ACTA SIMULATIO

International Scientific Journal about Simulation

electronic journal E
ISSN 1339-9640 { Ag

:)0&

2019 Volume 5 Issue 2




Acta Simulatio — International Scientific Journal

E‘Fﬁ Volume: 5 2019 Issue: 2 ISSN 1339-9640
Ag
o CONTENTS
%
CONTENTS
(JUNE 2019)
(pages 1-6)

DYNAMIC MODEL MILLING MACHINE
Anton Panda, Volodymyr Nahornyi, Jozef Mihok, Iveta Pandova, Daniela Onofrejova

(pages 7-12)
SIMULATION OF ECOLOGICAL INNOVATIONS PERCEPTIONS
IN SLOVAKIA

Erika Loucanova, Miriam OlSiakova, Martina Nosal'ova, Katarina Stofkova-Repkova

(pages 13-20)
A MODEL TO STUDY DYNAMIC EFFECTS OF THE FORMATION

OF DEFECTIVE ITEMS IN MANUFACTURING
Moshe Eben-Chaime

Copyright © Acta Simulatio, www.actasimulatio.eu


http://www.actasimulatio.eu/
https://www.actasimulatio.eu/issues/2019/II_2019_03_Eben-Chaime.pdf
https://www.actasimulatio.eu/issues/2019/II_2019_03_Eben-Chaime.pdf
https://www.actasimulatio.eu/issues/2019/II_2019_03_Eben-Chaime.pdf
https://www.actasimulatio.eu/issues/2019/II_2019_03_Eben-Chaime.pdf
https://www.actasimulatio.eu/issues/2019/II_2019_02_Loucanova_Olsiakova_Nosalova_Stofkova-Repkova.pdf
https://www.actasimulatio.eu/issues/2019/II_2019_02_Loucanova_Olsiakova_Nosalova_Stofkova-Repkova.pdf
https://www.actasimulatio.eu/issues/2019/II_2019_02_Loucanova_Olsiakova_Nosalova_Stofkova-Repkova.pdf
https://www.actasimulatio.eu/issues/2019/II_2019_02_Loucanova_Olsiakova_Nosalova_Stofkova-Repkova.pdf
https://www.actasimulatio.eu/issues/2019/II_2019_01_Panda_Nahornyi_Mihok_Pandova_Onofrejova.pdf
https://www.actasimulatio.eu/issues/2019/II_2019_01_Panda_Nahornyi_Mihok_Pandova_Onofrejova.pdf
https://www.actasimulatio.eu/issues/2019/II_2019_01_Panda_Nahornyi_Mihok_Pandova_Onofrejova.pdf
http://www.actasimulatio.eu/
http://www.actasimulatio.eu/

Acta Simulatio - International Scientific Journal about Simulation
Volume: 5 2019 Issue: 2 Pages: 1-6 ISSN 1339-9640

DYNAMIC MODEL MILLING MACHINE
Anton Panda; Volodymyr Nahornyi; Jozef Mihok; Iveta Pandova; Daniela Onofrejova

doi:10.22306/asim.v5i2.47 Received: 11 Feb. 2019
Accepted: 27 Mar. 2019

DYNAMIC MODEL MILLING MACHINE

Anton Panda
Technical university in KoSice, Faculty of manufacturing technologies with the seat in
PreSov, Sturova 31, 080 01 PreSov, Slovakia, anton.panda@tuke.sk (corresponding author)

Volodymyr Nahornyi
Sumy State University, Faculty of Electronics and Information Technology, Section of Information Technology of
Design, 2, Rymskogo-Korsakova st., 40007 Sumy, Ukraine, v.nahornyi@cs.sumdu.edu.ua

Jozef Mihok
Technical University of Kosice, Faculty of Mechanical Engineering, Department of Industrial Engineering and
Management, Nemcovej 32, 042 00 Kosice, jozef.mihok@tuke.sk

lveta Pandova
Technical university in KoSice, Faculty of manufacturing technologies with the seat in
PreSov, Sturova 31, 080 01 PreSov, Slovakia, iveta.pandova@tuke.sk

Daniela Onofrejova
Technical University of Kosice, Faculty of Mechanical Engineering, Department of Industrial Engineering and
Management, Bmcovej 32, 042 00 Kosice, daniela.onofrejova@tuke.sk

Keywords: processing system, milling machine, tool wear, sound trend, predictive model

Abstract: The article describes the mathematical modelling results of the dynamics in order to determine the regularity of
change in the model milling machine during the cutting tool wear. A close correlation between the sound trend
accompanying the metalworking process and the roughness trend of the machined surface is shown. The calculation
results serve as the basis for solving the problem of operational resource tool prediction. The tool wear operational forecast
allows for the first time in the material processing history to put into practice an effective adaptive control technology of
the cutting process, which determines the novelty of the material described in the article.

1 Introduction accelerations. The article discusses a similar linear dynamic

The research purpose of the processing systefpdel miling machine.
dynamics is to study the regularity of its dynamic
behaviour. Knowing these regularities allows you t@ Methodology of modelling
purposefully manage the metalworking process and avoid The research purpose was to establish dynamic behaviour
the appearance of defects in the work piece. regularity of the processing system during the technical condition
These regularities appear [1] in: (wear and destruction) of the cutting tool changes and the nature of
- thetrend and the spectral composition of the sound this regularityin the amplitude sound wave trend accompanying
- generated during the materials cutting processing; the metalworking machines work.
- the trend of the roughness height parameter and its The research subject was a typical technological metalworking
- profile, which changes during the cutting process dusystem dynamic model — technological system of the milling

to tool wear. machine.
These parameters have a decisive influence on the The research technique consisted in:
metalworking quality. - computer simulation of the processing system

The mathematical description of the lathe elastic oscillations when changing due to cutting tool wear and
system must be connected with the processes occurring indestruction, its stiffness and damping characteristics;
the working area of the processing system [2-12]. - comparing the modelling results and verification

Each adopted dynamic model uniquely corresponds to experiments to confirm the calculations reliability and
a certain differential equations system describing its to identify regularity of changes manifestation in the
behaviour. These equations can be considered as a dynamialynamics of the processing system in the behaviour of
system mathematical model. Depending on the type of the sound wave trend amplitude accompanying its
differential equations, mathematical models can be linear work.
and nonlinear [5].

In a linear dynamic model, the elastic forces are Dynamic model milling machine - the mass, stiffness
proportional to the deformations, the viscous resistane®d viscous coefficients of the simulated lathe nodes are
forces to the velocities, and the inertial forces to thmdicated on the model diagram, respectively, usmd

~1~
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and c. These parameters characterize each simulatedis the oscillation amplitude of the mass centre of the
machine nodes partial oscillations in the directiogsimulated machine element), were transformed into a
perpendicular to the main axis for the simulated node axafjebraic equations system with complex coefficients.
of stiffness and damping. The generalized coordigate These algebraic equations system was solved by the Gauss
describes the spatially_ oriented oscillations of the maget-lr-]hoedl',nodel diagram is shown in Fig. 1, and its parameters — in
centre Of. each of the-th modelled elements of the Table 1. The oscillations of the model were described by
technological system. means of six differential equations (1). In this case, the

Differential equations using the complex ampli'[Ude(')scillations of the following elements of the technological
method by substitutiof ()= &, [exp{wr), where §

"
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Figure 1Dynamic Model of a milling machine technology system

Table 1 Dynamic model parameters of a milling machine

Simulated technological system node
(mass number
D . N spindle with
ynamic parameter | ,aq6 console chuck and tooth cutters slides table
1) cutter ) (4) )
(2
Mass 3494 17 0,3106 305 500
m, kg
S“ff”‘f(schloeff'C'e”t 8,610° 8,1:108 1,9108 6,31012 1,210°
i’ m H] H] ] ] H] H]
(fi H2) (250) (110) (4,14105 (228) (250)
Viscous resistance
coefficient 1,810¢ 2 348 0.5 1,410° 2,6108
¢, N/m/sec 3) a7 (20) 3) 3)
(quality factor Q)
~2 ~
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Note. Contact force PCF =107 N; stiffness k was

determined by the following formulk =m (277 f, )?

, where fi — is the frequency of natural partial osciIlationf‘lge?ra_'zeqﬂat'?”f: ey e o
of the simulated node was calculated by the identificatight® &* 8« ™+ #(a* &+ QK- riwe)d, =l )l =0

. . (e - fm) +i =
method; damping;; was determined by the followmg[éf;ﬁ?f{:gkz_a;ng):if ])]Zz =0LP(t W); (2)

V k [in [(k —a#m) +iwe] ¢, = (K + i) ds =P (t,0);

formula: G = T , Where Q— is the quality factor -+ wg¢,~(k+ wg) ¢, +[(k+k —a?m) +iaxcs+c,)ds =0,
I
(value) of the peak of the own partial oscillations of thg  Results from experiments
modelled node was calculated by the identification method. The sound was measured using a microphone placed
System were considered: base consoi (K, C;); hear the cutting zone (Figure 2). _
The results of experimental computational research are
spindle with cutter (1, kz,Cz); tool blades presented in Fig. 3 and Fig. 4. They are usually a
comparison of calculated and experimental data. The
(M, K3, C,); sleigh (My, K,,C,); table and work piece calculation results are obtained when solving the equations
k. C system (2). The system solution was carried out repeatedly
(Mg, Ks, Cs). when changing the cutting time from OTpequal to the
period of durability (resource) tool with a time step

Differential equations: o AT =1sec At the same time, at each time step, the

M # 04 #k{ el 7 E)kACm DOl =) H(61=40) =0 frequency characteristics of the model oscillations were

mg o+ Cl¢.m ) k(2= =0 (1) determined with successive changes in frequency from 0
- k({3 =¢,) =-P(t); : ; =

M s eddsm ) Hhlls &) =P to 2,500-3,00(Hz with a step in frequencﬁ f =10

mZ4+ C4(Z4_ (5) + k4((4 - (5) =P (t);
M=) k({s= o) —cs(&— L9 —k(di- &) =0

Hz.

Work piece

Acoustic Signal
Recorder - Laptop

Figure 2 Placement the microphone near the cutting area

~3~
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To assess the developed model reliability in the . - N
calculation in addition to the trend of the sound wave calculations describing the nature of the trend in S(Egd

amplitude were investigated: (Figure 3c) as the cutting blade wears. Correlation coefficient

- the ~change .nature over time of the SOUNoyyeen calculated and experimental sound trend vﬁges
implementation;

- sound trend generated during the Cutting process; equal.‘i?: 0,993 (Figure 3d) This information shows that the

- roughness profile; model reproduces well enough not only the frequency

- roughness profile trend. sound filling, but also describes the trend change nature of
The sound was measured using a microphone placét§ Sound over time as the instrument wears. _

near the cutting zone (Figure 2). Fig. 4 shows the calculated trend of the altitude

Fig. 4a shows the actual and calculated sound spedd@/@ameter Ra roughness and the roughness profile
accompanying the cutting process, which visually coincidedlculation _ _
quite well with each other. This is also indicated by the At the same time, a fundamentally important result of
quantitative degree assessment of their Coinciden(fa.lculatlons is the determination of the fact that sound trends

described by their correlation coefficient, equal to 0.684

(Figure 3b). The most important are the s (Figure ¥) and roughness (Figura)3are identical.
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Figure 3 Results of calculating the spectrum and trend of sound accompanying cutting processing: a - comparison the calculated and
actual sound spectra; b - regression line between the actual and calculated spectra; ¢) comparing actual and calculated sound
trends; d) regression line between actual and estimated sound trends
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Figure 4 Roughness parameters obtained by the calculated method:
a — is trend of altitude parameter roughness Ra; b — is roughness profile Y
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Abstract: Ecological innovations are the object of interest in many areas what has subsequently reflected in the fact that

the interest of companies in their implementation has increased. Research, development and implementation of eco-
innovation is a global phenomenon supported by the policies of most countries as well as the EU. However, not only

research and development of innovation is significant, but especially their implementation and adoption should be in the

interest of companies. The paper brings the results of the survey in which we have monitored the perception of ecological
innovations in different age categories of Slovak respondents. The Kano model is the primary used survey method. The
results denote a low level of acceptance of environmental innovations by domestic customers

1 Introduction The Slovak Republic also supports ecological

The findings from previous period show that it is notnovation creation through the Slovak National Strategy
sufficient only to innovate, but companies should focus o?f sustainable development in cooperation with effective
the creation of innovations applied on the principle derinciples.
sustainable deve|opment represented by eco|ogica| Ecological innovations can be understood as a tool
innovation. Also the European Union (EU) emphasizes th#hich enables companies to transform environmental
necessity of ecological innovations realization whicliestrictions into opportunities to decrease the costs. Their
increases the environmental protection and the EU indusk§nefits also include obtaining the better reputation and
competitiveness that rests in more effective technologi@évantage on new markets. The companies are primary
introduction and more effective resources using in busing&éerested in promoting the performance of environmental
processes and models. The aim of the idea is to transfdftiovations of the product to customers, as well as to make
Europe into a low-carbon economy which is able to ude realisation of these innovations better [7-9].
resources more effectively. The notion fulfilment requires The ecological innovations are important because of
the environmental technologies application which are tHBeir impact on decision-making process of the consumer.
essential part of the EU economy [1]. It results in the marketability of the product itself [10]. It is

Lekova [2] states that ecological innovations redudeecessary to consider the product at different levels during
the material requirement. Other benefits of ecologicdle product innovations creating, while each level
innovation lie in closed material flows utilization and nevincreases the value of the product to the customer [11-13].
materials creating or using. They are also focused &Pmpanies realizing innovations should follow
energy requirements reducing by alternative energpodﬁmaﬂons in preferences qf their consumers ar_ld alsoto
sources creating or using. In the area of healthy lifestftotice the new manufacturing technology of its eco-
and sustainable consumption, ecological innovatiorf§endly products when they choose and launch the
minimize a total amount of emissions or existingroducts on the market.
environmental load and health risks. Regarding the mention information, the aim of the

Ecological innovations are in charge of InnovatioPaper is to monitor the perception of the ecological
Management. It implements them through innovation d¢fnovations among various age categories of Slovak
sustainable resources and material from the environméggpondents and to present the perception in the 3D
using. It takes into account the growing importance ¢fimulation method.
socio-economic development [3-6].

~7 ~
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2 Methodology satisfaction. Comparedothe obligatoryrequirements

The research is focused on the perception of ecologic@istomers do not expetem automatically. .
innovations. We have applied the Kano model in order to - A (attractive requirements) — have alvious
recognize customers’ attitudes towards the demands iBipact oncustomer's satisfactiopecause it s
requirements of the surveyed object [14]. This modépquirement thatustomers didot expect, buit is
realizes a research where the Kano questionnaire agractivefor them.
applied. The questionnaire obtains couples of questions - R(reverserequirements) — ameontradictory,
about customer’s requests. Every question involves tieeybother customers,as they requireome additional
parts: customer’s feeling about presence of a certain feat@¢on from them. _ _
in a product (functional section of the issue), and - | (indifferent, irrelevantequirements) — are
customer’s feeling about absence of a certain feature in fgguirementsiot  influencingcustomer’s  satisfactioor
product (dysfunctional of the issue). dissatisfaction. _ . _

These couples of positively and negatively formed - S —are sceptical, questionabiequirements.
issues include the performance of monitored parameters The results of Kano model enable to divide the
(specifically for ecological innovations) — price ofmonitored ecological innovationsinto categories of
products, quality of products and ecological innovations #fandatory, attractiveindifferentand reverse functions.
products. We have monitored in detail ecologicafubsequently the weight was assigned to these
innovations in the area of: requirements indentified categories as followM = 3, A

Environmental product safety, The importance of ecé=2, O = 1, 1 =0, R = -1 [5,17,18]. Based the sum of
innovation, The origin of ecological innovation, Slovakvalues, we can compare customers’ perceptbns
products with enviro brand, Ecological innovation, Th&cological innovationand we identify the targeige group
concept of eco-innovation, Availability of ecological-for ecological innovationglL8].
innovation, Information on eco-innovation, Attractiveness Subsequently, a 3D simulation was applied to forecast
of eco-innovation, Advertising of ecological innovationthe respondents” perception of ecological innovations in
The price of ecological innovation. Taking into account th&lovakia.
methodology respondents were able to answer each
question (statement) on a scale from 1 to 5 representidg Simulation of perceptions of ecological
strong agreement or strong disagreement with the question jnnovations by respondents in Slovakia
(statement). The KANO model was used in order to detect

The respondents sample consisted of 740 consumersdguirements of respondents on the ecological innovations
Slovakia, keeping the same size of respondents for eagfihin the determined monitored age categories.
determined age category. The answers were elaboratedThe customer's value (Table 1) was figured out as the
according to the cross rule [14], that allows to categorizgim of points which have been assigned to the individual
monitored parameters in the following categories howategories of the questionnaire. The outcomes signify
respondents perceived ecological innovations [14-23]:  various attitudes towards ecological innovation of products

- M (mustberequirements) - ambligatory according to the age.
requirementshatcustomers considess normal and are Ecological innovations report the most substantial
automatically expected. Their fulfillinig reflectedin  value for respondents aged from 27 to 40 years (as it is
customers’satisfaction. presented by the total customer value 6).

- O (one-dimensionakquirements) — are those
attributes of the product that lead fadfilment and

~8~
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Table 1 The&omparison analysief perception®f ecological innovations in Slovakia
Ages 15-2¢ 27-4C 41-6C 61 +

Price of products I
Total Quality of products ><

- The bran @)

- The origir I

- The standarc @)
Total Ecological innovations ><

- Environmental product safe I

- The importance of e-innovatior I

- The origin of ec-innovatior I

- Slovak products with enviro bra I

- Ecological innovatio I

- The concej of ecc-innovatior I

- Availability of ecrinnovatior I

- Information on ec-innovatior I

- Attractiveness of erinnovatior I

- Advertising of ec-innovatior I

- The price of ec-innovatior I
Total 2

O OO OO0 OO0 o000 ooOokr OFrLr N Oo
P O OO O O0OFrR OO0OO0OO0OWERERkOoO-MNDN
O O O OO OO O o000 WwLeErr o hM~DOo

=
=

O O O OO OO OO0 O0OOo0OOoOoOkFr,r P ONNDN

1
=

=
=

4

Ecological innovations are the most valuable for thél years are more interested in classic products than in eco-
customers at the age of 27 to 40, for whom thesenovations.
innovations represent one-dimensional requirement. It The most important thing for respondents is the quality
represents those innovation attributes that lead tbhat products must fulfil (must by requirement),
fulfilment and satisfaction of customers. The higher theespectively age categories 16-26 and 61+ highee
degree of compliance withthese requirements arghe higher the quality is, the more sufficient they are (one-
customers are more satisfied. They appreciate mainlydimensional requirement).
Slovak products with enviro brand, however they On the other hand, for ages 61+ and 27-40, price of
perceived exactly oppositely price of ecologicaproducts belongs among attractive requirements. It has an
innovations of products. That means that price dabvious influence on customer satisfaction because it is a
ecological innovation is perceived negatively. requirement thatcustomers do notexpect, but itis

On the other hand, the youngenes at theage less attractive for them. Other products prices do not influence
than 27 and the older generation than at the age less thttzem (indifferent requirements), Figure 1.
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Figure 1 Simulation of perceptions of ecological product and innovations by respondents in Slovakia

Ecological innovations have the least impact operceive the quality of the product based on its standards
respondents. The respondents are mainly influenced by #ired origin of the product. Respondents evaluate Slovak
price of the product. Following the results, we can state thatoducts with enviro brand one-dimensionally, but the
the quality of the product has the average impact. Howeverjce of eco-innovation is perceived negatively. These
the quality is a mandatory requirement, the price is aonditions are presented in a simulation in Figure 2: 3D
attractive requirement and total eco-innovations are @imulation of perceptions of ecological product and
indifferent requirement for respondents. The responderitsiovations by respondents in Slovakia.

Figure 2 3D Simulation of perceptions of ecological product and innovations by respoi&itsakia
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4 Conclusion manufacturing firms in the French contedburnal of

The importance of ecological innovations is still Cleaner Production,Vol. 53, pp. 118-128, 2013.
growing, so it is necessary to monitor the adoption of thef#l CARRILLO-HERMOSILLA, = J., DEL  RIO
innovations by respondents. At present great importance is GONZALEZ, P., KONNOLA, T.: Diversity of eco-
emphasized in the introduction of eco-innovation. innovations: reflection from selected case studies.
Companies implementing ecological innovations should Journal of Cleaner Production, Vol. 4, pp. 1073-1083,
realize that, it is inevitable not only to implement them, but  2010. )
also to monitor their acceptance by customers. The resUff$ LOUCANOVA et al.: Eco-innovation Performance of
just point out that in Slovakia customers place the main Slovakia. Procedia Economics and Financé&/ol.
emphasis on price and product quality. Eco-innovation 26, pp. 920-924, 2015.
does not affect them. Ecological innovations have the mddf] KOTLER, P.:Marketing managemenPraha, Grada
significant impact on respondents at the age from 27 to 40  Publishing, 2001. (Original in Slovak)
years. Customers belonging to this age category are mbkd] GREGOR, T., KRAJCOVIC, M., WIECEK, D.:
satisfied with Slovak products with enviro brand than ~ Smart Connected LogisticRrocedia Engineering,
customers from other age categories. The results and Vol. 192, Transcom 2017, 12 International
information about customers” perceptions and preferences Scientific Conference of Young Scientists on
in the area of ecological innovations from respondents of ~Sustainable, Modern and Safe Transport, High
different age can be subsequently used during Tatras, Slovakia, pp. 265-270, 2017.
communication and innovation of ecological products. [12] HRUBALOVA, L.: Zaklady hotelierstva, Nitra:

Univerzita Konstantina Filozofa v Nitre, 2015.
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Abstract: In this work, a tool is developed to study operational aspects of manufacturing/production processes. Most
studies of operations systems are concerned with waiting times, queue lengths, servers' utilization, etc. This work, on the
other hand, is concerned with the yield of production/manufacturing processes with assembly operations in intermittent
production environments. A novel approach is proposed to study operational effects of processes' imperfectness.
Specifically, effects of the formation of defective items. The number of defective items and, hence, the number of
conforming items that are formed in each execution of each activity in a process are random variables. The number of
units of each component type in each (sub)-assembly is, however, dictated by the assembly ratios. Consequently, the
actual numbers may not fit the planed targets or each other. These differences might be small but suffice to generate chaos
in the system. A generic model is proposed, which enables to investigate and analyse these effects and evaluate tactics
to handle them.

1 Introduction Widely used to define simulation is the term 'system’'.

This work is in the production/manufacturing domainRobinson [5], for instance, defines simulation, basically as
It is concerned with operational aspects of productiongn imitation of a system” and many others; e.g., [6-8] also
manufacturing processes, which involve assembMse this term. Law and Kelton [7] define a system "to be a
operations, in intermittent production environments; e.geollection of entities; e.g., people or machines that act and
batch processing. No specific system is studied butiRferact together towards the accomplishment of some
generic model is developed to study operational effects l9gical end.” Checkland [9] identified four main classes of
processes’ imperfection. Specifically, the ramifications gfystems: natural systems, designed physical systems,
the formation of defective items. To illustrate, consider @esigned abstract systems and human activity systems.
carmaker who receives a deliveryrofvheels. Suppose When people and machines interact, both human activity
= 4K+ mandm< 4. Then, since there are four wheels in &ystem and designed physical system are involved, and
car, at least wheels will remain unused, more, kfis there are many examples of other combinations of
greater than the desired number of cars. Furthds,isf Checkland's system types. Robinson [5] adopted Wild's
smaller than the desired number, a shortage is crealéf] term operations systemser operating systemgor
despite the fact that at lemstvheels remain unused. TheseSystems where human activities are applied to physical
miss-matches are created because the numbers €Biities, including production systems, service systems and
conforming units in production processes are randofyPPIly chains. _ _ _
variables. The model proposed here is aimed at studying AS @n imitation, any simulation builds on a model of
these miss-matches and their effects on systen‘i'%e system it imitates and there are also distinctions
performances. This work differs from other studies iketween various types of models. In the context of this
several manners. First, most stochastic models fudy, the relevant distinction is between static and
operations systems, as defined below, are concerned viiflamic (simulation) models. "A static simulation model
waiting times, queue lengths, servers' utilization, etc.; e.gs.,a representation of a system at a particular time, or one
[1]. Second, serial processes are considered in most studfg& may be used to represent a system in which time
where inspections are included; e.g., the works reviewed$inPly plays no role,” while "a dynamic simulation model
[2]. Third, long-range averages are examined; e.g. [3] ahBPresents a system as it evolves over time.” [7]
[4]. This study, on the other hand, is concerned with_ [N operations systems time usually plays a primary role,
quantities — numbers of conforming and defective units @ither directly — the throughput time in manufacturing
processes, which involve assembly operations, and S¥Stems, waiting and service times in service systems, or
aimed at system dynamics and the examination of run-thdirectly by averaging over time — inventories, work in
run relationships. Simulation is used because the quantitRf@cess, queue lengths, utilizations of servers, etc.

are random variables with complex relationships amorfgonsequently, the vast majority of simulation studies of
them. operations systems “track the system as it evolves
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continuously over time." ([8], p.3). The model developedollow the direction of the process — from the elementary
in this study is different since it tracks the progress of unitbmponents to the end-item. The operations can be divided
via the steps of the production process and throughito two sub-sets: those that have a single entrance and
repeated executions the process. Although time passegtase that have two or more entrances. A sequence of
the units move forward and between process's executionperations, each with a single entrance, represents a
the proposed model is concerned with the numbers of unitcgmponent — elementary or sub-assembly, of the final
the division between conforming and defective units artoduct. Operations with multiple entrances, on the other
how these numbers are changed. Consequently, not tinhesid, represent assembly operations — the entering arrows
are sampled and the simulations are not discrete eveatsrespond to the components of the assembly while the
simulations. Rather, the term Monte Carlo simulation, asngle leaving arrow is the assembled item — a sub-
defined by Law and Kelton [7], suits the present modehssembly or a final assembly. Operation #0 is the final
However, while Law and Kelton conclude that "Monteassembly in Figure 1. Consequently, an OPC has a tree
Carlo simulations are generally static rather than dynamictructure — at least one but maybe more arrows are directed
the systems considered here have a dynamic nature becdaseach cycle or square box, while only one arrow is
in an intermittent production environment distinctdirected away from any such entity. Any OPC with more
executions of a process are interrelated. than one end-item can be decomposed — one chart with a
The model is generic in the sense that it models onfgee structure for each end-item. The activity in an
the production process to which many other functions camrowhead is the immediate successor of the activity in the
be added; e.g., information management regarding residaatow's tail.
guantities that are generated and can be used for future
needs. Additionally, while production environments are @
considered here, the principle behaviour also suits service

systems. In medicine, for example, erroneous diagnosis or 2 4 14
imperfect treatment may result in the return(s) of the

patient. Similarly, the failure of a student in a course forces n n
her/him to repeat the course. In these cases, the patient or

the student are, in many senses, analog to defective units in ° e
production systems. 3 A2

2 The Skeleton of the Model
The model proposed here is built on an old tool — the
operations process charfOPC). Process charts were
introduced by Frank and Lillian Gilbreth in 1921 [11].
From this early presentation emerged the OPC, which "is
one of the most useful techniques in manufacturing

5

planning. Actually, it is a 'diagram’ of the manufacturing | 1 e

process. It has been used in many ways as a planning ar

control device. With the addition of other data, it can be @

extremely useful in manufacturing management.” [12] Th @

American Society of Mechanical Engineers established a

standard for the OPC [13], of which the following symbols @

are used here: cycles represent operations and square box.

inspections, while arrows represent flows of material(s). Figure 1 An Operations process chart with assembly ratios

Each task — operation, inspection, and so on, has an

identification (ID) code. Usually, a list of all the tasks Frequently, several units of the same component type

accompanies each OPC and provides additionale assembled in a single unit of the (sub) assembly; e.g.,

information as proposed by Apple [12]: each task is briefifpur wheels in a car, several processors in a multi-processor

described, the performing station is identified, process ag@mputer, etc. The number of units of a component type in

set-up times are specified, etc. This list is, called 'routés immediate (sub)assembly is éssembly ratipwhich is

sheet' and the tasks' IDs refer the OPC to the route shié& core input to material requirements planning (MRP).

and vice versa. In this study, other additions, which are nbhe assembly ratios are provided by the bill-of-materials

included in the route sheet, are also considered. (BOM); e.g., [14], and can easily be added to the OPC —on
An example OPC is illustrated in Figure 1. Theeach link, which enters assembly operation, the

operations in the figure are numbered from 0 to 15, whikorresponding assembly ratio is marked, as in Figure 1.

the inspections are numbered separately and in an oppositeAnother type of information is the corresponding
order to distinguish between the two groups. The arrovigobabilistic data: the defect rate of each operation and the
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error rates — of type | and type Il errors, of each inspectio;. Note that many more units that are defective can flow
This information is necessary for many types of analys#isrough operationin thej™ pass because the numbers for
as illustrated in the sequel, but has never been associatadh task depend also on previous tasks and the model
with the OPCs until the recent study of Eben-Chaime [15}eeps track of these numbers.

Once this information is added, the number of defective

units that are generated in every pass through an opera®@ Assembly Operations

and the resulting numbers of the inspections — type | and The defect rate of an assembly operation is not only its
type Il errors, can be sampled. Then, each process canola defect rate, but of the arriving components, too, due to
tracked step-by-step as explained in the following sectiorthe mutual effects among the components, as demonstrated
Obviously, parallel execution of multiple processes caip [15]. Suppose an assembly consistsKoEomponent

also be simulated, whenever desired. types, with assembly ratioa, , k=1, ...,K. Suppose also
that Qj conforming units andi defective units of
3 Sampling component typd arrive to assembly operationn thej"

The novelty of the approach proposed here is to sampigss through it. Then, the mean defect rate of assembly
the required numbers individually and use the OPC ®perationi in thej™ pass through it is:
calculate the final outcome. These samplings are based on

the following assumptions: 11— —dy) T[Qijn/(Quji + xl.].k)]m"" (1)
1) Independence between operations and inspections.
2) Independence between different operations.  This is the binomial success rate for the sampling.
3) Independence between item’s units. Moreover, the number of trials for the sampling equals the

The first assumption is rather common; e.g. [16]. Thgumber of units that can be assembled:
second assumption is justified by the fact that each

operation is performed in either a different station or on a ]

different part and the third assumption follows the implicit Ny = miny {lQijk + xijk/mkl} @)
assumption that the process is in control. Thus, defective

units are formed only due to random causes; e.g., [1#here|x] denotes the integer part of x. The generated
These three assumptions justify the applicability of thiginomial number,x; is the number of defective (sub)
binomial distribution for all numbers and the use of thassemblies while min@ +xj)/mg- x; is the number of
inverse transform algorithm; e.qg., [8], p.56, for samplingsonforming (sub) assemblies that are assembled. However,
This method requires the number of trials, the success rateassembled units including the defective units continue
and a random number from a uniform (0,1) distribution, fai the next step in the process.

each execution. The derivation of the numbers of trials and Note that Qik +Xijk) - mdBy; > 0 units of any component

the success rates is the new component of the propos@se are not used by assembly operatidm thej pass
approach and is detailed in the following sub-sectiongrough it. What happened to these units is influential on
while the calculations of the final outcome are considerestem's performance and the analysis of these effects

in the next section. N _ motivated the development of the proposed model, as
As noted, two types of entities are considered discussed in Sections 4 and 5.

operations and inspections and there is an inherent
difference between these types. In inspections, units candeg Inspections
removed from the flow. A unit that is rejected does not | inspections, as noted, units are removed from the

continue with the other units — even if not wasted, fiow. The removed units are of two types: defective units
rejected unit should be repaired or reworked. The numbg{sq conforming units, which are falsely rejected — error
of units is changed in operations, too, but not by remova. pe . On the other hand, not all defective units are
In any assembly, at least two component types or two U”'_§tected and some slip through — error type II.
of the same type are assembled. Thus, the number of uglshsequently, two numbers should be sampled and hence
that leave an assembly operation is no larger than any@k, (0,1) uniform random numbers — one for each error

the entering numbers. type are required. The rate of type | ermoris the success
) rate andQ";j, the number of conforming units that enter
3.1 Non-assembly Operations _ inspectioni in thej™" pass through it, is the number of trials
_Let d denote the mean defect rate of operatiamd to determine the number of false rejectidpswhile Q°;
Q" are the numbers of conforming units that arrive te g, -f; conforming units pass the inspection. In addition,
operationi in thej" pass through it. Then, the number of, defective units also pass the inspection. The type Il error
new defective units, which are formed in this operation ifgte B and the number of defective units that enter

this passx; is a binomial random variable with a succesgspectioni in thej™ pass through it are used to sample this
rated andQ"; trials. The number of conforming units thatyymber, in a similar manner.

leave operatiom in thej™" pass through it igQ°“}; = Q" -
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In Sum, both the number of conforming units and thare rather small and vary from pass to pass. This creates a
number of defective units that travel each arrow in eadfallenging inventory management task — where to keep,
pass through the OPC can be tracked as described abaoeeord keeping, etc., as illustrated in the next section.

This enables to determine the output — the number of
conforming units of the end item that is produced from th®  ||lustrative Runs

specified input for each pass through the OPC. The purpose of this section is two-fold. First to
_ illustrate the operation of the model and then to
4  System's Dynamics demonstrate some possible applications.

Had only a single pass or a series of independent passes
through the OPC been executed it would have been a st&i¢  Model's operation
Monte Carlo simulation as defined by; e.g., Law and Table 1 portrays a single pass through the process of
Kelton [7], but here, the execution of many passes is a k@Sigure 1 with no initial inventories. In the left column, the
A simulation which consists of a series of independesictivities are identified: 'o' indicates operation, while i
executions of the process — passes through the OPC woildicates inspection and the numbers match the numbers in
be very similar to stochastic analyses of projects wherigure 1. A mean defect rate of 1% is assumed for each
activities' durations are sampled to determine the projecgeration, while mean rates of 3% for type | error and 2.5%
critical path in each run; e.g., [18]. However, in intermittenfor type 1l error are assumed for each inspection.
production environments distinct process executions af@bviously, the rates are equal just for simplification and
not independent. Residual inventories might beifferent rates can be used just the same.) The second
constructed, as noted above, during each execution of gigumn lists the immediate successor of each activity and
process due to the stochastic nature of the yields — the ratios assembly ratios are specified, were relevant, in the third
of conforming units in production processes. Theseolumn from the left.
inventories turn the system into a dynamic system by

interrelating distinct executions of the process as in each Table 1A single pass through the process

execution, units that were produced in earlier executionsac. | Imm. | Asse-| Number | Number | Number

can be used and units that are produced now might not/b® | succ. | mbly | of of of units

used now and left for future use. Formally:= |i,j-l+ Pi,j - ratio defective| conform-| not

Cij, wherel;; is the inventory at the end of tjfeexecution units ing units | used

of operationi, P, is the amount processed in operatian 00 | -- 11 094 5

its j" execution andCi; is the amount of units processed in"jg | o0 4 1 4050 31

operationi and consumed by subsequent operations. THigg™ | o0 2 1 2009

is, actgally, a we_zll-known equation, which is used imo2 19 49 4175

dynamlc_: producjuon plgnnlng; e.g., [6,_ 10],. but IN—57 178 31 2064

production planning an indexfor time periods is used 57 5 1 4 4220 h

instead of, and here, the time intervals between successi % | o2 > 0 8458 1

executions of the process might be of different lengths. — =
Moreover, the inventories considered here can te's 02 3 15 12664

constructed around assembly operations only: either befg .“'34 ol 2 3 4188 !

the assembly operations of sub-assemblies or after the fi ".5} 91 1 1 2120 2

assembly. Production plans take into account the defg L !7 98 4352

rate of each operation. Yet, the actual quantities are rand 030 !6 0 89 8722

numbers. Aiming at averages in long term planning, t 0> !5 411 13089

maximal number of final assemblies should be assemble@4 | 14 90 4360

in each path. In some cases more than planned would |23 | i3 34 2180

produced — adding to the inventory, while in other cases10 | o7 0 45 440%

less than planned would be produced and the inventory gag9 | 05 263 13237

be used to fill the gap, keeping the average around the8 | o4 0 54 4396

target. Maximal numbers should also be assembled of eaci2 | 03 3 4 6654 16

sub-assembly, but miss-match between component typesl | o3 1 1 2213 0

as indicated above, can result in residual inventories. Thi®13 | 09 0 1271 13378

includes cases where the number of arriving units is not am12 | i2 127 6873

integer multiple of the assembly ratio of the correspondingo11 | i1 43 2277

component type. For example, of 23 wheels only 5 cars cag15 | 012 0 64 6936

be made with a residue of three. ol4 | o11 0 19 2301
Following this discussion, the number of units of each

item which are not used in each pass through the process
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The three columns on the right side of the table atke number of trials for the sampling for operation 03. This
numbers of units, which were set aiming at the assemblyaio leaves 16 = 6,658 -2®14 unused units at i2. The
1,000 conforming units of the end item, on average amtdfect rates are 1/2,213 and 4/6,654, respectively for the
accounting for both: the assembly ratios and the defeatriving units from i1 and i2. Consequently, the defect rate
rates. (see [15]). Operations 6, 8, 10, 13, 14 and 15 @03 is 1-0.99(2,213/2,214]6,654/6,658) were 0.99 =
leaves in th©PCof Figure 1 —each has no arrow pointingi - the self-defect rate of 03. The sampling resulted in 34
into it. This is indicated by the ‘0" values in the assembljefective units and 2,180 conforming units. In 02, three
ratios of these operations, which thus serve as the startifignponent types are involved, which arrive from i5, i6 and
points for the calculations. Material for 7,000 units entefig. The number of trials is 4,224 = min {4,224, [8,458/2]
operation 15, which constitutes the number of trials for thj2 679/3]}. Ten unused units are left in i6 and 7 units in
operation in this pass. Consequently, 64 defective unis No defective unit arrive from i6. Hence, the defect rate
were sampled from the binomial distribution with 1%f o2 s 1-0.992,213/2,214)8,458/8,458)(12,664/
success rate (the mean defect rate), 7,000 trials and 2679§. Notice the numbers of residual units. 1 unit in i4
cumulative probability which was sampled from theéyecause the total number of units: 4,188 + 3 is odd and 26

uniform (0,1) distribution. 2,320 trials were used fofnits in i3, which suffice for additional 26 sub-assemblies,
operation 14, 13,500 trials for operation 13, 4,450 trials fgjut have no matching components.

operations 8 and 10 and 8,811 trials for operation 6. The
immediate successor of operation 015 is 012. The number Taple 2A single pass through the process with final

of conforming units which enters this operation is 6,936 = inspection
7,000 - 64 = the number of trials for sampling. 63 defectiVEac | Imm. | Asse-| Number | Number | Number
new units from this operation join the previous 64, 12{|p | succ. | mbly | of of of units
units together, leaving 6,873 conforming units. The ratio | defective| conform-| not
numbers for 011, 09, 07 and 04 — the successors of 014, units ing units | used
013, 010 and 08 are determined in exactly the same wayg, 1 0 996 0
The successor of 09 is 05. Hence, the number of trials fopg | F 11 1028
05 are the 13,237 confo_rmlng units, \.Nhlc_h.a.rrlve to 0559 00 4 1 4188 33
from 09. Of these, 148 units turn defective, joining the 26"18 00 2 1 2077 a
defective units that arrive from 09, too. The successors b2 Ti9 50 4317
012, 011, o7, 06, o5 and 04 are all inspections. ol |8 3 5134

For each inspection, two numbers should be sampleg:
the number of defective units that are missed and sl'd7 02 1 4 4363 g
through the inspection and the number of false rejectio s',6 02 2 9 8739 L
The details of 012 are used for the sampling for i2. Fals‘45 02 3 15 13134 48
rejections are of conforming units. Hence, 6,873 trials a'd_4 ol 2 3 4330 L
used for sampling with a success rate of 3% — the rate df 91 1 1 2185 20
type | errors. 219 conforming units are falsely rejected, 9’ !7 101 4499
leaving 6,654 to continue, with another 4 defective unitg,06 | i6 0 92 9008
out of 127, which slipped through the inspection. Similarly, 05 | i5 426 13574
only 2,213 of the 2,277 conforming units that arrive to i1 04 | i4 93 4507
continue, with the addition of a single defective unit. Theseo3 | i3 35 2247
principles are used also for the sampling of i4, i5, i6, ando10 | o7 0 47 4553
i7. The successors of all these inspections are assembh9 | o5 273 13727
operations. 08 | o4 0 56 4544

Recall the difference between operations andi2 | o3 3 4 6844 7
inspections, which is noted in the beginning of the thirdij1 o3 1 1 2289 g
section. The total number of units is not changed whileg13 ] 09 0 133 13868
moving from 015 to 012, from 014 to 011, or in the othelfg12 | 2 130 7070
routes. In contrast, in the inspections the numbers qre11 ] i1 44 2356
changgd, due to the removal of units which are deemegdi57 512 0 64 7135
defective. 0l4| oll 0 2 2380

In assemblies, the assembly ratios should also be taken
into account. Going bottom-up, 03 needs to be considered All

first. In thi . inal it that arri ¢ i the rules for the calculations have now been
Irst. in this opération, a singie unit that armves rom 11 13, eganted and the calculations up to the end-item continue
assembled with 3 units from i2. The numbers of arrivin

units are 2,214 from i1 and 6,658 from i2 and since 2,2 the same way. The final assembly — 00, ends up with 994

. ) ! nforming wunits and 11 defective units. The
< 6,658/3, only 2,214 units will be assembled and this &)rresponding outgoing quality is 994/ (11 + 994) ~ 98.9%
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a bit higher than the mean value of 98.8%. Both values cBr2  Systems' dynamics and possible applications

be improved if a final inspection is added after the final of the model

assembly. The mean value of the outgoing quality The development of the model was motivated by the
increases to almost 99.97% and the results of the singigsire to study the effects of the residual inventories — the
pass with final inspection (FI) are listed in Table 2. unused units in Tables 1 and 2. To illustrate, a second pass
However, the additional inspection also involves 3% fals@rough the process has been executed, with and without
rejections. Consequently, the input had to be increased fjya| inspection. These executions have been performed in
1/(1-.03) - 1 ~ 3.1% in order to maintain the target of 1,0QQ,0 different settings. First, independent pass — the
conforming units. This is the sole source for the differencegsidues of the first pass have not been used in the second,
between Tables 1 and 2 — the same uniform (0,1) rand@fd the residues of both passes are accumulated. Then, the
numbers and the same mean defect rates have been usgfidues of the first pass have been used in the second pass.
Of course, however, with different numbers of units, thghe results are presented in Table 3. The passes without
numbers of trials are changed and, in addition, the defefial inspections are shown on the top part, while the passes
rates of the assembly operations. The final results reflegigh final inspection are shown in the lower part, of the
the improvement — while the same number of defectiv@ple. In the bottom of the table, the column titles are put
units, 11, have been assembled in 00, none slipped throggfvords. Non-assembly operations are excluded from the
the final inspection. The number of conforming units igaple since, as noted in the beginning of Section 3, the

about the same — the difference can be attributed to th@rnber of units is not Changed in these Operations_
modulo operator in the calculations of the assembly

operations. This is also related to the different numbers of
unused units.
Table 3System's Dynamics

First pass ® pass without residues | "“pass with residues
ID |IS | AR | #D | #Conf. | 11| #D| #Conf.| 12| 11+l12 #DO #Conf] 12
00 11 994 7 1002 9 14 7 1003 15
i9 |00 4 1 4050 31 2 4035 1 32 2 4035 28
< i8 |00 2 1 2009 0 2020 2 2 0 2020 D
= [ 02 |9 49 4175 5] 416p 51 4165
e |ol |i8 31 2064 23 2094 23 2094
= |7 |02 1 4 4220 3 4213 0 0 3 4213 D
2 [i6 |02 2 0 8458 14 5 8478| 51 61 5 8478 61
5 |i5 |02 3] 15 12664 1 8| 12734 94 101 § 12734 101
-c-‘g i4 |ol 2 3 4188 1 1 4233 0 1 1 4233
g |i3 |ol 1 1 2120 24 0 2119 2 28 q 2119 28
S |03 |i3 34 2180 2( 2178 20 2178
i2 |03 3 4 6654 14 3 6639| 48 64 3 6639 64
il | o3 1 1 2213 4 2 2196 0 0 2 2196 D
Fl 0 996| -4 O 1006 6 2 0 1008 4
o0 | FI 11 1028 1 1036 7 1038
i9 |00 4 1 4188 33 2 4172 2 35 2 4172 27
i8 |00 2 1 2077 4 O 2089 3 3 0 2090 D
S (02 ]9 50 4317 53 4306 53 4306
:3: ol | i8 32 2134 23 216H 23 2166
2 L7 |02 1 4 4363 d 3 4356 0 0 3 4356 D
= i6 |02 2 0 87353 14 5 8756 43 44 5 8756 44
7} 13
-fflg i5 |02 3| 15 13134 48 8| 13204 5 183 8| 13204 183
S |i4 |ol 2 3 4330 4 1 4376 1 2 1 4376 D
> i3 |o1 1 1 2185 24 0O 2193 5 25 q 2197 28
o3 | i3 35 2247 2( 2254 20 2258
i2 |03 3 4 6844 4 3 6830 11 13 3 6830 1
il | o3 1 1 2289 4 2 2272 0 8 2 2272 4
ID — activity identification #D — number of defective units
IS — immediate success #Conf.— number of conforming uni
AR — assembly ratio Ix — residual inventory at the end of tHepass
~18 ~

Copyright © Acta Simulatio, www.actasimulatio.eu



Acta Simulatio - International Scientific Journal about Simulation
Volume: 5 2019 Issue: 2 Pages: 13-20 ISSN 1339-9640

A MODEL TO STUDY DYNAMIC EFFECTS OF THE FORMATION OF DEFECTIVE ITEMS IN
MANUFACTURING
Moshe Eben-Chaime

System dynamics is manifested by the differences in ta@d forms a basis for the evaluation of various approaches
number of units; e.g., the differences between the colunand tactics to improve system's performance.

I2 of the independent passes — without residues, with 12

when the residues are used in the second pass. The nRsferences

important consequence of the use of the residues is fifHOPPE, N., SEEANER, F., SPIECKERMANN, S.:
increase in the yleld of the second pass. With no final Simulation-based dispatching in a production System,

inspection one additional unit, while with final inspection  journal of SimulationVol. 10, No. 2, pp. 89-94, 2016.
two additional units of the end item are assembled. This ¢oi:10.1057/jos.2015.17

also results in smaller inventories of the sub-assemblie§2t REZAEI-MALEK, M., MOHAMMADI, M.,
the total inventory at the end of the second pass in the rowS pANTAN, J.-Y., SIADAT, A., TAVAKKOLI-

of i8 and i9. No general conclusions can be drawn from a MOGHADDAM, R.: A review on optimisation of part
couple of passes, but the dynamic pattern is demonstratedquality inspection planning in a multi-stage
and the model can be executed as many times as needed. manufacturing  system, International Journal of

Noteworthy is the fact that the first pass, with or production ResearcfElectronic], 2018.
without final inspection ended with less than planned doi:10.1080/00207543.2018.1464231
conforming units. Without final inspection, the 11/3]||, J., BLUMENFELD, D. E., HUANG, N., ALDEN,
defective units, which continue to the next destination of* 3 M.: Throughput analysis of production systems:
this prOdUCt, hide the prOblem, while the final inSpeCtion recent advances and future topicB]ternationa|
exposes this shortage, which may or may not be fulfilled journal of Production Research/ol. 47, No. 14,
by the surplus of the second pass. This type of behaviour, pp. 3823-3851, 2009.
however, is certainly expected in reality and the propos¢g) MOHAMMADI, M., DANTAN, J.-Y., SIADAT, A,
model enables to analyse its pattern and consequences. = TAVAKKOLI-MOGHADDAM, R.: A bi-objective

robust inspection planning model in a multi-stage serial
6 Summary production systenmnternational Journal of Production

Manufacturing/production processes are imperfect and Research Vol. 56, No. 4, pp. 1432-1457, 2018.
produce defective items in a random manner. The doi:10.1080/00207543.2017.1363425
introduction of inspections for quality assurance add§] ROBINSON, S.: 8nulation: The Practice of Model
randomness to the system due to inspection errors of both Development and UsbK: Palgrave MacMillan, 2014.
types. The facts that product design dictates specifi6] BANKS, J.:Handbook of Simulatioyew York (NY):
assembly ratios while the actual number of units that arrive John Wiley & Sons Inc., 1998.
to assembly operations are random numbers create mig§-LAW, AM., KELTON, WD.: Simulation Modeling and
matches in production systems, which involve assembly Analysis 3¢ ed., NY: McGraw-Hill Inc., 2000. (There
operations. This might be less prominent when a single are later editions only by Law, but for what appears in
product is manufactured with rare interruptions for the early editions both authors deserve the credit.)
maintenance, but in a multiple-products-resource-sharif@] ROSS, SM.Simulation 5" ed., Amsterdam: Academic
environment, which forces intermittent production, these Press, 2013.
miss-matches can result in chaos — quotas are not fulfillg8] CHECKLAND, P.: Systems Thinking, Systems
and ordered are delivered either late or incomplete. Practice New York: John Wiley $& Sons Inc., 1981.

In this study, a dynamic simulation model has beefi0] WILD, R.: Operations Managemeng" ed., London:
developed to analyse these phenomena. It is dynamic Thomson Learning EMEA, 2002.
because it enables to follow the interrelationships betwegtil] GILBRETH, FB., GILBRETH, LM.:Process Charts,
different executions of production processes, focusing on The annual meeting of American Society of
residual quantities of items, which result from miss-  Mechanical Engineers, 1921.
matches, either surpluses or shortages. The operation of fhi2] APPLE, JM.:Plant layout and material handling@
model is described in details and its merit is demonstrated ed., New York (NY): The Ronald Press Company,
with few examples. 1963.

Since the magnitudes of these residual quantities dde] American Society of Mechanical Engineers, ASME
(often very) small compared to the total quantities, itisnot  standard Operations and flow process chaiew
even clear if they are managed in any form. The numerical York (NY), 1947.
examples show that even in two executions of a procgd<€l] NAHMIAS, S.: Production and Operations Analysis,
using the residues of the first pass during the second makes New York (NY): 6" ed., McGraw Hill, 2009.
differences. Much more significant differences ar§l5] EBEN-CHAIME, M.: Mutual Effects of Defective
expected when processes are executed in the high Components in  Assemblies, Journal  of
frequency of industrial plants. The proposed model enables Manufacturing Systenvol. 36, No.1, pp. 1-6, 2015.
to better understand the behaviour of production systerfi] FRANCESCHINI, F., GALETTO, M., GENTA, G,

MAISANO, D.: Evaluating quality-inspection
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