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Abstract: This paper deals with the optimization problem faced by the manufacturing engineering
department of an international automotive company, concerning its supply chain design (i.e., deci-
sions regarding which plants to open, how many components to produce, and the logistic flow from
production to assembly plants). The intrinsic characteristics of the problem, such as stochasticity, the
high number of products and components, and exogenous factors, make it complex to formulate and
solve the mathematical models. Thus, new decision support systems integrating human choices and
fast solution algorithms are needed. In this paper, we present an innovative and successful use case of
such an approach, encompassing the decision-maker as an integral part of the optimization process.
Moreover, the proposed approach allows the managers to conduct what-if analyses in real-time,
taking robust decisions with respect to future scenarios, while shortening the time needed. As a
byproduct, the proposed methodology requires neither the definition of a probability distribution
nor the investigation of the user’s risk aversion.

Keywords: decision support system; stochastic optimization; production allocation; automotive;
industrial strategies

1. Introduction

Enhancing efficiency, resilience, sustainability, and responsiveness in the supply chain
is a relevant issue for automotive companies. Given the complexity of its products, this
industry has a complex global supply chain. Indeed, it involves an intricate system of
multiple actors engaged in various levels of collaboration (e.g., vehicle manufacturers,
components suppliers, third-party contractors). Moreover, some information is not known
a priori (e.g., product demand, travel times, duty costs, raw material price, political incen-
tives). In this context, one of the biggest challenges faced by this industry is the design of a
supply chain that guarantees customer satisfaction, considering the uncertainty of some
parameters while containing the production costs. To better face this challenge, companies
use the large amount of data they collect with powerful analytical tools [1,2]. Nevertheless,
in order to make decisions, the results of statistical analysis are not enough. They must be
integrated with the knowledge and insight of the decision-makers (such as tax constraints,
marketing decisions, etc.), and properly defined optimization methods. This led to the
need to redesign the existing decision support tools through a holistic vision of the system
and, thus, a mix of qualitative and quantitative methods.

Several effective tools used for decision support rely on mathematical models that
represent the problem. However, in a real setting, the resulting problem often becomes so
complex that it cannot be solved due to the number of decision-makers involved (drivers,
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management, etc.), uncertainty, and exogenous constraints. Furthermore, since the decision
environment is dynamic, some information can be revealed after decisions and new goals
can be defined during the run (e.g., during economic crisis, the management takes more
conservative decisions than in the normal period). These changes require frequent mod-
ifications in the mathematical model (e.g., adding constraints, considering new features,
modifying the objective function), producing additional costs. This problem becomes even
more impactful in stochastic problems, since the risk aversion of the decision maker must
be taken into account, and several exogenous factors may impact the solution. It is worth
noting that one possibility is to use multi-objective optimization ([3–5]). Nevertheless, its
usage might be affected by the computational time needed and the tuning of different
parameters, which is particularly needed when the number of objectives increase.

To overcome these issues, and to provide a general flexible framework, we define a De-
cision Support System (DSS) that is able to integrate choices dictated by the decision-maker,
specific domain knowledge, and the potential of the DSS to optimally solve optimization
problems. The main contribution of the present paper is the definition of a framework for
integrating DSS and decision-makers in a more general framework.

In more detail, in this paper, we present a DSS developed by Politecnico di Torino
(Turin, Italy) within a research project involving the Manufacturing Engineering department
(ME) of the Italian automobile manufacturer Stellantis (formerly FCA) and World Class
Manufacturing Research and Innovation team of Centro Ricerche Fiat (CRF). This DSS
aims to support the ME managers in taking decisions concerning the production allocation
problem and, thus, the optimization of component procurement activities for the different
vehicle production (assembly) plants.

Through this DSS, the decision-makers can include their preferences in the develop-
ment of a solution or a strategy and see how the performance is affected. For example,
given the knowledge of the local labor force, the decision-maker may consider outsourcing
a decision.

This is one of the several requirements that cannot be considered in the optimization
model without increasing the model complexity outside the boundaries of computational
tractability. A possibility when facing huge optimization problems encompassing several
levels of decision is to split the main problem into several sub-problems (one for the
tactical level, one for the operational one, etc.). Nevertheless, this yields several optimized
subsystems, which are unable to correctly interact with each other.

In this context, this paper proposes the following main contributions:

• Design of a flexible and adaptable DSS supporting the managers in the automotive
industry in making strategic production allocation decisions, integrating human
choices and mathematical modeling in a stochastic environment.

• Formalize the strategic production allocation problem by a Mixed Integer Problem
that considers both operational and managerial insight. We are particularly interested
in the decisions about which plants to open, how many components to produce,
and the logistic flow from production to assembly plants. Despite its simplicity, this
model can encompass all the main characteristics of the Stellantis supply chain and be
effectively solved to enable the decision-maker to take effective decisions also based
on its knowledge and risk aversion.

• Present a managerial analysis of the strategic production allocation of the automotive
industry. In doing so, we adopt a lean business approach named GUEST. Through
practical tools, this method allows for an understanding of the business network,
highlighting the interaction and needs of the different actors, as well as the value
arising from the usage of a properly designed DSS to deal with their requirements
[6,7].

It is worth noting that the proposed solution is currently used by ME managers to
compute the solution satisfying most of their requirements and to conduct what-if analyses
and, thus, investigate a set of scenarios within a reasonable time and consider the best
possible solution. Moreover, this tool represents a means of assessing how the solution
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behaves in different settings and derive managerial insights. It is worth noting that the
DSS presented in this paper has a general architecture that enables its usage in different
contexts from the presented use-case.

The remainder of this paper is structured as follows. Section 2 reviews the literature
on decision making under uncertainty. Section 3 describes the problem. Then, in Section 4,
we present the GUEST methodology and how it has been implemented in our problem.
In Section 5, we provide a managerial analysis of the complex system by using a lean
management methodology. Then, Section 6 presents the mathematical model used to solve
our problem. In Sections 7 and 8, we present the architecture of the system and discuss the
main results obtained by the adoption of the DSS in our industrial case study. Finally, we
propose some conclusions and future research lines in Section 9.

2. Literature Review

Defining strategies and actions is a difficult task, especially when the decisions affect
different functions and departments within the company. To solve this problem, companies
usually use ad-hoc DSS. A broad literature exists on DSS, crossing arguments from different
fields: decision science, information representation, Information Technology (IT) architec-
ture, user behaviors, etc. For this reason, in this review, we focus on the literature about
DSS, with an emphasis on the recent operation research applications using IT infrastructure.

Different optimization problems involve decision-making under uncertainty. This
means choosing actions based on imperfect observations and information about the values
of some parameters, resulting in unknown outcomes. The main mathematical tool to
deal with this problem is optimization under uncertainty. This wide argument has been
approached with different solution frameworks, including deterministic approximation [8],
heuristic based on the problem structure [9,10]), exact method [11], and robust methods [12].
In the broad field of applications that involve stochastic optimization, we are interested
in the supply chain. In this context, uncertainty affects several parameters, such as costs,
demand, and supply. Moreover, unpredictable or unexpected events (e.g., terrorist attacks,
earthquakes, and economic crises) may bring disruptive effects as business interruption.
Indeed, although these kinds of disruptions usually have a low likelihood of occurrence,
their impacts are prominent.

Optimization under uncertainty aims to achieve a configuration so that the supply
chain can perform well under any possible realization of stochastic parameters. This topic
has been faced by [13], who analyze different supply chain models considering uncertainty.
Nevertheless, all the presented approaches consider few types of uncertainty and ignore
that decision-makers’ preferences may change over time. This makes the model far less
usable in real settings. It is also possible that changes in the environment (e.g., in the
political setting of a country) may change the most important source of uncertainty and the
risk aversion of the decision-maker over time. Solving these problems requires involving
the decision-maker in the solution process. Thus, an ad-hoc DSS framework for dealing
with the stochastic environment has to be developed [14]. In the literature, there are several
examples of the successful application of these concepts [15–17].

It is worth noting that when organizations excessively rely on a DSS that does not
involve the decision-maker, the outcome may be a wrong decision. This is particularly true
when such tools are applied under high pressure and turbulent conditions. Furthermore,
another source of error is that a DSS only has access to the company databases. This means
that it lacks knowledge about exogenous factors such as law regulations, etc. For these
reasons, the experience of the decision-maker is even more fundamental, as pointed out by
the literature on the integration of humans and machines in Industry 4.0 [18,19].

These limits of the DSS have only recently been studied in the literature. Moreover,
to our knowledge, there is no work dealing with DSS in the stochastic setting. Thus,
the goal of this work is to fill that gap. In fact, DSS research primarily focuses on the
technological aspects and design challenges [20,21] and only recently started to consider
the organizational dimensions of strategic decision-making [22–24]. One of the first papers
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that consider DSS failure is the work by Aversa et al. [25]. In this paper, the authors study an
iconic case of strategic failure in Formula 1 racing and propose an approach that integrates
the decision-maker as well as the organizational and material context. Similar problems
were also found in Wright et al. [26], Brauner et al. [27], and Althuizen et al. [28]. Despite
the claims of these papers, related to the need to have a close interaction between the DSS
and the decision-maker, no paper considers the problem in DSS modules dealing with the
optimization of stochastic problems. By considering these suggestions, we design a new
framework in which we treat the stochasticity using a simple mathematical model and the
experience of the decision-maker. A similar approach has been considered in Jolly-Desodt
and Jolly [29]. In this paper, the authors present a multi-criteria decision system that aims
to help the operator of a human-machine system make suitable decisions about which
tasks to execute at each moment. They use the framework of possibility theory [30], which
allows a decision to be made based both on rules and preferences.

More recently, [31,32] propose a method called parametric cost function approxima-
tion. It uses deterministic problems modified through opportunely tuned parameters to
approximate stochastic programming. Concerning this young branch of the literature, we
integrate the decision maker in the modeling phase, by enabling him to perform the tuning
of the parameters. It is worth noting that some iterative decision processes were already
considered in the context of fuzzy systems [33]. Moreover, simulation-based approaches
have been applied in the automotive supply chain [34]. Nevertheless, despite being sim-
ilar in terms of goal, both [33,34] do not tackle stochastic problems directly. Thus, their
implementation is very distant from our approach.

3. Problem Description

In this paper, we consider the ME manager of an international automotive company
that deals with the production allocation problem. The manager copes with the optimiza-
tion of procurement activities and, thus, the supply of components from the production
plans to the different vehicles’ assembly sites. In particular, the decisions that we consider
are: (i) the selection of which plant to open, i.e., the plant in which the production will
be active, (ii) the choice of the production step to activate in each active plant, (iii) the
logistic flow from the production to the assembly plants. Making these decisions requires
considering the market forecasting analysis concerning the future vehicles’ demand in the
different countries in which the company is located.

Without loss of generality, we suppose that each assembly plant produces one type
of vehicle that requires certain semi-finished products and components. Thus, the ME
manager aims to determine a procurement and allocation plan, identifying what quantity of
these components should be procured from each supplier to satisfy the estimated demand
in each assembly plant.

In doing so, the ME manager aims to minimize the total cost of the procurement
plan, which includes the manufacturing and transportation costs, while avoiding inventory
overstocks in the warehouses.

The ME manager has the following information:

• The production steps that correspond to the combination of the volumes of the differ-
ent components that the plant can produce;

• The investments used to open a new plant with a specific production step;
• The Product Value Added (PVA), which is the added actual value corresponding to

the unit costs for each component type produced in a specific production step;
• The outbound logistics costs, which are the unit costs for the transport of components

among plants;
• The duties expressed as a percentage of the total cost;
• The inbound logistics costs, corresponding to the unit cost to transport the component

within the country where the plant is located;
• The Direct Material Cost (DMC), that is, the unit costs for the production of items;
• The markup cost is the ratio between the production cost and the final selling price.
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This information is subject to variability due to price variations in raw materials, the
incentives of the countries involved in the process, environmental laws, sudden changes in
duty cost (e.g., commercial wars between states), and many other factors. Moreover, the
different sources of uncertainty may have different impacts over time. For example, sudden
changes in duty cost can be more likely depending on the governments of the states. Of
course, no model actively considers all these sources of uncertainty, since this would result
in too complex an optimization model. Finally, operating in a real setting means dealing
with a dynamic environment. This makes obtaining a precise definition of the problem a
priori difficult, given the number of changing parameters. For example, a sudden change
in the cross-border taxes may require considering that aspect in the models, while before
this was not an issue. Thus, the decision maker has to be involved in the modeling phase.

4. Methodology

As introduced in Section 1, we adopted the GUEST methodology, developed by a
pool of researchers of Politecnico di Torino [6,7]. The GUEST method has been applied
to more than 50 companies and 20 innovation projects to date, including projects with
up to 30 partners. It is a lean business methodology extending the work by the Lean
Startup movement, which provides a scientific approach to developing products and
solutions faster, shortening the development process. The GUEST adapts its results to the
environment of a Multi-Actor Complex System (MACS), such as the automotive industry.
In this industry, the complexity is increasing due to the presence of several actors with
different areas of expertise (manufacturing engineers, assemblers, etc.) that interact and
pursue their (sometimes conflicting) objectives and goals, as well as the evolving customer
needs and environmental concerns.

The GUEST is an easy-to-understand methodology, which is applicable to the entire
decision-making process to increase efficiency and improve quality for the companies. It
controls the process, from the original idea to its implementation, providing conceptual and
practical tools to the different actors involved, enabling them to communicate their vision,
difficulties, and opportunities within the same structure. This contributes to reducing the
time needed to implement their decisions in the system, and the general development
time of the model, from the beginning of the project to the definition and validation of the
model and evaluation of the outcomes [2,35–37]. For these reasons, we selected the GUEST
method, as it represents a powerful methodology in our use case. GUEST is articulated in
five steps (i.e., Go, Uniform, Evaluate, Solve, and Test), and each step allows the actors to
monitor their projects and, at the same time, standardizes the documents and tools that
should be used to evaluate ideas, successes, actions, and results. The five phases of the
methodology are:

• Go: this aims to provide a full description of the stakeholder profile, its current
behavior, its environment, the external actors in the system, and their interactions.

• Uniform: as the name suggests, this phase aims to standardize the knowledge and
information collected in the Go phase. The governance and business models are
explicitly described.

• Evaluate: the governance and the business model are assessed in a series of actions.
• Solve: given the specific problems and the actions highlighted to cope with them, a

list of operational models is proposed.
• Test: the actions are implemented and their performance evaluated.

For more details about these five steps, the interested reader can refer to the mani-
festo [6].

5. Managerial Analysis

In this section, we apply the GUEST methodology to identify and describe the actors
involved, with an emphasis on their requirements [6,7].

We first define the actors and the value proposition that a DSS could offer to them
(Section 5.1). Then, we depict the solution canvas (Section 5.2).
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5.1. Actors

The first step is to define the actors involved in the process and their profiles. In doing
so, according to the principles of the Value Ring [6,7] and Value Proposition Canvas [38],
we break the actors’ profile down into different factors related to their jobs (i.e., what they
are trying to achieve in their work), pains (i.e., problems, risks, and obstacles related to their
jobs), and gains (i.e., what they are trying to achieve in their work). Then, we prioritize
these jobs, gains, and pains, highlighting the most important or urgent ones that must be
considered in our solution.

Our production allocation problem considers the following three key players:

• Manager of the Manufacturing Engineering department (ME) at the global level.
Marketing experts provide the ME manager the estimation of the demand for vehicles
in each region. The ME manager seeks to secure adequate volumes of components
from the component plants that satisfy the demand of vehicles at the minimum cost,
avoiding oversupply.

• Manager of the Components Plants (CP), who represents the supplier of the compo-
nents.

• Manager of the vehicle assembly plants, named Vehicles Plants (VP). This is in charge
of assembly operations to produce cars and commercial vehicles.

Figure 1 shows the Value Ring and depicts the value proposition that the adoption of
DSS could offer to the above-listed actors. In particular, the width of the angular area of the
value ring associated with each actor represents its importance. Each color describes the
priority of each gain-creator or pain-reliever (i.e., red, yellow, and green are high, medium,
and low priorities, respectively).

The first actor who plays a central role in our use case is the ME Manager Global.
As discussed, according to the expected forecast of vehicle demand, the ME Manager
Global determines an accurate procurement and allocation plan. This particularly concerns
the optimal quantity of components to procure from each supplier and allocate in each
assembly plant to fulfill the market demand of vehicles. An assembly plant is responsible
for the production of a specific type of vehicle, which requires certain components (e.g., car
doors, bumper). Thus, the DSS provides the ME Manager Global with a tool to optimize
the activation/opening strategy of CP plants.

From a medium-term perspective, one of the most critical issues that the ME Manager
Global has to face is the optimization of the costs. This means that the manager has to
implement an optimal plan in terms of the selection of plants to activate and the volume
of components to procure in each plant, which contains the overall costs. We consider
three types of expenses: (i) investment to activate CP plants with a certain production
step (in terms of different types of component that can be produced); (ii) production costs;
(iii) transportation and logistics costs, related to the inbound and outbound activities; (iv)
duty costs, which refer to the taxes paid in compliance with the regulation of each region,
expressed as a percentage of the total components’ production and logistics costs.

Finally, in the long run, the ME Manager Global is interested in a handy and reactive
tool that allows for planning activities to be conducted and what-if analyzed within a
reasonable time. It has to provide a preliminary estimation of component flows and related
costs before the detailed production and destination planning. A user-friendly interface for
the DSS and its interoperability with existing software play a relevant role in facilitating
decision-making and information exchange among ME, CP and VP managers, as well as
the board of directors.

Using the proposed DSS, the CP and VP managers benefit from accurate production
planning. Indeed, a CP manager could plan the optimal production level of a certain
component. Similarly, the proposed tool supports the VP manager in the definition of the
production plan and in supporting the procurement activity, defining the optimal quantity
of components to buy from CPs. The optimized production planning in CPs and VPs
mitigates the risks of oversupplying, reducing the excess of component/vehicle stocks in
the warehouses along the supply chain.
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Finally, as the ME Manager Global, the CP and VP managers are also interested in a
user-friendly and interoperable tool.

Figure 1. Value Ring.

5.2. Solution Canvas

This section analyzes the Solution Canvas (Figure 2) designed for our case study. The
solution canvas is an analytical tool used in the GUEST methodology to outline the chosen
solution and apply and address the needs and requirements that emerged in the actor
analysis.

The remaining part of this section is devoted to going through the details of each
building block that comprises the canvas.

The decision-makers are represented by the ME Manager Global, CP Manager, and
VP Manager taking the decisions concerning the activation of plants and the production
and procurement planning, as discussed in Section 5.1. Moreover, the ME Manager Global
should foster and promote the adoption of the proposed technology.

The users of the DSS-based solution are the actors presented in the previous subsection
and also the Board of Directors of the company, who would like to receive the DSS, summary
data, and information about costs.

Regarding the relationships between the decision-makers and the users, the CP Man-
ager interacts with the ME Manager Global to obtain detailed information, optimizing and
planning the inbound flows of components. Similarly, the ME Manager Global interacts
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with the VP Manager to obtain detailed information concerning the production of vehicles,
optimizing, and planning the procurement of components and the overall production. CP
and VP Managers interact to book the time slot, and deliver the components to the vehicles’
production plants. This activity also requires interaction between ME Manager Global and
the Logistics department of the company. Finally, the ME Manager Global interacts with
the Board of Directors to ensure and report a timely and relevant information flow (e.g.,
costs, production levels).

The main channel through which the solution could be implemented, allowing the
outcome to be obtained and reported for each identified relationship, is the user interface
of the solver.

The objectives of the proposed solution are:

• Create a DSS to optimize the allocation of the production of CP components required
by different VP plants;

• Take the optimal decision concerning the opening of production plants;
• Minimize the total cost per engine, including the transportation and production costs;
• Obtain a preliminary quick planning, postponing the details to a subsequent phase.

The main decisions are related to the key elements of the solution and the requirements
that emerged in the actor analysis. In particular, the decisions regard:

• The opening of production/components plants;
• The design and deployment of optimal allocation and procurement strategies in terms

of volumes of components that minimize costs, while satisfying the demand;
• The reduction in excess stocks of components and vehicles.

To implement this solution, the principal resource needed is the mixed-integer linear
programming (MILP) model. Another relevant resource concerns the Gurobi Optimizer
software needed to solve this [39]. Moreover, the principal information needed to be
input to the solver is the estimation of vehicle demand by marketing research and other
information mentioned in Section 3 (i.e., production steps, amount of investments needed
to open a new plant, PVA, outbound/inbound logistics costs, duties, DMC and markup).

The solution implies some constraints that must be considered in the implementation
phase. They can be classified into problem and solution constraints. The former refers to
the constraints included in the MILP model, as described in Section 6. The latter can be
summarized as follows:

• Compatibility of data from existing enterprise resource planning software (ERP) used
by Manager ME in the different sites;

• Computation of duties and mark-up costs according to internal rules;
• Easy tool to explore the solution space;
• Availability of an offline version and ability to produce a what-if analysis within a

reasonable time.

Finally, the last building block of the solution canvas concerns the costs of the solution.
They can be grouped into four main categories:

• Development costs that are related to the implementation of the solver. They refer,
for example, to the expenditure for hardware and software assets, such as the Gurobi
license.

• Cost of the introduction of the solution. This refers to the training costs of all the
managers and the integration of a solution with the current ERPs and company
systems.

• Maintenance costs. As the term suggests, these refer to the cost of maintaining the
whole infrastructure and guaranteeing its correct functioning.

• Cost of not introducing the solution. This refers to all the inefficiencies along the
supply chain that determine additional economic efforts (e.g., the cost of excess stocks
and time spent in inefficient planning activity).



Sustainability 2022, 14, 2408 9 of 22

Constraints 
 
Problem constraints 
• Each CP can produce only one type of 

vehicle 
• For each CP, no more than one production 

bracket can be activated 
• If a CP is opened, all the components 

produced in that site must satisfy (totally 
or partially) the demands for components 
by one or more CP 

• Demand satisfaction 
• No components overproduction  
• The quantity of components between CP 

and VP must be expressed as multiple 
integer of a certain quantity of components 
defined by the user 

• Max value of components transported 
between CP and VP 

• Only the production brackets provided by 
the user can be activated 
 

Solution constraints 
• Compatibility of data from existing 

software used by Manager ME in different 
sites. 

• Computation of Duty and Mark-up costs 
according to internal rules 

• Easy tool to explore the solutions space	
• Versions offline and “what-if” in limited 

time	

Decisions 
 
• Opening production plants 
• Optimal allocation and 

procurement strategies in 
terms of volumes of 
components that minimize 
costs while satisfying the 
demand. 

• Avoid excess stocks 
 

Decision makers 
 
• Manager ME 	
• Manager ME sites 

Vehicle Plants (VP) 
• Manager ME sites 

Components Plants (CP) 
 

Users/DMs relationship 
 
• Manager ME CP sites - Manager 

ME 	
• Manager ME VP sites - Manager 

ME 	
• Manager ME CP sites - Manager 

ME VP sites	
• Manager ME - Logistics Dept.	
• Manager ME - Board of Directors	
 

Users	

• Managers ME, VP and CP 
• Board of Directors	
 
  

Information/Resources 
 
• Demand forecast (vehicles) 

from marketing dept 
• Information and data on: 

• Logistics costs 
(inbound and 
outbound) 

• Duty 
• DMC cost/component 
• Mark-up 
• PVA 
• Production brackets 
• Information affected 

by stochasticity 
(factual solution in one 
year)	

• Solver (CPLEX) 
• MILP 	
 

Solution channels 
 
       Manager ME VP/CP sites - Manager 

ME 
•  User interface  
• ERP (Vehicles and plant)	
 
Manager ME - Board of Directors	
• Specific interface 	
  

Costs 
 
• Development costs (Hardware and Software) 
• Costs of the introduction of the solution 

Training and integration with existing software used by the different ME 
sites 

• Maintenance costs 
• Costs for not introducing the solution 

Objectives 
 
• Create a decision support system for optimizing the allocation of the production of components in CP 

required by different VP plants 
• Optimal decision concerning the opening of production plants.	
• Minimizing the total cost/engine (Production cost for the activated plant + Transportation costs) 
• Preliminary quick planning 

 

Figure 2. Solution Canvas.

6. Mathematical Model

This section presents the mathematical model formulated to address the described
problem. It considers the following sets:

• I = {1, . . . , I} is the set of the production plants;
• M = {1, . . . , M} is the set of engines;
• Km

i = {1, . . . , Km
i } ∀ i ∈ I , ∀ m ∈ M is the set of production steps for each production

plant and each engine type we consider;
• J = {1, . . . , J} is the set of destination sites;
• P = {1, . . . , P} is the set of the final product.

The parameters used are as follows:

• qi is the cost of activating the production of the engines considered in plant i = 1, . . . , I;
• likm is the maximum number of engines m = 1, . . . , M that can be produced in plant

i = 1, . . . , I if production step k = 1, . . . , Km
i has been activated;

• nmj is the number of engine m = 1, . . . , M needed for the final item j = 1, . . . , J;
• cact

ikm is the cost of activation of production step k = 1, . . . , Km
i for engine m = 1, . . . , M

and plant i = 1, . . . , I;
• cpva

ikm is the PVA costs paid by plant i = 1, . . . , I to produce the engine m = 1, . . . , M if
step k = 1, . . . , K is activated;

• camm
ikm is the amortization cost paid by plant i = 1, . . . , I to produce the engine m =

1, . . . , M if step k = 1, . . . , K is activated;
• cdmc

ikm is the DMC cost paid by plant i = 1, . . . , I to produce the engine m = 1, . . . , M if
step k = 1, . . . , K is activated;

• cmkp
ijkm represents the markup cost paid by plant i = 1, . . . , I to produce the engine

m = 1, . . . , M if step k = 1, . . . , K is activated;
• cijm is the unitary logistic cost of moving engine m = 1, . . . , M from production plant

i = 1, . . . , I to destination plant j = 1, . . . , J.
• djp is the demand of product p in destination site j.

Finally, the decision variables are:

• yi ∈ {0, 1} is equal to 1 if the production plant i = 1, . . . , I is open, and 0 otherwise;
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• xikm ∈ N is the quantity of engine m = 1, . . . , M produced in plant i = 1, . . . , I using
production steps k = 1, . . . , K;

• vikm ∈ {0, 1} is equal to 1 if the production steps k = 1, . . . , is activate in order to
produce engine m = 1, . . . , M in plant i = 1, . . . , I, and 0 otherwise;

• wijm ∈ N is the quantity of engine m = 1, . . . , M shipped from production plant
i = 1, . . . , I to destination plant j = 1, . . . , J;

• uijkm ∈ N is the quantity of engine m = 1, . . . , M shipped from production plant
i = 1, . . . , I and shipped to destination plant j = 1, . . . , J if the production steps
k = 1, . . . , is activate;

• qjm is the quantity of engine m = 1, . . . , M in destination plant j = 1, . . . , J;
• zjp ∈ N is the quantity of final product p = 1, . . . , P assembled in destination plant

j = 1, . . . , J.

The model can be expressed as follows:

min .
I

∑
i=1

qiyi +
I

∑
i=1

K

∑
k=1

M

∑
m=1

cpva
ikmxikm +

I

∑
i=1

K

∑
k=1

M

∑
m=1

cact
ikmvikm + camm

ikm xikm + cdmc
ikm xikm+

I

∑
i=1

J

∑
j=1

M

∑
m=1

cijmwijm

(1)

subject to:
vik ≤ yi∀i = 1, . . . , I k = 1, . . . , K (2)

vikmlik−1m ≤ xikm ≤ vikmlikm,

∀i = 1, . . . , Im = 1, . . . , M k = 2, . . . .Km
i

(3)

K

∑
k=1

xikm =
J

∑
j=1

wijm∀i = 1, . . . , Im = 1, . . . , M (4)

K

∑
k=1

uijkm = wijm∀i = 1, . . . , I j = 1, . . . , J m = 1, . . . , M (5)

uijkm ≤ yi∀i = 1, . . . , I j = 1, . . . , J k = 1, . . . , K m = 1, . . . , M (6)

I

∑
i=1

uijkm = qjm∀j = 1, . . . , J m = 1, . . . , M (7)

min[
1

n1j
∑
i=1

qj1, . . . ,
1

nmj
∑
i=1

qjm] ≥ zjp

∀i = j, . . . , I p = 1, . . . , P
(8)

zjp ≥ djp∀j = 1, . . . , J p = 1, . . . , P (9)
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yi ∈ {0, 1} ∀i = 1, . . . , I

xikm ∈ N ∀i = 1, . . . , I k = 1, . . . , K m = 1, . . . , M

vikm ∈ {0, 1} ∀i = 1, . . . , I k = 1, . . . , K m = 1, . . . , M

uijkm ∈ N ∀i = 1, . . . , I j = 1, . . . , J m = 1, . . . , M k = 1, . . . , K

qjm ∈ N ∀i = 1, . . . , I j = 1, . . . , J m = 1, . . . , M

wijm ∈ N ∀i = 1, . . . , I j = 1, . . . , J m = 1, . . . , M

zjp ∈ N ∀j = 1, . . . , J p = 1, . . . , P.

(10)

The objective function (1) minimizes the total cost related to the opening of production
plants, and production and transportation costs. The first term is related to the activation
costs, the second term accounts for PVA costs, the third quantifies depreciation costs, the
fourth considers the markup costs, and the last term accounts for logistic costs.

Constraints (2) link the variable y and the variables v, while constraints (3) link the
variable v to the variable x. Constraint (4) limits the number of out-coming products to
the one produced. Constraints (5) and (6) link the variable u to the variables w and x,
respectively. Instead, constraints (8) define the production of the final product and (9)
impose that the demand of the final products must be satisfied. Finally, constraints (10)
describe the domain for each decision variable.

Despite its simplicity, the model can consider all the main decisions that the company
has to take and the sources of uncertainty in its supply chain. It is worth noting that the
main innovation of the paper is the general framework for the model formulation (i.e., the
GUEST methodology) and the solution method that, instead of solving a complex model
encompassing all possible sources of uncertainty, directly involves the decision-maker as
an active part of the solution choice process.

Alternative Scenarios Generation

Since the DSS allows the ME to compare how the different solutions behave in different
scenarios, we define an ad-hoc procedure that enables the user to dynamically change and
adapt the scenarios in the run. In particular, given a solution to the problem (1)–(10), in a
certain scenario s ∈ S that occurs with probability πs, we split the different levels of choice,
i.e., which plant to open y, the opening level of each plant z and the final logistic decisions
w. Thus, for each scenario, we define its best solution and the respective variable: y∗s , z∗s , w∗s .

Starting from the first level of decision (e.g., which plant to open) and considering
the probability of all scenarios to be identical, we define the coverage of the solution as the
percentage of scenarios in which y∗s is the best solution, i.e.,

c(y) =
|{s ∈ S : y is optimal}|

|S| (11)

where | · | is the cardinally operator, i.e., the number of items in the set. The operator c(·)
can be generalized to z and w. Nevertheless, since the variables z depend on the variables
y and the variables w depend on z and y, we consider the coverage of z and w conditioned
by the upper-level solution, i.e., c(z|y) and c(w|z, y). Their meaning can be expressed
as follows:

c(z|y) = |{s ∈ S : z is optimal}|
|S : y is optimal| . (12)

c(w|z, y) =
|{s ∈ S : w is optimal}|
|S : y, z, are optimal| . (13)



Sustainability 2022, 14, 2408 12 of 22

It is worth noting that the generalization of Equations (11)–(13) to scenarios with
different realization probabilities are defined as follows:

c(y) = ∑
{s∈S :y is optimal}

πs (14)

c(z|y) = ∑
{s∈S :z is optimal|S :y is optimal}

πs (15)

and
c(w|z, y) = ∑

{s∈S :w is optimal}|S :y,z, are optimal}
πs. (16)

7. IT Architecture

In this section, we present the architecture of the system infrastructure, as shown in
Figure 3. The DSS is organized into four main components: web interface, computation
unit, exact solver and Data Bases (DBs) (intuitively divided in Solution DB, Instance DB and
User DB).

Figure 3. System architecture of the DSS.

The first step to access the platform is the creation of an account in Users DB. Registered
users have access to a web interface that, after a log-in phase, gives them three possibilities:
(i) insert one instance; (ii) explore the set of instances that were previously inserted; (iii)
navigate the set of solutions. It is worth noting that the platform offers the possibility of
managing the visibility of the instances, as well as the solution for different users.

Figure 4 depicts a part of the page for instance insertion. This page is devoted to data
collection and saves the information in Instance DB.

Figure 4. Example of form for inserting instance data.
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In particular, the system required the duty costs, engine demands, logistic costs, and
material costs of three possible values associated with a positive scenario, a negative and
an average one. In our example, the positive and negative scenarios are changes of ±5% in
the average parameters.

Once all data are inserted, the system adds two other scenarios: one between the
positive and the average and one between the average and the negative. Thus, 54 problems
are solved in parallel to provide the initial set of solutions. Since having more solutions
for the same instance can provide more alternatives for the users, we use the Solution Pool
method provided by Gurobi. This step takes around 5 min and the new solutions are stored
in Solution DB a non-relational database implemented in Mongo DB. The choice of this
technology has been effective in querying the solution set and computing the indicators
in Equations (11)–(13). In fact, by using not relational databases, it is possible to store the
solutions as they are produced by the solver and then make queries in a easy and effective
way.

Each user can see the instances inserted through synoptic representations, which are
not reported because they are beyond the scope of the paper.

In the following, we present the core of the solution navigation part. This is the core of
the DSS that was developed by a strict collaboration with the Stellantis management. The
principle is to divide the various levels of the solution: facility location, level of activation,
and logistic choices in different pages. We consider two pages: one representing the facility
location and activation level (Figure 5), and one representing the corresponding logistic
flows (Figure 6). We illustrate the main part of the DSS by considering a small instance
with 4 production plants, 4 destination plants, and 4 types of engines.

On the first page, shown in Figure 5, the user sees which facility must be open on a
map. The table below the map shows the possible choices of the level of productions for
each open plant. In particular, the first column shows the identification of the solution (if
clicked once, it selects the instance, while if clicked two times, it links to the corresponding
logistic page), the second column describes the production level for each engine in each
plant, the third one describes the coverage in (11) and the associated cost.

The graphs on the right part of the page show how the costs of the selected solution
change in the range of possible variations in the parameters. In the example, the decision-
maker can observe that the impact of a variation in duty cost is greater than demand
variations, which are greater than logistic costs.

Even if this representation does not provide an analysis of the variations in more than
one parameter, its realization was strongly suggested by the end-user and it has been used
extensively by the management.

By selecting the solution identification name, a set of modal windows will appear,
allowing the user to insert new scenarios. Once that the inserting phase is finished, in a few
seconds, the system shows the performance of the solution in the new scenarios, updates
the graphs and stores the optimal solutions relative to the new scenarios in the DB. By
double-clicking on the name of the instance, the user is redirected to the page presenting
the logistic solution (see Figure 6).

This page is organized similarly to the previous one. In the map, the logistic flows
are represented by straight lines from the origin to the destination; the different colors
represent the different type of engines. By clicking on each line, it is possible to obtain
details related to the origin, destination, type, and quantity of the shipped engines. As in
the previous page, the table below the map shows the solution identification name, the
logistics dtails, the coverage rate, and the logistic costs of the solution. Furthermore, the
graphs on the right have the same meaning as the ones on the previous page. The ones
shown in Figure 6 are randomly generated because they are more sensitive for the company.
As in the previous page, it is possible to add a new instance by right-clicking on the name
of the instance.
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Figure 5. Location analysis.

Figure 6. Logistic analysis .

8. Numerical Experiments

In this section, we conduct an experimental campaign with the following objectives:

• Measure the performance of the proposed solution method;
• Demonstrate how this DSS supports the managers in taking decisions in a reasonable

time;
• Assess the impact of the problem parameters on the production allocation.
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It is worth noting that, by using the proposed approach, the decision-maker can
very quickly make decisions. In fact, for the usual decision stream required from the
top management to propose solutions that the other sectors of the company have to
evaluate, this produces several iterations that last for days. Instead, by using the proposed
methodology, the top management can reduce this time to few seconds. This is one of the
features of the proposed DSS that is most appreciated by the company.

In the following subsections, we present the instance sets used to qualify our model
and the solution procedure (Section 8.1), and we discuss the computational results in
Section 8.2.

8.1. Instances

In this section, we describe the method used to generate the set of instances used for
the numerical experiments. The parameters used for the instance generation were defined
in agreement with the practices adopted by the company. However, for privacy reasons,
we have not presented real data, only the parameters used to generate a realistic scenario.
These parameters are as follows:

• The number of production plants I has been considered in the set 3–5.
• The number of different engines M produced in the production plants has been

considered in the set 3–5.
• The number of production steps for each production plants i ∈ I and each engine type

m ∈ M is in the range 3–4.
• The number of destination sites J is in the range 3–5.
• We consider the production of a single final product P.
• The cost qi for activate the production of the considered engines in plant i = 1, . . . , I is

assumed equals to 100 million
• The maximum number of engines m = 1, . . . , M that can be produced in plant i =

1, . . . , I if production step k = 1, . . . , Km
i has been activated ranges between [1000(k−

1), 1000k].
• Each vehicle P require a single engine, thus nmj is equal to one;
• The cost of activation of production step cact

ikm is assumed to be equal to 5,000,000k.
• The PVA cpva

ikm and the DMC costs cdmc
ikm have been generated by using normal distribu-

tion with parameters N (170, 30) and N (1000, 150), respectively.
• The amortization cost camm

ikm is computed as (cdmc
ijkmdjp + cpva

ijkm + cmkp
ijkmdjp)/djp.

• A markup cmkp
ijkm is set equal to the 15% of the DMC cost.

• The unitary logistic cost cijm for moving engines among the production and destination
plants is equal to N (80, 25) +N (100, 20).

• Finally, the demand of product djp is in the range N (100,000; 20,000).

A summary of these values is presented in Table 1.
It is worth noting that these data are quite general and describe the settings of a general

car-maker company.
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Table 1. Distribution of the parameters for instance generation.

Parameter Value

I 3–5

M 3–5

Km
i 3–4 ∀i, m

J 3–5

P 1–3

qi 100,000,000 ∀i

likm [1000(k− 1), 1000k] ∀i, m

nmj 1–4

cact
ikm 5,000,000k ∀i, m

cpva
ijkm N (170, 30)

camm
ijkm (cdmc

ijkmdjp + cpva
ijkm + cmkp

ijkmdjp)/djp

cdmc
ijkm N (1000, 150)

cmkp
ijkm 15%cdmc

ikm

cijm N (80, 25) +N (100, 20)

djp N (100,000, 20,000)

8.2. Results

As previously mentioned, the proposed DSS allows the managers to conduct what-if
analyses in real-time. Thus, we present the computational time needed to solve model
(1)–(10) for instances characterised by different dimensions in Table 2 (all the results are
obtained by averaging 100 instances).

Despite the increase in complexity, all the instances were solved in less than 1 second.
Since our goal is not only to compute the optimal solution but to obtain a set of good
solutions, we use the PoolSolutions function of Gurobi and set the PoolSolutions parameter
to be equal to 10, i.e., the ten best solutions are computed and returned. As expected, the
computation time increases as the dimension of the instance increases. Furthermore, the
parameter that most affects the complexity of the model is the number of production plants,
I. This is reasonable since the greater the I, the more possibilities there are regarding which
plant to open, which production step to activate, etc.

Usually, problems affected by stocasticity are solved by using apposite techniques
such as robust programming, stochastic programming, etc. In order to compare our DSS
with a standard solution method, we defined the following two-stage stochastic problem
that generalizes model (1)–(10) to the stochastic setting.
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Table 2. Solution time and standard deviations for different instance dimension.

I M J Time [ms] Std Dev [ms]

3 3 3 100.99 60.45

3 3 4 180.00 42.75

3 3 5 147.12 12.35

3 4 3 124.27 31.00

3 4 4 251.43 37.60

3 4 5 215.49 60.55

3 5 3 220.91 17.65

3 5 4 236.10 51.30

3 5 5 295.52 2.90

4 3 3 197.54 14.95

4 3 4 230.96 45.10

4 3 5 380.31 41.80

4 4 3 281.24 51.50

4 4 4 346.84 55.40

4 4 5 384.00 36.15

4 5 3 318.00 53.65

4 5 4 454.74 15.85

4 5 5 466.67 38.00

5 3 3 335.96 16.20

5 3 4 443.08 16.95

5 3 5 440.63 49.20

5 4 3 394.94 42.90

5 4 4 484.85 57.05

5 4 5 746.03 38.05

5 5 3 444.08 59.00

5 5 4 666.67 36.70

5 5 5 741.07 27.95

min .
I

∑
i=1

qiyi +
S

∑
s=1

πs[
I

∑
i=1

K

∑
k=1

M

∑
m=1

cpva
ikmxs

ikm + cact
ikmvs

ikm + camm
ikm xs

ikm + cdmc
ikm xs

ikm+

I

∑
i=1

J

∑
j=1

M

∑
m=1

cmkp
ijkmus

ijm +
I

∑
i=1

J

∑
j=1

M

∑
m=1

cijmws
ijm +

J

∑
j=1

P

∑
p=1

λp[ds
jp − zs

jp]
+]

(17)

subject to:
vs

ik ≤ yi∀i = 1, . . . , I k = 1, . . . , K, s = 1, . . . , S (18)

vs
ikmlik−1m ≤ xikm ≤ vs

ikmlik−1m,

∀i = 1, . . . , Im = 1, . . . , M k = 1, . . . , Km
i , s = 1, . . . , S

(19)

K

∑
k=1

xs
ikm =

J

∑
j=1

ws
ijm∀i = 1, . . . , Im = 1, . . . , M, s = 1, . . . , S (20)
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K

∑
k=1

us
ijkm = ws

ijm∀i = 1, . . . , I j = 1, . . . , J m = 1, . . . , M, s = 1, . . . , S (21)

us
ijkm ≤ xs

ijk∀i = 1, . . . , I j = 1, . . . , J k = 1, . . . , K m = 1, . . . , M, s = 1, . . . , S (22)

min[
1

n1j
∑
i=1

qij1, . . . ,
1

nmj
∑
i=1

qijm] ≥ zs
jp

∀i = j, . . . , I p = 1, . . . , P, s = 1, . . . , S
(23)

yi ∈ {0, 1} ∀i = 1, . . . , I

xs
ikm ∈ N ∀i = 1, . . . , I k = 1, . . . , K m = 1, . . . , M, s = 1, . . . , S

vs
ikm ∈ {0, 1} ∀i = 1, . . . , I k = 1, . . . , K m = 1, . . . , M, s = 1, . . . , S

us
ijkm ∈ N ∀i = 1, . . . , I j = 1, . . . , J m = 1, . . . , M k = 1, . . . , K, s = 1, . . . , S

wijms ∈ N ∀i = 1, . . . , I j = 1, . . . , J m = 1, . . . , M, s = 1, . . . , S

zs
jp ∈ N ∀j = 1, . . . , J p = 1, . . . , P, s = 1, . . . , S.

(24)

In model (17)–(24), the objective function considers the expected value of the costs.
The parameter λp is a penalty term for lost sales and [·]+ = max[0, ·]. It was added
since the Constraints (9) in the stochastic settings can be difficult to satisfy. It worth
noting that the last term in the objective function is not linear; therefore, it is necessary
to linearize it by adding slack variables. Comparing the performance of the proposed
methodology with that of the aforementioned stochastic program is a difficult task. In fact,
the proposed approach may consider factors that are not described in the mathematical
model. Furthermore, the proposed solution method needs a decision-maker to compare
and analyze the deterministic solutions of model (1)–(10) in different scenarios. This last
consideration must be highlighted since it is the way in which the proposed approach
faces uncertainty, as well as the main difference between the proposed approach and the
present literature. Due to this characteristic, we select a decision-maker to find the test
solution of the test instance for a Stellantis manager. The final difficulty that we face when
comparing the proposed methodology is that the out-of-sample stability of the two-stage
model (17)–(24) reaches values below 10% for a higher number of scenarios than an exact
solver can handle. This makes it more difficult to make a direct comparison between
the solutions of the stochastic model and the one provided by our approach. Thus, for
the three y with the highest covering (c(y)) obtained by the proposed methodology, we
compute the second-stage value and compare them against the second-stage value of the
expected values’ solution, i.e., the solution obtained by the stochastic model by replacing
each random variable with its expected value. We are aware that this experiment is not a
full proof of the effectiveness of the proposed method against the general solution of the
two-stage problem. Nevertheless, it provides some feedback regarding the goodness of the
solution that the decision-maker can take. It is worth noting that the only proof that the
proposed methodologies are working derives from the ME using the DSS. The fact that the
company is using this tool is, by itself, the needed proof.

We call ρi the average activation cost (∑I
i=1 qiyi) reduction obtained by using the

solution with i-th highest covering instead of the expected value solution. We report the
results in Table 3.
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Table 3. Average cost reductions.

I M J ρ1 [%] Std Dev [%] ρ2 [%] Std Dev [%] ρ3 [%] Std Dev [%]

3 3 3 47.12 3.87 17.12 4.78 5.29 1.99

3 3 4 30.08 0.09 14.08 1.51 9.44 4.57

3 3 5 53.80 6.32 18.96 2.99 4.84 3.12

3 4 3 56.55 1.35 17.43 1.91 6.80 2.62

3 4 4 50.99 9.07 10.01 3.31 7.87 2.78

3 4 5 46.53 0.12 17.09 3.34 4.26 3.84

3 5 3 29.60 3.17 17.25 1.16 6.11 4.71

3 5 4 32.85 9.28 13.76 4.05 3.42 3.54

3 5 5 46.01 3.85 15.13 4.63 7.12 3.99

4 3 3 30.44 4.96 19 2.99 4.85 4.59

4 3 4 52.84 0.32 14.01 2.76 9.23 2.42

4 3 5 45.49 0.35 17.7 1.73 4.22 1.57

4 4 3 29.43 3.25 10.9 3.13 3.33 4.44

4 4 4 34.06 5.75 19.39 1.1 4.61 3.35

4 4 5 37.44 8.00 18.55 4.02 6.39 2.86

4 5 3 42.21 1.96 16.74 1.43 7.09 2.55

4 5 4 30.81 1.65 19.13 3.32 6.93 3.4

4 5 5 56.52 5.82 14.39 4.44 4.7 5.00

5 3 3 49.10 6.66 16.98 1.43 7.41 4.12

5 3 4 33.43 4.31 14.88 1.32 7.42 4.31

5 3 5 55.37 8.49 11.49 3.25 7.03 3.56

5 4 3 44.53 3.41 15.39 4.59 7.64 1.94

5 4 4 45.95 6.14 17.79 1.81 3.06 4.59

5 4 5 31.07 3.91 16.99 3.51 4.93 1.78

5 5 3 51.31 2.27 13.76 1.64 6.08 3.58

5 5 4 51.97 5.25 11.64 2.56 5.48 3.51

5 5 5 58.13 6.22 11.38 2.29 3.76 4.32

The value of ρ1 is always greater than the value of ρ2, which is greater than the value
of ρ3. This is reasonable, since the covering definition c(y) is a measure of the extent to
which solution y is robust with respect to uncertainty. It is interesting to note the magnitude
of this trend. The average of the first column is 43%, the average of the second is 15%, and
the average of the third is 6%. This is due to the reduced number of first-stage solutions,
in fact, given I production plants, the possible first-stage solutions are 2I . Thus, in the
considered instance, the number of first-stage solutions varies between 8 and 32. This, in
combination with an objective function deeply influenced by the cost of opening a facility
(these costs are the ones with the greatest impact), leads the problem to have few good
solutions in the deterministic as well as in the stochastic settings. Furthermore, the gain
that we obtain increases as the dimensions of the problem increase. This means that, by
using our proposed approach, we exploit the information coming from the stochasticity
of the problem. Since the instances are based on realistic data, these results are the main
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simulated proof of work that, together with the real usage of the software, enable us to
prove the effectiveness of our method.

9. Conclusions

In this paper, we introduced a new paradigm for dealing with stochastic problems in
the DSS domain. This paradigm was developed with the help of the top management of
Stellantis, one of the leading companies in the automotive sector. The main weakness that
our paradigm is addressing is the impossibility of a mathematical model that can consider
all the characteristics of real-life scenarios (e.g., political constraints, sustainability and
marketing choices). Furthermore, the proposed DSS gives the decision-maker the possibility
of simulating, in real-time, what the behavior of a solution would be if a new scenario
appears, thus providing a tool for real-time what-if analysis. Finally, this framework, by
giving the decision-maker the possibility of inserting scenarios and choosing a solution
to implement, does not require an a priori definition of the risk aversion of the users or
the probability distribution of the scenarios. These aspects are the two main gaps in the
stochastic literature, which requires an a priori choice of risk aversion and probability
distribution for the model parameters. In conclusion, due to the good solutions that the
approach can find, this paper paves the way to an approach to tackle uncertainty that,
instead of relying on a complex model, involves the decision-maker in the solution method.
Moreover, the presented application is the first evidence that the proposed methodology
can be effectively used in practice. Despite being developed for the automotive industry,
the same methodology can be used in all complex decision-making problems that are
subject to uncertainty. Future work will study how to provide more effective interfaces
between the user and the solution database, as well as applying this methodology to other
case studies. Moreover, a promising future line of research consists of developing artificial
intelligence techniques to mimic the decision process of the user, thus proposing better
solutions.
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