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Abstract. The use of PLM tools is widely spread in the aeronautical industry. Alt-

hough scheduling and line balancing have remained aside these tools for long, they 

are being developed in the recent years. They need to tackle with complex resource 

constrained scheduling problems. In this work we present a simulation model we have 

developed for evaluating the robustness of a baseline scheduling for an aero structure 

assembly line. To begin with, we have identified and quantified the main causes of 

the disruptions. Then we have created a discrete event simulation model of the pro-

duction line to take everything into consideration, and then run several experiments to 

evaluate different production planning obtained with the different methodologies and 

the impact of failures in the deliveries of finished products. Also, different scenarios 

in terms of failure quantity and typology have been studied. 

Keywords: Simulation, Aeronautical Industry, Flexible Job Shop with Opera-

tors, Case Study 

1 Introduction 

The use of PLM tools is widely spread in the aeronautical industry. Mas (2015a) pro-

vided a detailed review on the impact that PLM tools have had on this industry. They 

stated it has been a major enabler for shortening development timeframes in spite of 

the increasing aircraft complexity. According to them, one of the current challenges 

of PLM tools is to allow the simulation of the whole manufacturing of the aircraft. 

During the define phase of an assembly line, the conceptual design is tested against a 

set of what if scenarios (Mas 2013). Discrete event simulation models can contribute 

to the evaluation of the expected performance, providing additional information to 

that on the industrial Digital Mock Up (iDMU) (Mas 2015b). Moreover, although 

process simulation has been used more often in that early design phase (Jahangirian 



2010) it can also provide valuable inputs later in the lifecycle. As stated by Murphy 

(2002), it can provide quicker response time for decision making and evaluation of 

those decisions.  

In this work, we have used simulation as part of the scheduling and line balancing 

system, in order to test the robustness of different production scheduling solutions in a 

set of what if scenarios. It uses the detailed process definition from the industrial iD-

MU and, once validated, provides information to the Manufacturing Execution Sys-

tem (MES) see Fig 1.  

 

 

Fig. 1. Context of the Scheduling and Line Balancing System 

The model uses two kinds of inputs: on the one hand, it uses the detailed process defi-

nition coming from the previous. On the other, we have worked on the identification 

and quantification of the main causes of disruptions.  

Afterwards, it has been used to run several experiments to evaluate different produc-

tion schedules and risk avoidance strategies in terms of resource management. For 

each of them, several scenarios in terms of disruption rates have been studied. . 

Using this simulation model, it is possible to compare the delivery rate of the finished 

products. This comparison between different schedules in the face of multiple objec-

tives is not straightforward. For example a production planning that minimizes the 

number of operators may be less robust to any failure or absence of workers but per-

form better in terms of work in progress.  

We believe that this simulation tool can provide a wider understanding on the assem-

bly line expected behavior. Together with a scheduling tool or on its own it can pro-

vide useful information for preventive risk management as it helps to evaluate the 

results of different production schedules or line desings.  

This paper is organized as follows: In the next section, we present a Literature Re-

view. In section 3 we present the Method and briefly discuss its validation. Section 4 

is dedicated to the simulation results. Finally, in section 5 we draw the final discus-

sion and future research. 



2 Literature Review 

Scheduling in the aeronautical industry is a complex resource constrained scheduling 

problem. For example, in the aero structure part manufacturing it is necessary to 

schedule within the same assembly line, several parts that share resources, and have 

different production tasks and times.  

This scheduling has been traditionally done by hand, relying on experts’ knowledge. 

Nowadays, there are mathematical programming tools to do it. However, during the 

tasks execution there are multiple disruption sources that need to be tackled. There is 

an interest of defining a robust baseline schedule, defined as a schedule whose per-

formance remains high in the place of disruptions (Leon 1994).  

There are different approaches in order to pursue or asses schedule robustness. The 

three main strategies are reactive scheduling, incorporating uncertainty in the baseline 

schedule (by means of stochastic, fuzzy or robust scheduling) and sensitivity analysis 

(Herroelen  2005). In our case, the mathematical model of the scheduling baseline is 

already complex and makes it impossible for real life instances to add the complexity 

of disruptions. Therefore, we have used discrete event simulation in order to provide a 

sensitivity analysis and evaluate the impact of the different unforeseen events on dif-

ferent production plans. 

Discrete event simulation is a form of computer-based modeling that provides an 

intuitive and flexible approach to representing complex systems. It models the opera-

tion of the factory as a sequence of events that occur in a particular part of the time. 

The state of the system changes only when an event occurs. It has proven a useful 

technique for manufacturing systems analysis. (Cunha 1996 and Kadar  2004). In the 

case of the aeronautical industry, Scott (1994) provided an early overview of the most 

relevant aspects for aeronautical assembly line simulations. Most of the later refer-

ences have dealt with problems related to final assembly lines. Heike (2001) pub-

lished a case study to compare the use of constant or variable cycle times within a 

flow shop. Ziarnetzky (2013) used discrete-event simulation for analysing different 

inventory policies during a station of a final assembly line. It considers supplier and 

production disruptions. Lu (2012) used simulation to identify bottlenecks and Noack 

(2008) proposed simulation optimization for workforce balancing.  

Nonetheless, the literature is still surprisingly lacking of contributions discussing the 

utilization of simulation in the aero structure production. Neither has it been used to 

test operator management strategies, as is the case of our study. This can serve for a 

dual purpose: as a support in the design of the aeronautic production line and during 

the short and long term planning of the aero structure production.  

3 Method 

The object of our case study is an aero structure assembly line that produces two aero 

structures (FCA and FCB), each of them in their right hand (RH) and the left hand 

(LH) version. In all, 4 products are delivered by the line, called: FC-A LH, FC-A RH, 

FC-B LH and FC-B RH. Each product goes through  nine different steps.  



The production times per step and product, could be considered constant. At the same 

time, the problem is that the circumstances for the production change from one week 

to another. The holidays or programed maintenance are taken in consideration in the 

baseline schedule, but other disruptions such as break downs, absence of workers, and 

product rejections are not taken into consideration when the production schedule is 

done using the current methods based on mathematical modeling. 

Once the range of availability of workers for the scheduling period and the delivery 

rate are defined, different detailed schedule options are generated for each aero struc-

ture using a MILP based software, that provides the optimal schedule for that input 

data. In Table 2, we presented two production options given by the software using 22 

and 24 operators. 

Table 1. Options of the production schedule. 

Option Early shift Late shift 
Test opera-

tors 

A 11 10 1 

B 12 11 1 

 

Associated to these options we have detailed the bar charts of the production for each 

aero structure. The decision maker has to decide which of the generated production 

schedules is better (see Table 2). The option A uses fewer workers and led to a higher 

occupancy but also it is a tight solution to deal with any contingency. The option B 

uses more workers with lower occupancy but it is a loose solution that helps us to deal 

with contingencies.  

We cannot simply minimize the operators cost. The robustness of the solutions 

against the disruptions is equally relevant. It is useless to have a perfect schedule that 

would fail at the first setback. 

The simulation model we have developed is key to evaluate the trade-off between the 

different scheduling options (Option A and Option B) and between different risk 

avoidance resource management strategies (include extra workers in some shifts). It 

helps the decision makers to know the expected delay in the case of disruptions for 

each option. 

The discrete simulation model of the plant takes into consideration the production 

times of each part, the movements of the aero structures, different types of workers, 

programed maintenance and programed absences. Beside of this, four types of disrup-

tions are modeled: machine failures, errors that require extra work, absence of opera-

tors and final test rejection (High and Low). 

The machine failures and errors that require extra work are steady along the year but 

the absence of operators and the rejection rate vary from one week to another. There-

fore, we are going to evaluate four scenarios for each instance. The final test could 

have three outcomes, the first one is that everything is fine, the second is that minor 

corrections are needed, and the last one that mayor corrections are required. 



Table 2. Scenarios for the Simulation. 

Scenario Absence Test rejection 

L-L Low Low 

L-H Low High 

H-L High Low 

H-H High High 

A simulation was modeled in Simio Enterprise (2017) to develop a visual interface 

tool for the decision maker. To simulate this factory, an entity is represented as each 

aero structure part. Each part has to visit the different workstation spending a produc-

tion time based on its type. Each operation requires a type worker with an attached 

shift. In Fig 3, a snapshot of the 2D simulation model is presented, the FC-A are pre-

sented in light grey and the FC-B in dark grey. The operator is working in a FC-B-

RH. There are three aero structure waiting in the buffer to be processed, and the work 

station in the left is idle. 

 

Fig. 2. Snapshot of part of the 2D model. 

The backbone of this simulation are the job orders. A job order implied that a task 

should be performed at a certain moment. This job orders can be created from differ-

ent sources:  

1. As an input from the baseline bar chart (see Fig 3). All the working requirements 

are transformed into job orders. 

2. Due to an extra work requirement for a process. 

3. Due to an unfinished job (the shift ends and the work is not finished). 

4. Due to the correction work after the final test. 

The job order is launched at determined time, but sometimes it cannot be executed 

because the server is busy/damaged, there is not aero structure to perform the job, the 

resources are not idle or there is no available worker. All the order launched that are 

not attended remain in stand by waiting to be attended. 



An aero structure is only processed if the station is available, the required resources 

are ready and there are worker in the station. A worker can be in a station only if there 

is a job order that required him to go there. 

When there is no problem all the job orders created in the input state (source 1) run 

smoothly because they always find workers and resources to perform their tasks. The 

problem occurs when sources 2, 3 and 4 start to create job orders that cannibalize the 

resources. Additionally, the availability of resources could decrease due break downs 

or programed maintenance, the same for the workers due to programed day-off and 

absences. 

The simulation model includes a 3D view where the decision maker could follow the 

behavior of the system at different speeds and see how delivery delays begin to arise. 

He can see how the required variables are updating and where the aero structures, the 

transporter and the workers are in each moment. (See Fig 4 for a Snapshot) 

 

 

Fig. 3. Snapshot of part of the 3D model. 

Validation of the simulation model has occurred at two levels. Firstly, validation of 

the output results without any disruption or error against the optimization model and 

secondly, validation of the entire system model against real data from the plant. 

4 Results 

The experimentation was done in an Intel Core 7 with 8 GB of RAM, using Windows 

10 and the discrete simulation software Simio Enterprise (2017). 

We replicated each scenario 30 times; the results presented are the average of the 

replications. We tested the each option with the four scenarios described in Table 3.  

Also, we evaluated 3 risk avoidance strategies for each scenario: 

 Baseline case, using the number of operator given in the detailed schedule. 

 Extra workers case, using one extra worker per early and late shift  

 Night workers case, using two extra operators per night shift. 

In the results tables (Table 4), the first column is the scenario name that is composed 

of (Absence rate – Test Rejection – Type of risk avoidance strategy-Option A or B). 

The second column is the sum of all the delays (delivery hour – expected end). From 



the 3
rd

 to the 6
th
 column are the delivery hour of each aero structure. In the 7

th
 column 

the on time deliver is the number of aero structures delivered before mid-day of the 

due day (96+12=108 hour for this example). Finally, the 8
th

 column is the mean num-

ber of failures that was caused due to machine failures and errors that require extra 

work. 

The results have also been plotted using a SMORE (Simio Measure of Risk and Er-

ror) diagram. The layout of the plot is explained in Figure 5. The SMORE plots (Fig-

ure 6) have been built using a confidence interval of 95%, with a lower percentile of 

25% and an upper percentile of 75%. 

In option A, it is interesting that the baseline case does not deliver more than one aero 

structure on time and zero in the more severe situation. The use of extra workers de-

creases the delay. It can be observed that the solution with extra workers presents 

better results as it can see in Fig 6. The schedule is more robust against the variation 

of absence rate. In all the cases putting the extra workers during the night shift pre-

sents better results.  

In a high rejection rate scenario, despite the improvement of the performance, neither 

adding operators during the early and late shift nor adding a night shift do we obtain a 

good performance.  No option delivers more than 50% of the products on time in this 

scenario.  

The baseline case of option B and the extra workers of option A, use the same number 

of workers and the option B delivers the double of units on time. The behavior of this 

schedule against the different scenarios was more stable due the extra number of 

workers. Not in all the cases the extra workers during the early and late shifts improve 

the result. The use of extra works during the night could deliver in the majority of the 

cases on time (incurring in the extra cost of the number of workers). 

 

 

Fig. 4. SMORE plot layout explanation. 



Table 3. Simulation Results for Options A (11+10+1 Operators) and B (12+11+1 Operators) 

Scenario Cumulated 

delay (h) 

Deliver 

time (h) 

FCA-LH  

Deliver 

time (h) 

FCA-RH  

Deliver 

time (h) 

FCB-LH  

Deliver 

time (h) 

FCB-RH  

Units 

on 

time 

Failures 

H-H-Base-A 92.8 122.4 118.1 111.4 125.0 0 3.0 

H-H-Base-B 52.5 115.7 103.8 103.8 113.2 2 3.1 

H-H-Extra-A 50.5 115.7 102.6 103.8 112.5 2 3.1 

H-H-Extra-B 57.1 115.7 114.6 98.3 112.5 1 2.8 

H-H-Night-A 46.6 110.7 115.8 97.0 107.1 2 2.9 

H-H-Night-B 27.2 105.1 104.9 99.8 101.3 4 2.9 

H-L-Base-A 83.1 119.4 115.7 110.3 121.8 0 2.9 

H-L-Base-B 54.9 113.4 106.7 105.9 112.9 2 3.5 

H-L-Extra-A 58.5 117.0 114.6 98.3 112.5 1 2.9 

H-L-Extra-B 45.3 113.4 100.1 103.5 112.2 2 3.5 

H-L-Night-A 42.9 110.6 113.3 96.8 106.2 2 3.0 

H-L-Night-B 25.3 103.8 105.0 99.1 101.5 4 3.1 

L-H-Base-A 92.0 120.3 120.1 111.2 124.4 0 2.9 

L-H-Base-B 52.2 115.7 103.8 103.8 112.9 2 3.1 

L-H-Extra-A 57.1 115.7 114.6 98.3 112.5 1 2.8 

L-H-Extra-B 50.5 115.7 102.6 103.8 112.5 2 3.1 

L-H-Night-A 45.0 110.3 115.4 96.8 106.5 2 2.9 

L-H-Night-B 27.2 105.1 104.9 99.8 101.3 4 2.9 

L-L-Base-A 81.2 117.3 117.8 110.3 119.9 0 2.9 

L-L-Base-B 54.6 113.4 106.7 105.9 112.6 2 3.5 

L-L-Extra-A 58.5 117.0 114.6 98.3 112.5 1 3.0 

L-L-Extra-B 45.3 113.4 100.1 103.5 112.2 2 3.5 

L-L-Night-A 41.8 110.1 113.0 96.5 106.2 2 3.0 

L-L-Night-B 25.3 103.8 105.0 99.1 101.5 4 3.1 

 

The effect of the failures is hard when the problems occur in certain process and mo-

ments. Analyzing the processing times, if we have 4 days, with 2 shifts we have 64 

working hours. The time of the process equipping for FC-A-LH needs 60 hours. Any 

problem or delay in this process will severely impact in the solution. Also, the number 

of workers during the week is constant, but when the absence of operators coincides 

with the day with a peak of work, its impact is higher.  

Even though the rate of machine failures and errors that require extra work do not 

change from one scenario to another, they is not constant in all the runs due to the 

stochasticity of the model. The number of failures has an impact on the severity of the 



run. The difference of number of failures among the scenarios will decrease as we 

make more runs of each scenario.  

 

Fig. 5. Confidence interval of Option A (Left) and Option B (Right) 

5 Discussion 

The deployment of PLM tools has provided relevant improvements in the aeronautical 

industry. One of its main aims is to enable the simulation of the whole manufacturing 

of the aircraft. 

In this sense, discrete event simulation is an efficient tool for validating the produc-

tion process design. It allows the identification of possible production process pitfalls 

at an early stage. It is also a useful tool not only for the preliminary design of the line 

but also for operative decision making during the production stage, for example, to 

asses the impact of changing for a faster or more reliable machine. In the short term 

planning it could help us to test contingency actions against disruptions such as 

planned and unplanned absences of workers, machine breakage and quality problems. 

In this work, we have used a discrete event simulation model to asses the robustness 

of different schedules combined with three risk avoidance strategies. This kind of 

tests helps us to quantify better those expected real operating costs that are neglected 

otherwise. The results show that choosing the schedule with less planned workers 

leads to much higher late deliveries and therefore a higher real operating cost.  

From the different strategies tested in this research, the night shift offers better re-

sponse against the delays because the resources are not used and could help us to 

finish the entire unfinished task during the day. It is important to highlight, that only 

until the job order is launched the task could start. The job orders are launched as it 

was planned or to solve any problems, then they cannot advance work. 

The importance of testing the robustness of the solution is better exemplified if we 

compare the Baseline Option A to Option B with extra workers. Baseline Option A 

delivers the double of units of time than Option B with extra workers. This is interest-

ing since both use the same amount of workers during the shifts. The only difference 

is that in the Option B all the workers have assigned tasks, and help to solve the inci-

dences when they can. In Option A, the original workers are over saturated with task, 

and the extra workers try to solve the incidences, which turns out to be a better policy. 



As a future work we would like to extend the use of simulation to test the production 

process together with another processes of the plant, evaluating which option is better 

for each case. Another future research direction is to make further experimentation to 

create learned lessons such as the fact that the production scheduling with the mini-

mum cost is not always the best solution. 
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