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Abstract 

In today’s business environment, the trend towards more product variety and customization is unbroken. Due to this development, the need of 
agile and reconfigurable production systems emerged to cope with various products and product families. To design and optimize production
systems as well as to choose the optimal product matches, product analysis methods are needed. Indeed, most of the known methods aim to 
analyze a product or one product family on the physical level. Different product families, however, may differ largely in terms of the number and 
nature of components. This fact impedes an efficient comparison and choice of appropriate product family combinations for the production
system. A new methodology is proposed to analyze existing products in view of their functional and physical architecture. The aim is to cluster
these products in new assembly oriented product families for the optimization of existing assembly lines and the creation of future reconfigurable 
assembly systems. Based on Datum Flow Chain, the physical structure of the products is analyzed. Functional subassemblies are identified, and 
a functional analysis is performed. Moreover, a hybrid functional and physical architecture graph (HyFPAG) is the output which depicts the 
similarity between product families by providing design support to both, production system planners and product designers. An illustrative
example of a nail-clipper is used to explain the proposed methodology. An industrial case study on two product families of steering columns of 
thyssenkrupp Presta France is then carried out to give a first industrial evaluation of the proposed approach. 
© 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the 28th CIRP Design Conference 2018. 
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1. Introduction 

Due to the fast development in the domain of 
communication and an ongoing trend of digitization and
digitalization, manufacturing enterprises are facing important
challenges in today’s market environments: a continuing
tendency towards reduction of product development times and
shortened product lifecycles. In addition, there is an increasing
demand of customization, being at the same time in a global 
competition with competitors all over the world. This trend, 
which is inducing the development from macro to micro 
markets, results in diminished lot sizes due to augmenting
product varieties (high-volume to low-volume production) [1]. 
To cope with this augmenting variety as well as to be able to
identify possible optimization potentials in the existing
production system, it is important to have a precise knowledge

of the product range and characteristics manufactured and/or 
assembled in this system. In this context, the main challenge in
modelling and analysis is now not only to cope with single 
products, a limited product range or existing product families,
but also to be able to analyze and to compare products to define
new product families. It can be observed that classical existing
product families are regrouped in function of clients or features.
However, assembly oriented product families are hardly to find. 

On the product family level, products differ mainly in two
main characteristics: (i) the number of components and (ii) the
type of components (e.g. mechanical, electrical, electronical). 

Classical methodologies considering mainly single products 
or solitary, already existing product families analyze the
product structure on a physical level (components level) which 
causes difficulties regarding an efficient definition and
comparison of different product families. Addressing this 
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Abstract 

From the operational perspective on manufacturing systems, disturbances related to product property (e.g. quality) can be seen as errors leading 
to longer production cycles, additional quality inspection and handling efforts, resulting in inefficiencies. Identification and analyzing the impact 
of different error types (e.g. pseudo errors) at an early process step have a significant influence on the overall process chain. Therefore, within 
this paper, a framework for a simulation-based assessment of quality inspection strategies and effect analysis of error classification on the overall 
manufacturing system with regard to selected key figures is developed. Moreover, the framework is applied to a use case from the electronic 
production with regard to different scenarios. Based on the simulation results, decision support is given to increase the overall manufacturing 
system performance. 
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1. Introduction 

Due to increasing competition, companies are striving for 
decreasing production costs while maintaining high product 
quality to stay competitive in the long term. Thus, the assurance 
of a high quality by inspection of conformity is mandatory. 
Moreover, manufacturing companies try to improve or maintain 
high quality while maximizing the efficiency of the overall 
system. Figure 1 shows the challenges of finding an optimal 
trade-off between effort for error prevention and the resulting 
costs. In particular, it becomes clear that with an error 
prevention, the cost of prevention and appraisal increases 
significantly.[2]  

To improve the quality in manufacturing systems, there are 
several tools like six sigma, statistical process control and 
inspection [3]. In addition, the quality of the final product in a 
multistage manufacturing system is a result of complex 

interactions between the various stages within the system. 
Particularly challenging is the fact that the quality 
characteristics at one process step are not only influenced by 
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Figure 1: Trade-off between error prevention and cost (adapted from [1]) 
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local deviations and errors, but also by forwarded ones from 
upstream stages. 

Against this background, it is not only necessary to look at 
the effect of individual quality management activities, but also 
to analyze their impact on the overall system to understand 
existing interactions and effects. Therefore, the aim of this 
paper is to model and analyze the effect of different quality 
inspection strategies and scenarios on manufacturing systems 
within a simulation environment. In addition, effects of 
unreliable inspection strategies need to be examined using false 
classification results (pseudo errors). Hereby, uncertainties and 
variations in product characteristics along the process chain can 
also be represented. This is supposed to show the effects of false 
classifications as well as the effect of different inspection 
strategies on the overall manufacturing system performance. 

2. Technical Background 

2.1. Inspection and Characterization of Product Quality 

Inline product quality inspection in multi-stage 
manufacturing systems can be divided into “full or none 
inspection” as well as “sampling inspection” strategies. Within 
“full inspection”, after (each) manufacturing step a 100 percent 
inspection is performed for every product. In contrast, “none 
inspection” follows a strategy in which no products are 
checked for quality. Moreover, “sampling strategy” focuses on 
an inspection of a defined amount of products Sn from a batch 
S. Based on the defect products observed in the sample, the 
whole batch is accepted or rejected. In case of exceeding a 
predefined threshold of z defective products within the sample, 
the whole batch is rejected and can be seen as scrap. Thus, this 
strategy may lead to the disposal of conforming products [4,5]. 

By applying these inspection strategies, two different error 
types can occur. Figure 2 gives an overview of possible error 
types.  

A type I error refers to the wrong indication of a confirming 
product as non-confirming. Therefore, this error type is defined 
as a “pseudo error” within this paper. Type II error products 
are classified as confirming while they are of non-confirming 
quality. 

To react to these non-confirming products, several actions 
can be taken. These products can be either reworked, repaired, 
replaced or scrapped. The decision on the action in each case is 
individually dependent on the associated costs and the 
possibility of repair or rework of the erroneous product [6]. 

2.2. Characteristics of Multistage Manufacturing Systems 

To understand the impact of quality inspection on multistage 
manufacturing systems, it is necessary to consider all flows and 
interaction within these systems. 

The characteristics of multistage manufacturing systems are 
determined by the consumption and emission of different 
flows, such as material, energy, gas or data/information caused 
by the usage of multiple machines and processes as well as 
technical equipment [7]. To understand the characteristics and 
interaction of the manufacturing system, it is necessary to 
consider production processes and their resource input and 
output flows [7]. 

Therefore, Figure 3 shows the architecture of multistage 
manufacturing systems. At the center of this are various 
manufacturing processes and quality gates (e.g. quality 
inspections), which are connected by the material flow. Here, 
it is not necessarily required that the individual manufacturing 
processes are tightly chained to each other. These processes 
cause different energy and resource in- and output flows which 
contribute to the efficiency of the overall manufacturing 
systems in terms of environmental impact as well as costs [7]. 
Moreover, each inspection station has its own processing time 
that leads to a higher throughput time for each inspected 
product. 

On the one hand, Figure 3 shows that the manufacturing 
processes are interlinked with the technical building services 
(TBS). These services provide the system with necessary 
energy and media in terms of electricity or compressed air as 
well as production conditions (e.g. air condition supply). On 
the other hand, the processes and quality gates are connected to 
a SCADA/Manufacturing Execution System (MES) that 
acquires data from the processes (e.g. temperature, processing 
times) and quality information (e.g. quality test results). This 
causes additional energy and resource demand by the 
manufacturing system [8,7]. 

With the focus on quality inspection, it is necessary to 
consider feedback and feedforward loops in manufacturing 
systems that have relationships with other processes or 
connected subordinate systems like SCADA or MES. The 
result is that product characteristics in one process step are not 
only influenced by local process-structure-property 
relationships, but also by variations or characteristics 
propagated from upstream processes [9]. Therefore, the final 
product can be seen as an accumulation of characteristics from 
all processes [10]. This characteristic is particularly important 
for quality inspection, as it strongly influences the inspection 
strategy and the allocation of inspection stations. 

To properly characterize the multistage manufacturing 
system, it is inevitable to understand that consumption and 
emission of all flows are highly dynamic and depend on the 
individual machine and process states like operating, waiting, 
idle mode or failure. Therefore, the utilization of the equipment 
and stochastic behavior have major influence on the entire 
system [10,7]. 

Figure 2: Left: Overview of possible inspection strategies; right: overview of 
error types (adopted from [4]) 
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Moreover, information flows provide valuable decision 
support to set up an efficient and reliable manufacturing system 
and enable production engineers to comprehensively 
understand the impact of their decisions on the system 
performance [8]. 

To achieve a realistic and dynamic analysis and evaluation 
of technical (e.g. product output, availability), economic (e.g. 
costs) and environmental goals (e.g. carbon footprint) of a 
manufacturing system, it is essential to consider all dynamics 
within the system [11]. Expanding this statement to quality 
inspection control within multistage manufacturing systems, it 
is necessary to understand the effect of errors and their 
respective testing on the overall system performance. 

3. Conceptual Framework 

3.1. Structure of Simulation 

Simulation is a well-known methodology in industry and 
science for representing or imitating real systems over time or 
imitating those [12]. Since flows (e.g. material, resource and 
information) in multistage manufacturing systems are usually 
quite complex, simulation is an often used environment for the 
validation, analysis and optimization of those systems. With a 
specific focus on manufacturing, simulation paradigms are 
used as a supporting tool for several tasks. Often they are used 
for layout design, planning, analysis and optimization of 
manufacturing systems [13]. In addition, a manufacturing 
simulation can help to analyze the underlying system with 
regard to its cause-effect relationships and its dynamics as well 
as to make the behavior of the system visible and accessible to 
the observer (e.g. manufacturing planner) [12,13]. 

In the context of simulation, two major paradigms are static 
and dynamic simulation. While static simulation is strictly time 
dependent, dynamic simulation is changing over time. A 
widely used method for manufacturing simulation is discrete 
event simulation (DES) [13]. Therefore, passive entities, such 
as people or tasks, move through a manufacturing system and 
trigger actions at discrete events over time. 

Due to the characteristics of quality inspection in 
manufacturing systems (see chapter 2.2) and their concrete 
application at certain defined points in time, the simulation 
architecture is modelled as DES. Figure 3 shows the generic 
simulation architecture.  

Within the simulation, different products are represented by 
units that proceed from object (e.g. process) to object. These 
units are then processed according to their production plan in 
the respective processes. In addition, the bill of materials 
defines the components to be installed, assigns them to the 
respective processes and defines the assembly order. This in 
turn has a direct influence on the material supply. In addition, 
the product defines the respective production time of the 
individual processes. 

Moreover, the simulation contains several different process 
steps, which the products pass sequentially. In addition, the 
process steps are parameterized based on their individual 
behavior. In this case, possible parameters could be downtimes, 
repair times or ramp-up times. 

Moreover, the simulation framework also models various 
quality inspections stations as quality gates (QG). These QG in 
turn check the produced products for certain characteristics 
such as volume, surface roughness or functional tests. 
Therefore, they need to be parameterized with respect to the 
specific inspection procedure. This results in different 
inspection times for the QG. Besides, the QG are characterized 
by different error and pseudo error rates for a specific product. 

3.2. Modelling of Quality Inspection Strategies 

To analyze the interactions between quality inspection 
stations and the manufacturing process chain within the overall 
manufacturing system, inspection strategies, error types and 
respective actions need to be modelled and analyzed. 
Therefore, in order to analyze the cause and effects in relation 
to the overall manufacturing system, the quality inspection 
model must be integrated into the manufacturing simulation on 
process chain level [14]. To this end, necessary differentiations 
are shown in numbered boxes from 1 – 4 in Figure 3.  

First, a differentiation has to be made, whether a quality 
inspection is performed or not (see 1). Therefore, two arrows 
are shown in Figure 3 after the first process step. In case of a 
quality inspection, the respective strategy (e.g. full or sample 
inspection) must be modelled (see 2) and characterized by 
“error” and “pseudo error” rates for the respective QG (see 3). 
Furthermore, the time required for the corresponding 
inspection has to be defined. 
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unreliable inspection strategies need to be examined using false 
classification results (pseudo errors). Hereby, uncertainties and 
variations in product characteristics along the process chain can 
also be represented. This is supposed to show the effects of false 
classifications as well as the effect of different inspection 
strategies on the overall manufacturing system performance. 

2. Technical Background 

2.1. Inspection and Characterization of Product Quality 

Inline product quality inspection in multi-stage 
manufacturing systems can be divided into “full or none 
inspection” as well as “sampling inspection” strategies. Within 
“full inspection”, after (each) manufacturing step a 100 percent 
inspection is performed for every product. In contrast, “none 
inspection” follows a strategy in which no products are 
checked for quality. Moreover, “sampling strategy” focuses on 
an inspection of a defined amount of products Sn from a batch 
S. Based on the defect products observed in the sample, the 
whole batch is accepted or rejected. In case of exceeding a 
predefined threshold of z defective products within the sample, 
the whole batch is rejected and can be seen as scrap. Thus, this 
strategy may lead to the disposal of conforming products [4,5]. 

By applying these inspection strategies, two different error 
types can occur. Figure 2 gives an overview of possible error 
types.  

A type I error refers to the wrong indication of a confirming 
product as non-confirming. Therefore, this error type is defined 
as a “pseudo error” within this paper. Type II error products 
are classified as confirming while they are of non-confirming 
quality. 

To react to these non-confirming products, several actions 
can be taken. These products can be either reworked, repaired, 
replaced or scrapped. The decision on the action in each case is 
individually dependent on the associated costs and the 
possibility of repair or rework of the erroneous product [6]. 

2.2. Characteristics of Multistage Manufacturing Systems 

To understand the impact of quality inspection on multistage 
manufacturing systems, it is necessary to consider all flows and 
interaction within these systems. 

The characteristics of multistage manufacturing systems are 
determined by the consumption and emission of different 
flows, such as material, energy, gas or data/information caused 
by the usage of multiple machines and processes as well as 
technical equipment [7]. To understand the characteristics and 
interaction of the manufacturing system, it is necessary to 
consider production processes and their resource input and 
output flows [7]. 

Therefore, Figure 3 shows the architecture of multistage 
manufacturing systems. At the center of this are various 
manufacturing processes and quality gates (e.g. quality 
inspections), which are connected by the material flow. Here, 
it is not necessarily required that the individual manufacturing 
processes are tightly chained to each other. These processes 
cause different energy and resource in- and output flows which 
contribute to the efficiency of the overall manufacturing 
systems in terms of environmental impact as well as costs [7]. 
Moreover, each inspection station has its own processing time 
that leads to a higher throughput time for each inspected 
product. 

On the one hand, Figure 3 shows that the manufacturing 
processes are interlinked with the technical building services 
(TBS). These services provide the system with necessary 
energy and media in terms of electricity or compressed air as 
well as production conditions (e.g. air condition supply). On 
the other hand, the processes and quality gates are connected to 
a SCADA/Manufacturing Execution System (MES) that 
acquires data from the processes (e.g. temperature, processing 
times) and quality information (e.g. quality test results). This 
causes additional energy and resource demand by the 
manufacturing system [8,7]. 

With the focus on quality inspection, it is necessary to 
consider feedback and feedforward loops in manufacturing 
systems that have relationships with other processes or 
connected subordinate systems like SCADA or MES. The 
result is that product characteristics in one process step are not 
only influenced by local process-structure-property 
relationships, but also by variations or characteristics 
propagated from upstream processes [9]. Therefore, the final 
product can be seen as an accumulation of characteristics from 
all processes [10]. This characteristic is particularly important 
for quality inspection, as it strongly influences the inspection 
strategy and the allocation of inspection stations. 

To properly characterize the multistage manufacturing 
system, it is inevitable to understand that consumption and 
emission of all flows are highly dynamic and depend on the 
individual machine and process states like operating, waiting, 
idle mode or failure. Therefore, the utilization of the equipment 
and stochastic behavior have major influence on the entire 
system [10,7]. 

Figure 2: Left: Overview of possible inspection strategies; right: overview of 
error types (adopted from [4]) 

G
oo

d/
C

on
fir

m
in

g
B

ad
/

N
on

-
co

nf
irm

in
g Type I Error

„Pseudo 
Error“

True
confirming

True non-
confirming

Type II Error

Good/
Confirming

Bad/
Non-confirming

Reality

M
ea

su
re

d

Sample Inspection

None Inspection

Full Inspection

In
sp

ec
tio

n
St

ra
te

gi
es

 Filz et al./ Procedia CIRP 00 (2019) 000–000  3 

Moreover, information flows provide valuable decision 
support to set up an efficient and reliable manufacturing system 
and enable production engineers to comprehensively 
understand the impact of their decisions on the system 
performance [8]. 

To achieve a realistic and dynamic analysis and evaluation 
of technical (e.g. product output, availability), economic (e.g. 
costs) and environmental goals (e.g. carbon footprint) of a 
manufacturing system, it is essential to consider all dynamics 
within the system [11]. Expanding this statement to quality 
inspection control within multistage manufacturing systems, it 
is necessary to understand the effect of errors and their 
respective testing on the overall system performance. 

3. Conceptual Framework 

3.1. Structure of Simulation 

Simulation is a well-known methodology in industry and 
science for representing or imitating real systems over time or 
imitating those [12]. Since flows (e.g. material, resource and 
information) in multistage manufacturing systems are usually 
quite complex, simulation is an often used environment for the 
validation, analysis and optimization of those systems. With a 
specific focus on manufacturing, simulation paradigms are 
used as a supporting tool for several tasks. Often they are used 
for layout design, planning, analysis and optimization of 
manufacturing systems [13]. In addition, a manufacturing 
simulation can help to analyze the underlying system with 
regard to its cause-effect relationships and its dynamics as well 
as to make the behavior of the system visible and accessible to 
the observer (e.g. manufacturing planner) [12,13]. 

In the context of simulation, two major paradigms are static 
and dynamic simulation. While static simulation is strictly time 
dependent, dynamic simulation is changing over time. A 
widely used method for manufacturing simulation is discrete 
event simulation (DES) [13]. Therefore, passive entities, such 
as people or tasks, move through a manufacturing system and 
trigger actions at discrete events over time. 

Due to the characteristics of quality inspection in 
manufacturing systems (see chapter 2.2) and their concrete 
application at certain defined points in time, the simulation 
architecture is modelled as DES. Figure 3 shows the generic 
simulation architecture.  

Within the simulation, different products are represented by 
units that proceed from object (e.g. process) to object. These 
units are then processed according to their production plan in 
the respective processes. In addition, the bill of materials 
defines the components to be installed, assigns them to the 
respective processes and defines the assembly order. This in 
turn has a direct influence on the material supply. In addition, 
the product defines the respective production time of the 
individual processes. 

Moreover, the simulation contains several different process 
steps, which the products pass sequentially. In addition, the 
process steps are parameterized based on their individual 
behavior. In this case, possible parameters could be downtimes, 
repair times or ramp-up times. 

Moreover, the simulation framework also models various 
quality inspections stations as quality gates (QG). These QG in 
turn check the produced products for certain characteristics 
such as volume, surface roughness or functional tests. 
Therefore, they need to be parameterized with respect to the 
specific inspection procedure. This results in different 
inspection times for the QG. Besides, the QG are characterized 
by different error and pseudo error rates for a specific product. 

3.2. Modelling of Quality Inspection Strategies 

To analyze the interactions between quality inspection 
stations and the manufacturing process chain within the overall 
manufacturing system, inspection strategies, error types and 
respective actions need to be modelled and analyzed. 
Therefore, in order to analyze the cause and effects in relation 
to the overall manufacturing system, the quality inspection 
model must be integrated into the manufacturing simulation on 
process chain level [14]. To this end, necessary differentiations 
are shown in numbered boxes from 1 – 4 in Figure 3.  

First, a differentiation has to be made, whether a quality 
inspection is performed or not (see 1). Therefore, two arrows 
are shown in Figure 3 after the first process step. In case of a 
quality inspection, the respective strategy (e.g. full or sample 
inspection) must be modelled (see 2) and characterized by 
“error” and “pseudo error” rates for the respective QG (see 3). 
Furthermore, the time required for the corresponding 
inspection has to be defined. 
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780 Marc-André Filz  et al. / Procedia CIRP 93 (2020) 777–782
4 Filz et al./ Procedia CIRP 00 (2019) 000–000 

Besides this, the actions within the manufacturing system 
for the respective quality inspection results need to be 
modelled. If a product is declared as “good” or “confirming”, 
it is directly transferred to the next process step (see 2). In case 
of an error declaration, the product needs to be classified by an 
operator or to be re-inspected. This requires additional 
production time. If the error is declared as “pseudo error”, the 
product is passed on to the next process step. If the product is 
classified as an “error”, different actions need to modelled, 
depending on the specific product characteristics and die QG 
(see 4). Possible actions are reworking and refeeding into the 
manufacturing system. This involves modelling of the 
respective production times and resource requirements. If the 
product cannot be reworked, it must be scrapped. In this case, 
for example, transport efforts must be taken into account. 

It becomes very clear that quality inspections have 
significant interactions with other elements in a manufacturing 
system. It is therefore particularly important to consider the 
overall system view when modelling these[14]. 

4. Case Study 

4.1. Description of Use Case 

The use case within this paper is applied to printed circuit 
board (PCB) assembly in electronic production. The PCB 
production line adopted for this use case focusses on surface 
mounted technology (SMT). Here, the individual components 
are placed on the surface of the PCB and soldered conductively. 
Figure 4 shows the process flow and possible inline quality 
inspections considered within the use case. 

The simulation model within this paper consists of three 
process steps and two possible quality inspection stations (see 
Figure 4). Each process step is parameterized according to its 
own characteristics like processing times or products that can 
be manufactured simultaneously. Inspection stations are 
parameterized with probabilities for error and pseudo error 
rates next to their testing times for individual PCBs. 
Furthermore, the simulation model is designed in such a way 
that the inspection stations can be passed through or skipped 
variably. 

Since the focused PCB is a "PCB type 2", both sides of the 
board must be mounted. Depending on the side of the PCB, 
different components are mounted. This causes each PCB to 
run through the process chain twice, represented by “Side I” 
and “Side II” in Figure 4. 

During the printing process, soldering paste is dispersed 
onto the surface of the PCB. This is followed by the solder 
paste inspection. After the individual parts are automatically 
evaluated, they are assigned to a good or error buffer. Products 
within the error buffer undergo a classification by an operator. 
If an operator classifies an erroneous product as pseudo error, 
it is assigned to the good buffer. Otherwise, error products are 
reworked. For the rework scenarios, the respective processing 
times are defined in the simulation model. The products within 
the good buffer are then inserted into the picking & placing 
machine (P&P). 

The P&P places the individual components on the liquid 
solder in several sequential steps. The corresponding 
processing times here depend on the PCB side due to a different 
amount of components. 

After the components are placed on the surface, the PCB 
pass through a reflow oven in which the solder is melted and 
the connection pins are firmly soldered to the PCB. The 
automated optical inspection (AOI) inspects the PCB after the 
reflow  as a final check at the end of the line. The AOI is a 
vision testing inspection station for detecting twisted or offset 
as well non-soldered components. Here, PCB are again 
assigned to good and error buffer. Error PCB are manually 
checked by an operator. If a PCB is classified as pseudo error, 
it is passed to the good buffer. Error PCB are manually 
reworked by skilled workers at a special rework station next to 
the line. Here, it should be noted that the classification of errors 
in AOI is significantly more time-consuming compared to SPI. 

After both PCB sides are manufactured and inspected, they 
undergo further processes and inspections (see Figure 4). 

4.2. Definition of Simulation Scenarios 

Within this paper, four different scenarios are simulated 
besides the baseline scenario on a basis of a discrete event 
simulation. Moreover, Plant Simulation is used as a simulation 
tool. The parameterization of the system is carried out based on 
the use case described in chapter 4.1. The scenarios are 
differentiated into two categories. First, “Parameterization of 
Inspection Station” is set with regard to the “Variation of 
Pseudo Error” representing the percentage share of total 
number of errors. In addition, the percentage share of randomly 
inspected products out of all products can be chosen (“Random 
Inspection”). 

Secondly, different “Inspection Strategies” can be chosen 
within the simulation framework. The use of the different 

Figure 4: Overview of case study simulation model 
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inspection station can be selected for “Side I” and “Side II” 
individually for SPI and AOI. 

Table 1 gives an overview of selected simulation scenarios 
and related numbers within this case study. An “x” in the 
column “SPI” and “AOI” means that an inspection has been 
performed at the station (see Figure 4). 

Table 1: Overview of selected simulation scenarios 

Scenario Parameterization of 
Inspection Stations 

Inspection Strategies 

Side I Side II 

Variation 
Pseudo 
Error [%] 

Random 
Inspection 
[%] 

SPI AOI SPI AOI 

Baseline [-] [-] x x x x 

Scenario 1 [-] [-]  x  x 

Scenario 2 [-] [-]    x 

Scenario 3 [0;20;2] [-] x x x x 

Scenario 4 [-] [0;100;10] x x x x 

 
The baseline scenario is supposed to represent the actual 

existing situation within the examined manufacturing system. 
The parameters are not varied and are based on the existing 
production conditions. A full inspection strategy is considered 
as inspection strategy. All following scenarios are based on the 
baseline scenario and differ only in the characteristics shown 
in Table 1. 

For Scenario 1 and 2 the parameterization of the inspection 
stations is equal to the baseline. However, different inspection 
strategies are pursued. Within scenario 1, the SPI inspection 
station is skipped and only AOI is used as inspection station. 
However, scenario 2 represents a significantly lower quality 
inspection scope. Therefore, only one inspection at the very end 
of the PCB assembly is performed at AOI on the second PCB 
side (“Side II”). As a result, significantly less inspection effort 
is required for this scenario. In this context, it should be noted 
that the number of erroneous PCB that would have been 
detected at the skipped inspection stations are allocated to the 
next inspection station considered within these scenarios based 
on the results of the baseline scenario. 

Scenario 3 and 4 focus on analyzing (e.g. sensitivity) of 
parameterization of inspection stations. Within scenario 3, the 
pseudo error rate is varied within different simulation runs with 
a range from two to a pseudo error rate of 20 percent with a 
step of 2. By varying the pseudo error rate, it is possible to 
simulate how, for example, very strict inspection criteria affect 
the production system performance. This especially applies to 
the hypothesis that the number of pseudo errors increases due 
to incorrect classification for strict inspection criteria (e.g. 
tolerances). Furthermore, the pseudo error rate can be used to 
integrate uncertainties about the product characteristics into the 
system. Here, it is assumed that, for example, variations of 
product characteristics at the individual inspection stations 
have an effect on the pseudo error rate. Therefore, this scenario 
is used to investigate which pseudo error rate can be accepted 
without changing the performance of the system. 

Furthermore, scenario 4 is supposed to analyze the effect of 
sampling inspection strategies by varying the number of 
randomly tested products. Here, the share of randomly 

inspected PCB is varied from a range starting at zero (no 
inspection) up to 100 (full inspection) in  steps of ten. This 
scenario is supposed to analyze the effect of different 
inspection strategies on the overall system performance. For 
example, no inspection of PCB leads to a higher throughput and 
less investments for inspection equipment while the risk of 
undiscovered real errors rises. To answer question like this, the 
relative frequency of errors (type II) is assumed to remain 
unchanged according to the baseline scenario. Therefore, the 
total relative error percentage is subtracted from the total 
throughput in order to be able to compare the scenario to the 
baseline. 

4.3. Results 

During the simulation, each scenario is simulated ten times 
to depict stochastic effects and behavior. Moreover, to ensure 
comparability of the scenarios, each simulation runs over a 
period of 30 days. In order to analyze and compare the four 
scenarios in a quantitative manner, different assessment criteria 
are used: 
 The throughput shows the total number of all good PCB 

leaving the manufacturing system and can be used as an 
indicator for the overall system performance. 

 The error classification determines the manual time spent 
by operators to classify between error and pseudo error for 
erroneous PCB (type I and II). 

 The utilization of line can serve as an indicator for the 
efficiency of the manufacturing system. It shows the mean 
utilization of all machines and inspection stations within 
the respective manufacturing system. 

Table 2: Overview of simulation results for Scenario 1 & 2 

Scenario Change from Baseline [%] 

Throughput 
PCB 

Error Classification 
time 

Utilization line 
[%] 

Scenario 1 -1.4 3.4 -1.7 

Scenario 2 -4.0 -44.2 -4.3 

 
All simulation results are represented in percentage to show 
changes from the baseline scenario. The results of scenario 1 
and 2 show that due to reducing inspection stations the overall 
throughputs are reduced respectively by -1.7 and -4.0 percent. 
In scenario 1, the time for error classification increases by 
3.4 percent. This is because errors that would have been 
identified and corrected at the SPI are allocated to the AOI in 
this scenario and the inspection time for AOI is higher than for 
SPI. Since there are less (pseudo) errors detected in scenario 2 
due to only one inspection station at the end of the line, the time 
for error classification reduces by 44.2 percent. Because 
inspection stations also serve as buffers, and these are omitted 
in these scenarios, the utilization of the line is reduced by - 1.7 
and - 4.3 percent.  
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Besides this, the actions within the manufacturing system 
for the respective quality inspection results need to be 
modelled. If a product is declared as “good” or “confirming”, 
it is directly transferred to the next process step (see 2). In case 
of an error declaration, the product needs to be classified by an 
operator or to be re-inspected. This requires additional 
production time. If the error is declared as “pseudo error”, the 
product is passed on to the next process step. If the product is 
classified as an “error”, different actions need to modelled, 
depending on the specific product characteristics and die QG 
(see 4). Possible actions are reworking and refeeding into the 
manufacturing system. This involves modelling of the 
respective production times and resource requirements. If the 
product cannot be reworked, it must be scrapped. In this case, 
for example, transport efforts must be taken into account. 

It becomes very clear that quality inspections have 
significant interactions with other elements in a manufacturing 
system. It is therefore particularly important to consider the 
overall system view when modelling these[14]. 

4. Case Study 

4.1. Description of Use Case 

The use case within this paper is applied to printed circuit 
board (PCB) assembly in electronic production. The PCB 
production line adopted for this use case focusses on surface 
mounted technology (SMT). Here, the individual components 
are placed on the surface of the PCB and soldered conductively. 
Figure 4 shows the process flow and possible inline quality 
inspections considered within the use case. 

The simulation model within this paper consists of three 
process steps and two possible quality inspection stations (see 
Figure 4). Each process step is parameterized according to its 
own characteristics like processing times or products that can 
be manufactured simultaneously. Inspection stations are 
parameterized with probabilities for error and pseudo error 
rates next to their testing times for individual PCBs. 
Furthermore, the simulation model is designed in such a way 
that the inspection stations can be passed through or skipped 
variably. 

Since the focused PCB is a "PCB type 2", both sides of the 
board must be mounted. Depending on the side of the PCB, 
different components are mounted. This causes each PCB to 
run through the process chain twice, represented by “Side I” 
and “Side II” in Figure 4. 

During the printing process, soldering paste is dispersed 
onto the surface of the PCB. This is followed by the solder 
paste inspection. After the individual parts are automatically 
evaluated, they are assigned to a good or error buffer. Products 
within the error buffer undergo a classification by an operator. 
If an operator classifies an erroneous product as pseudo error, 
it is assigned to the good buffer. Otherwise, error products are 
reworked. For the rework scenarios, the respective processing 
times are defined in the simulation model. The products within 
the good buffer are then inserted into the picking & placing 
machine (P&P). 

The P&P places the individual components on the liquid 
solder in several sequential steps. The corresponding 
processing times here depend on the PCB side due to a different 
amount of components. 

After the components are placed on the surface, the PCB 
pass through a reflow oven in which the solder is melted and 
the connection pins are firmly soldered to the PCB. The 
automated optical inspection (AOI) inspects the PCB after the 
reflow  as a final check at the end of the line. The AOI is a 
vision testing inspection station for detecting twisted or offset 
as well non-soldered components. Here, PCB are again 
assigned to good and error buffer. Error PCB are manually 
checked by an operator. If a PCB is classified as pseudo error, 
it is passed to the good buffer. Error PCB are manually 
reworked by skilled workers at a special rework station next to 
the line. Here, it should be noted that the classification of errors 
in AOI is significantly more time-consuming compared to SPI. 

After both PCB sides are manufactured and inspected, they 
undergo further processes and inspections (see Figure 4). 

4.2. Definition of Simulation Scenarios 

Within this paper, four different scenarios are simulated 
besides the baseline scenario on a basis of a discrete event 
simulation. Moreover, Plant Simulation is used as a simulation 
tool. The parameterization of the system is carried out based on 
the use case described in chapter 4.1. The scenarios are 
differentiated into two categories. First, “Parameterization of 
Inspection Station” is set with regard to the “Variation of 
Pseudo Error” representing the percentage share of total 
number of errors. In addition, the percentage share of randomly 
inspected products out of all products can be chosen (“Random 
Inspection”). 

Secondly, different “Inspection Strategies” can be chosen 
within the simulation framework. The use of the different 

Figure 4: Overview of case study simulation model 
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inspection station can be selected for “Side I” and “Side II” 
individually for SPI and AOI. 

Table 1 gives an overview of selected simulation scenarios 
and related numbers within this case study. An “x” in the 
column “SPI” and “AOI” means that an inspection has been 
performed at the station (see Figure 4). 

Table 1: Overview of selected simulation scenarios 

Scenario Parameterization of 
Inspection Stations 

Inspection Strategies 

Side I Side II 

Variation 
Pseudo 
Error [%] 

Random 
Inspection 
[%] 

SPI AOI SPI AOI 

Baseline [-] [-] x x x x 

Scenario 1 [-] [-]  x  x 

Scenario 2 [-] [-]    x 

Scenario 3 [0;20;2] [-] x x x x 

Scenario 4 [-] [0;100;10] x x x x 

 
The baseline scenario is supposed to represent the actual 

existing situation within the examined manufacturing system. 
The parameters are not varied and are based on the existing 
production conditions. A full inspection strategy is considered 
as inspection strategy. All following scenarios are based on the 
baseline scenario and differ only in the characteristics shown 
in Table 1. 

For Scenario 1 and 2 the parameterization of the inspection 
stations is equal to the baseline. However, different inspection 
strategies are pursued. Within scenario 1, the SPI inspection 
station is skipped and only AOI is used as inspection station. 
However, scenario 2 represents a significantly lower quality 
inspection scope. Therefore, only one inspection at the very end 
of the PCB assembly is performed at AOI on the second PCB 
side (“Side II”). As a result, significantly less inspection effort 
is required for this scenario. In this context, it should be noted 
that the number of erroneous PCB that would have been 
detected at the skipped inspection stations are allocated to the 
next inspection station considered within these scenarios based 
on the results of the baseline scenario. 

Scenario 3 and 4 focus on analyzing (e.g. sensitivity) of 
parameterization of inspection stations. Within scenario 3, the 
pseudo error rate is varied within different simulation runs with 
a range from two to a pseudo error rate of 20 percent with a 
step of 2. By varying the pseudo error rate, it is possible to 
simulate how, for example, very strict inspection criteria affect 
the production system performance. This especially applies to 
the hypothesis that the number of pseudo errors increases due 
to incorrect classification for strict inspection criteria (e.g. 
tolerances). Furthermore, the pseudo error rate can be used to 
integrate uncertainties about the product characteristics into the 
system. Here, it is assumed that, for example, variations of 
product characteristics at the individual inspection stations 
have an effect on the pseudo error rate. Therefore, this scenario 
is used to investigate which pseudo error rate can be accepted 
without changing the performance of the system. 

Furthermore, scenario 4 is supposed to analyze the effect of 
sampling inspection strategies by varying the number of 
randomly tested products. Here, the share of randomly 

inspected PCB is varied from a range starting at zero (no 
inspection) up to 100 (full inspection) in  steps of ten. This 
scenario is supposed to analyze the effect of different 
inspection strategies on the overall system performance. For 
example, no inspection of PCB leads to a higher throughput and 
less investments for inspection equipment while the risk of 
undiscovered real errors rises. To answer question like this, the 
relative frequency of errors (type II) is assumed to remain 
unchanged according to the baseline scenario. Therefore, the 
total relative error percentage is subtracted from the total 
throughput in order to be able to compare the scenario to the 
baseline. 

4.3. Results 

During the simulation, each scenario is simulated ten times 
to depict stochastic effects and behavior. Moreover, to ensure 
comparability of the scenarios, each simulation runs over a 
period of 30 days. In order to analyze and compare the four 
scenarios in a quantitative manner, different assessment criteria 
are used: 
 The throughput shows the total number of all good PCB 

leaving the manufacturing system and can be used as an 
indicator for the overall system performance. 

 The error classification determines the manual time spent 
by operators to classify between error and pseudo error for 
erroneous PCB (type I and II). 

 The utilization of line can serve as an indicator for the 
efficiency of the manufacturing system. It shows the mean 
utilization of all machines and inspection stations within 
the respective manufacturing system. 

Table 2: Overview of simulation results for Scenario 1 & 2 

Scenario Change from Baseline [%] 

Throughput 
PCB 

Error Classification 
time 

Utilization line 
[%] 

Scenario 1 -1.4 3.4 -1.7 

Scenario 2 -4.0 -44.2 -4.3 

 
All simulation results are represented in percentage to show 
changes from the baseline scenario. The results of scenario 1 
and 2 show that due to reducing inspection stations the overall 
throughputs are reduced respectively by -1.7 and -4.0 percent. 
In scenario 1, the time for error classification increases by 
3.4 percent. This is because errors that would have been 
identified and corrected at the SPI are allocated to the AOI in 
this scenario and the inspection time for AOI is higher than for 
SPI. Since there are less (pseudo) errors detected in scenario 2 
due to only one inspection station at the end of the line, the time 
for error classification reduces by 44.2 percent. Because 
inspection stations also serve as buffers, and these are omitted 
in these scenarios, the utilization of the line is reduced by - 1.7 
and - 4.3 percent.  
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Figure 5 shows the simulation results of changing pseudo error 
shares in scenario 1 and 2. 

It becomes clear that throughput and utilization of line behave 
almost synchronously and therefore lie on top of each other. 
Moreover, these indicators initially do not react sensitively to 
small pseudo error rates. The performance of the system only 
deteriorates considerably from a threshold value above 
10 percent pseudo error rate. Especially the analysis of the 
error classification time shows a very clear dependency on the 
pseudo error rate. 

The results of scenario 4 in Figure 6 show the effect of 
random inspection with a changing inspected share on the 
manufacturing system. Assuming the relative error shares in 
the system are constant, the throughput remains almost 
constant while the utilization slightly improves up to 
2.5 percent. The time for error classification behaves linear to 
the random inspection share and has no dynamic behavior. 

5. Discussion and Outlook 

The results of the simulation based impact analysis of 
quality inspection underline the importance of considering 
quality inspection related questions in the design and analysis 
of manufacturing systems. The simulation results have shown 
that the configuration of quality inspections like frequency of 
inspection stations or the share of inspected parts can have a 
huge influence on the overall manufacturing system 
performance. Further on, the results also have shown that 
inspection stations can serve as a buffer and eliminate 
fluctuations in the system. Therefore, the planning of quality 

inspection strategies should always be integrated into an 
overall system perspective. 

Further work will analyze the effect and configuration of 
virtual inspection stations based on data analytics tools to 
remove error products as fast as possible. Here, questions like 
product characteristic specific inspection strategies arise. 
Moreover, simulation results have shown that a certain range 
of pseudo errors does not influence the system behavior 
negatively. Therefore, the definition of tolerance limits for 
quality inspection as well as reasonable error rates have to be 
analyzed in order to optimize the overall manufacturing 
system. In addition, further research is needed regarding the 
allocation of inspection stations within the manufacturing 
system based on intermediate product error probabilities. 
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