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Abstract  
 

In the context of manufacturing systems management, a decisive role is played by logistics, which 

may be defined as a planning and organization process aimed at optimizing the flow of material and 

information within and outside the company. In detail, the internal logistic systems are an important 

part of the modern industry and their design is challenging due to high complexity and 

heterogeneity of the manufacturing plants. Moreover, the analysis and management of the logistics 

in complex manufacturing systems is a widely discussed research topic in the related scientific 

literature. 

In this thesis the study of the internal logistic, and specifically application to manufacturing system, 

is taken into account in relation to the complexity features that characterize such systems. Despite 

the numerous contributions in the related literature proposing manufacturing logistic management 

approaches, few attempts were made to propose systematic techniques that, while improving the 

manufacturing system internal logistics and the related performances, are able to assess the 

manufacturing dynamics and the corresponding improvement.  

Therefore, the research results presented in this thesis are focused on the development of two 

innovative strategies and integrated techniques to analyze and manage the internal logistics of 

complex manufacturing systems.  

 

First, we present a novel hierarchical and iterative technique for the analysis and lean management 

of the internal logistics of discrete manufacturing systems. The technique efficiently integrates the 

Value Stream Mapping (VSM) tool, the Analytic Hierarchy Process (AHP) methodology and 

discrete event simulation in order to systematically improve the manufacturing system behaviour by 

rigorously assessing the system dynamics and corresponding performance indicators. 

 

Second, we deal with the scheduling of operations in Steelmaking and Continuous Casting (SM-

CC) plants. Despite the numerous contributions, all the published papers in the field two limitations 

in real applications: (i) they do not consider the detailed description of the complete system from 

the structural and dynamic viewpoints; (ii) the authors focus on the process of the SM-CC plant and 

do not consider some peculiar characteristic of the main machines involved on the process, such as 
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the continuous casting machines. In order to face the problem of the management and optimization 

of the production in the steel making continuous casting we propose an integrated a methodology to 

describe, assess and improve the logistics of the SM-CC processes: the Unified Modeling Language 

(UML), the discrete event simulation and the Mixed Integer Linear Programming (MILP) 

formulation. 

 

The application of the techniques to some real cases studies shows the effectiveness of the proposed 

management and optimization strategies.   

 

Keywords: Logistic, Production, Modelling, Simulation, Optimization. 
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Riassunto espositivo 

Nell’ambito della gestione dei sistemi di produzione, un ruolo decisivo è svolto dalla logistica, che 

può essere definita come un processo di pianificazione e di organizzazione capace di ottimizzare il 

flusso di materiale e di informazioni all'interno e all'esterno dell'azienda. In particolare, la logistica 

interna è una componente importante della industria moderna e la sua struttura è difficile a causa 

della elevata complessità ed eterogeneità degli impianti di produzione. Inoltre, l'analisi e la gestione 

della logistica nei sistemi di produzione complessi è un argomento di ricerca ampiamente discusso 

nella letteratura scientifica correlata. 

In questa tesi viene preso in esame lo studio della logistica interna e in particolare la sua 

applicazione a sistemi di produzione ed in relazione alle caratteristiche di complessità che li 

caratterizzano. Nonostante i numerosi contributi apparsi in letteratura che propongono strumenti per 

la gestione della logistica, qualche tentativo è stato fatto proponendo tecniche sistematiche che, 

migliorando la logistica interna dei sistema di produzione e le prestazioni relative, sono in grado di 

valutare le dinamiche di produzione ed il miglioramento corrispondente. In tale ambito, i risultati 

presentati all’interno di questa dissertazione si focalizzano sullo sviluppo di due strategie innovative 

e di tecniche integrate per l’analisi e la gestione della logistica interna nei sistemi di produzione 

complessi. 

In primo luogo, noi presentiamo una nuova tecnica gerarchica ed iterativa per l'analisi e la gestione 

della logistica interna nei sistemi discreti di produzione. La tecnica integra in modo efficiente lo 

strumento della Value Stream Mapping (VSM), la metodologia Analytic Hierarchy Process (AHP) 

e la simulazione ad eventi discreti allo scopo di migliorare sistematicamente il comportamento della 

logistica interna nei sistemi di produzione attraverso una valutazione rigorosa delle dinamiche dei 

sistemi e dei corrispondenti indicatori di prestazione. 

Successivamente, si è affrontata la pianificazione delle operazioni di colata continua negli impianti 

siderurgici. Nonostante i numerosi contributi, gli articoli pubblicati in campo hanno due limitazioni 

nelle applicazioni reali: (i) dal punto di vista strutturale e dinamico non considerano una descrizione 

dettagliata del sistema completo; (ii) gli autori si concentrano sul processo dell’impianto SM-CC e 

non considerano alcune caratteristiche peculiari delle macchine principali coinvolte nel processo, 

come ad esempio le macchine di colata continua. 
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Al fine di affrontare il problema della gestione e ottimizzazione della produzione di acciaio in 

colata continua noi proponiamo ed integriamo la metodologia per descrivere, valutare e migliorare 

la logistica dei processi SM-CC: Unified Modeling Language (UML), la simulazione ad eventi 

discreti e Mixed Integer Linear Programming formulation (MILP). 

L’applicazione delle tecniche  ad alcuni casi reali dimostra l'efficacia delle strategie di gesitone ed 

ottimizzazione  proposte.  

 

Parole chiave: Logistica, Produzione, Modellazione Simulation, Ottimizzazione. 
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Chapter 1 

Introduction  

 
The modern day competitive environment has encouraged firms to reformulate their corporate 

strategies and to optimize the performances of the industrial processes [28], [30], [32].  

In the context of manufacturing systems management, a decisive role is played by logistics, which 

may be defined as process planning and organization aimed at optimizing the flow of material and 

information within and outside the company to maximize profit [21]. Internal logistic systems are 

an important part of the modern industry and their design is challenging due to the high complexity  

and heterogeneity of products and of  customer requirements. 

Internal logistics, therefore, plays a crucial role in many modern industrial production systems [45]. 

Its fraction makes up to 10% of overall production costs. The need for more flexibility due to 

increasing product heterogeneity as well as energy saving reasons also increase the importance of 

logistic system optimization.  

 

However, the design and analysis of the internal logistics systems is challenging due to the 

following issues:  

 

• Great amount of system elements. Typical logistic systems contain from several hundred up 

to several thousand conveying elements.  

• High heterogeneity of system elements. Typically, the system contains at least several 

element types, mostly from different manufactures, like continuous flow elements (conveyor 

belts etc.), discontinuous flow elements (stocks, robots, fork trucks etc.), productive 

elements (human assemblers, automatic production equipment) and control units on 

different levels (e.g. manufacturing execution system at management level and 

programmable logic controllers at field level). This as well as the great amount of these 

elements leads to the high system complexity.  

• Different requirements on the system performance depending on the application 

purposes. Examples for these requirements are a large throughput and low downtimes 
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(industrial manufacturing) as well as small transport time (baggage transport in airport 

terminals).  

• Different, often extremely specialized, service providers. Such providers perform design, 

simulation, evaluation, operation and maintenance of the logistic systems. 

 

On the one hand, the service providers compete hard and cannot invest much time in extensive 

analysis. On the other hand, detailed information about the system is distributed between the service 

providers and may be incomplete at each side. Along with that, deeper analysis of logistic systems 

during their design and operation would contribute much to improving their performance [51]. Even 

marginal corrections may lead to significant economical advantages due to the high throughput of 

logistic systems.   

The authors provided research on analysis of logistic systems on management [35], [44] and field 

level [47] of industrial manufacturing as well as on analysis of building automation systems [46], 

focusing on specific details of the investigated systems.  The most common tools for analyzing and 

managing the internal logistics of a manufacturing system are [16]:  

 

1. Cellular manufacturing, based on organizing processes into cells including all necessary 

resources;  

2. Just-In-Time (JIT), where the demand is initiated by a customer and is transmitted 

backward, “pulling” production;  

3. Kanbans, a signaling system for implementing JIT production;  

4. Total Preventive Maintenance (TPM), where workers carry out regular equipment 

maintenance to prevent breakdowns;  

5. Setup time reduction, where system engineers continuously try to reduce machine setup 

times;  

6. Total Quality Management (TQM), a continuous improvement system that is centered on 

the needs of customers and employs participative management;  

7. Seiri, Seiton, Seiso, Seiketsu and Shitsuke (5S) a technique that is created in Japan and 

focuses on effective work place organization and standardized work procedures;  

8. Value Stream Mapping (VSM) that depicts the overall value stream to identify waste [16].  

Basically, the major goal of these manufacturing optimization tools is to reduce cost by eliminating 

waste, namely: over-production, waiting time, transportation, over-processing, inventory, motion, 

and scrap [43]. 
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Despite the numerous contributions appeared in the literature proposing manufacturing logistics 

management tools (see for instance Bonney and Jaber, 2012, Álvarez et al., 2009 and Ramesh et al., 

2008), few attempts were made to propose systematic techniques that, while improving the 

manufacturing system internal logistics and the related performance, are able to assess the 

manufacturing dynamics and corresponding improvement. 

Simulation is a standard tool during design of logistic systems [50]. However, the analysis of the 

simulation results is often limited to manual inspection of the simulator visualization interface and 

acquisition of key indicators like throughput or maximal transport time, omitting detailed analysis 

of possible problems like bottlenecks or control logic faults. Therefore, the information potential of 

simulation is not used completely. Such averaged statistics allow only a rough estimate of the 

overall system performance, not considering its internal behavior and causes for observed 

specification violations. The resulting models are then analyzed mostly manually, including only a 

few automatically calculated performance parameters.  

Compared with business processes, the models of logistic applications are more deterministic (less 

noisy), but comprise much more elements, so that more sophisticated and specific parameters and 

analysis methods are necessary. Better et al. [48] developed a combined approach involving 

dynamic data mining and optimization to define relevant variables, attributes and rules influencing 

the simulation model. However, the purpose was the minimization of the number of simulation runs 

necessary for the optimization of some system parameter. Struss and Ertl  [49] proposed a post-

mortem fault localization method for bottle-filling plants based on event logs to localize the  causes 

for plant stops. A consistency-based diagnosis using local, context free models of the individual 

transportation elements was provided. In addition, the diagnosis involving expert rules was 

discussed. The problem of this approach is to build the rules for diagnosis. A detailed system 

modeling for consistency-based diagnosis may be laborious, system-specific and requires domain 

expertise.   

Moreover, some the authors provided research on analysis of logistic systems on management [35], 

[44] and field level [47] of industrial manufacturing as well as on analysis of building automation 

systems [46], focusing on specific details of the investigated systems.   

To summarize, there already is a set of methods that work well, given certain analysis purposes and 

system types. However, the actual practical needs a generic and structured analysis approach for 

different logistic systems, which should be able to deal with their complexity, heterogeneity and 

limited analysis information.   
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This thesis aims at filling this gap proposing two main problems concerning the internal logistics 

management in complex manufacturing systems.  

In particular, the former problem focuses on an integrated technique for the internal logistics 

analysis and lean management in discrete manufacturing systems. 

 

In this case the thesis analyzes and applies in an integrated and systematic way four techniques to 

describe, assess and improve the logistics of the production processes: the AHP decision making 

approach [39] and the discrete event simulation framework [18] are employed as a support to VSM 

and UML to systematically improve the manufacturing system behaviour while rigorously assessing 

the macroscopic improvement actions. The approach is iterative and hierarchical, relying on the 

integration of tools belonging to several frameworks. In particular, the Unified Modeling Language 

is employed to obtain a standardized and detailed representation of the system, the Value Stream 

Mapping is used to synthesize the overall picture of the value stream with the system anomalies, the 

Analytic Hierarchy Process is employed to assess and rank such criticalities, and discrete event 

simulation is used to verify the dynamics and the resulting performance of the re-designed system 

when the (major) anomalies are removed. The combination of such techniques allows detecting and 

assessing the criticalities of the internal logistics of the manufacturing system, leading to evaluate 

the performance of the re-designed system to obtain the desired improvement. The novelty of the 

technique lies in the rigorous integration of well-known manufacturing system optimization tools, 

leading to a systematic technique that benefits simultaneously from the advantages of each of them. 

The second complex problem faces the optimization of the production logistic of the steelmaking 

continuous casting. 

In this context, we apply in an integrated and systematic way three different methodologies to 

describe, assess and improve the logistics of the Steelmaking Continuous Casting processes: the 

Mixed Integer Linear Programming formulation and the discrete event simulation framework [18] 

employed as a support to UML to systematically improve the manufacturing system behaviour 

while rigorously assessing the macroscopic improvement actions. 

Thus, the research results presented in this thesis are focused on the development and on the 

realization of innovative models and methodologies to face of a generic analysis approach for 

different logistic systems. In particular, the novelty of the techniques lies in the rigorous integration 

of well-known manufacturing system optimization tools, leading to a systematic technique that 

benefits simultaneously from the advantages of each of them and to improve the manufacturing 

system behaviour while rigorously assessing the macroscopic improvement actions. 
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Chapter 2 

Manufacturing System 

2.1.  Introduction 

2.1.1. Motivation 

In the manufacturing environment there has been a gradual shift in the control of the product market 

from producers to customers and then to final consumers. With the increased customer demand, for 

most manufacturing industries it has become increasingly important to optimize the performance of 

the industrial process [28], [30], [32]. In the context of manufacturing systems management, a 

decisive role is played by logistics, which may be defined as process planning and organization 

aimed at optimizing the flow of material and information within and outside the company to 

maximize profit [21]. The most common tools for analyzing and managing the internal logistics of a 

manufacturing system are [16]: 1) cellular manufacturing, based on organizing processes into cells 

including all necessary resources; 2) Just-In-Time (JIT), where the demand is initiated by a 

customer and is transmitted backward, “pulling” production; 3) Kanbans, a signaling system for 

implementing JIT production; 4) Total Preventive Maintenance (TPM), where workers carry out 

regular equipment maintenance to prevent breakdowns; 5) setup time reduction, where system 

engineers continuously try to reduce machine setup times; 6) Total Quality Management (TQM), a 

continuous improvement system that is centered on the needs of customers and employs 

participative management; 7) 5S, focusing on effective work place organization and standardized 

work procedures; and 8) Value Stream Mapping (VSM) that depicts the overall value stream to 

identify waste [16]. Basically, the major goal of these manufacturing optimization tools is to reduce 

cost by eliminating waste, namely: over-production, waiting time, transportation, over-processing, 

inventory, motion, and scrap [42]. The most notable and common of the cited techniques is 

undoubtedly VSM, thanks to its straightforwardness of application and ability to produce a compact 

view of the overall system. Indeed, VSM allows visualizing in an integrated manner the material 

and information flow of the selected value stream, identifying the system anomalies, i.e., activities 

that do not add value to the manufacturing process. 

Despite the numerous contributions appeared in the literature proposing manufacturing logistics 

management tools (see for instance [19], [17], [38]), few attempts were made to propose systematic 
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techniques that, while improving the manufacturing system internal logistics and the related 

performance, are able to assess the manufacturing dynamics and corresponding improvement. 

This work aims at filling this gap proposing a novel technique for manufacturing systems analysis 

and management that integrates the well known VSM tool with the Analytic Hierarchy Process 

(AHP), discrete event simulation, and the Unified Modeling Language (UML) [35]. 

2.1.2 Contribution 

We propose a general and systematic technique for the internal logistics of manufacturing systems 

that allows improving the system behavior quantitatively and iteratively. More precisely, we apply 

in an integrated and systematic way four different methodologies to describe, assess and improve 

the logistics of the production processes: the AHP decision making approach [39] and the discrete 

event simulation framework [18] are employed as a support to VSM and UML to systematically 

improve the manufacturing system behaviour while rigorously assessing the macroscopic 

improvement actions. 

The systematic and hierarchical technique performs seven steps and starts from the VSM picture of 

the overall process activities, identifying the system anomalies in the value stream and subsequently 

representing the system activities in a detailed and standardized way by the UML representation. If 

some anomalies are detected, in the third step AHP ranks their severity so as to allow the system 

optimization through the eventually partial resolution of the identified problems, starting from the 

major ones. Based on the AHP results, the VSM approach is then used to establish the future vision 

of the value stream, with a reduced impact of non-value added activities. Hence, in the fifth step, 

UML is employed to re-design the manufacturing system, removing the main system anomalies and 

detailing the to-be system. Subsequently, in order to verify and assess the obtained improvements, 

the UML model is translated into a discrete event simulation model in order to determine the future 

system dynamics (which cannot be provided by the static VSM view) and quantitatively compare 

several key performance indicators of the to-be manufacturing system scenario with the real as-is 

condition. Finally, the designed changes are implemented in the real production system. The 

technique is iterative and repeated at least annually, to ensure that improvement is continuously 

achieved. 

The proposed technique is applied to a case study, namely a manufacturing process of an 

engineering company, OM Carrelli Elevatori SpA, a leading manufacturer of forklift trucks that is 

located in the mechanics industrial district of Bari (Italy) [52], [53], [54]. The production process 
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refers to the flow of semi-worked pieces that, after being painted, enter the assembly line of forklift 

trucks. The internal logistics currently generates many wastes, numerous missing parts, and a 

working condition that is not fully in line with ergonomic principles. The application of the 

proposed technique to this case study lead to the improvement of several key performance 

indicators in the company, enlightening the approach effectiveness. 

2.1.3 Related literature and discussion 

In this sub-section we discuss the relationship of the proposed technique with two classical 

approaches for manufacturing systems analysis and management: VSM and discrete event 

simulation. 

First, let us recall that the related literature includes several application examples of VSM to 

discrete manufacturing systems (see for instance [38]). However, it is well known that the 

traditional VSM tool is properly effective only for linear flow manufacturing systems [20], while 

mapping a complex manufacturing system and identifying its critical issues is not straightforward 

[33]. 

We remark that, with respect to the classical VSM technique, the proposed technique offers several 

advantages: 1) it can be effectively applied to complex manufacturing systems (thanks to the 

integration of different techniques); 2) it allows detailing the process activities (thanks to the use of 

the UML formalism) while depicting the overall value stream in a high level picture (using the 

VSM conciseness); 3) it leads to a quantitative verification of the proposed improvements (thanks to 

the use of discrete event simulation); 4) it allows ranking the system criticalities and eventually 

focusing on removing only the major ones, for feasibility or cost reasons (thanks to the use of 

AHP). 

Second, we recall that discrete event simulation allows representing in detail the system dynamics 

while capturing its state variables changes only at those discrete points in time at which events 

occur [18]. As a result, discrete event simulation is able to accurately represent the manufacturing 

system dynamics that is typically characterized by millions of parts and hence would require an 

enormous number of equations to be represented in a differential or difference equation setting. 

However, existing approaches in this context mainly consist in single case studies referring to the 

integrated application of optimization tools and simulation. For instance, Detty and Yingling [23] 

use simulation to assist in the decision to implement lean manufacturing principles at an existing 

assembly operation thanks to the ability to measure the system resource requirements and 
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performance. In addition, Deif [22] use computer simulation to explore the impact of applying just 

in time lean policy on a traditional inventory based production system. Moreover, Melouk et al. 

[34] present a simulation based optimization model for steel manufacturing system optimization. 

The reader is referred to Melouk et al.[34] for a discussion on the topic of simulation based 

optimization of manufacturing systems. 

We remark that the presented technique, starting from the VSM study, allows guiding discrete event 

simulation in order to analyze the future manufacturing system scenario, by avoiding time 

consuming and unsystematic what-if investigations. 

Third, as regards the relationship of the presented technique with existing approaches integrating 

VSM and simulation, we recall that McManus et al. [33] apply VSM to an assembly process using 

discrete event simulation to define the basic system parameters. Moreover, Narasimhan et al. [36] 

propose simulation aided Value Stream Mapping for quick and efficient data analysis and apply it 

to an engine product development environment. In addition, Lian and Van Landeghem [31] propose 

a formalism that, using what they call value stream mapping objects, is able to translate them into a 

simulation model that yields future scenarios. However, in the cited approaches the resulting 

simulation models are excessively concise since they are directly obtained from the value stream 

mapping and do not incorporate general performance indices that can evaluate the continuous 

improvement in a systematic way. 

Summing up, we remark that with respect to the cited approaches integrating the VSM tool with 

discrete event simulation, the proposed technique exhibits as an advantage the ability to allow the 

quantitative assessment of the system anomalies (thanks to the AHP methodology) while allowing 

to design in a detailed way the to-be system (thanks to UML) and evaluate the performance of the 

improved system by an eventually partial removal of such waste (thanks to the discrete event 

simulation). Finally, we remark that the proposed technique, although not being automatic, can be 

systematically applied to a generic complex manufacturing system for rigorous optimization and 

quantitative verification. 
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2.2 The Manufacturing System Logistics Management 

Technique 
 

In this section we describe the proposed manufacturing analysis and management technique for the 

internal logistics that is hierarchical and based on seven steps shown by the flowchart in Fig. 2.2.1. 

Moreover, in the following subsections the steps of the proposed technique are described in detail. 

 

2.2.1 Value stream mapping of the as-is manufacturing system 

The first step of the proposed technique in Fig. 2.2.1 relies on providing an overall picture of the 

system to identify the non-value adding activities or system anomalies. To this aim, we employ 

VSM [16], a well-known tool for strategic/tactical planning of manufacturing systems providing a 

visual mapping of all processes and activities that contribute to the production of a piece or part. In 

essence, the goal of the VSM analysis is the identification of waste. Thanks to its visual approach, 

the VSM methodology helps companies depict the whole flow of a single product and see where the 

production process is being slowed down due to such waste. Note that using VSM leads to 

representing the system activities without detailing their sub-processes actors (which is done by the 

subsequent UML representation of Step 2). Nevertheless, such a high-level picture allows 

visualizing in a straightforward and concise manner the main system anomalies. 

 

 

 

Figure 2.2.1 The flowchart of the proposed technique for manufacturing system optimization 
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The VSM procedure typical elements are the following [37]: 

i) Identifying the product or service to map: the value stream to be improved is determined, with its 

start and end points; 

ii) Drawing the current state map: the current situation (state) of the flow of material and 

information in the value stream is described, including all available information (tasks, costs, time 

for each task, delays in between stages of the process, etc.). To produce the current state map, a 

team observes the manufacturing processes and documents facts (cycle times, buffer sizes, 

personnel requirements, etc.) which are described in the map with standardized icons [20]; 

iii) Assessing the current state map: the procedure analyzes qualitatively whether each process 

activity is adding value, so that the system anomalies are identified. The detected imperfections in 

the flow are signalized by icons called bombs. These are obtained by interviewing the 

manufacturing system operators in order to detect all anomalies and obtain their description and 

location in the VSM current state map. 

2.2.2 UML model of the as-is manufacturing system 

Once the overall picture of the manufacturing system is concisely described in the first step, in this 

second step the technique in Fig. 2.2.1 provides a detailed representation of the system activities 

using UML [2], a graphic and textual modeling formalism suitable to understand and describe 

systems both from structural and behavioral viewpoints. In particular, UML allows describing in a 

standardized and detailed way the process activities and the corresponding actors. We remark that 

we choose such a framework to detail the manufacturing system representation rather than more 

complex approaches (such as, e.g., Petri nets, see [24], [25], [26]) since the UML activity diagrams 

framework may be straightforwardly translated into a discrete event simulation model. From the 

behavioral point of view, a system can be described in UML by activity diagrams that provide an 

overview of the system dynamics. The main elements of these diagrams are: the initial activity 

(denoted by a solid circle); the final activity (denoted by a bull’s eye symbol); other activities, 

represented by a rectangle with rounded edges; arcs, representing flows, connecting activities; forks 

and joins, depicted by a horizontal split, used for representing concurrent activities and actions 

respectively beginning and ending at the same time; decisions, representing alternative flows and 

depicted by a diamond, with options written on either sides of the arrows emerging from the 

diamond; signals representing activities sending or receiving a message, which can be of two types: 

input signals (message receiving activities), shown by a concave polygon, and output signals 
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(message sending activities), shown by a convex polygon. Moreover, activities may involve 

different participants in a system. Hence, partitions or swim lanes are used to show which actor is 

responsible for which actions and divide the diagram into columns or swim lanes. 

 

2.2.3 Assessment of the manufacturing system anomalies by the Analytic 

Hierarchy Process 

We now specify the third step of the proposed technique in Fig. 2.2.1, i.e., the step allowing the 

quantitative assessment of the system anomalies that have been identified in the previous steps. To 

perform such an assessment, we employ AHP, a well-known multi-objective decision making 

technique [39] for ranking a number of alternatives according to a set of conflicting criteria of 

various degrees of importance. Thanks to alternatives pairwise comparison, AHP allows ranking the 

system anomalies, eventually indicating the top and most urgent waste to address. 

In our manufacturing optimization technique the AHP method consists of the following elements 

(adapted from [24]). 

i) Structuring the decision problem as a two-level hierarchy. The first AHP level is defined by n 

criteria or Key Performance Indicators (KPI) that are relevant metrics to assess the detected 

imperfections in the material and information flow, e.g., resource utilization, inventory, etc. Hence, 

the second AHP level is composed by the m identified system anomalies, that we wish to rank 

against the previous AHP level criteria or KPI. 

ii) Constructing a set of pairwise comparison matrices. A pair wise comparison matrix 
0MC  of 

dimension n×n is required evaluating the importance of the n criteria of the first level in reaching 

the overall objective and n additional matrices 
iMC  of dimension m×m with i=1,…,n express each 

how important the removal of each identified anomaly of the second level is with respect to the i-th 

criterion of the higher level. Each element ( , )
iMc j k  of 

iMC  with i=0,…,n represents the relative 

importance of the j-th anomaly compared to the k-th one and is determined interviewing the 

decision maker and associating to such an importance an integer from 1 to 9 (see 2.2.3.1). If 

numerical performance values are available for all options of a level, value ( , )
iMc j k  can be 

determined evaluating the percentage difference between values of the j-th and k-th options 

according to Table 2.2.3.2 (Triantaphyllou and Lin, 1996). Less important criteria are defined by 

reciprocals, so that: 
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iii) Determining priorities and normalized performances from comparisons. For each comparison 

matrix 
iMC  with i=0,…,n determine the maximum eigenvalue and the corresponding eigenvector vi 

with i=0,…,n. Obviously, v0 includes n elements, while all the other eigenvectors vi with i=1,…,n 

include m elements. Compute the priorities vector normalizing eigenvector v0 of 
0MC  as follows: 

1

01

[ ... ]
j

T
nn

j

p p
v

=

= =
∑

0v
P   ,        (1) 

 

where each element pi with i=1,…,n of P represents the normalized importance degree of the i-th 

criterion. Similarly, compute the normalized performance values of the alternatives against each i-th 

criterion as follows: 
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Intensity of Importance Definition 

1 Equal importance 

3 Moderate importance 

5 Strong importance 

7 Very strong importance 

9 Extreme importance 

2,4,6,8 
Intermediate values between adjacent 

judgments 

 

Table 2.2.3.1 Saaty’s AHP Scale of comparisons 
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Pairwise 
differences 

0÷5 5÷15 15÷25 25÷35 35÷45 45÷55 55÷65 65÷75 >75 

AHP scale 1 2 3 4 5 6 7 8 9 

 

Table 2.2.3.2 Saaty’s AHP Scale of comparisons for Measurable Alternatives 

 

iv) Determining the decision model. For each identified system anomaly j with j=1,…,m, determine 

the weighted sum of the normalized performance values against each criterion weighted by the 

corresponding priority: 

  _

1
j AHP j

n

i i
i

PI p CRIT
=

=∑          (3) 

so that PIj_AHP quantifies the impact or significance degree of the j-th anomaly with respect to the 

set of criteria or KPI. 

v) Ranking alternatives. The identified manufacturing system anomalies are ranked by their overall 

AHP index PIj_AHP. Obviously, the top anomaly is the one showing the highest index PIj_AHP 

obtained by (3). Hence, the greater the value of such an index, i.e., the higher the anomaly position 

ranking, the greater the necessity to required immediate resolution to the problem. 

2.2.4 Value Stream Mapping of the to-be manufacturing system 

The fourth step of the technique re-designs the overall system, eliminating all or, if for cost or 

feasibility reasons not all waste may be removed, the top non-value adding activities as resulting 

from the previous AHP assessment. To this aim, VSM is employed to draw the to-be state map, i.e., 

the overall picture describing the ideal future state of the manufacturing system. Hence, the to-be 

state map shows the desired system after the elimination of the critical points identified in the 

previous step of the optimization technique. 

We remark that this step is a crucial one and requires deep knowledge of the system, attention and 

creativity from the decision maker. Hence, the subsequent step supports him in this process of 

creating a solution and detailing it. 
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2.2.5 UML model of the to-be manufacturing system 

In the subsequent step of the technique, using the UML formalism the detailed activity diagram of 

the re-designed manufacturing system obtained by the previous step is depicted: the sketched vision 

of the value stream is thus detailed by a novel activity diagram of the manufacturing system. 

The UML model depicts all the activities of the to-be system and is obtained from the one 

determined at Step 2 of the technique leaving unchanged activities that are not affected by 

anomalies and suitably updating those that are characterized by waste according to the decision 

maker choices in the previous step. As a result, an updated behavioral model of the manufacturing 

system is obtained. 

2.2.6 Simulation of the to-be manufacturing system 

In the sixth step of the technique, the designed changes in the manufacturing system are 

implemented in a discrete event simulation framework [18]. Differently from VSM, which provides 

a static view of the system, discrete event simulation allows detailing the manufacturing system 

dynamics and the corresponding performance based on the comprehensive and standardized view 

obtained by the UML representation. In this work, the manufacturing system is described as a timed 

discrete event dynamical system [27], in which the state stores the information on the jobs in the 

system and on the paths that they have to follow. As time moves on, the state changes at any event 

occurrence. We consider as events relevant for the system analysis those corresponding to new jobs 

entering the system, jobs progressing from a resource to another one, and jobs leaving the system. 

Hence, in the discrete event simulation model the manufacturing system is represented by a series 

of events, i.e., occurrences that changes the state of the system instantaneously, and by individuals, 

called entities, taking part in these events and characterized by properties called attributes. 

Simulation moves from one event to the next one in continuous time and future events are kept in a 

list and performed in a time order. As a result, from the discrete event simulation the key 

performance indicators of the updated manufacturing system are evaluated and compared with the 

original setting, so that the improvements are verified and assessed. 

For instance, the UML description obtained by the previous step may be implemented in the well 

known Arena environment [29] that is a well-known discrete event simulation software particularly 

suited for dealing with large-scale and modular systems. Indeed, the activity diagrams can be easily 

used to generate the Arena simulation model that can be straightforwardly implemented by the 

following three steps [41]: 
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1. the Arena modules are associated to the UML activity diagram elements, by establishing a 

kind of mapping between each Arena module and the UML graphical element of the activity 

diagrams. Indeed, even if the Arena software is not able to read UML diagrams, the activity 

diagrams can be quite directly translated into such a computer program; 

2. the simulation parameters are included in the Arena environment, i.e., the activity times, the 

process probabilities, the resource capacities, and the average input rates are assigned. 

Nevertheless, these specifications can be modified in every simulation and enable the choice 

of the scenarios in the case study implementation and management; 

3. the simulation run of the experiments is singled out and the performance indices are 

determined and evaluated with suitable statistics functions. 

After such a step, the technique evaluates the simulation results and, if the obtained performances 

are unsatisfactory, then the it re-starts from step four in order to remove additional anomalies in the 

ranked list obtained by the AHP evaluation. If this is not the case, it proceeds to implement the last 

step. 

2.2.7 Implementation of the changes in the real manufacturing system 

In the seventh and final step of the optimization technique in Fig. 2.2.1, if the simulation 

performance indices are satisfactory the identified improvement plans are implemented in the real 

manufacturing system, so that the envisaged future state can be obtained. 
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2.3 Application of the Logistics Analysis and Management 

Technique to a Real Case Study 

 
2.3.1 The manufacturing system description 

We consider as a case study the real manufacturing plant of a world leading Italian manufacturer of 

forklift trucks, including several types of product families that depend on the forklift truck capacity 

or load. The production process has a high level of complexity, due to: a large number of 

components, a large number of suppliers, and a large number of types of finished products. In 

particular, production is characterized by an “open” bill of materials, eleven product families, and 

about thousands of final product types. 

The company manufacturing plant includes three production lines, corresponding to three main 

product families: electric, Diesel motorization, and gas motorization forklift trucks. In particular, 

the so-called IC 15-30 production line, assembling pallet trucks with diesel or gas motorization and 

with a capacity that varies from 15 to 30 tons, produces four families of forklift trucks (indicated by 

F1 to F4 in the sequel) for a total of 20 models (M1 to M20). The selected production line is 

significantly less efficient than the other two production lines of the company: the flow of material 

of the IC 15-30 line generates a large number of waste, particularly of missing parts (i.e., of errors 

in the management of material flows). 

A scheme of the production process of the company is reported in Fig. 2.3.1.1 with reference to the 

considered inefficient production line. Apart from external suppliers that are in charge of 

outsourcing some types of raw pieces, the main zones of the production area are the carpentry, the 

painting department, the 10 phases of the assembly line, and several storehouses. In particular, the 

carpentry area is dedicated to the custom machining of some components required for the assembly. 

Moreover, in the painting department all the semi-worked pieces are painted. In addition, the area 

devoted to assembly operations is composed by the selected production line. Considering the flow 

of painted components arriving at the assembly line, we can distinguish between semi-worked 

pieces that are purchased from an outside supplier and components that are manufactured in the 

carpentry area. The first are mostly small components; the latter, on the contrary, are large semi-

worked pieces manufactured by the company and stored in the carpentry storehouse. Both streams 

of semi-worked pieces, with a different supply policy, go into the painting department stock area 

and successively undergo the painting process. 
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Once components are painted, they are stored into a dedicated area in the painting department. 

Painted components finally arrive at the assembly line in different ways, following the previous 

division into large and small pieces, ruled by a specific supply policy. Here, based on the 

production orders, a forklift truck belonging to a specific family is produced according to 10 

subsequent phases: 1) Engine assembly; 2) Forklift and engine assembly; 3) Plumbing; 4) Electrical 

wiring; 5) Driving seat assembly; 6) Forklift and driving seat assembly; 7) Wiring completion; 8) 

Wheels and ballast mounting and fuel supply; 9) Coupling; 10) Preparation. After these 10 phases, 

the produced trucks are stored. 

 

Figure 2.3.1.1 The flow chart of the case study manufacturing 
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(a)                                                                      (b)  

 

Figure 2.3.1.2 The as-is (a) and to-be (b) state maps of the case study 
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Number System anomaly Ranking 

1 Presence of type A mudguard in containers of type B mudguards in 
preparation area 

24 

2 Missing type B mudguards in mounting area 9 

3 Lack of specific zone for providing mudguards to assembly line 15 

4 Lack of procurement policy for mudguards 1 

5 Presence of footrests with mixed pieces in preparation area 6 

6 Mudguard storage in areas far from mounting area 18 

7 Lack of location for ballast top in XD last phase 12 

8 Missing container for ballast top in XD last phase 14 

9 Impossibility of identification of ballast top in XD last phase 22 

10 Lack of procurement policy for ballast top 2 

11 Lack of location for fixing radiator rod in XD first phase 21 

12 Missing container for fixing radiator rod in XD first phase 13 

13 Difficulty of identification of fixing radiator rod in XD first phase 23 

14 Lack of procurement policy for fixing radiator rod 4 

15 No marking of storage area for mounting line sides 11 

16 Missing container for mounting line sides 10 

17 Presence in mounting line of sides of type B in chassis 19 

18 Lack of procurement policy for type B sides 3 

19 Absence of location for headlight fixing rod in PG mounting area 20 

20 Presence of rear fixing rod for headlight mounting on column in PG mounting 
area 

8 

21 Lack of procurement policy for headlight mounting in PG mounting area 5 

22 Presence of painted mudguards on footrest in painting area 7 

23 Presence of mudguards and sides in painted chassis area in painting area 17 

24 Difficulty of access to ballast top rack in painting area 25 

25 Difficulty of access to Kanbans in painting area 16 

 

Table 2.3.1.1 Identified system anomalies in the current state map and their AHP ranking 
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2.3.2 Application of the logistics analysis and management technique: Steps 1 to 

5 

The proposed technique application starts by analyzing the manufacturing system behavior. 

Accordingly, the application of VSM to the current process allows obtaining the current state map 

reported in Fig. 2.3.1.2a showing the material flow, from top to bottom, and the backward 

information flow. Moreover, Fig. 2.3.1.2a depicts the component supply policy: the components 

provided by the external supplier are received by an employee according to a pull policy (as 

signalled by the so-called Pull Arrow Icon in Fig.2.3.1.2a) and are provided to the painting 

department. In addition, the semi-worked pieces arriving from the carpentry department are 

manually selected by the employee gathering information through visual means (as indicated by the 

so-called Go See Icon in Fig.2.3.1.2a) and according to a pull policy. After the painting, 

components are moved by a push policy (as signalled by the so-called Push Arrow Icon in Fig. 

2.3.1.2a) into the painted components storehouse. Parts are subsequently provided to the assembly 

line on the basis of the employees experience (as indicated by the additional Go See Icon in Fig. 

2.3.1.2a). In addition, Fig. 2.3.1.2a shows that the information flow is managed by the SAP 

software, starting from the assembly line backward to the beginning of the manufacturing process. 

In particular, each time a complete forklift truck is assembled, an operator inserts by SAP the use of 

painted components originating from an external supplier, so that the corresponding storehouse 

receives an acknowledgement of the material use. A similar process is set up with respect to semi-

worked pieces provided from the carpentry department. Since the information flow is not 

automated, the assembly line employee directly communicates the inventory needs to the painting 

department. The remaining information flow in the current state map is also not automated. 

Figure 2.3.1.2a reports the m=25 identified system anomalies associated to non-value added 

activities, depicting each of them by the so-called bomb icon. These anomalies, the most significant 

of which have to be removed, are listed in Table 2.3.1.1 (first two columns). 

Hence, Fig. 2.3.2.1 reports the detailed activity diagram of the current production process, 

illustrating in a standardized ways the actors, operations, and flows of the production stages in Fig. 

2.3.1.1 and of the overall picture of Fig, 2.3.1.2a.  
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Figure 2.3.2.1 The as-is activity diagram of the case study 

 

In particular, Fig.2.3.2.1 specifies the actors involved in the process: storehouse employee, 

carpentry employee, team leader (painting department), painting employee, and phase i (with i=1 to 

10) worker. The flows and activities represented in the figure may be summarized as follows. The 

flow starts with the storehouse and carpentry employee supplying the respective stock area with 

semi-worked pieces. The team leader of the painting department composes the order list without a 

precise logic and delivers this list to the painting employee. Then, he loads the semi-worked pieces 

on the rack, paints them and transports the painted components to the stock painting area. 

Moreover, the storehouse employee checks the presence in the toolbox of the required painted 
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components and delivers the components to the assembly line. In the assembly line stock area the 

worker has two toolboxes for each piece: he takes the piece out of the toolbox and assembles the 

components. In case of absence of some pieces in one of two toolboxes, the worker removes the 

empty one and takes the piece out of the other toolbox. On the other hand, if both toolboxes are 

empty he stops the production and waits for the supply. 

Both the location of the icon bombs in Fig. 2.3.1.2a and their description in Table 2.3.1.1  show a 

high level of inefficiency in the assembly line and in the painting department storage area. In the 

subsequent step of the technique we rank by the AHP decision making methodology the identified 

manufacturing system anomalies with respect to n=3 assessment criteria. More precisely, since the 

aim of the manufacturing process is producing a forklift truck with little or no waste or missing 

parts and with a high level of ergonomics, we define n=3 KPI as follows: 1) number of wasted 

parts; 2) number of missing parts; 3) level of ergonomics. Hence, we define the AHP hierarchy: 1) 

the first level is the overall goal, i.e., obtaining a complete forklift truck at the assembly line output; 

2) the second level is composed by the criteria that contribute to achieving the goal, i.e., the three 

selected KPI; 3) the third level refers to all the identified manufacturing system anomalies. For each 

level of the AHP hierarchy (from bottom to top), the contribution of all the subsequent level options 

to the level is thus evaluated. To this aim, the pairwise comparison matrix 
0MC  of dimension 3×3 

is determined, evaluating the importance of the n=3 criteria of the second level in reaching the top 

objective as follows: 
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Hence, the n=3 25×25 matrices 
iMC  (not reported for the sake of brevity) with i=1,2,3 are 

determined, to express the anomaly impact on the second level criteria or KPI. Such matrices are 

determined using Tables 2.2.3.1 and 2.2.3.2  for the first two criteria and by Table I with interviews 

to the engineer in charge of the assembly line for criterion three. Hence, priority vector P is 

determined by (1), each element representing the normalized importance degree of the i-th criterion 
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with i=1,2,3. Hence, the normalized values of the system anomalies impact against each criterion is 

evaluated by CRIT1, CRIT2, and CRIT3 according to (2). 

Hence, for each system anomaly we determine the weighted sum of the normalized impact against 

each criterion weighted by the corresponding priority by (3). The resulting index quantifies the 

significance degree of the j-th anomaly with respect to the set of criteria or KPI. The last column of 

Table 2.3.1.1 reports in a descending order of importance the system anomalies, showing that the 

top problems are those numbered 4, 10, 18, 14, 21. It is interesting to remark that the top-five 

ranked criticalities in Table 2.3.1.1 all show that the manufacturing process needs a suitable supply 

policy to properly manage the material flow. Accordingly, some plant parts need specific areas for 

parts storage. 

After the application of Step 4 of the technique in Fig. 2.2.1, we obtain the to-be state map of the 

system, reported in Fig. 2.3.1.2b. This is obtained removing the 21 assembly line anomalies in 

Table 2.3.1.1. The remaining four anomalies (the last four of Table 2.3.1.1) have not been taken 

into account because they are due to the painting department that is not the focus of this case study. 

In particular, Fig. 2.3.1.2b includes, with respect to the original state map in Fig. 2.3.1.2a, a suitable 

policy, as signaled by the so-called Supermarket Icon, modeling a so-called “supermarket” 

inventory with daily supply and a re-order logic based on a visual check performed by the assigned 

employee, who verifies whether the supermarket containers are empty and, if this is the case, 

requests the supply. Obviously, this graphical and compact picture of the system specifies the 

desired state but is not able to clarify in detail the system actors and activities. 

Hence, Fig. 2.3.2.2 shows the modifications of the to-be activity diagram, with respect to the as-is 

one of Fig.2.3.2.1. We remark that the complete to-be activity diagram (not reported for the sake of 

brevity) presents the same actors and activities of the as-is diagram in Fig. 2.3.2.1, but includes a 

novel supply policy between the painting department and the assembly line, that is detailed in Fig. 

5: in the as-is case (Fig. 2.3.2.1) the team leader of the painting department composes the order list 

without a precise logic. In the to-be case (Fig. 2.3.2.1), instead, he produces such a list upon 

verification of the presence in the stock painting area of all the painted components. More in detail, 

the team leader of the painting department checks the presence of all the components in the painting 

department stock area and provides a list of missing products that is sent to the painting employee. 
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2.3.3 Application of the manufacturing optimization technique: Steps 6 and 7 

The sixth step in Fig. 2.2.1 is simulation. Since we modify the assembly line only, addressing the 21 

assembly line anomalies and disregarding the painting department waste sources, for the sake of 

simplicity in this step of the technique we simulate only the assembly line and neglect determining 

the to-be dynamics of the previous phases in the painting department. Hence, the re-designed 

production flows are simulated in a discrete event framework, starting from the engine assembling 

phase (phase 1) and ending with the preparation phase (phase 10). The model described in the to-be 

UML activity diagram is implemented in the ARENA Rockwell environment that is a discrete-

event simulation software particularly suited for dealing with large-scale and modular systems [29]. 

The activity diagrams are straightforwardly implemented to generate the ARENA simulation model 

by the three step approach recalled in section 2.2.6 [41]: 

 

 

Figure  2.3.2.2 The activity diagram modifications in the case to-be with respect to the as-is 

diagram of Fig. 2.3.2.1 

 

The considered simulation analysis takes into account the assembly process of 10 forklifts per day 

and focuses on the flow of material from the arrival of a production order to the assembly of a 

complete forklift truck and the availability of the final product. The inter-arrival time of production 

orders is modeled by an exponential distribution with an average value of 0.1 days. Furthermore, for 

each new order the kind of forklift to produce is randomly generated on the basis of the 

corresponding product family, model and equipment (optional or standard) of forklift truck. Table 
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2.3.3.1 reports the production rates provided by the company. Note that for each type of family and 

model the standard (optional) equipment production rate equals 90% (10%). In addition, Table 

2.3.3.2 shows the working time for each phases of assembly line and forklift model for the standard 

and optional configuration. 

 

Family F1 F2 F3 F4 
Production  

Rate 19% 42% 23% 16% 

Model 
M    
1 

M       
2 

M       
3 

M       
4 

M          
5 

M    
6 

M         
7 

M        
8 

M         
9 

M          
10 

M        
11 

M          
12 

M          
13 

M          
14 

M          
15 

M          
16 

M          
17 

M          
18 

M          
19 

M          
20 

Production  
Rate 3% 4% 7% 2% 1% 2% 17% 2% 1% 2% 7% 10% 3% 3% 4% 2% 5% 1% 2% 2% 

 

Table 2.3.3.1 Production rate of Production families and models 

 

  Forklift Working Time 

Product Family 
Standard Equipment 

(min) 
Optional Equipment 

(min) 
F1 512 487 

F2 527 553 

F3 540 484 

F4 531 522 
 

Table 2.3.3.2 Average forklift working times 

 

Further, Table 2.3.3.1 reports all the data used in the simulation for phase 1 with the standard and 

optional configuration. In particular, we model all operation times by a triangular distribution. 

Indeed, the triangular distribution is commonly used in situations in which the exact form of the 

distribution is not known, but estimates of the minimum, maximum, and most likely values are 

available [29]. In the case study the working times are estimated by the company, therefore the 

minimum and modal values of the distribution coincide because a phase cannot take less than the 

estimated time, i.e., only a delay is possibly allowed. Table 2.3.3.3 reports the modal values δ, while 
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the maximum and minimum values are equal to 1.2 δ and δ respectively. Finally, Table 2.3.3.4  

reports all the resources and their capacity in the ARENA model 

 

Family F1 F2 F3 F3 

Model M    
1 

M       
2 

M       
3 

M       
4 

M          
5 

M         
6 

M         
7 

M        
8 

M         
9 

M          
10 

M        
11 

M          
12 

M          
13 

M          
14 

M          
15 

M          
16 

M          
17 

M          
18 

M          
19 

M          
20 

Standard 
equipt. (min) 68 91 68 91 68 91 82 110 82 110 92 113 92 113 62 89 62 89 62 89 

Optional 
equipt. (min) 68 90 68 90 68 90 90 108 90 108 86 114 86 114 68 114 68 114 68 114 

 

Table 2.3.3.3 Modal value δ for forklift Configuration 

 

 

Phase Phase     
1 

Phase    
2 

Phase     
3 

Phase   
4 

Phase     
5 

Phase     
6 

Phase     
7 

Phase     
8 

Phase     
9 

Phase     
10 

Workers number 
2 1 1 1 3 1 1 1 1 2 

Buffers number 
5 1 1 1 5 1 1 1 1 1 

 

Table 2.3.3.4 Resources and Capacities 

 

The performance indices assumed as relevant measures for the discrete event simulation of the 

future state and its comparison with the current state are the following: 

i) the makespan, i.e., the average time necessary to produce a forklift truck belonging to one of the 

four product families: it is evaluated as the elapsed time from the beginning of phase 1 until the end 

of phase 10;  

ii) the resource utilization, the percentage time the workmen resources are busy, in particular we 

evaluate the utilization for the engine assembly (phase 1), driving seat assembly (phase 5), main 

assembling phase (phases 2, 3, 4, 6, 7, 8), coupling (phase 9) and preparation and delivery (phase 

10). 
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Note that all the model assumptions and data are gathered from the historical data provided and 

reviewed by the company. All the indices are evaluated by a long simulation run of 800 working 

days with a transient period of 50 days. 

More precisely, since each working day includes 8 working hours, the simulation run equals 

384,000 time units (where we consider the minute as a time unit) with a transient period of 14,400 

time units. The estimates of the performance indices are deduced by 50 independent replications 

with a 95% confidence interval. Besides, we evaluate the percentage value of the confidence 

interval width being about 2.35%, showing the accuracy of the indices estimation. 

Figures 2.3.3.1 and 2.3.3.2 show the simulation results. In particular, Fig. 2.3.3.1 compares the 

makespan of the to-be simulated configuration with respect to the as-is real one and shows that the 

introduction of a suitable supply policy between the painting department and the assembly line 

leads to a noteworthy decrease (about 30%) of the lead time. We can notice that product family F3 

obtains the best improvement. In addition, Fig.2.3.3.2 shows that the resource utilization of the case 

study is also improved: in particular, the utilization of the main assembling phase (i.e., phases 2-3-

4-6-7-8) exhibits an overall increase of about 37%. Summing up, by this step of the technique we 

verify and quantify the improvement of the case study performance, specifically reducing the lead 

time and delivery time and increasing the resource utilization. 

 

 

Figure 2.3.3.1 The makespan of the simulated case study 
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Figure 2.3.3.2 The resource percentage utilization of the simulated case study 

 

The final step of the logistics management technique in Fig. 2.2.1, i.e., the implementation of the 

system changes, required about three weeks for full application, and Fig. 2.3.3.3 shows the results 

of the three weeks monitoring of the assembly line with the implemented changes. Figure 8 shows 

that the introduction of a suitable supply policy between the painting department and the assembly 

line leads to about a 40% reduction both of waste and missing parts, already after the first week of 

the monitoring. Remarkably, these KPI are equal to zero after two more weeks. The improvement 

of the ergonomics level of the system (not reported for the sake of brevity), which was evaluated by 

interviews to employees, also shows that the implementation of the technique was successful in 

improving work places quality, thus reducing accident risks. Summing up, applying the proposed 

optimization technique to the case study leads to rationalizing the internal logistics, while reducing 

waste and costs. 

 

 

 

Figure 2.3.3.3 The KPI resulting from the implementation of the improvement 
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Chapter 3 

Steelmaking Continuous Casting  

 

3.1 Introduction 

3.1.1 Motivation 

In recent years, global competitiveness and changing customer requirements are moving 

manufacturers to respond emerging trends including high quality, lowcost, just in-time delivery, 

smaller order size for a more precisely defined product, as well as the reduction of product life 

cycles. The process of steelmaking has undergone many changes in the 20th century based on the 

political, social and technological atmosphere. 

The competition has forced steelmaking facilities to reduce expenses and increase quality. 

Therefore, steel companies have been putting persistent emphasis on technological advances in the 

production process, which have further underlined the importance of effective planning, scheduling, 

and control. In order to enhance their competitive power, many international iron and steel 

corporations are devoted to developing computer integrated manufacturing systems that must be 

able to adapt to the dynamic nature of the modern steel production requirements.  

In particular, steelmaking-continuous casting process, as the foundation of the steel production 

process, is the key to the whole steel production process which accompanied by high temperature, 

continuous, real-time performance, the physical and chemical changes and uncertainty. The high 

degree of complexity in steelmaking-continuous casting process leads to the complexity of its sub-

problems such as production planning, scheduling, logistics balance problem [9]. 

Several approaches have been considered in the related literature to deal with the Steelmaking 

Continuous Casting (SM-CC) scheduling. Tang et al. [6] formulate the SM-CC scheduling problem 

as a mixed integer programming problem in order to meet the requirements of the just-in time 

delivery and production operation continuity. However, two groups of coupling constraints are 

relaxed and the resulting sub problem is solved by a heuristic algorithm. Pacciarelli and Pranzo [5] 

focus on the scheduling the production of stainless steel ingots in a production line 

and present a formulation based on the alternative graph enumeration. Heuristic approaches are 

presented in [1] for SM-CC schedule and in [7] for steelmaking process in which materials are 
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handled by overhead traveling cranes. In [4] the authors describe a model for robust predictive and 

reactive scheduling of steel continuous casting based on the use of multi-agents tabu search and 

heuristic approaches. A new method for scheduling the steelmaking and continuous casting process 

in a complex steel plant with several continuous casters is presented in [3]: a three-stage heuristic 

solution procedure is presented. 

Moreover, with the swift development of computer technology, computer simulation theory and 

virtual reality technology acquire great achievement. Simulation now is an efficient approach to 

solve complex problem and evaluating complex system .  Research on the planning, scheduling and 

logistics balancing problem of steelmaking-continuous casting production using simulation method 

is one of the hot topics in this field [10]. 

Several approaches combined the steelmaking logistics model which includes production equipment 

and production process, and establishes the simulation system for logistics in steelmaking process 

based on Flexsim which includes the process simulation, human-computer interaction and decision-

making [11] [12]. 

The operational research department traditionally answered problems of production planning, 

scheduling and logistics balance problem.  

This thesis focuses on the modeling and optimization method. More precisely, we undertook to 

provide strategic technique that integrates tools allowing:  

 

1. Describe the process activities and the corresponding actors by a standardized and detailed 

representation; 

2. Translate into a discrete event simulation model the process activity representation (UML); 

3. Formulate the schedule of a continuous casting. 

 

In detail, we propose a technique for analysis of production logistic of the steelmaking continuous 

casting that integrate the Unified Modeling Language (UML) (Miles and Hamilton, 2010), the 

discrete event simulation and the Mixed Integer Linear Programming formulation (MILP). 

 

3.1.2 Contribution 

Recently, modern iron and steel corporations are moving towards continuous, high speed, and 

automated production processes. The focus is placed on high quality, low cost, just-in-time 

delivery, and small lot sizes having wide variation. In order to enhance their competitive power, 
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many international iron and steel corporations are devoted to developing computer integrated 

manufacturing systems.  

We propose a general and systematic technique for the optimization of internal logistics of 

steelmaking continuous casting. More precisely, we apply in an integrated and systematic way three 

different methodologies to describe, assess and improve the logistics of the SM-CC processes: the 

Mixed Integer Linear Programming formulation optimizes the scheduling operation problem and 

the discrete event simulation framework [18], the UML is employed to describe the system 

behavior  validates and to assess the proposed optimization technique. 

First, the system is analyzed and described in details by the well known Unified Modeling 

Language (UML), a graphic and textual modeling formalism intended to describe systems from 

structural and dynamic viewpoints [2]. Second, the Arena modules are associated with the UML 

activity diagram elements, by establishing a kind of mapping between each ARENA module and 

the UML graphical element of the activity diagrams. In particular, the presented model described in 

the UML framework is implemented in the Arena environment that is a discrete-event simulation 

software particularly suited for dealing with large-scale and modular systems. 

In this work we consider the Steelmaking-Continuous Casting(SM-CC) phase, which is often a 

bottleneck in the manufacturing process. Moreover, SM-CC scheduling is a complex scheduling 

problem, partly because of its combinatorial nature, but also because of the technological know-

how that is necessary for performing the task. Usually, the scheduling is performed on the basis of 

experience and informal coordination, but often such a solution exhibits its limit as the complexity 

of the manufacturing system increases. Thus computerized scheduling systems are increasingly 

necessary, but the research results that are available for practical implementation are limited. The 

main objective of the scheduling is to maximize the outputs i.e., the number of charges per day, due 

to the bottleneck situation in a just-in-time approach. 

The SM-CC process under study can be modeled as a flexible job shop. Indeed, all charges (jobs) 

do not follow the same route and each stage has multiple parallel identical machines. Usually, this 

problem is model as a (flexible) flow shop since ingot casters are not considered [8]. Third, we 

formulate the schedule of a continuous casting machine as a Mixed Integer Linear Programming 

(MILP) problem in order to minimize the completion time of this machine. Subsequently, in order 

to verify and assess the obtained improvements, the schedule of a continuous casting machine can 

be translated into a discrete event simulation model in order to determine and quantitatively 

compare several key performance indicators of the to-be manufacturing system scenario with the 

real as-is condition. 
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The proposed technique is applied to a case study, namely a manufacturing process of an 

metallurgical company a leading manufacturer of engineering special steels that is located in the 

industrial district of Udine (Italy) [55]. The production process refers to the flow of liquid steel that, 

after being refined and after checking all the metallurgical parameters it is directed to the casting 

lines.  

The logistics balance problem, the scheduling problem and the production planning currently 

generates many waiting time. Integrated steel production scheduling can improve productivity of 

capital-intensive machinery, shorten waiting-time between operations, reduce material and energy 

consumption, reduce large expensive slab inventories, and cut down production [13] [14] [15].With 

the objective of minimizing the total completion time, the application of the proposed technique to 

this case study lead to the improvement of several key performance indicators in the company, 

enlightening the approach effectiveness. 

3.1.3 Related literature and discussion 

In this sub-section we discuss the relationship of the proposed technique with four types of methods 

for iron and steel production planning and scheduling: 

1. Operations research methods; 

2. AI methods; 

3. Human–machine coordination methods; 

4. A-teams methods (multi-agents methods). 

Some type of methods establish the optimization models of the production planning and scheduling 

problems in SM–CC production processes and obtains optimal or near-optimal solutions by means 

of accurate or heuristic algorithms [3].   

Instead, other methods solve the production planning and scheduling problems through extracting 

and using scheduler’s expertise and experiences and actual process constraints or create production 

schedules through interactive dialogues between the human scheduler and the computer scheduling 

system [11] [12]. 

However, all the published papers have the following two limitations in potential applications: (i) 

focusing mainly on the introduction of the functions and features of the system and lack the 
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description of the a graphic and textual modelling formalism in order to describe systems from 

structural and dynamic viewpoints. Therefore, it is difficult for the readers to apply the principles 

and experiences of these systems in developing integrated planning and scheduling systems for their 

own companies; (ii) concentrating on human–machine interaction methods and pay little attention 

to optimization methods and modelling and optimization method. 

We remark that, with respect to the classical methods, the proposed technique offers several 

advantages: 1) it can be effectively applied to complex manufacturing systems 2) it allows detailing 

the process activities (thanks to the use of the UML formalism); 3) it formulates an optimization 

method (the schedule of a continuous casting machine as a MILP problem); 4) it leads to a 

quantitative verification of the proposed improvements (thanks to the use of discrete event 

simulation).  

Second, we recall that discrete event simulation allows representing in detail the system dynamics 

while capturing its state variables changes only at those discrete points in time at which events 

occur [18]. As a result, discrete event simulation is able to accurately represent the manufacturing 

system dynamics. However, existing approaches in this context mainly consist in single case studies 

referring to the integrated application of optimization tools and simulation.  

We remark that the presented technique, starting from the UML formalism, allows guiding discrete 

event simulation in order to analyze the manufacturing system scenario, formulating the schedule of 

a continuous casting machine as a Mixed Integer Linear Programming (MILP) problem in order to 

minimize the completion time of this machine by avoiding time consuming and unsystematic what-

if investigations.  
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3.2 The steelmaking Continuous Casting Logistics 

Management Technique 

This Section describes the proposed general and systematic technique applied to the internal 

logistics of steelmaking continuous casting process (SM-CC). 

3.2.1 The UML and the simulation of the Steelmaking Continuous Casting 

First, the SM-CC plant is analyzed and described in details by the well known UML, a graphic and 

textual modeling formalism intended to describe systems from structural and dynamic viewpoints 

[2]. In particular, UML activity diagram allows describing in a standardized and detailed way the 

process activities and the corresponding actors. In particular, such diagrams are similar to the 

flowcharts but they allow representations of parallel elaborations in order to explain the critical 

points in the system processes by pointing out all the possible paths, parallel activities and their 

subdivisions. Therefore, this diagram is useful to describe the complete process before the 

mathematical model of the scheduling problem. 

In the second phase of the technique, the designed changes in the manufacturing system are 

implemented in a discrete event simulation framework [18]. The discrete event simulation allows 

detailing the manufacturing system dynamics and the corresponding performance based on the 

comprehensive and standardized view obtained by the UML representation. In this thesis, the 

manufacturing system is described as a timed discrete event dynamical system [27], in which the 

state stores the information on the jobs in the system and on the paths that they have to follow.  

3.2.2 Production Scheduling in a Steelmaking and Continuous Casting Plant 

The related literature focuses on the whole process of SM-CC and does not consider some peculiar 

characteristics of the main machines involved in this process, such as the continuous casting 

machines. For this reason, in this work we do not present a complex model of the SM-CC process, 

but we concentrate on the schedule of a single continuous casting machine.  

In the third phase of the technique we formulate the schedule of the continuous casting machine as a 

Mixed Integer Linear Programming (MILP) problem in order to minimize the maximum completion 

time of this machine. An example enlightens how a proper scheduling of the casts is of basic 

importance to obtain good system performances. 
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The SM-CC process can be modeled as a flexible job shop: it is a job shop because jobs do not 

follow the same route and it is flexible since there are more machines for each stage (2 furnaces, 2 

RF, etc.). In this job shop there are also limited buffer between stages with limited waiting time. 

We now describe in more detail how the continuous casting machine works. When a ladle arrives to 

the continuous casting, its contents is poured into the tundish which distributes the steel among the 

different lines of the machine. The tundish must be preheated and it has only one location for the 

heating. A tundish must be changed in each of the following cases: 

 

• after a certain number of casts of any type, 

• after a certain number of casts of the same type, 

• between two casts that are incompatible. 

 

The tundish changing time is very short and if the change is performed without interrupting the 

casting process it is called flying tundish. 

Moreover, starter bars are used to drive molten steel along lines and to prevents liquid steel from 

flowing out. The starter bars can be mechanical or the steel of the previous casting can serve as 

starter bars. If the machine is idle for more than a certain time, then starter bars must be mechanical. 

Moreover, mechanical starter bars must be used between two casts that are incompatible. The use of 

mechanical starter bar is a setup of the machine and the insertion time depends on the size that will 

be used. 

The continuous casting machines are also subject to another sequence dependent setup for size line 

change as above described. Then, summing up, there are three types of sequence dependent setup: 

 

• size line change, 

• insertion of mechanical starter bars, 

• tundish change. 

 

Moreover, the relations between setup types is the following: 

 

• size line change, insertion of mechanical starter bars, tundish change, 

• insertion of mechanical starter bars, tundish change.  
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Indeed, if size line has been changed, we can only use mechanical starter bars and, since the 

machine has been idle for a long time, tundish must be change in order to use a hot one. 

Let N ={1, 2, ..., n} the set of casts (or jobs) to be scheduled and n be its cardinality. For the 

notation convenience, we introduce a dummy job 0, so that we denote by N � �1,2, … , 	
 the set of 

all the jobs. In particular, job 0 represents the last job processed in the previous planning horizon. 

Moreover, the set of casts is partitioned into C set of cast types: Ac is the set of jobs of type c. Each 

cast  j � N has a processing time pr j and it is assumed to be ready at time 0 to be processed by the 

CC machine. We also suppose that the tundish in the heating position is ready. 

Let ssij be the size changing time between job i and j � � N , � � N�  sbj be the insertion time of 

mechanical starter bars before job i and st the tundish changing time. Since if size line is changed 

then also mechanical starter bars must be used and tundish must be changed, the ssij value takes 

into account the whole setup process. The same for the insertion of mechanical starter bars that 

implies the tundish change (sbj takes into account also the tundish change). 

Regarding tundishes, one is used in the CC machine and the other one is in the heating position. 

Then, there are two tundishes in the process: P ={1,2}. The tundish heating time is denoted by th.  

A tundish must be changed after TE uninterrupted casts and also after TECc uninterrupted casts of 

typology c. Moreover, mechanical starter bars must be used between two casts if the machine is idle 

for more that MI unit time. 

The following integer parameters are defined  �� � N, � � N�: 
 

1. SCij =1 if between job i and j size change is needed; 

2. SCij =0 otherwise; 

3. BCij =1 if between job i and j insertion of mechanical starter bars is needed; 

4. BCij =0 otherwise; 

5. TC ij =1 if between job i and j tundish change is needed; 

6. TC ij =0 otherwise; 

 

UB is equal to any valid upper bound of the completion time. 
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To formulate the problem we define the following position-index variables. In order to model the 

position of each cast in the sequence, for each cast, for each tundish and for each position we  

define a binary variable x jp 
k
   �� � N, � � P and K � 0,1, … . , n�: 

 

1. xjp
k=1 if between job i and j is assigned to the k-th position in tundish p; 

2. xjp
k=0 otherwise. 

 

We also define continuous variables tk for each position k of the sequence �K � 0,1, … . , n�:  
 

1. tk =��  completion time of  job in the k-th position in the sequence; 

2. tk =0 otherwise. 

 

Other variables are defined in order to take into account if between two jobs one of the three  

types of setup is performed. For each pair of jobs i and j � � N �	   � � N� and for each position  

in the sequence we define:  

 

1. uij
k=1 if job j is assigned to the k-th position is preceded by job i and size change is needed; 

2. uij
k=0 otherwise. 

3. yij
k=1 if job j is assigned to the k-th position is preceded by job i and insertion of mechanical 

starter bars is needed; 

4. yij
k=0 otherwise; 

5. zij
k=1 if job j is assigned to the k-th position is preceded by job i and tundish change is 

needed; 

6. zij
k=0 otherwise. 

 

Let also define, for notation convenience, K =1, 2, ...,n. The problem can be formulated as the 

following MILP problem: 
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The objective function (5) minimizes the completion time of the cast processed in the last position 

of the sequence. 

Constraints (6) ensure that each cast is processed and constraints (7) that in each position of the 

sequence there is only one cast. Constraints (8) are defined for each couple i, j of casts that needs at 

least one of the three types of setup. These constraints state that if the two casts are processed 

strictly in sequence then the tundish must be changed before starting cast j. Constraints (9), (10) and 

(11) define the relations between variables about setup and position variables. For instance 

constraints (9) are written for each coupe of casts that requires a size change between them. The 

constraints state that if casts i and j are processed strictly in sequence then the setup variables is 

activated, that is uk
ij  is equal to one. Constraints (12), (13) and (14) define the completion time of a 

job in relation with the completion time of the previous job and the possible setup that are 

performed. Here we use the setup variables activated in constraints (9), (10) and (11). 

Constraints (15) count the heating time of a tundish and in particular if the tundish in the heating 

position is ready. Let explain the constraints using an example: let suppose that the heating time is 3 

hours and a half and the minimum casting time is one hour.  

If  zk
ij  = 1 it means that a tundish has been changed after job i in position k-1. Since the heating time 

is 3.5 hours and the minimum processing time is one hour, we check if the previous tundish change 

has been performed before a job in position k-1, k-2 and k-3 (we check | no�'pq
`3#q  | � 3 positions). 

We do not check if the tundish has been changed before a job in position k-4 because the tundish in 

the heating position is definitely ready (at least four hours are passed). 

Constraints (16) ensure that mechanical starter bars are used if the machine is idle for more than MI 

time units. Constraints (17) set relations between tundish change. Constraints (18) ensure that a 

tundish is not used continuously for more than TE casts. 

Constraints (19) ensure that if we cast strictly in sequence casts of the same type, the tundish must 

be changed after a certain number of casts.  

Constraints (20) set the starting time equal to 0 and constraints (21) set job 0 as the starting job. 
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3.3 Application of the Logistics Analysis and Management 

Technique to a Real Case Study 

 

3.3.1 The SM-CC process description  

The manufacturing process that transforms iron ore, scrap and some other factors into steel products 

such as plates and tubes is a multi-stage process that can be divided into three phases [3]:  

1. Ironmaking;  

2. Steelmaking-continuous casting, i.e., processing of the hot metal to steel with a well defined 

chemical composition and solidifying the steel to slabs;  

3. Production of finished products. 

The proposed technique is applied to a case study, namely a manufacturing process of an 

metallurgical company a leading manufacturer of engineering special steels that is located in the 

industrial district of Udine (Italy). The production process refers to the flow of liquid steel that, after 

being refined and after checking all the metallurgical parameters it is directed to the casting lines.  

The manufacturing plant includes three lines of production of raw steel in continuous casting allows 

the company the flexibility to meet customers’ requirements and to feed internal production flows 

for rolling and forging and a production line composed on two ingot casting. 

With the objective of minimizing the total completion time, the application of the proposed 

technique to this case study lead to the improvement of several key performance indicators in the 

company, enlightening the approach effectiveness. 

A scheme of the production process of the company is reported in Fig. 3.3.1.1. The process is 

equipped with two melting lines and each one of them can be divided into five phases:  

 

1) the scrap bay for the metal preparation; 

2) the Electric Arc Furnaces (EAF) named here EAF1and EAF2 respectively; 

3) the Refining Furnaces (RF) named here RF1 and RF2 respectively; 

4) the Vacuum Degassing (VD) furnaces named  here VD1 and VD2 respectively; 
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5) three Continuous Casting (CC) machines named here CC1, CC2, CC3 and two Ingot 

Casting  (IC) machines named here IC1 and IC2 respectively.  

 

More precisely, the scrap bay supplies the scrap metal for two EAFs: EAF1 (Production line 1) and 

EAF2 (Production line 2). The typology of scrap iron to be used depends on the type of steel to be 

produced. The two furnaces are quite similar, they differ from the capacity. The melting time 

depends on the type of scrap iron to be molten: the melting time is not critical, since the other 

machines in the process are bottleneck. Then, the liquid steel is poured into a ladle and a crane 

transport it to the next step. 

 

Figure 3.3.1.1 SM-CC process 

 

In the subsequent step there are two refining furnaces where other ferroalloys and additives are 

added in order to obtain the required chemical composition of the product. RF1 is close to EAF1 

and RF2 is close to EAF2. In both refining furnaces there are two positions in which a ladle can be 

placed: a buffer position where the material waits and a position where it is processed. A ladle can 

wait for a limited time: if a ladle has to wait more than this limit, the pouring from the furnaces is 

delayed. 

At the end, the ladle is transported by crane to the third phase: the vacuum degassing (VD). Here 

hydrogen content is decreased. Also in these machines there are two positions for ladles: one in 
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process and a waiting position. The processing time depends on the type of steel. In the waiting 

position a ladle can be put for a limited time. At the end of the melting phase, after checking all the 

metallurgical parameters, melted steel is directed to the casting lines. Cranes transport ladles from 

VD to the casting lines: the system includes 3 continuous casting machines named CC1, CC2 and 

CC3, and two ingot casting machines, IC1 and IC2. CC1, CC2 and IC1 are close to the steelmaking 

lines, whereas CC3 and IC2 are in another part of the plant and ladles are transported there by a 

wagon. 

The tree continuous casting machines differ from the number of lines, i.e., the number of 

continuous ingots that they can produce. A waiting position is present in this zone where a ladle can 

wait for a limited time. Also the two ingot casting positions differ from the size of ingots that they 

can produce. The continuous casting is subject to sequence dependent setup times: the size line 

change depends on the previous and the future size to be used. 

On the basis of the selected order, the ingots are produced by continuous casting or by ingot casting. 

Products obtained in this way can be used either as raw material or can feed the subsequent phases. 
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Figure 3.3.2.1 UML Activity Diagram of the production process 
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3.3.2 The reference model specification in the UML framework  
In Section 3.3.2, we point out that the reference model that describes in detail the SM-CC and the 

related information structure. 

The SM-CC process is specified by the UML activity diagram [2] shown in Fig. 3.3.2.1. 

Accordingly, the picture reports the detailed activity diagram of the production process, providing 

an overview of the system behavior by illustrating the activities related to the operations of the 

production stages in Fig. 3.3.1.1 (SM-CC process). 

The Figure  3.3.2.1. specifies the actors involved in the process: the scarp bay, the two EAFs, the 

two RFs, the two VDs, the three CCs and two ICs. In particular, the phases are detailed in the 

following activity. 

a)Scrap bay phase: The two electric arc furnaces are fed by loads of scrap according to the different 

kinds of steel to produce. 

b)Electric Arc Furnaces phase: During this phase the load of scrap is melted. The liquid steel is 

poured into a ladle and a crane transport it to the next step. 

c)Refining Furnaces phase: During this phase the production is completed with the refining 

process. The liquid steel is poured into a ladle and crane transport it to the next step. 

d)Vacuum Degassing phase: The production is completed with vacuum degassing to guarantee 

particularly low hydrogen content. in the liquid steel. At the end of the melting phase, after 

checking all the metallurgical parameters, melted steel is directed to the casting lines. 

e)Continous Casting phase: When a ladle arrives to the continuous casting, its contents is poured 

into the tundish which distributes the steel among the different lines of the machine (a tundish must 

be changed in some cases). After the solidification and cutting of the raw material the products 

obtained can be used. 

f)Ingot Casting phase: When a ladle arrives to the ingot casting, its content is poured into different 

section and after the solidification the products obtained can be used. 

 

3.3.3 The Simulation Module Specification 

This section specifies the simulation module that in the considered case study aims at analyzing the 

manufacturing process. In particular, the simulation starts from the beginning of step 1 (the scrap 

bay for the metal preparation) and end with step 5 (three continuous casting machines and two ingot 

casting machines). Formally, the case study reference model is translated into a simulation model, 

whose dynamics depends on the interaction of discrete events, such as demands, acquisitions and 

releases of resources by machines, blockages of operations. 
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In particular, the presented model described in the UML framework is implemented in the Arena 

environment [14] that is a discrete-event simulation software particularly suited for dealing with 

large-scale and modular systems. 

The performance indices assumed as relevant measures for discrete event simulation of the as is 

state and its comparison with the real system result are the following:  

 

1. T1: The average time interval elapsed between two consequent tapping of the EAF1; 

2. T2: The average time interval elapsed between two consequent tapping of the EAF2; 

3. N1: The average number of tapping of  performed by the EAF1 in one day; 

4. N2: The average number of tapping of  performed by the EAF1 in one day. 

 

The model assumptions and data are gathered from the historical data provided and reviewed by the 

company. The production logistics simulation system will simulate the practical production 

according to the plan production scheduled. In particular, the considered simulation analysis takes 

into account the Steelmaking-Continuous Casting process of 3 working days. 

In detail, incoming orders must satisfy the sequence imposed by the plan production schedule that 

provided: 18 production orders average per day for the first production line and 23 production 

orders average per day for the second production line. 

All the indices are evaluated by a simulation run of three working days. More precisely, since each 

working day includes 24 working hours, the simulation run is 4320 time units (where we consider 

the minute as a time unit) with a transient period of 40 time units. The estimates of the performance 

indices are deduced by 10 independent replications with a 95% confidence interval. Besides, we 

evaluate the percentage value of the confidence interval width being about 5%, showing the 

accuracy of the indices estimation. 

The production logistics simulation system will simulate the practical production according to the 

plan scheduled. 

The processing times (in minutes) of the machines activities described in Fig. 3.3.2.1 have a 

triangular distribution. The triangular distribution is commonly used in situations in which the exact 

form of the distribution is not known, but estimates of the minimum, maximum, and most likely 

values are available. In Appendix the values are specified: 

 

1. Melting Process time (min); 

2. Refinig Process time (min); 
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3. Vacuum Degassing time (min).  

4. Continuous Casting processing times (min); 

5. Ingot Casting processing times (min). 

 

In particular, we indicate the maximum, minimum and modal value of the processing time by Dδ, 

dδ and δ respectively. 

Moreover, we associate a discrete distribution to the feeding times (in minutes) of the two electric 

arc furnaces by loads of scrap. In detail, the distribution is defined by the set of the n possible 

discrete values (number of the loads of scrap), that can be returned by the function and the 

cumulative probabilities associated to discrete values.  

In the following we report all possible order specification for loading of the two EAFs: 

 

a) Case EAF1 – The order requires 2 loads with probability 0.9 and a loading time of 10 

minutes and 3 loads with probability 0.1 and a loading time of 12 minutes; 

        

b) Case EAF2 – The order requires 1 loads with probability 0.5 and a loading time of 5 

minutes and 2 loads with probability 0.5 and a loading time of 8 minutes. 

 

The values are specified in Table 3.3.3.1. 

 Order Loading n. of the loads Probability Loading time (min) 

EAF1 
2 0.9 10 
3 0.1 12 
1 0.5 5 

EAF2 2 0.5 8 
 

Table 3.3.3.1 Discrete Distribution Specification of Loading time of EAF (min) 
 

 

3.3.4 Simulation and validation Results  

The simulation results are specified in Table 3.3.4.1 and reporting respectively, the average time 

interval elapsed between two consequent tapping of the EAF (T) and the average number of tapping 

of performed by the EAF in one day (N) of the first and second production line. 
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LINE 1 LINE 2 
 Performance index  Simulated results Simulated results 

T(min) 81.04 81.11 
N  17.6 17.7 

 

Table 3.3.4.1 Simulation results for the two production line 
 

Finally, to validate the simulation and determine how closely the simulation model represents the 

real system, here the procedure proposed in [15] is applied by the well-known single mean test. In 

particular, the model assumptions and data are reviewed by experts that provided the Real average 

time interval elapsed between two consequent tapping of the EAF (RT) and the Real average 

number of tapping of performed by the EAF in one day (RN), computed by historical data. 

 

The real results of the performance indices are specified in Table 3.3.4.2. 

 

 
LINE 1 LINE 2 

 Performance index  Real results Real results 
RT(min) 80.56 63.8 

RN 17.6 23 
 

Table 3.3.4.2 Real results for the two production line 
 

The Figures 3.3.4.1 e 3.3.4.2 compare the simulation and the real results of  the performance indices 

of the first production line. In particular, the figures show that the simulation results of the 

performance indices coincide with the real results.  
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Figure 3.3.4.1 LINE 1 - The average tapping time (min) 

Simulation and Real results 
 

 

 
Figure 3.3.4.2 LINE 1 – The average number of tapping in one day  

Simulation and Real results 
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Figure 3.3.4.3 LINE 2 - The average tapping time (min) 

Simulation and Real results 
 

 

 
Figure 3.3.4.4 LINE 2 - The average number of tapping in one day  

Simulation and Real results 
 

 

Instead, the Figures 3.3.4.3 e 3.3.4.4 compare the simulation and the real results of  the performance 

indices of the second production line. In particular, the figures show that the values of the 

simulation performance indices not coincide to the real value. 

In order to understand why the performance indices results of the second line are different respect 

the real values requires to analyze the list of consumptive production orders. 
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Indeed, an analysis of the list of consumptive production orders (three workers days) shows that it 

not respect the production schedule, the results are specified in Table 3.3.4.3. 

LINE 2 
Production schedule 

orders  
Consumptive production 

orders 

n. of orders rescheduled     0 24 

n. of orders changed 0 6 

n. of orders not modified 0 39 

n. of total orders  69 69 
 

Table 3.3.4.3 LINE 2 - Production schedule and consumptive production orders  
 

Table 3.3.4.3 shows that a large number of real production orders not respect the production 

schedule orders: 24 orders of 69 are rescheduled and 6 orders of 69 are modified. Therefore, these 

changes justify the difference between the results of the performance indicators obtained in 

simulation and the real results; the result refers to different production orders. 

Assuming that changes made by the company depended on the production problem presented 

downstream on the electric arc furnace, we verified the existence of  Waiting time in second 

production line by simulation. Table 3.3.4.4 shows the average values of average Waiting time 

observed in simulation, in particular, the average time that an order waits before to be processed by 

the machines downstream on furnace EAF2. In detail, we observe that an order waits 26 minutes 

before being processed by VD2 and 188 minutes before being processed by IC. 

LINE 2 

Average Waiting time (min) 

RF2 0 

VD2 26 

IC 188 

CC2 0 

CC3 0 

 
 

Table 3.3.4.4 LINE 2 - Average Waiting time (min)  
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The furnace EAF2 slows down the production due to not availability of the next machines. The 

waiting time generated in simulation justifies the difference between the results of the real 

performance indicators and the simulation results.Moreover, the waiting time generated in 

simulation justifies the changes made by the company on the previously production schedule.  

Finally, the company validates the results obtained and confirmed our assumptions made. 

 

3.3.5 The MILP model for the continuous casting machine  

In order show the quality of the schedule provided by the MILP solution and to enlighten the 

importance of the proper casts schedule, we describe the following example. 

 

We have to schedule 5 casts (n=5) that can be divided into 2 categories: A1 = {1, 4, 5}  A2 = {2, 3}. 

We cannot cast strictly in sequence more than 2 casts of typology 1 and 3 of typology 2 (TEC1 = 2 

and TEC2 = 3). In a tundish at most 10 casts can be casted strictly in sequence (TE = 10). 

In Table 3.3.5.1 we report the size changing time between each couple of casts (ssij) (note that cast 

0 is the last cast scheduled in the previous period). The symbol * indicate that between the two casts 

mechanical starter bars must be used and tundish must be changed, respectively. 

 

1 2 3 4 5 
0 0 80 * 0 0 60 * 
1 0 100 * 0 * 0 100 * 
2 100 * 0 150 * 0 * 120 * 
3 0 * 100 *   80 * 80 * 
4 0 0 * 90 * 0 0 
5 100 * 120 * 90 * 0 0 

 

Table 3.3.5.1 Size changing Setup times (min) 

 

The tundish changing time is 10 time units (st=10), the heating time is 180 time units  (th=180) and 

the machine can be idle for at most 15 time units (MI = 15) otherwise mechanical starter bars must 

be used. In Table 3.3.5.2 the processing time and the insertion of mechanical starter bars for each 

cast are reported. 
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1 2 3 4 5 

pr j 50 60 60 40 50 

sbj 20 30 20 30 30 
 

Table 3.3.5.2 Processing time and insertion of mechanical starter bars time for each cast (min) 

 

The defined MILP problem is implemented in C++ by using ILOG Concert 2.9 and CPLEX 12.1 

and it is run on a 2.7 GHz Intel Xeon E5520 with 16 GB of memory. The optimal solution of the 

above presented example has been found in 0.25 seconds. 

 

The optimal solution is presented in Figure 3.3.5.1 (a). In the first row there are cast processing 

times and setup times, and below the tundish heating time. The little rectangles without name 

represent the tundish changing time. We first schedule all casts of typology 1 and casts of typology 

2. Casts of typology 1 cannot be casted strictly in sequence using the same tundish (at most we can 

cast 2 casts of typology 1 strictly in sequence).  

 

Then, supposing that the tundish in the heating position is ready, we change tundish after cast 1 in 

order to cast in sequence casts 4 and 5. The cast 3 is scheduled and tundish is changed. Moreover, 

tundish is also changed between casts 3 and 2. We can note that between casts 3 and 2 there is an 

idle time since the tundish in the heating position is not ready and then we have to wait until it is 

hot. The completion time of each cast is reported in the first column of Table 3.3.5.3. This schedule 

has a total completion time of 500 time units. 

 

Case (b) of Figure 3.3.5.1 depicts a feasible solution of the example. In this case we first schedule 

casts of typology 2 and then casts of typology 1 following the same internal sequence of casts of the 

same type of the optimal solution. Here we can note that there are idle times between casts 2 and 1 

and between casts 4 and 5 due to tundish heating operations. This schedule has a total completion 

time of 590 time units as reported in the second column of Table 3.3.5.3. This feasible solution is 

18% longer of the optimal solution. Therefore, it is very important to schedule casts in a proper 

manner. 
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Figure 3.3.5.1 Optimal solution (a) and feasible solution (b) of the example 

 

 

tk (a) (b) 
t1 50 60 

t2 100 220 

t3 150 400 

t4 310 440 

t5 500 590 
 

Table 3.3.5.3 Completation time of casts in cases (a) and (b) 
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Chapter 4 

Conclusions 
This thesis focuses on the analysis and management of manufacturing systems by taking into 

account the complexity of features that characterize such systems. The study of the models and 

methods to be applied to internal logistic is discussed in relation of two different cases. 

In particular, this dissertation deals with two complex logistics problems in different manufacturing 

systems: a lean manufacturing analysis and a planning problem.  

More precisely, concerning the first research problem, this thesis presents a novel systematic 

technique for performance analysis and improvement of the internal logistics of complex discrete 

manufacturing systems. The approach is iterative and hierarchical, relying on the integration of 

tools belonging to several frameworks. In particular, the Unified Modelling Language (UML) is 

employed to obtain a standardized and detailed representation of the system. Moreover, the Value 

Stream Mapping is used to synthesize the overall picture of the value stream with the system 

anomalies and the Analytic Hierarchy Process is employed to assess and rank such criticalities. 

Finally, and discrete event simulation is used to verify the dynamics and the resulting performance 

of the re-designed system when the (major) anomalies are removed. The combination of such 

techniques allows detecting and assessing the criticalities of the internal logistics in a lean 

manufacturing approach leading to evaluate the performance of the re-designed system to obtain the 

desired improvement. 

The novelty of the technique lies in the rigorous integration of well-known manufacturing system 

optimization tools, leading to a systematic technique that benefits simultaneously from the 

advantages of each of them.  

Concerning the second research problem this thesis focuses on the modeling and optimization the 

scheduling operations in a Steelmaking Continuous Casting (SM-CC) process with the following 

objectives: 

 

1. describing the process activities and the corresponding actors by a standardized and detailed 

representation; 

2. translating into a discrete event simulation model the process activity representation; 

3. formulating the schedule optimization of a continuous casting. 
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In detail, we propose a technique to analyze and optimize production logistic of the steelmaking 

continuous casting that integrate the UML, the discrete event simulation and the Mixed Integer 

Linear Programming formulation (MILP). 

We remark that the presented technique, starting from the UML formalism, allows guiding discrete 

event simulation in order to analyze the manufacturing system scenario and formulating the 

schedule of a continuous casting machine as a MILP problem. Moreover, the MILP solution 

minimizes the completion time of this machine by avoiding time consuming and unsystematic 

what-if investigations. The application of the proposed technique to a real case study lead to the 

improvement of several key performance indicators by enlightening the approach effectiveness. 

 

Therefore, the novelty of the presented techniques lies in the rigorous and systematic of the 

analysis, simulation and optimization techniques in order to manage and improve the internal 

logistics of different logistics systems. 

Future research will address the problems of the real time control of such logistics systems by 

reducing the execution times of the simulation and the optimization programs. Moreover, suitable 

strategies will be proposed to face unpredictable events such as failures and  malfunctions. 
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Appendix  

 

ELECTRIC ARC FURNACE 

Melting Process time (min) 

Machine δ Dδ dδ 

EAF1 42 44 40 

EAF2 43 45 41 

 
Table A1 Melting Process time(min) 

 

REFINIG PROCESS 

Refinig Process time (min) 

Machine δ Dδ dδ 

RF1 54 56 52 

RF2 54 56 52 

 
Table A2 Refinig Process time(min) 

 

 

VACUUM DEGASSING 

Vacuum Degassing time (min) 

Machine δ Dδ dδ 

VD1 58 60 53 

VD2 55 60 53 

 

Table A3 Vacuum Degassing time(min) 
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Table A4 Continuous Casting processing times (min) 

 

CONTINUOS CASTING 
SETUP time (min) 

 
Head preparing Tundish changing   Section changing 

Mechanical 
Starter bar 

introducting  
Machine Section δ Dδ dδ δ Dδ dδ δ Dδ dδ δ Dδ dδ 

CC1 

S1 8 10 6 120 122 118 170 172 168 29 31 27 
S2 8 10 6 120 122 118 170 172 168 29 31 27 
S3 8 10 6 120 122 118 170 172 168 29 31 27 
S4 15 17 13 120 122 118 170 172 168 29 31 27 
S5 15 17 13 120 122 118 170 172 168 29 31 27 

 

Table A5 CC1: SETUP time (min) 

 

 

 

CONTINUOS CASTING 

Fly tundish time (min) Custing time (min)  Unloading time (min) 

Machine Section δ Dδ dδ δ Dδ dδ δ Dδ dδ 

CC1 

S1 10 12 8 75.33 77.33 73.33 25 27 23 

S2 10 12 8 79.57 81.57 77.57 25 27 23 

S3 10 12 8 77.93 79.93 75.93 77.93 79.93 75.93 

S4 10 12 8 71.57 73.57 69.57 49 51 47 

S5 10 12 8 58.07 60.07 56.07 71 73 69 

CC2 

S6 10 12 8 65.07 67.07 63.07 25 27 23 

S7 10 12 8 57.8 59.8 55.8 25 27 23 

S8 10 12 8 56.8 58.8 54.8 29 31 27 

CC3 

S9 10 12 8 78.6 80.6 76.6 92 94 90 

S10 10 12 8 80 82 78 122 124 120 

S11 10 12 8 74 76 72 164 166 162 

S12 10 12 8 70.43 72.43 68.43 203 205 201 

S13 10 12 8 68.67 70.67 66.67 212 214 210 
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CONTINUOS CASTING 

SETUP time (min) 

 Head preparing Tundish changing   Section changing 
Mechanical   
Starter bar 
introducting  

Machine Section δ Dδ dδ δ Dδ dδ δ Dδ dδ δ Dδ dδ 

CC2 

S6 3 5 1 120 122 118 60 62 58 45 47 43 
S7 3 5 1 120 122 118 60 62 58 45 47 43 
S8 3 5 1 120 122 118 60 62 58 45 47 43 

 

Table A6 CC2: SETUP time (min) 

 

Table A7 CC3: SETUP time (min) 

 

 

 

 

 

 

 

 

 

CONTINUOS CASTING 

SETUP time (min) 

 
Head preparing Tundish changing  Mechanical Starter       

bar introducting  

Machine Section δ Dδ dδ δ Dδ dδ δ Dδ dδ 

CC3 

S9 20 22 18 120 122 118 30 32 28 
S10 25 27 23 120 122 118 30 32 28 
S11 25 27 23 120 122 118 30 32 28 
S12 30 32 28 120 122 118 30 32 28 
S13 30 32 28 120 122 118 30 32 28 
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CONTINUOS CASTING 

Changing section time (min) 

 
S9 S10 S11 S12 S13 

Machine Section δ Dδ dδ δ Dδ dδ δ Dδ dδ δ Dδ dδ δ Dδ dδ 

CC3 

S9       180 182 178 180 182 178 180 182 178 180 182 178 
S10 

180 182 178       60 62 58 60 62 58 60 62 58 
S11 180 182 178 60 62 58       60 62 58 60 62 58 
S12 180 182 178 60 62 58 60 62 58 60     60 62 58 
S13 

180 182 178 60 62 58 60 62 58 60 62 58       
 

Table A8 CC3: Changing section time (min) 
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INGOT CASTING 
Tapping time          

(min) 
Rearming lingot time 

(min) 

machine section δ Dδ dδ δ Dδ dδ 

IC 

S1 

62 64 60 30 32 28 

S2 
S3 
S4 
S5 
S6 
S7 
S8 
S9 
S10 
S11 
S12 
S13 
S14 
S15 
S16 
S17 
S18 
S19 
S20 
S21 
S22 
S23 
S24 
S25 
S26 
S27 
S28 
S29 
S30 
S31 
S32 

 

Table A9 a) Ingot Casting processing times (min) 



75 

 

INGOT CASTING 

Cooling time (min) 
TEMPO disp. mute 

(min) Stripping time (min) 

machine section δ Dδ dδ δ Dδ dδ δ Dδ dδ 

IC 

S1 120 122 118 120 122 118 1200 1202 1198 

S2 90 92 88 90 92 88 1200 1202 1198 

S3 90 92 88 90 92 88 1200 1202 1198 

S4 180 182 178 180 182 178 1200 1202 1198 

S5 180 182 178 180 182 178 1200 1202 1198 

S6 300 302 298 300 302 298 2880 2882 2878 

S7 330 332 328 330 332 328 2880 2882 2878 

S8 360 362 358 360 362 358 2880 2882 2878 

S9 420 422 418 420 422 418 2880 2882 2878 

S10 480 482 478 480 482 478 2880 2882 2878 

S11 90 92 88 90 92 88 2880 2882 2878 

S12 120 122 118 120 122 118 2880 2882 2878 

S13 180 182 178 180 182 178 2880 2882 2878 

S14 240 242 238 240 242 238 2880 2882 2878 

S15 300 302 298 300 302 298 2880 2882 2878 

S16 0 0 0 420 422 418 2880 2882 2878 

S17 360 362 358 360 362 358 2880 2882 2878 

S18 480 482 478 480 482 478 2880 2882 2878 

S19 540 542 538 540 542 538 2880 2882 2878 

S20 540 542 538 540 542 538 2880 2882 2878 

S21 720 722 718 720 722 718 2880 2882 2878 

S22 930 932 928 930 932 928 4320 4322 4318 

S23 1290 1292 1288 1290 1292 1288 4320 4322 4318 

S24 0 0 0 1440 1442 1438 4320 4322 4318 

S25 0 0 0 1560 1562 1558 4320 4322 4318 

S26 0 0 0 1680 1682 1678 4320 4322 4318 

S27 240 242 238 240 242 238 4320 4322 4318 

S28 570 572 568 570 572 568 4320 4322 4318 

S29 810 812 808 810 812 808 4320 4322 4318 

S30 0 0 0 1080 1082 1078 4320 4322 4318 

S31 0 0 0 1200 1202 1198 4320 4322 4318 

S32 0 0 0 1440 1442 1438 4320 4322 4318 

 

Table A9 b) Ingot Casting processing times (min) 
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