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Abstract: The following paper proposes a framework based on a System Dynamics matrix approach with the aim to 
support the reengineering decision process of a plant department, operating in Make-To-Order context, and 
characterized by a bottleneck process. The approach develops a simulation model able to reproduces production 
process, plant resources, items orders and, most of all, the stochastic behaviour of the entire system, considering 
furthermore the variables retroactions through the evolution of a matrix flow. The purpose consists in optimizing 
the mix of possible solutions between the strengthening of plant workstation (hardware reengineering) or the 
purchase of semi-finished parts (process reengineering). The framework has been tested in an Italian factory 
operating in sheet metal industry and has been completed by an economic evaluation. 
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1. Introduction 

In last years, an increasing attention has been devoted to 
simulation techniques, aiming at modelling production 
problems. The goal of this work is to propose a 
framework to support the decision making by using the 
System Dynamics (SD) logic (Sterman, 2000), in particular 
oriented to the reengineering of a process/department 
bottleneck of an industrial. The strength of the approach 
consists in the assessing of the adoptable solutions in 
advance different scenarios. Just considering the context 
evolution, it is possible to identify the most appropriate 
reengineering through an optimized process. 

The innovative feature consists in the use of matrix 
approach in System Dynamic model oriented to 
reproduce a flow shop production system Industry 4.0 
based on, in MTO (Make-To.Order) environment. The 
adoption of this method allows detailing the production 
flow feature and considering each stochastic behaviour 
with the related retroactions influences on the other 
production variables.  

1.1 State of art 

A degree of uncertainty characterizes MTO respect to 
MTS (Make to Stock) environments (Kingsman et al., 
1993). Often the production system architecture 
influences the order management more than the planning 
methodology. In this sense, industry 4.0 could be a 
significant revolution because it has a relevant impact on 
the architecture of production systems. In particular for 
MTO oriented plant it could realise lead time reduction 
and a management logic change. 

About the determination of the due dates, there are 
different approaches suggested in literature (Guizzi et al., 

2013, Damiani et al. 2016). Some studies (Gupta et al 
1989, Park et al. 1999) have shown that the definition of 
delivery dates can be an endogenous or exogenous 
procedure to the production planning process. In this 
sense, warehousing policy is one of the main issues 
(Santillo et al. 2012) as push/pull production logic (Guizzi 
et al. 2013) and from another point of view, researches on 
the determination of due dates can be distinguished by the 
proposed methodology: analytical or empirical (Murino et 
al. 2014). The proposed procedures can be classified on 
the basis of their objectives. Centobelli et al. propose an 
heuristic method, instead, based on a capacity control in 
two steps: the workload caused by the incoming new 
order is analysed only if a previous capacity control gives a 
positive result. The peculiarity of the approach is the 
introduction of a workload probabilistic attributed to 
orders waiting to be confirmed by customers (Cheng et al. 
1986). On the other hand, simulation approaches permit 
in the first place to test some management policies and, by 
varying these logics (Damiani et al. 2015), allow predicting 
the behaviour of the model without intervening directly 
on the real system. The framework proposed here uses a 
simulation model to reproduce the structures of a specific 
business process, resources (work centres, machines) and 
orders (type, size and date of arrival).  

In order to Industry 4.0, there are many studies and 
developments about methods and technologies related to 
the steps toward process mining (Converso et al. 2015), 
prognostic and M-2-M (Machine to Machine) logic 
oriented to support decision making and manage 
operational reliability. In recent years, an amount of paper, 
includes theories and practical applications used in 
production prognostics based on 4.0 architecture: not one 
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of them uses System dynamics approach to prognostic the 
behaviour.  

Many traditional methodologies used successfully in other 
areas or new methodologies have been introduced into 
the prognostic field. To improve the performance of 
prognostic models, some efforts baseds on the 
combination of two or more techniques and methods 
have been done by many researchers, as we can observe in 
process mining oriented to the implementation of 
industrial Big Data (Centobelli et al. 2015). In literature, 
usually, prognostic models are divided into four 
categories: physical model, knowledge-based model, data-
driven model, and combination model (Lee et al. 2008).  

The gap we found in scientific literature, consist in a lack 
of studies that analyse M-2-M production logic integration 
in current plant. As matter of fact, even if some 
researchers studied Industry 4.0, assuming the creation of 
digital factory M-2-M logic based on, without considering 
serious stochastic behaviour except for market variability, 
managed through the integration IoS-IoT (Internet of 
Things – Internet of services), no studies has been done 
about the performances optimization of an existing 
traditional plant, between two different solutions: the first 
one characterized by the introduction of CPS (cyber 
physical systems) in work centre, while the second one 
oriented to process managing modification.   

 

2. Research aims and objectives  

The main objective of the paper is the study of solution 
for plant reengineering in Industry 4.0 horizon; in 
particular the research is oriented to define:  

1. a decision support system in this context;  
2. an optimized solution between the introduction of 

a new CPS oriented work centre, the modification 
of supply chain process or a their combination;  

3. the applicability degree of matrix methodology in 
System Dynamic simulation logic. 

As matter of fact, the third goal is an undirect 
consequence of first two. System Dynamic represents a 
very flexible tool to describe an optimization problem of a 
complex production system because of its properties 
regarding the possibility to consider the stochastic 
behaviour of entire system; to model the retroactions of 
each phenomenon and adopted solution; to analyse the 
system behaviour under different uncertainty scenario; 
and to model each characteristic of industrial orders 
through a matrix approach. In this context the 
achievement of the third paper goal would allow to 
describe a production system, not only in its scalar 
configuration (often inadequate because of all the 
limitations of this modelling approach), but also in a bi-
dimensional configuration that is able to consider all the 
properties of each variable characterizing the system. On 
the other hand, the matrix methodology implies a 
discretization of the modelling approach, which could 
make losing the advantageous System Dynamics features 
to the considered typology of model. 

3. The developed Model 

The model building begins from the considerations about 
the production environment (that in this paper is a MTO) 
and, most of all, the production system (a Flow shop) 
both integrated with an IoS-IoT architecture. As 
previously written, the paper is oriented to study the 
introduction of M-2-M innovation (that represent 
Industry 4.0 main logic); considering a flow shop 
production system, this improvement must be 
implemented in the plant bottleneck. 

The identification of the bottleneck department is made 
according to the productivity records (in particular the 
case study will consider the galvanizing process as 
bottleneck). The operations on raw material are made, 
basing on customers’ orders. The System Dynamics (SD) 
approach is used to develop the model that allows to 
synthetize the logic through which the relevant system 
variables interact, the role played by each variable, the 
sensitivity of the system to the interventions. The 
simulation model has been developed with the 
Powersim® software package. 

SD, developed in the 50s as a supporting tool for 
managers, permits to understand the structure of complex 
systems and to analyze them. It is based on a cyclic 
structure, Causal Loop Diagram (CLD), which permits to 
show the links cause and effect and permits to understand 
the dynamic evolution of phenomena. Forrester explains 
how CLD and SD work.  
 

The model (in figure 1) reproduces the path of the orders 
in the bottleneck department. The order is modelled as a 
row vector, whose components are the information that 
will be used during the simulation process (order’s 
characteristics). On the first day of simulation, the orders 
that have just completed the first part of production are 
summed to the orders waiting for the galvanizing process. 

The system consists of several concatenated buffer 
represented in the System Dynamics logic by level 
variables and representing the accumulations of orders 
over time. Each level variable is a matrix with a number of 
rows equal to the number of orders. The level variables 
are modified by the contribution of flow variables. An 
order change of state (from a “stock” to another) occurs 
when a condition imposed by an auxiliary variable is met. 
In the bottleneck department two resources are provided: 
• an automated centre which performs the galvanizing 

activity and the application of base coat; 
• a manual cabin where, beyond the galvanizing 

operation, also the finishing operation on assembled 
frames are performed (shared resource). 

In order to decide which orders are to allocate to the two 
centres, the square meters ready to be processed for each 
family are evaluated. The family that is associated with the 
maximum processing time, will be assigned to the 
automated centre. The slack variable, expressing the time 
that the order can be delayed, is evaluated. If the slack 
variable is negative, then the corresponding orders must 
be processed immediately. If the orders have a positive 
value of slack, their priority is evaluated according to the 

XXI Summer School "Francesco Turco" - Industrial Systems Engineering

177



category associated to the customers. The orders planned 
for the automatic workstation are removed from the 
buffer in the order of arrival, only if the work centre is 
available to operate otherwise the order remains in the 
buffer. At the same time, an evaluation about the capacity 
of the machine is necessary. For this reason we have 
created a "counter" to take into account the time that the 
automatic centre is busy (the sum of processing times of 
orders and setup times). When the automated centre is 
loaded with orders of different families, up to the 
maximum work-load, a variable, representing the family 
state of the machine is updated. The remaining part of 
orders are loaded onto the manual centre. 
Since the orders can be subjected to different sequences 
of operations, in the model the memory of the processing 
steps, already performed on a certain order, is stored in a 
“counter” variable. For example, with reference to the 
operations performed at the automated centre the 
possible values of the counter variable (“Makor steps”) 
are: 
• 0 if the order is waiting to be processed; 
• 1 if the order has passed the galvanizing operation; 
• 2 if the order is waiting for the finishing operation to 

be performed at the manual workstation after 
smoothing and assembly operations have been 
performed. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
After the galvanizing process, the order is subjected to the 
drying task. As the drying time changes according to the 
previous performed operation, the order goes on after the 
counter variable for the automated centre and the Drying 
load have been evaluated. After the drying operation, the 
order is ready either for the base coating operation  or for 

the base coating operation or, alternatively, to go to the 
smoothing and assembly area. 
The same logic applies to the manual work centre where 
both galvanizing and finishing operations are carried out. 
In this case, however, in order to discern which operation 
to perform both “Makor steps” and “Work centre2steps” 
variables are taken into account. Finally, after all the 
operations have been completed the order is subjected to 
the quality controls. If it passes the quality controls the 
order exits from the process (and the Complete Orders 
variable is updated), otherwise an order is added to the 
Reworks variable. 

4. Model Validation 

In order to validate the approach of using system dynamic 
simulation, it was tested using the industrial case. So we 
have built the simulation model of the real case and we 
have validated it with the data coming from the real case.  

The key performance indicator used for the validation is 
the galvanizing department productivity and the t-Student 
and Fisher statistical tests have been used to validate the 
model. Simulation model inputs are affected by variability; 
such variability has an impact also on its output. We 
resorted to the Central Limit theorem in order to apply 
interval estimation techniques (assuming valid the large 
sample condition: n ≥ 30). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The first tested hypothesis is carried out on the means of 
the population, assuming the same variance by using the 
first (X1 e X2) and second order (S12 e S22) statistics of two 
random samples (n=m=30). Under these condition a T 
Student test has been performed: as well known, the 
definition of Null hypothesis H0 (simulation fits reality) 
and alternative hypothesis H1 consists in: 

             H0 = [x1 = x2] e H1 = [x1 ≠ x2] (1) 

Figure 2: Simulation Model 
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The degrees of freedom (ν) are equal to the difference 
between the number of observations and the number of 
groups compared; the significance level of the test is 
calculated as 1-α, the critical values t0.025 e –t0.025 defines 
the rejected area for the null hypothesis H0: 

─  α = 0.05; 
─  t0.025 = 2.00039 

By using the results of 30 simulation runs in the t-Student 
formula we get: t=0.14 with ν=58 and S2=568.6. As |t| < 
t0.025, the null hypothesis H0 cannot be rejected with a 
confidence level of 1-α=0.95. Under the same hypotheses 
a Fisher test has been conducted in order to compare the 
variance of the two populations. Denoting with S12 e S22 
two sample estimates of the variances, it is possible to 
calculate the well known  ancillary function,  defined 
“Fisher distribution” with n-1 and m-1 degrees of 
freedom (where n and m are the samples dimensions). We 
choose as significance level 1-α =0.95 and we set the 
following test hypothesis: 

─ H0 = [σ12 = σ22] e H1 = [σ12< σ22] 
─ ν1 = ν2 =29 
─ Z0.95 = 1.86 

Substituting the values of variances obtained from real 
and simulation data, and assuming that σ12 = σ22, we get a 
value of Z=1.1. The hypothesis test is verified with a 
significance level equal to 1- α = 0.95. 

5. Results analysis  

The simulation model allows us to verify the results 
provided by the reengineering operations of the 
galvanizing department, before implementing it, saving 
unnecessary investments if the results were to be negative. 
Two solutions, aimed to increase the productivity of the 
department, have been proposed. The first one takes into 
account the introduction of an additional CPS (M-2-M 
based) workstation, alongside the existing ones. The 
second consists in the utilization of metallic alloy pre-
galvanized, which will be subjected only to the finishing 
operations. In this latter scenario it is possible to obtain an 
overall improvement in system performances. The 
simulation results of both scenarios are reported in Table 1. 

Table 1: Simulation results 

KPI “As is” scenario TO BE (1) 
scenario 

TO BE (2) 
scenario 

Productivity (square 
meters) 757 1088 1420 

Throughput time 
(days) 11.9 9.9 5.8 

Tardy job 18.3 9.9 1.4 
Tardiness(week) 1.4 1.1 0.8 

 

Basing on the positive results coming from the simulation 
model, some additional economic evaluations have been 
conducted to analyse the benefits and drawbacks, in terms 
of costs, stemming from the introduction in the 
production process of pre-galvanized material.  

The simulation model demonstrates that the introduction 
of pre-galvanized parts improves the productivity and, as a 
consequence, the delayed orders. Typically, the cost 

related to a possible delay in order delivery changes, 
according to its importance (i.e. square meters) or to 
customer relevance. According to the assessments made 
by the company, this loss can be estimated equal to 
p=25€sqm for each week of delay. 

Secondly, by using the pre-galvanized parts we can skip 
some production operations with an estimated value equal 
to cmp=8 €/sqm. So, the equation concerning the costs 
reduction, i.e. the gains that the company gets as a 
consequence of the introduction of pre-galvanized parts, 
is the sum of two terms: 

 CTC = D + PO    (2) 

where:  CTC=total ceasing costs; D=costs of delayed 
orders and PO= cost of some production operations 

According to the foregoing, the first term depends on the 
quantity of pre-galvanized parts used (X), on the 
reduction of delayed square meters between the as-is and 
to-be scenario, the average tardiness and the unit loss p 
previously defined. The second term, instead, depends on 
cmp (unit cost of skipped production activities), 
productivity (Pto_be) and the fraction of pre-galvanized 
plated parts (X). 

By simulation we can evaluate the number of delayed 
orders, from which calculate the corresponding quantities 
in square meters, the average accumulated tardiness (tm) 
and the productivity value, in both scenarios. The 
previous equation can be modified as follows: 

          CTC = [(ΔT*tm*σ*p) + (cmp-Tto be)]* X   (3) 

We set σ =0.8 as it has been estimated that about the 80% 
of the orders arriving late from the galvanizing area will be 
delivered late at end customers. 

Moreover, the decision to buy rather than to produce 
through an M-2-M logic, implies new costs. Also these 
arising costs are the sum of different terms: 

 CA = CP + CW + CL   (4) 

where: CA=Arising costs; CW=Warehousing cost; 
CP=Purchase costs; and CL=Labour cost  

First of all there is an increase in the purchase cost related 
to higher price of the pre-galvanized respect to raw parts 
(13 €/sqm, against 10 €/sqm). 

It is assumed that the company, within predefined 
supplier contracts, would benefit of quantity discounts for 
X at least equal to 0.5. Purchase costs are equal to: 

          CP = cua ·  Pto_be · X                                        (5) 

Where cua represents the purchase unit cost; its value will 
be: 
• 3 if X<0.5 
• (3-0.10X) if X>0.5 

The introduction of pre-galvanized parts requires to hold 
in stock a wider variety of familys for each part, implying 
the warehouse be to redesigned and expanded. The 
investment for warehouse has been estimated in 
approximately € 60.000, and the cost of new staff for 
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Figure 2: Ceasing and arising costs trends 

materials handling is about € 600 per week. It is expected 
that for 0.5<X<0.7, the company needs only one 
additional operator while, beyond this limit, two resources 
are required. The total warehousing costs are 
approximated by a step function: 
• 0 per X<0.5 
• 725 per 0.5<X<0.7 
• 1325 per X>0.7 

Finally, the productivity improvement of the galvanizing 
area imposes to avoid new bottlenecks upstream this 
department and, thus, new workforce must be hired in 
order to increase the upstream production capacity. 
According to forecasts, for X ≥ 0.7 two additional 
operators are needed. 

The cost of specialised workforce will be 700 €/week and 
in particular: 
• 0 per X<0.7 
• 1400 X per X≥0.7 

The costs trends are represented in Figure 2. 
Discontinuities indicate the achievement of the saturation 
limit of the resources beyond which the company has to 
make new investments. 

 
 
The sum of the two costs allows determining the 
differential contribution to the profitability of the 
proposed alternative and the optimal amount of pre-
galvanized parts to be introduced in the production 
process: 
• for X=0.45 => ∆1=2260-639=1621€; 
• for X=0.65 => ∆2=3266-1627=1639€; 
• for X=0.95 => ∆3=4773-3235=1538€. 

The greater differential value, i.e. the most relevant 
economic benefit for the company, is achieved for X 
equal to 0.65. In the event that the management wants to 
take a defensive attitude and does not intend to make the 
investments, was still demonstrated that the maximum 
gain will be achieved for X equal to 0.45. 

6. Conclusions  

The paper aim was to propose a decisions support model 
able to optimize under uncertainty the choice between the 
implementation of a hardware solution (CPS workstation) 
or process modification, through a System Dynamic 
approach, developed by matrix tools. According the 
complexity of the real manufacturing system, the 
proposed model well reproduces the structures of the 
production process, manufacturing resources and 
customer orders. Despite the complexity of the simulation 

model, System Dynamic logic allowed to consider both, 
the stochastic behavior of the entire plant and the 
integration of the considered production solutions. 
Furthermore the matrix chosen approach for S.D. logic  
allowed to achieve all the objectives of the paper (chapter 
2), demonstrating to be a very flexible tool for optimizing 
industrial process. This feature made us to implement the 
case of study, simulating the current galvanizing process 
of raw material bars adopted in a real production plant of 
South Italy factory. Later, two alternative scenarios were 
simulated, in order to identify the solution that ensures 
the optimized performances. The scenarios reflected two 
different production conditions: the integration of an 
additional CPS (M-2-M based) workstation, and the 
introduction in the production process of pre-galvanized 
parts. The simulation model has provided important 
rresults showing a substantial performance improvement 
in the galvanizing area, especially in the second scenario. 
In the last part of our work, we have performed an 
economic analysis, comparing the benefits of the 
proposed solutions and all investments that the company 
needs to implement, quantifying some hidden costs (not 
easily visible and measurable) with the aim to determine 
the optimized percentage of pre-coated parts to be 
introduced in M-2-M implemented logic for galvanizing 
department. This is a very important conclusion, probably 
the main one. It demonstrates that, under the hypothesis  
of partial and limited implementation of Industry 4.0 
paradigm, the system retroactions of all the plant variables 
(operating in traditional configuration), can neutralize the 
positive effects of the m2m logic introduction.  
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