive industry
has been implemented aiming to analyse the performance of the system deriving: (1) the required specifications of the MAUs
structure and (2) effective threshold values of the inventory levels before a part supply is triggered.

Approach

Assembly systems are organised in lines that involve several stations. The products are assembled in these stations by using a
variety of different consumables and components such as screws, clips, cables, etc. These parts are stored into boxes located
at specific positions within each station. Additionally, large warehouses exist outside the line, where these boxes are stored
and used for the replacement of the assembly station boxes that are under depletion (Figure 1).

Given the demand for mass customisation, many assembly lines follow the mixed model assembly paradigm where
different quantities of consumables are consumed for each different model. This results in unbalanced inventory levels
within each station. The increase of product variants creates the need for consumables such as cables and screws. to be sup-
plied to the stations dynamically. The real-time tracking of the line’s needs for consumables and the on-time response for
replacement using flexible resources are required for a dynamic system.

The proposed SoA schema (Figure 2) comprises of three levels, namely the (1) Decisional, (2) Execution Control and (3)
Physical Execution level. The Decisional and the Physical Execution levels are connected through the Execution Control
level, which is responsible for the decentralised integration and communication of the system’s individual components.
The Decisional level delegates the interpretation of task assignments to the Execution Control level which in turn delegates
the execution of the tasks to the Physical Execution level. A shared data repository has been integrated into the system. This
SoA schema addresses aspects of all levels of decisions involved in warehouse design and planning problems (Heragu et al.
2005).

Shared data repository

The implemented shared data repository is responsible for storing multiple information provided by the MES. Such infor-
mation includes the current activities dispatched in the shopfloor as well as their execution status. The inventory levels at
each point of the execution as also stored in the repository. The information stored in the shared data repository is modelled
by an ontology that defines a set of ontology classes, object and data properties.

The shop floor ontology corresponds to the entire assembly plant and includes the assembly lines, the warehouses for
storing the boxes with consumable parts and the available MAUs. Each assembly line consists of several assembly stations,
which store several boxes. Respectively, each of the warehouses consists of warehouse shelves storing boxes with
consumables.

The modules included in the Decisional level have access to this monitoring system to retrieve the information concern-
ing the inventory levels. In this way, access to the current quantities of the boxes is provided at each decision point. Specific
quantity values have been defined as thresholds for each individual box. The value of these thresholds depends on how fast
the MAU can replenish the parts in terms of travelling, loading and unloading time. In this study, these values are treated as

Figure 1. Different pathways of MAU with respect to its capacity.
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variables and several DES experiments have been conducted to access how they affect the resources utilisation. Figure 9 (see
Section Case Study), provides an overview of the experiments and the aforementioned interdependency. When the current
quantity of one or more boxes is lower than these thresholds, the procedure of providing an efficient schedule for their repla-
cement is initiated.

Decisional level

After the identification of the boxes that have to be replaced has been performed, the material supply requirement generation
algorithm is triggered. This algorithm identifies the stations, where the boxes under depletion are located as well as the ware-
houses, where such boxes are stored. Following, it automatically generates a sequence of tasks required for the replacement
of each box. This generation relies on predefined templates which are essentially a list of tasks including generic actions as
listed below:

(1) Move to Market X – Movement task
(2) Load new box – Loading task
(3) Move to Station Y – Movement task
(4) Load empty box – Loading task
(5) Unload new box – Unloading task
(6) Move to Market X – Movement task
(7) Unload empty box – Unloading task.

The tasks included in this template concern different stages of the MAU’s operation. For instance, task (1) concerns the
first travel of the MAU to Market X to pick the full box while, task (6) signifies the travel to the same market for leaving the
empty box. Similarly, task (2) concerns the loading of the full box, while task (4) involves the loading of the empty box into
the MAU. The sum of the generated tasks is then provided as input to the material supply scheduler to assign them to the
available resources.

Decision-making framework

The material supply scheduler is a decision-making module responsible for extracting an efficient schedule of the required
tasks. This module has been based on hierarchical modelling. The workload activities have been modelled at a three-level
breakdown namely, Orders, Jobs and Tasks. The Orders level is the higher level and it corresponds to the material supply
needs of the entire shopfloor at each decision point. The replacement of each box corresponds to a Job. Each Job in turn,
is broken down into Tasks which correspond to the operations that the MAU should execute to supply one new box in
the required station. This work adapts the modelling suggested by Chryssolouris (2006). Nevertheless, is generic enough
to employ other formalisations as well such as the Missions/Skills representation (Krueger et al. 2016). Respectively, the
facilities have been modelled at a two-level breakdown. This breakdown identifies the MAU resources that can perform
material supply activities in the entire shop floor. A mapping among these two hierarchies has been defined, indicating

Figure 2. SoA schema for scheduling smart material supply tasks.
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that the assignment of activities to the MAUs is performed in the Task level. Based on this modelling, the material supply pro-
blem in this work has been formulated and tackled as a search problem extending the work done by Kousi et al. (2016) while
using the Artificial Intelligence techniques (AI) presented in the sub-section: Search-based scheduling algorithm.

Whenever a requirement for one or more boxes to be replaced arises, there are multiple alternative solutions that can be
performed. These solutions vary on the different pathways that an MAU may travel for performing the replacement of
these boxes. The required material supply operations are grouped into tasks for each MAU as described in the previous
section.

Supplementary, an important parameter of the material supply problem is the sequence of execution of the required oper-
ations based on their precedence relations among them. For instance, the MAU cannot go to the station for the unloading of a
box, unless this box has been previously loaded from the respective market. This is an important constraint that is taken into
consideration during the generation of alternative material supply parts

An MAUmay include several storage areas or shelves, where the boxes are located during their transportation. Currently,
various types of boxes, in terms of dimensions, are used for storing the different consumable parts in the factory. Thus, each
storage area of the MAU can store only specific combination of boxes number and type. For instance, it may accommodate
only one big box, or two medium boxes. Each feasible combination of box’s types and number that an MAU can carry sim-
ultaneously in all its storage areas is defined as a configuration (Kousi et al. 2016). For instance, in Figure 8 different con-
figuration of MAUs (varying the shelves and the number of boxes) are visualised.

Through Equation (1), the total amount of feasible configurations for an MAUmay be calculated considering its capacity
capabilities. An important constraint that should be considered is that at least one of the shelves of the MAUs to carry at least
one box.

nc =
∏m

i=1
Ni, (1)

where nc represents the total number of feasible configurations, i (i.e. [1,2,3,… , >>m<<]) indexes MAU’s shelf and Ni

denotes the feasible alternative combination of boxes that can be carried on the ith shelf.
Given the abovementioned representation of MAU’s configurations, alternative configuration combinations may be for-

mulated as a tree structure (Figure 3(a)) through the following steps (Kousi et al. 2016):

Figure 3. Search formulation of the material supply problem.
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. Identification of the number and type of boxes that need to be replaced.

. In layer 1, an MAU is selected (any of the available MAUs can be selected either sequentially or randomised) and all
possible configurations are listed as a tree’s branches. Given that the search algorithm examines a big number of
alternatives where different MAUs may be selected in the first level, the impact on identifying a good alternative
is limited.

. For each of the rest MAUs, all possible configurations are listed in separate layers considering the configuration/
boxes of the previous layer to exclude any duplication of tasks in the same tree.

. Each layer configuration is combined with the configurations of the next layers for the formation of a tree’s branch,
which is considered as a configuration alternative.

In Figure 3(a), Ci,j defines a configuration, where i indexes the layer corresponding to the MAUs id [i = 1, … , number of
MAU], j indexes the respective configuration for ith MAU [ j = 1, … , nc]. In the presented tree, the configuration for three
MAUs (three levels) has been included.

Given the definition of the MAU alternative configurations, the configuration tree can be used as a start for composing the
different task sequences that may serve the replacement of the required boxes. Such alternatives task sequences will result on
the task allocation to the different MAUs. Each node of the configurations related tree may be replaced with the group of
tasks relevant to this configuration. Thus, this further tree expansion according to the number of tasks that should be
carried out results on the generation of the task sequence alternatives tree (Figure 3(b)).

In the latter, each level of the tree represents a group of tasks that should be performed by the respective MAUs (MAU 1,
MAU2, etc.). Each node of the tree represents the tasks that should be performed for the replacement of one or more boxes
(Ti,j,k : i denotes the id of the assembly station, j denotes the consumable box id and represents the box type (dimensions)).
Each branch of the tree represents a complete schedule alternative respecting the precedence relations of the tasks. Finally,
the MAU suitability constraints such as availability define the candidate resources for each task. Based on this formulation,
two steps should be followed for the total number of alternatives to be calculated (Kousi et al. 2016).

Under the first step, the total number of task alternatives for each individual type of box allowed in each configuration is
calculated. Depending on the total number of boxes allowed in the specific configuration two cases have been identified for this
calculation (Equation (2) – indicative example for boxes type A); the one whose value is smaller than the number of available
boxes for this type in the scenario and the second whose value exceeds the number of available boxes for this kind of box.

NTAi = NTAi = NA!

(NA − nai)!
if NA ≺ nai ,

NTAi = NA! if NA ≥ nai,

⎧⎨
⎩ (2)

where i denotes configuration alternatives index [i = 1 … , nc], NA denotes the total number of the available boxes type A, nai
denotes the total number of boxes type A allowed in the ith configuration and NTAi denotes the number of task alternatives that
can be performed for the replacement of boxes type A allowed in the ith configuration.

Next step is the calculation of the total number of task alternatives (for all the available types of boxes), through the
aggregation of the number of tasks alternatives for each individual type of box, allowed in each configuration (Equation (3)):

NT =
∑nc
i=1

∏Z
j=1

NTji

( )
, (3)

where NT denotes the total number of task alternatives, i indexes the configuration alternative while j indexes the type of box.
Given the generated feasible material supply plans the next step is their evaluation and the selection of an efficient one.

Towards an effective evaluation of the different alternatives, specific criteria have been defined that can quantify the perform-
ance of each one including the minimisation of the task completion time and of the distance to be covered by the MAUs
(Kousi et al. 2016). For the calculation of both criteria, real-time estimations for the task duration and required distance
are provided by the MAUs through the integration system. More specifically:

Time required for transportation (T): The minimisation of the time required for each alternative realisation by the
involved MAUs is calculated by Equation (4).

T =
∑N
i=1

di
vi
, (4)
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where N denotes the total number of task assignments, i indexes the task assignment [i = 1 … N ], d represents the estimation
of the required distance to be travelled by the assigned MAU and v for the velocity of the MAU.

Distance travelled (D): The total distance travelled by each involved MAU for each task alternative varies due to the
different pathways followed and it may be calculated through Equation (5).

D =
∑N
i=1

di, (5)

where N denotes the total number of task assignments of the alternative, i indexes the task assignment [i = 1 … N ], d rep-
resents the estimation of the travelled distance by the assigned MAU.

For the evaluation of the different material supply tasks alternatives based on the criteria values, a normalisation of the
values is needed using the following equation.

Cˆ ij =
Cij − Cmin

j

Cmax
j − Cmin

j

, (6)

where Cij is the consequence value of alternative i with respect to criterion j, and Cij is the normalised value of Cij.
Following, a decision matrix is used to select among the alternative material supply schedules. The content of the matrix

are the normalised values of the criteria for each alternative. To identify the most preferable solution, the utility value for each
alternative is calculated through Equation (7).

Ui =
∑n
j=1

WC Cij , (7)

whereWc is the criterion’s weight factor and n the number of criteria. The alternative with the highest utility value is the most
preferable.

Search-based scheduling algorithm

The algorithm for the evaluation and final selection of the tasks alternative is based on the depth of search concept but differs
from it concerning the number of layers for which the search method looks ahead (Chryssolouris, Dicke, and Lee 1992).
Referring to the tree of Figure 3(b), the grey nodes represent the decision/assignment points where a task is assigned to
an MAU. The Decision Horizon (DH), the Sampling Rate (SR) and the Maximum Number of Alternatives (MNA) are
the main control parameters of the implemented search algorithm. Then, the following steps are realised:

(1) Starting at the root, the creation of alternatives by randomly generating assignments for all layers in DH, until MNA
is reach.

(2) For each branch/alternative generation of SR random alternatives until all nodes in the branch are search.
(3) Calculation of the criteria scores for all the samples included in the same alternative of Step 1.
(4) Calculation of the branch’s scores as the average of scores achieved by its samples.
(5) Calculation of the utility values for each branch/alternative.
(6) Selection of the alternative with the highest utility value.
(7) Storage of the selected alternative’s assignments.
(8) Repeat steps 1–7 until an assignment has been done for all the nodes/tasks of the selected branch.

Execution control level

Towards allowing the information flow from the decisional level to the physical execution level and vice versa, dedicated
integration mechanisms have been deployed. In particular, a central execution system has been developed integrating the
material supply scheduler through web services using a Java developed client. The latter, being hosted in a web portal, pro-
vides to the developed User Interface access to the services exposed by the integration system. Furthermore, the MAU
control system is integrated in the central system through utilising the peer-to-peer communication as well as the
‘publish-subscribe’ paradigm by deploying Robot Operating System (ROS) services provided by the MAU’s controller
system and by a set of services provided by the Integration System (Figure 4).

International Journal of Production Research 807



Physical level

Mobile assistant units

The MAUs consist of a mobile platform and the upper structure. The mobile platform enables the autonomous navigation
through the shop floor, from the stations to the warehouse area and vice versa. The structure comprises multiple shelves for
carrying boxes (see Figure 8 for alternative structures) as well as a linear mechanism with a four-point parallel gripping
device that can pick up a variety of boxes. This device can grasp boxes up to 20 kg weight and 400 mm width. Under this
work, based on the requirements of the investigated case study, the MAU should always take the empty box from the assembly
station and transfer it to the market so that the latter can be refilled. Thus, an extra self has been added in the structure that is used
for storing the first empty box that will be loaded in the MAU in case all the other shelves are occupied. Depending the end –
user’s requirements, the algorithm can be easily adapted on eliminating the loading of the empty box in the MAU.

Material supply scheduler backend

This component is responsible for monitoring the shopfloor’s status and inventory levels and for requesting the generation of
schedules when one or more boxes are under depletion. A user-friendly web interface has been implemented enabling the
user to have an overview of the information stored in the repository as well as the real-time inventory levels.

Implementation

Figure 5(b) presents the architecture of the proposed implementation. The backend user has access to a Graphical User Inter-
face being implemented as a java portlet that is deployed in a portal, which runs in a Tomcat 7.0.42 server deployed in a PC
running a 14.04 Ubuntu Linux LTS operating system. A Java-based web service client module has been developed enabling
the access of the GUI in the information stored in the Shared Data repository. If there is the need for supplying extra material
in the assembly lines, the Material Supply Requirements Generator, running in Java, is triggered. Knowing the required tasks,
the user can request the extraction of the material supply schedule. During the evaluation of the different feasible alternatives,
online information for the current position and duration estimations for each task are received from the available MAUs,
through ROS and web services. The use of ROS Java for the generation of the ROS services allows the usage of
common java classes to model the messages that are exchanged through both ROS and web services. The user can then
proceed to save and execute the schedule though the GUI. During execution, the MAUs provide the integration system
with feedback concerning the execution status.

For the testing of the proposed system to be performed, a factory simulation environment has been used. Figure 5(a)
presents the logic behind the simulation model.

Through the Backed UI, three different tabs are provided to the user: (a) Assembly stations viewer, listing the boxes
stored in each station, (b) Markets viewer, listing the boxes stored in each market and (c) Consumables boxes status
viewer were the available boxes in the shop floor, their current quantity and the predefined threshold of their lower limit
are listed.

Figure 4. Material supply main integration approach.
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At the investigated decision point three boxes are under depletion since their current quantity is lower than the respective
predefined thresholds. Through a fourth tab, the user can request to visualise the tasks required for the replacement of these
boxes by pushing a button. Then, the Material Supply Generator is triggered, and a new screen is presented including three
new tabs: (a) MAU resources viewer, (b) Current material supply schedule (if existing) viewer and (c) Material supply task
viewer.

Following, the user can request the generation and visualisation of the material supply schedule. After this request, an
extra tab opens (Figure 6), presenting: (a) Material supply assignment viewer, listing the generated assignments and (b) a
button for requesting the execution of the schedule by the involved MAUs.

Figure 5. (a) DES model logic (b) SoA schema implementation.
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Case study

The proposed architecture has been applied to a case study inspired from the automotive industry using data from two assem-
bly lines of a passenger vehicle: (a) the assembly of the wheel group (RWAL), (b) the assembly of the rear axle (RRAL)
(Figure 7). A production mix of four different models is encountered in these lines with production volume (a) 46.00%,
(b) 20.00%, (c) 28.00% and (d) 6.00% respectively.

The RWAL consists of four stations, while the RAAL consists of seven stations and the assembly operations require
1.5 min for both stations. In addition, there are four warehouses in the factory.

In total, there are 24 boxes of consumables used in these assembly lines. There are 5 different types of boxes (A, B, C, D
and E): (a) 14 of type A (30 × 15 × 20 cm), (b) 1 of type B (40 × 30 × 30 cm), (c) 4 of type C (40 × 15 × 30 cm), (d) 4 of type
D (60 × 30 × 40 cm) and (e) 1 of type E (51 × 9 × 40 cm) boxes all of which are typical dimensions of boxes with consum-
ables for the automotive industry. Similarly, to the case described in Section 2, a different type and a different number of parts
are required for each assembly step.

Figure 6. Material supply scheduler GUI.

Figure 7. Smart material supply application in automotive production line – DES model.
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Discrete event simulation

To analyse the material supply operations under the investigated scenario, a DES model has been implemented using the
simulation Witness 2007. This allows the representation and performance evaluation of the system with limited computation
cost and effort (Caggiano and Teti 2012). Each machine in this model (Figure 7) represents an assembly station and receives
input from multiple buffers (emulating the boxes). The cycle time for each of the machines is 1.5 min.

An additional machine has been introduced in the model emulating the MAU. To simulate MAU behaviour, the machine
is activated only when one (or more) of the existing buffers has less quantity of parts than the predefined thresholds. The
cycle time for each operation of this machine varies depending on the distance that needs to be traversed by the MAU.
The distances between the different markets and stations are stored in a table (extracted by the shopfloor CAD model)
and are retrieved each time a replacement is required. The time required for the loading/unloading operations has been
fixed to 0.35 min and the time for battery charging has been emulated by a twenty minutes breakdown with a mean time
between charging of ten hours.

The implemented simulation model aimed at investigating the interplay of the following variables on the system’s
performance:

(1) Variation on the depletion rate of the consumables varies in each station and,
(2) Variation on the generated schedules vary depending on the: (a) Number of tasks included in the schedule and, (b)

Execution time required for each schedule.

To this effect, variations with respect to the cycle time and the time needed for the MAU to load/unload/charging were out
of the scope of this work. The investigation of variable cycle time due to the real-life performance of the MAUs is suggested
as future work since no data (e.g. mean values and standard deviations for different operations) are currently available.

Towards quantifying the inventory levels of the different stations throughout the operation of the system the metric of the
Remaining Cycles (RC) has been introduced. This metric represents the number of cycles that each box can serve before its
depletion. Its value at each decision point is calculated based on the known consumption of parts in each cycle. A critical
number of RCs for each box has been defined as a threshold for triggering the part supply process. A total of nine experiments
were conducted aiming to:

. Calculate the RCs threshold so to minimise the stoppages of production due to lack of materials (experiments for
three different values have been conducted).

. Derive the required specifications for MAU structure (for each different CRCs value, three different MAU configur-
ations have been tested).

The simulation time for each experiment was set to one-year (518,400 min) to investigate the performance of the system
based on the annual production volume requirement that was defined by the automotive case study (345,600 parts entering
the system). Three different types of MAUs have been considered (Figure 8) for the investigated case study.

Another important aspect to design an effective material supply system, is to define the critical RC values for the boxes
that will used as threshold values for triggering the material supply scheduling system. Given the number of parts consumed

Figure 8. MAU’s components and alternative configurations.
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by each box (4 parts average consumption) during one cycle, three different RC threshold values have been investigated: box
quantity less than (a) 10 parts, (b) 15 parts and (c) 25 parts.

Using the designed simulation model nine set of experiments have been performed to derive the RC threshold value as
well as the optimised configuration of the MAUs. In Table 1, the criteria that were used for assessing each alternative and the
acquired values are presented.

As it can be seen, the maximum production volume as well as the utilisation of the operational machines can be achieved
when introducing MAUs that can carry up to three boxes while the scheduling system is triggered when the quantity of one
(or more boxes) is less than 25 parts.

Concerning the MAU’s configuration, as it can be seen, increasing the number of shelves from one to two has a consider-
able effect in the production volume and utilisation of resources. However, when adding one more shelf the improvement is
less. Thus, the investigation did not include a fourth self in the MAU since it is expected that this addition would be redun-
dant, not providing any benefit in the system apart from increasing the investment cost for acquiring such MAUs. Regarding
the utilisation of the MAU, as it was expected, it keeps being reduced as the number of boxes that the MAU can carry sim-
ultaneously is increased (Figure 9). This reduction allows the exploitation of MAUs capabilities in other workstations or
assembly lines of the production system.

Thus, considering the above analysis, under this work, the RC value that will be used as threshold for the quantity of each
box is 25 parts while the MAU considered is able to carry up to three boxes at the same time.

Conclusions and future work

This paper discussed the implementation of a SoA that would enable the dynamic scheduling of material supply operations in
an assembly system, using MAUs. Driven by the requirements of an actual production line of the automotive industry the
proposed system aims to eliminate the stoppages of the assembly lines due to lack of consumables. The deployment of the

Table 1. DES simulation experiments results.

1 box 2 boxes 3 boxes

minRC < 10 parts
Utilisation of operational machines (%) 80.6 81.2 82.01
Utilisation of the MAU (%) 65.05 63.5 62.25
Production volume (vehicle’s rear axles) 275.062 276.785 279.858
minRC<15 parts
Utilisation of operational machines (%) 83.96 86.49 86.5
Utilisation of the MAU (%) 67.75 65.2 63.65
Production volume (vehicle’s rear axles) 286.520 295.152 295.193
minRC<25 parts
Utilisation of operational machines (%) 86.87 89.02 89.17
Utilisation of the MAU (%) 70 65.84 64.81
Production volume (vehicle’s rear axles) 296.463 303.813 304.326

Figure 9. Utilisation of the (a) operation machines and (b) the MAU for the conducted experiments.
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proposed system allows the efficient material flow in assembly stations while decreasing assembly error due to part depletion
leading to a significant increase of the production volume of the line. Finally, the full automation of the material supply
process will eliminate the need of human labour for planning or transportation actions allowing them to focus on more
value adding activities. The proposed architecture is open and enables the integration of multiple and varying characteristics
MAUs using service technology, providing the following advancements:

. Automatic generation of the material supply requirements, based on online feedback of shop floor’s inventory
levels,

. Dynamic creation of assignments of the required tasks to the available MAUs,

. Online retrieval of detailed estimations of the: (1) time required for the MAU to execute each task and (2) distance
travelled by the MAU.

. Efficient handling of large instances of the material supply problem, involving multiple assembly lines, stations and
boxes using AI techniques

. Minimisation of part depletion occurrences, leading to an increase in the production volume

. Minimisation of the distance covered by the MAUs, leading to the increase of these resources’ utilisation and to a
reduction in the idle time.

Future study should focus on advancing and fine tuning the proposed system in order to render it applicable to real indus-
trial environments. To this direction, integration with a factory’s legacy system should be performed.
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