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Abstract

This paper presents a System Engineering Platform which supports the design and reconfiguration of versatile manufacturing systems that are
based on reconfigurable mechatronic objects (MO). The platform assists system designers, to generate, evaluate and optimize system designs that
can efficiently adapt to dynamic demand and product evolutions scenarios, along the system life cycle. To this end, the platform includes analysis
software tools and provides the design outputs based on Pareto frontiers, showing various key performance indicators. This platform has been
applied to study use cases in the ReCaM project, and the initial results motivate its potential for industrial applications.
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1. Introduction

Manufacturing competitiveness is highly dependent on the
ability to rapidly and efficiently adapt to external changes.
Among others, the two dominant factors that shape the compe-
tition landscape are the changes in market trends and the con-
tinuous advances in processing technology [1]. Current mar-
ket trends such as, mass customization, fast evolution of prod-
ucts variants and erratic demand, can negatively impact the op-
erational efficiency of manufacturing systems. For this rea-
son, modern system design concepts focus on system designs
that are enabled by attributes such as, modularity, adaptabil-
ity, changeability and flexibility [2], as a response towards the
market factors. Equally, manufacturers need to consider the im-
pacts of new and emerging technologies that can soon replace
the current practices [3]. Thus, innovative technologies can be
both a source of opportunity and threats that need to be consid-
ered during the design phase of a new system.

The two main design paradigms for enabling adaptations to-
wards market factors are flexible manufacturing and reconfig-
urable manufacturing [4]. Flexible manufacturing provides the
advantages of changing operations, parts and production sched-
ules by adapting from pre-defined, built-in permissible changes
that already exist within the system, without physically modi-
fying the manufacturing system itself. On the other hand, re-
configurable manufacturing provides the possibility of chang-
ing capacity and functionality by adding, removing or physi-
cally modifying machine modules and material handling units

2212-8271 © 2018 The Authors. Published by Elsevier B.V.

[5]. The ReCaM project considers the design of manufacturing
systems endowed with both flexibility and reconfigurability, of-
ten called versatile systems.

In addition to market factors, continuous technological ad-
vances and innovations provide new and efficient ways of man-
ufacturing, which makes existing technologies to become ob-
solete in a short time. This intensifies the competition among
manufacturers. Therefore, system design proposals need to
consider the forecast of future technological alternatives as a
key part of the analysis before committing on long-term invest-
ments. The source of this information are usually technology
providers, and it is highly subjected to uncertainty which can
feature several scenarios.

In order to provide system design solutions that consider the
above interacting factors, new design tools capable of modeling
these factors in detail and evaluating multiple system KPIs are
required. To achieve this goal, three major limitations of the
current design methodologies have been identified for enabling
the design of versatile assembly systems. The first challenge is
related to the shortcoming of design tools, which traditionally
assumes that input design parameters are stable quantities [6],
[7]. System designs that consider product-mix, demand vol-
umes and technological processes as stable factors, either fail to
guarantee their design target performance or suffer from higher
inefficiency when the external environment suddenly changes.
Therefore, modern design tools should embed these variations
in their formulations and need to be capable of proposing effi-
cient adaptation strategies to minimize the impact of the future
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Fig. 1: Attributes of a single scenario and scenarios in a multi-period problem

dynamic scenarios.

The second challenge is the lack of an integrated set of
methodologies and tools that support the entire design prob-
lem, instead of focusing on one sub-problem at a time [8]. The
isolated analysis of each sub-problem has its own known limita-
tions, since the decisions based only on one design sub-problem
can impact the subsequent design steps [9]. Thus, approaches
that focus only on one aspect at a time, such as technology and
process selection, system workload balancing, logistics perfor-
mance and cost etc., can lead to sub optimal designs [10].

The third challenge is the development of methodologies
that capture uncertainty related to future scenarios as the ba-
sis of the design problem [11]. The detailed modeling of the
expected variations of the change drivers, and their related un-
certainties, is a relevant part of the design problem. Currently,
many tools which support the design of manufacturing systems,
do not explicitly consider external changes, such as introduction
of new product lines or termination of existing ones, and future
technological alternatives from equipment providers.

The objective of this paper is to present a new design plat-
form that addresses the aforementioned three challenges, which
are identified as the limitations of many current design ap-
proaches. In order to capture fluctuations in product-mix, de-
mand volume, processing technology changes and related un-
certainties, scenario-based modeling is used to support the sys-
tem designer to consider dynamic future evolutions; thus, al-
lowing decision making at multiple stages of the production
system life-cycle. The possibility of having several outcomes
due to uncertainty and the relationship among the individual
scenarios is captured through a probabilistic scenario tree. Sec-
ondly, to overcome the limitation of analysis tools which solve
one sub-problem at a time, the proposed design platform inte-
grates several tools that work together by exchanging informa-
tion among themselves.

2. Problem Description and Design Approach

The ReCaM System Engineering Platform aims to support a
design process that can respond to the three main factors that af-
fect the performance of assembly systems, namely the changes
occurring in (1) product variants, (2) production volume and
(3) processing technology. Product variant related drivers refer
to the changes due the introduction or elimination of product
variants from the product-mix, while production volume related

drivers arise due to demand fluctuations. On the other hand,
technological related drivers are attributed to the changes in the
available processing and assembly technological options. Thus,
the analysis of system designs is based on the evaluation of al-
ternative system configurations, and their output performance
under the influence of these change drivers. Especially, in a
dynamic environment where these factors change rapidly, such
analysis plays a key role, because system adaptation costs can
significantly increase and negatively impact the system perfor-
mance. Therefore, a design platform which considers these fac-
tors by generating a huge set of alternative designs, and evalu-
ates the key performance indicators (KPIs) of each design is
needed to support an effective decision-making process and to
identify optimal designs.

2.1. Inputs information pre-processing

The information about the three change factors constitutes
the input that needs to be fed into the system design platform
software. The concept of scenario is used as an entity to define
discretized estimations of the changing factors and the related
uncertainty, which can evolve along multiple periods. Thus, a
scenario is characterized by three attributes; the product-mix,
the quantity associated to each product variant (production vol-
ume) and the set of available processing technologies. Differ-
ent forecasts in either of these factors generate new scenarios.
Therefore, the initial step summarizes all the information gath-
ered about the attributes into individual scenarios, which are
associated to different periods (Figure 1).

For each scenario, the information about the product-mix
and production volume is captured from a forecast database or
an existing ERP system. Nominal forecast values are used for
these two parameters. Then, the product-related data are pro-
vided in terms of subcomponents (Bill of Materials - BOM)
and the assembly tasks that need to be performed together with
specific precedence constraints (Bill of Operations - BOO). For
each product type, the list of tasks, task precedence and the task
durations data are gathered. In the case of tasks with historical
data, statistical models are used to estimate and fit the process-
ing times, otherwise nominal values are used.

In the next step, the user imports information about mecha-
tronic objects (MOs) from a local or an online catalogue into
the design workspace, then selects the relevant capabilities of
these objects. An interesting feature of this step is the possibil-
ity of considering MOs that will be available only in future pe-
riods. These MOs must be excluded from the initial design so-
lutions because they are not yet ready for industrial implemen-
tation. The estimate about future technology is obtained from
MO providers and system integrators. Technological alterna-
tives for processing, material handling and transportation can
be browsed from MO catalogues developed for this purpose.
The browsing process is supported by rules for automatic cross
linking of tasks with resource capabilities, such as dimensions,
operating speed. Moreover, MO reliability parameters, i.e.,
mean time to failure (MTTF) and mean time to repair (MTTR)
are provided by the resource catalogue. Indeed, for MOs with
historically recorded failures data, the empirical data is used
to estimate the failure and repair parameters. For other MOs,
nominal values that are provided by the equipment provider are
used. For parameters estimated from observed data, Anderson-
Darling test is used to verify if the distributions assumed in the
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Fig. 2: IDEFO of the Versatile System Engineering Platform

model can adequately describe the sampled data.
2.2. System layout generation and evaluation of KPIs

In order to capture the evolution over time of the three fac-
tors described in Section 2.1 and the related uncertainties, a sin-
gle period can feature multiple scenarios. The likelihood of a
transition from one scenario to another in a consecutive period
is represented with its probability. Thus, by connecting one
scenario to another one, many scenario paths can be generated,
from period 1 until period N as shown in Figure 1. The set of
all possible scenario paths constitutes the entire scenario tree.

Once the formalized scenario tree is set up, the platform is
fed with the parameters characterizing each scenario for the en-
tire design horizon, it elaborates this data, and generates opti-
mal system configuration and reconfiguration solutions.

The input information is processed by multiple analysis tools
(described in Section 3), which are embedded in the platform
and exchange data among themselves. Based on this informa-
tion, an initial system layout is setup, and it is iteratively opti-
mized by a fast analytical performance evaluation method and
proper multi-objective optimization algorithms until the final
design solutions are obtained. Target KPIs related to dynamic
production demands of multiple product variants along multiple
periods are considered. Constraints such as total system cost,
available technological choices and factory floor space are also
considered. To analyze these diverse aspects, the platform is
developed by using a software environment for process integra-
tion that supports multi-objective optimization and integration
between multi-domain software modules. Interesting features
of the optimal list of output system design configurations can
be visualized through a Graphical User Interface (GUI). The
summary of the main inputs and outputs of the platform are in-
dicated in Figure 2 . Finally, user-defined specific KPIs and ad-
ditional system behaviors can be verified using a discrete event
simulation tool as a confirmatory and post processing proce-
dure.

3. The Design Platform and Workflow

This Section describes the design platform and its sub-
components, or building blocks. Since the tool is composed of
several building blocks, the analysis performed by each build-
ing block and the information exchange between them is pre-
sented here.

!Figures follow the IDEF0 graphical notation: controls are arrows entering
from the top of the box, input data enter from the left, the outputs leave from
the right-hand side, and supporting means join from the bottom.
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3.1. Analysis tools and software blocks

The analysis tools in this platform are composed by the fol-
lowing list of building blocks. The main interactions among
them are summarized in Figure 3.

Assembly System Balancing. This tool assigns tasks to re-
sources in order to balance the workload and minimize idle
time and equipment costs. It uses as input the product de-
mand information and the technological requirements of prod-
ucts. In particular, it utilizes the BOOs (task lists) and the cor-
responding associable resources and identifies an initial set of
optimal system configurations in terms of overall performance,
cost and resource utilization. This software tool is based on
a MIP model that has been implemented in the ZIMPL script-
ing language and currently run using the SCIP + Soplex soft-
ware package. Output files are automatically generated and list
the stations composing the system and the tasks performed on
them, grouped for all the product types.

Performance Evaluation. This tool creates the state model for
the entire assembly system generated by the Assembly System
Balancing, starting from the single MO state models. It re-
quires the main MO parameters (e.g., nominal speed, maximum
speed, MTTF, etc.) and structures this information in order to
estimate the state model parameters that are useful for a quanti-
tative evaluation of the system performance. All the input files
can be fed in .csv format. The performance measures indicate
station’s utilization, starvation and blocking time, downtimes,
etc. This tool is implemented in MAT LAB™ .

Multi-objective Performance Optimization. This is a system-
level configuration optimizer which integrates the assembly
system balancing and the system performance evaluation tools
within the optimization software modeFRONT 1 ER®. Recon-
figuration actions may be required by passing from one period
to the next, such as the following: the purchase/development of
new resources, the installation of new resources, the uninstalla-
tion of resources. The goal is to find a path of system configura-
tions along time that can both satisfy the requirements of each
scenario and be optimal in terms of user-defined KPIs over the
entire time horizon. Indeed, switching from a period to the next
one implies reconfiguration costs dependent on the scenario re-
alization. Therefore, solutions are system configurations aim-
ing at minimizing the reconfigurations and their expected cost
along time. Hence, the Performance Optimization orchestrates
the execution of the Assembly System Balancing and Perfor-
mance Evaluation, supporting multi-objective optimization of
KPIs. The main KPIs are production and inventory costs, line
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productivity (i.e. OEE and JPH), energy consumption, cycle
times and service level. As shown in Figure 3, this block may
modify the input parameters for the System Performance Eval-
uation, if the current system configuration does not satisfy the
requirements. For example, if a lower Cycle Time is targeted,
this block may select MOs with lower nominal processing times
to achieve its goal. On the other hand, it may also interact with
the Assembly System Balancing block, for example by relax-
ing the constraint on the total number of stations for achieving
a higher target throughput. The output of the tool is a set of op-
timal candidate solutions (Pareto frontier). Each solution lists,
for each period and each scenario, the system configuration that
better performs in terms of the defined KPIs.

Discrete Event Simulation. This tool supports two main
scopes: (1) validate the accuracy of the analytical methods’ re-
sults; (2) study and select the optimized reconfigurations from
a small subset of all feasible system configurations. This tool
takes as input the state model of the system and the input param-
eters, and uses a simulation engine to evaluate the system output
performance indicators. The output is a list of detailed perfor-
mance level at individual MO level. This includes: resource
utilization, efficiency and other user-defined performance mea-
sures (e.g. energy consumption).

3.2. Information exchange

The input information described in the previous Section is
structured into datasets and inserted into the system optimiza-
tion workflow. These datasets are stored in .csv file formats;
XML or JSON are supported formats as well. Figure 4 shows
the input of scenario data by the user. For each scenario, the
minimum requirement in terms of average throughput should
be provided by the User, expressed in Jobs per Hour (JPH): this
value represents a constraint for the system optimization pro-
cess. The Product Processing Requirements include, for each
of the product types, the complete list of the tasks to be per-
formed for their assembly as stated in their BOO. Tasks im-
ply technological capabilities that are formalized in the form
of ontologies. The Resource Matching Process is matching re-
sources with the required capabilities coming from the Product
Processing Requirements. Indeed, for each task, a certain set of
capabilities are required. This information is delivered as a set
of resources that can satisfy the required capabilities to execute
the required tasks. The result is a matrix-form list of feasible
resources for the technological process.

After gathering input data, a Preprocessing block aims at
merging information and screening out unfeasible solutions:
the results from the matching of resources and tasks are an-
alyzed deeply to generate feasible combinations of the MOs.
Indeed, MOs can be combined to form modules, such as work-
stations dedicated to a certain technological process (e.g., riv-
eting). As shown in Figure 5, in the modules association page,
each task is associated to a list of modules which can perform
that specific task. Each module is uniquely identified by a label
and its corresponding Cycle Time is also provided. By default,
all the compatible modules are associated to a given task. The
user may also customize the results, for example by removing
certain associations. This is useful to perform what-if analyses,
for example by including or excluding modules from a specific
provider, or modules that may be required by different systems

Select Production Mix

Production Mix
Products Scenarios
Scenario 1 ® | Scenario2 ®  Scenario3 ® | Scenariod ® | Scenario5 x

LFR 4500 1800 5500 1500 7500

FESX 450 200 550 180 900
FESX 1500 2000 3500 3000 6000

Throughput 4478 2468 6.453 2734 9.340
[JPH]

Fig. 4: Scenarios management interface: product-mixes and quantities are in-
serted by the user
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Fig. 5: Modules management interface

therefore being currently unavailable.

Furthermore, a KPI selection page is presented to the User
(Figure 6): here, objectives and constraints to drive the opti-
mization process and determine the feasibility of each system
design can be defined.

3.3. Output results, visualization and interpretation

Once the optimization process is complete, the results are
presented to the user in the form of a Pareto chart. The axes
can be defined by the user depending on the preferred KPIs
and each dot in the graph represents a system configuration.
Each Pareto-optimal solution contains its full design table that
is stored in .csv or .xls format and is available to the User for
further analyses and post-processing. The table includes a list
of MOs composing all the modules in the system, for each pe-
riod and for each scenario. This way, by following paths along
scenarios it is possible to identify the optimal reconfigurations
the system shall undergo when a particular scenario path real-
ization is evident. If 3D files for the resources are available,
it is possible to generate the virtual representation of a system
configuration.

Select KPIs

Avalianie KPis

Constraints

Maximize

e i ey

Previous | Launch Optimization

Fig. 6: KPIs management interface



812 Marcello Colledani et al. / Procedia CIRP 72 (2018) 808-813

Period Period 1 Period 2 \

Scenario

Future \
periods //

Configuration

Buy all the
required
modules for
the system.

Reconfiguration
actions

G L& /

Fig. 7: Scenario paths and corresponding visualization of the output

4. Application to Industrial Use Case

The functionality of the System Engineering Platform de-
scribed in Section 3 has been verified and tested on an industrial
use-case. This Section presents the preliminary results obtained
from this test. For confidentiality reasons, specific details are
left out of this discussion.

4.1. Problem description

The system design considered in this study is a facility pro-
ducing hydraulic valves. The demonstration environment fo-
cuses on the assembly process of the valves. Indeed, this phase
includes all the main challenges and the decision making issues
of the system design process.

Two fundamental factors that are central to the System En-
gineering Platform are considered in this test case:

1. A high number of product variants need to be manufac-
tured using the flexible assembly system. In this use case,
there are 5 product families and a total of 200 variants to be
assembled. For simplicity, the study focused on 6 product
types characterized by different processing and precedence
requirements are investigated.

2. Dynamic and fluctuating production scenarios across mul-
tiple periods. These fluctuations include demand changes
for existing products, introduction of new products, and
expected flexibility of the system to guarantee the produc-
tion while changing the average lot sizes. For this reason,
product-mix and demand variation of each product type
are modeled and evaluated as scenarios, as in Section 2.

The aforementioned fluctuating factors are represented
through a scenario tree as in Figure 7 considering three dis-
crete time periods featuring five possible scenarios. Transition
probabilities between scenarios of consecutive periods are also
specified based on preliminary market assessment information.
However, in this real case study, only the processing technolo-
gies (MOs) applicable in the industry as of now are considered,
i.e., technological options that will be available in the future are
not studied.

The goal of the analysis is to design an efficient and ver-
satile assembly system which can deal with multiple evolving
product families and fluctuating demand. Thus, the new design
should replace the current configuration of the assembly sys-
tem, which is based on manual workbenches and consists in a
series of tasks including screwing, pressing, riveting, hammer-
ing as well as leakage testing and riveting. For each of the nec-
essary tasks, initial feasible configurations of MOs have been
identified by MO experts and 12 modules composed of combi-
nations of MOs have been identified on the basis of the follow-
ing criteria: (1) Frequency of usage, (2) Reconfiguration Saving

Time, (3) Volume and Payback Time, Process Feasibility, (4)
Technical Feasibility, (5) Strategic Solution. The assessment of
each criteria included a score from 1 to 5, where 5 means most
important.

4.2. Application of the platform

Following is the list of input data used to feed the design
platform:

e Multi-period and multi-scenario information. The fore-
cast and product-mix data related to three consecutive pe-
riods is considered, and modeled as scenarios as in Figure
1. The transitions among these scenarios and the attributes
of each of the scenarios are characterized by the product
types and their corresponding production quantity.

e Product processing requirement data. Processing op-
erations required by each product type are listed together
with their corresponding precedence information.

o Task data. Information about candidate MOs with the ca-
pability of executing the different tasks for the six product
types are selected based on expert evaluation. This input
information represents the set of available technological
alternatives for executing a given set of tasks. The pro-
cessing times corresponding to each technological choice
are also used.

e MO reliability data. Reliability data related to MOs and
resources and other possible sources of interruptions are
gathered and introduced into the analysis. Two sets of data
are gathered for each MO, i.e. the estimated MTTF and
MTTR.

e MO cost data. In addition to the technical information
related to MOs, economic data is gathered as input infor-
mation for the analysis. These costs include investment,
installation, energy consumption, reconfiguration and idle
costs.

The feasible solutions satisfy the expected target perfor-
mances and should not exceed the given total cost constraints
during the operational and reconfiguration cycle of the assem-
bly system. For this analysis, 11 feasible configurations per
scenario have been identified. These configurations are the first-
ranked system configurations according to the single-period re-
quirements. Although the number of alternative per scenario
is relatively low, the combinatorial problem contains a total
of 161,051 alternative solutions for the three-period and five-
scenario problem.

The platform evaluates all alternative solutions and ranks the
solutions according to their expected total cost. Finally, the so-
lution with the minimum cost is considered as the best perform-
ing solution; however, the system designer can also investigate
a set of solutions considering other criteria.

4.3. Results obtained from the analysis
Following is a list of solutions with specific characteristics
that are chosen to demonstrate the implications of reconfig-

urable solutions.

e A is the best solution in terms of total expected cost.
e B is the solution with the highest expected total cost.
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o C is the solution composed of configurations that provide
the minimum cost in each scenario if considered indepen-
dently.

e D is the solution having the lowest reconfiguration cost
over the entire time horizon.

e E covers the requirements of all the scenarios including
the scenario with the highest product-demand without any
need for reconfiguration over the entire time horizon.

Table 1 lists the expected total costs of these solutions.  So-

Table 1: Solutions comparison in terms of total expected cost

Configuration Cost [€] Difference from best [%]
A 715,430 0% (best)
B 876,256 22.5%
C 719,558 0.6%
D 734,233 2.6%
E 966,447 35.1%

lutions’ plot with Total Cost and Reconfiguration Cost as axes
is shown in Figure 8. From the graph it can be seen that so-
lutions regarding different system KPIs may not correspond.
Moreover, there could be a substantial difference among the
solution optimized over all the paths and the optimal solution
considering only the first period (single-scenario). The sys-
tem configuration decisions taken at the initial design phase al-
ready consider all the possible modifications that might occur
within the planning horizon, allowing proactive reconfiguration
actions for different possible outcomes. In this terms reconfig-
uration is equal to an initial investment that pays off when the
system must react to any change in the product demand.

5. Conclusions

A software platform for supporting the green-field design
of versatile assembly systems has been presented. This plat-
form considers a multi-period design problem, characterized
by uncertain product-mix and demand scenarios. Considering
a multi-period problem with multiple product demand scenar-
ios allows to measure the advantages derived by using a recon-
figurable system. Indeed, the optimal solution is not the one
that minimizes the total cost over a certain time horizon, but
the system configuration that is more adaptable to the expected
changes. Hence, the analysis tools and algorithms embedded

in the platform allows to identify optimal designs that are ca-
pable of quickly and efficiently adapting to product-mix and
production quantity changes. Using this platform, the system
configuration decisions taken at the initial design phase take
into account possible future system modifications that might be
needed within the planning horizon. This helps to achieve an
increase in the operational efficiency of the designed system
and an improvement in the guaranteed performance level. The
application of the platform on a real use-case highlights the dis-
tinctive support it can provide to the system design process.
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