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Using discrete-event simulation to reduce cycle time: a case
study of an assembly plant
By Fatima Diallo
Submitted to the Mechanical Engineering Department and the Sloan School of Management
on May 08, 2020, in partial fulfillment of the requirements for the degrees of Master of
Science in Aeronautics and Astronautics and Master of Business Administration
Abstract
As part of its effort to introduce new technology and to improve the manufacturing system for the
777X production line, Boeing has made a significant capital investment in the Composite Wing
Center (CWC). The new facility uses highly automated equipment and processes to support the
production of components for the 777X. Since many of the automated machines are unique to the
Boeing production system, opportunities exist to model and simulate specific machine systems to
ensure that work is being performed as efficiently as possible.
To date, most of the factory’s process equipment has been installed and is operational,
providing a production rate of X parts per month. To meet demand, operations will be gradually
ramping up to meet the 777X production targets. The ramp-up to the target production rates will
be done by a combination of additional equipment installation and process improvement projects.
This research study involves the use of Discrete event simulation to provide insight into
current cell capability and to identify process bottlenecks. Moreover, the simulation model
incorporates process variability, the sequence of process steps within the cell, equipment downtime
data, and resource constraints. The resulting simulation model was verified by comparing it to
actual system performance. The model analysis and improvement recommendations show
significant improvement over the current process in terms of cycle time reduction and production
rates increase.
In the future, the developed model will be updated regularly and will be used as a tool to
monitor system throughput and to evaluate the impact of process changes to the overall system. In
addition, the developed framework will be used to help other plants in a similar situation.
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1.1

Introduction

Project Goals

This project aims to identify and evaluate short-term and long- term operation strategies
to improve the production system of the new Boeing semi-automated Composite Wing
Center (CWC). At the time of this study, the facility is in the beginning stage of the production
ramp-up, making parts that will be delivered to customers soon.
The analysis entails a discrete event simulation model to provide insight into one of the
factory bottleneck’s cell by determining process capability and providing recommendations
to help meet production rate targets. Current process cycle time, resource requirements,
downtime, and quality data are used to model the system. The simulation analyzes multiple
operations scenarios and provides recommendations to improve operations, increase
throughput, and reduce process cycle time.
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1.2

Company Overview

The commercial aerospace industry is a highly competitive and rapidly changing
environment. Boeing’s 777 airplane has long been beneficial to Boeing’s financial performance
due to its popularity since entering service in 1995. Over the last few years, an increase in
competition and new market entrants have forced the industry to improve aircraft performance
to meet customers’ requirements. Materials improvements such as the use of structural
composites can significantly lower the weight of airplane components, contributing to better
overall efficiency and performance.
The Boeing 777X is the newest member of the 777 family and features Boeing-fabricated
composite wings, with components made in the purpose-built Composite Wing Center (CWC) in
Everett, WA.

1.3

Problem Statement

To date, most of the factory’s process equipment has been installed and is operational,
providing a production rate of X parts per month. Over the next couple of years, operations
will be ramping up to meet the 777X production targets. Figure 1-1 shows a generic timeline
of the production ramp-up. One of the challenges of the ramp-up is maintaining a new
complex production system that operates as efficiently as possible while working through
start-up related issues. Also, because cells with similar equipment come online at different
times, ensuring that lessons learned from existing equipment are incorporated into new
equipment design is critical to a smooth installation of the new system.
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The thesis focuses on a significant CWC bottleneck cell (the LX System). The LX assembly
functions as a system of cells that prepare the composite parts for assembly, accurately bond

Figure 1- 1: Conceptual Production Timeline

them and prepare the assembled parts for curing. The system consists of three internal cells
(Storage, Preparation, and Placement). Currently, these cells lack the capacity to meet the
ramp-up rate requirements without additional process improvements and optimization.
This project has three main objectives. First, analyze the current system using historical
process data and compare performance to “as-designed” capability. Second, create a
simulation model of the current LX system capable of accurately predicting system
performance based on process inputs. Third, provide recommendations to improve cell
performance and meet short-term and long-term production rate requirements.

14

From a broader perspective, the thesis will also investigate the benefits of using
simulation in the production environment and discuss organizational challenges associated
with implementing operational changes using process simulation.

1.4

Project Methodology

This graduate research project is focused on modeling the LX assembly cell from material
inputs to the system to the final part output. Other cells within the CWC factory are excluded
from this research. This study reviews the operation and identifies all the production steps
through a value stream mapping process. After the process review, we use equipment
specifications and historical process data to identify trends in operations, define process
bottlenecks, and identify critical issues affecting the cell’s performance. After these issues
are identified, we model the production system and validate the simulation by comparing
model throughput to actual cell performance. After the model is validated, we make
recommendations based on model scenario analysis and identify process changes to help the
cell meet the target production rate.

1.5

Results

This thesis helped the LX assembly cell develop strategies to meet both short-term and
long-term throughput goals. The developed model has an accuracy of 97.3% when compared
to the actual production flow. Furthermore, the process data identified a key process step as
the bottleneck that slows the process down. The analysis also identified quality delays as the
system’s critical path and the primary sources of process variation. To determine the
optimal method to meet production targets, we ran multiple “what-if “scenarios analyses,
15

which yielded a total of seven process improvement and flow time reduction projects
focused on process optimization and quality improvement.

1.6

Thesis Document Layout

The remainder of this document will summarize the research conducted on the LX
system to understand the system capability and bottlenecks, and to evaluate process
improvement projects. The thesis will also illustrate the importance of creating a simulation
model at the early stages of a production system design to reduce production issues after
production start-up. Furthermore, the thesis will demonstrate the value of keeping the
model up-to-date to ensure accuracy and help make informed decisions around process and
equipment changes. The thesis document is divided into eight sections.
Chapter 1 provides a brief overview of the project goals and objectives, reviews the project
methodology, and discusses the significant findings.
Chapter 2 reviews literature about the use of discrete event simulation in manufacturing
and process planning to improve cell performance and highlight common pitfalls
Chapter 3 consists of a general description of the internal process steps at the LX system as
well as an analysis of process requirements and resource constraints. This focus of this
chapter is to provide an understanding of the system capacity and discuss operational issues
affecting overall cell performance.
Chapter 4 features the research methodology used in this work, including a brief overview
of existing models and process simulation framework.
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Chapters 5-6 highlight the model building process from tool selection to model validation and
reviews the simulation results. This chapter also discusses challenges associated with modeling
a production system.
Chapter 7 examines the findings and provides recommendations to improve the system.
Chapter 8 summarizes the study, discusses the applicability of this model, reviews lessons
learned, and ends with a proposal for future work.
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2 Literature Review

This chapter will provide a review of the academic literature surrounding the use of
discrete event simulation in manufacturing design and operations optimization. This chapter
also highlights the common pitfalls of simulation and how to avoid them.

2.1

Discrete Event Simulation

Simulation involves the development of computer models of a system to predict the
system’s performance. Generally, simulation helps decrease the risks of performance
failures, identifies bottlenecks and, enhances system performance [1]. Discrete event
simulation (DES) was introduced in the industrial engineering community in the 1960s [2].
Since then, it has become a popular tool used to analyze complex manufacturing systems,
with increasing capabilities such as improved system visualization, enhanced user
interfaces, and advanced computing capabilities [2]. Discrete event simulation is a method
of simulating the behavior of a process and allows experimentation with different
parameters through multiple what-if scenarios without impacting the existing process.
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Furthermore, DES is used extensively in a wide range of industries, including but not
limited to, healthcare, manufacturing, supply chain, mining, and construction[3]. In the
healthcare industry, DES is most used to model a wide range of research areas such as patient
discharge, emergency room flow, and bed capacity management [4].

Discrete event

simulation is also useful during the manufacturing process design to help determine critical
system paths before the capital investments [2].

2.2

Benefits of simulation Modeling

The use of simulation is likely to increase significantly due to the increasingly complex
systems and introduction of new technologies in manufacturing and operations [2].
Furthermore, in manufacturing and operations, process optimization and continuous
performance improvements are essential to maintaining competitive advantage, and process
simulation are known to provide insights into operations and help identify critical issues.
Discrete event simulation is a powerful tool used in the industry to assist in capacity and
performance optimization.
There are a lot of simulation case studies reported in the literature that have provided
insights into the benefits of DES. Klitz describes the use of simulation to predict and optimize
an automated system’s performance; the model also helped reduce operations cost and
provided a thorough understanding of the system capability [38]. Moreover, DES is used to
reduce process development time because it allows for different virtual scenarios testing of
extended periods in a few seconds or hours[3]. Gresley also describes the use of DES to
investigate manufacturing production steps and identify improvements in the production
sequencing, thus providing a deeper understanding of the system's performance [6]. DES has
19

also been used with other optimization tools such as value stream mapping and six sigma
methodologies. For example, Coppini developed a framework using value stream mapping
and DES to reduce waste and lead time at an auto parts manufacturing facility, resulting in a
60% lead time reduction and a 57% increase in productivity [7]. Furthermore, in other
operations setting such as healthcare, Mazen used six-sigma DMAIC methodology and DES
to effectively improve the patient discharge process at a cancer center, which resulted in a
54% reduction of patient discharge time [4]. Overall, DES is an efficient tool to approach a
wide variety of operations issues.

2.3

Limitations and challenges of current technologies

Despite its numerous advantages, DES has several limitations; and as companies try to
understand and optimize the performance of their operation, overcoming these constraints
will be critical to improving overall performance.
The first constraint is that models are time-consuming and expensive to develop.
Depending on the complexity of the system, models can take months to build, which can be
hard to justify in companies that focus on short-term gains.
Secondly, stakeholders are critical to the success of simulation projects due to the
need for a holistic system review during the model development and strong stakeholder
support during the project implementation phase [4]. Key stakeholders’ involvement is also
essential to the success of DES because stakeholders can help promote cooperation across
the different teams and improve overall communication. For this study, we identified key
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stakeholders early-on during the project scope definition, provided regular project updates
throughout the length of the project, and requested resource support as needed.
Data sourcing is also another significant challenge for DES. To accurately model a
system, it is essential to determine the cycle time distribution because these are used as
inputs to the simulation. In most DES studies reviewed, data accuracy is a challenge due to
the complexity of processes and the lack of data discipline in manufacturing operations.
Furthermore, at Boeing, the existing data sources are decentralized and built using a variety
of data platforms. For the research, we allocated enough time within our project schedule to
aggregate all the available process data. In instances where data is not available to
determine process distribution, we intend to follow Rafaela recommendation to use
triangular distributions for input variables. According to Rafaela, the simulation results
between the lognormal, uniform, or triangular distribution may not result in insignificant
differences[8].
Finally, DES

does not consider the impact of the improvements to the entire

manufacturing operation because most models only focus on one aspect of the production
system and may not reflect the whole value chain [9]. For this research study, we are starting
with modeling one of the bottleneck cells. However, since the bottleneck moves over time
with process improvement projects, the company’s long-term strategy is to develop a
simulation model that reflects the entire factory operations to be used in the long term as a
process improvement and decision-making tool.
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2.4

Summary

Discrete event simulation is a popular tool used in a wide variety of industries to model
system performance, identify bottlenecks, and develop scenarios analysis to determine the
optimum operating conditions. In this chapter, we reviewed some of the benefits and
challenges associated with DES and developed a plan to avoid some of the common pitfalls
of simulation modeling.
In the next chapter, we describe the manufacturing cell and identify operations issues
affecting the LX system.
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3 Manufacturing Cell Description

This chapter consists of a general summary of the internal process steps at the LX
assembly cell as well as an analysis of process requirements and constraints. The goal of this
chapter is to provide an understanding of the system’s operation to determine the modeling
constraints.

3.1

Description of the Manufacturing System

The LX assembly process has been in operation since 2016 and manufactures parts for
the 777X production system. Using Boeing’s standard operating procedures, the LX cell
assembles two composite parts using (one) Part A and (one full set: B1-BXX) to produce two
parts: AB1 and AB2. The system operates by prepping the surface of Part B, bonding a set
of Part B onto Part A, sealing the final product, and sending it to an autoclave to cure. AB1
and AB2 have similar process requirements except that Part B used for AB1 requires
additional processing.
In addition, the LX assembly system has three kinds of internal cells, as seen in figure 31: one storage system, two preparation cells (Prep 1 and Prep 2), and one placement cell.
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3.1.1 Storage System
The storage system is an automated inventory management system that stores Part B. At
the beginning of the build, a set of part B composites are placed into storage and tagged at
specific locations within the storage system.

3.1.2 Preparation Cells
The LX system has two preparation cells (Prep X and Prep Y) that can operate in parallel
with each prep cell capable of processing only one Part B at a time. Furthermore, Prep X cell
can perform the additional surface treatment required for AB1.

Figure 3- 1: LX Assembly System
24

The process starts when an assembly operator starts the process sequence
programming, which requests a specific Part B (for example, BX) from the storage system.
At the storage system, Part BX is collected by an overhead gantry and placed into one of the
prep cells depending on cell availability and process requirements. Once Part BX is placed in
the Prep cell, quality and assembly operators perform a visual inspection, identify and
resolve quality issues as needed. After the initial inspection is complete, the part goes
through a series of proprietary Boeing processes that prepare it for placement.
The next step requires assembly operators to complete part preparation to ensure a
strong bonding in the placement cell. Once Part BX processing and surface treatment are
done, final quality checks are complete, Part BX is moved to the placement cell using the
overhead gantry. If the placement cell is not available, the prepped part is moved back into
the storage system until the placement cell is open. It is important to note, however, that the
Boeing operating standards require prepped parts to be placed within T hours of
preparation. Once the process is complete at the preparation cell, the next Part B in the
processing sequence (Part B2X) is requested from the storage system, and the process
repeats until the full set is processed.

3.1.3 Placement Cell
At the placement cell, the process starts when Part A is moved into the cell using an
automated guided vehicle (AGV). Once Part A is moved into the cell, the first step is to visually
inspect Part A and calibrate the placement equipment using both the gantry calibration tools
and laser trackers. The assembly operators then use the cell control unit to request a specific
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prepped Part B; let's assume it’s Part BX. The overhead gantry picks up the required part
from either the preparation cells or the storage system and brings it into the placement area.
With the gantry still holding Part BX, final visual inspections and signoffs are performed by
operators and quality inspectors before initiating the placement procedure. The overhead
gantry, still holding onto Part BX, moves to the specified placement location, then gently
places Part B onto Part A. After the placement is complete, a team of quality inspectors
verifies placement location. Once all checks are complete, the next prepped Part B in the
sequence is moved into the placement cell. The process continues until the full set of Part B
is bonded to part A.

Once part A is fully loaded, operators perform the final surface measurement and quality
checks and complete finishing touches to ensure that high-quality is maintained during the
curing process. In the last step of this process, the assembled parts are bagged for curing.
Figure 3-3 shows a typical composite bonding layout and not the system used in our cell.
Once bagging is complete, Part A is loaded onto an AGV and moved into the autoclave for
further processing.
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Figure 3- 2: Typical Composite Bonding layout [3]

3.2

Process Requirements

At the time of this research, the LX assembly system is in phase 1 of the production rampup schedule and is expected to run at X times the current production rate in the long term.
Furthermore, for the next production ramp-up, the cell is expected to double its capacity.
The assumption is that existing equipment and resources will be optimized to increase the
cell capacity, as seen in Table 3-1. For this research, we will be looking at the operational
27

changes required to be able to meet the expected Phase 2 and Phase 3 production rates
highlighted in Table 3-1 below.

Phase

Expected Production Rate

Present (Phase 1)

X Parts/month

Phase 2

Y Parts/month

Phase 3

Z Parts/month

Table 3- 1 Production Ramp-Up schedule

3.3

System Constraints

Many system constraints affect production and add complexity to this project.
The first constraint relates to Part B inspection at the preparation cell. Boeing quality
standards require every Part B inspected for damage before the adhesive application. If the
Part is too damaged for placement, other measures are taken to repair or scrap the Part,
which creates further process delays and can negatively impact cell productivity.
The second constraint is the limited shelf life of Part B after the surface treatment and
adhesive application at the preparation cell. After the adhesive is applied, Part B needs to be
bonded to Part A within T hours. Any additional delays in placement require the part to be
analyzed and re-approved for placement by a quality control engineer.
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Another constraint is the overhead “Pick and Place “gantry used for moving Part B
within the LX system and placing onto part A. At the placement cell, the gantry must hold on
to Part B until placement is complete; thus, restricting Parts movements inside the other LX
system cells during placement.
The last constraint is the placement sequence. Placement of Part B onto Part A is based
on a specific sequence as required by the Boeing operating standards. The placement
sequence is loaded onto the control panel, and operators have three placement sequence
options. Out of all placement options, the most critical placement restriction is that gaps in
placement are not allowed.

3.4

Summary

The LX cell is a highly complex assembly system that operates with three internal cells
working sequentially to prepare and assemble parts as required per the Boeing standard
operating procedures. Also, there are major process requirements and equipment
constraints such as placement sequence and equipment capabilities that need to be
incorporated into our simulation to increase model accuracy.
The next chapter will discuss the methodology used to model the cell and provides
detailed information on the overall process simulation framework and some of the
organizational challenges encountered.
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4. Research Methodology

This chapter provides an overview of the research methods used for this project. It also
includes detailed information on existing simulation models of the cell and provides insights
about their effectiveness. The chapter also reveals the framework and the steps used to develop
the simulation model.

4.1

Existing Models

At the beginning of this research, the LX system had two existing models. The first model
of the facility owned by the Project Engineering group was built in ProModel and used
exclusively to help optimize AGV and crane traffic inside the entire building. This model was
based on early estimates of the cell performance, did not include actual process cycle time,
and did not account for individual operations across each internal cell. Overall, this
simulation used the system’s projected throughput to model the entire factory operations
focusing on the expected AGV and crane traffic post-production ramp-ups. Furthermore, the
simulation was used to reveal the number of AGVs needed and to highlight the most
appropriate traffic paths in and out of the different cells at steady state.
30

The second model of the cell was an excel spreadsheet owned by the Industrial
Engineering group. This model was used mainly for production planning and scheduling. The
Industrial Engineering group used the average historical production cycle times, assuming
steady-state operations to forecast cell performance.
Overall, both models did not include the process variability within the internal cells,
ignored reliability and quality issues, and only accounted for the system average total
throughput. Besides, these steady-state models are overly optimistic and are not reliable for
system design. This is clear from the single server queue problem: designing a system using
steady-state and mean process data can result in operations delays even when the
calculations say that, on average, the server can match customer arrival rates. Moreover,
when arrivals rates are slower than average, the time the server stands around doing nothing
is lost forever. On the other hand, when the arrival rates are higher than average, the server
needs the excess capacity required to handle the variations, which result in process delays.
As a result, unless significant slack is built-in the models early on, it is challenging to add
capacity once the system is designed.
Including the variability within the internal cells’ operations and using DES to model the
system as a series of defined and ordered events allows us to thoroughly understand the
impact of variation across each internal cell. Furthermore, the DES model will enable us to
simulate multiple operating conditions and determine the impact of process improvement
projects across the system. Finally, in the long-term, a DES model can be used to quickly
analyze multiple processes or design changes without requiring the use of extensive
financial resources.

31

Another concern associated with these models stems from the fact that the owners worked
across different departments and did not communicate or share models' results and insights.
Ultimately, these tools were unavailable to the production and manufacturing engineering
groups who could have helped validate and verify models’ assumptions by providing accurate
process information.
The goal of this study is to create a detailed model of the LX system that could be used by
all engineering groups using real process data. We also want to make sure that all groups have
the opportunity to provide inputs in the model development. As a result, the Equipment
Engineering group provided information on equipment specifications, including speed,
dimensions, maintenance, and reliability data. The Industrial Engineering group provided
operations tasks’ schedules and process time study data. The Manufacturing Engineering group
provided information on product quality requirements and quality inspection data. Finally, the
Operations team provided information on production resources, operators' schedules, and
scope of work. The success of this tool hinged on getting inputs and buy-in from all stakeholders
across the different groups to help ensure model accuracy and use post-internship.

4.2

Process Simulation Framework

The overall goal of this project is to understand the LX system capability, create a model of
the cell, identify operational constraints, and propose recommendations to help increase
throughput and meet production rates. To accomplish this goal, our first step was to determine
the purpose of the model by clearly defining its objectives, the scope, and simulation output
requirements. To achieve this, we began with a stakeholder alignment workshop, where we
identified the main questions to be addressed by the simulation model:
32



What is the goal of the LX system?



What is the current Boeing system's as-designed capability?



What is the system bottleneck cell or critical path?



What are the recommendations to increase capacity, and what is the expected
throughput?

To address these questions, we divided the project into four phases, as seen in Figure 4-1.
1. Process Mapping
2. Data Collection & Analysis
3. Model Build & Validation
4. Scenario Analysis & Implementation

Figure 4- 1: Research Framework
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4.3

Process Mapping
The goal of the process mapping phase is to understand how the cell operates by creating

a process flow chart and identifying the sequence of production. During this process, we
reviewed all standard operating procedures to identify all the resources needed for production.
In addition, we reviewed critical equipment specifications such as the flow times of difference
operations and moves in the system, automated equipment design speed, etc. Once we defined
the process map and production sequence, we performed time studies and production analysis
on the manufacturing floor. We also refined the operating procedures and updated process
assumptions as needed to ensure the team agreement on the model inputs.
The Process flow chart developed in this phase was used as the backbone of the
simulation model. The process flow chart is a graphical representation of the model to be
built and was intended to showcase the LX assembly process as-is and break down all
historical process assumptions.

4.4

Data Collection and Analysis
At the beginning of our research, the LX assembly cell had been in operation for

almost two years; however, because of the long process cycle time and start-up related
issues, there wasn’t a large amount of data available on overall cell throughput. Furthermore,
collecting data for building assemblies for large airplanes in a new manufacturing facility
dealing with design and operation changes is very different from collecting data for a more
established and stable manufacturing process. Since starting production, the LX assembly
system has had numerous changes in design and operations, which created variability in the
historical cycle time data.

To work around this issue and to determine cycle time
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distribution for the baseline model, we used historical production data when available to
determine the most appropriate probability distributions for process times. In instances
where not enough cycle time data was available, we used triangular distribution to estimate
cycle time variability.

Triangular distribution typically used when the actual data

distribution is unknown, but some data is available around minimum, maximum, and mode
values. The preliminary analysis on average production data revealed four important
process cycle time drivers, as seen in Figure 4-2 (Figure is not to scale).
At the time of the study, in addition to preparation and placement cycle time, the
primary process cycle time drivers are the downtime associated with quality issues and the
bagging process cycle time. Further analysis into the process flow time also revealed that the
quality review and bagging processes accounted for most of the process flow time variability
within the LX system.

Figure 4- 2: Average Process Flow Time Breakdown
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4.5

Organizational Challenges
One major challenge to the data collection phase of this research relates to the

disparate database systems used at the cell. Every engineering department operates its
database, which makes it extremely difficult to reconcile production data. For example, to
estimate automated equipment cycle times, we used the equipment timing data from the
equipment sensors to calculate the length of time between the different process steps.
Because the equipment database was the latest to be implemented at the site, the data was
limited to two months-worth of production and was highly variable; thus, for the research
simulation modeling, the team decided to use a triangular distribution to model equipment
process cycle time. For every process step, we identified the minimum, the maximum, and
the mode and used these values as input to the discrete event simulation model. To define
the equipment downtime, we used the equipment engineering database to find the overall
equipment reliability.
Furthermore, this method could not be used to determine the cycle time associated
with the manual processes such as but not limited to bagging and inspection. For example,
to determine the cycle time for the bagging process, we reviewed six months’ worth of daily
production reports and aggregated bagging cycle time data. For instances where process
timing was not included in the daily production reports, we performed various time studies
at the cell. We used the data collected to estimate the average process cycle time.
Finally, to analyze quality performance data, we first had to use the quality database
to find all quality tags for the previous six months. After reviewing the quality database, we
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logged into the manufacturing engineering database to find the time stamps between the
tags’ issuance and resolution. Aggregating the operations data across the multiple
departments' databases was a strenuous process, often time requiring multi-level
departmental approvals and leading to delays in the overall project timeline.
Another challenging aspect of this research study is the complexity of the change
management process in the aerospace industry. Due to the size of the organization and the
regulations around the manufacturing process, large-scale changes to the currently qualified
process are challenging to implement without a solid business case and multiple
departmental approvals. For phase 2 ramp-up, our objective was to prioritize small-scale
operational changes that can provide the production impact needed to meet production
targets.

4.6

Summary
The LX system is in a unique position where the process variability and the lack of

detailed process capability analysis have made capacity estimation and planning difficult for
all stakeholders. As a result, there is a strong leadership push to use DES to get the ability to
estimate capacity quickly and to guide future improvement efforts. To understand the LX
system, we reviewed all the available process data across multiple databases and identified
process cycle times distributions, equipment uptime, and quality performance and trends.
This information was used as inputs to the simulation model and to justify some of the model
assumptions. In instances where we did not have enough process data to determine data
distribution, we assumed triangular distribution and used (min, max, mode) for the cycle
times.
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In the next chapter, we discuss the model building process from the simulation tool
selection to model validation.
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5. Search Methodology

This chapter consists of a description of the model building process, including general
modeling information. In addition, this chapter also highlights the tool selection and
provides details on model validation.

5.1

Tool Selection
At the time of this study, there were two main simulation modeling tools widely used

at the company: ProModel and Simio; both tools are highly rated in the industry. To select
the tool for this study, we developed a ranking matrix based on critical modeling criteria
such as ease of use, graphic interface, analytical capability, animation, etc. Also, we also
reviewed license availability and the ability to share the model across different departments.
These considerations led us to select ProModel as the most practical tool for simulation
modeling.
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5.2

Starting with Simple Excel sheet
At the start of this study, Excel was used for data analysis and back of the envelope

slack time calculations for each of the ramp-up phases to help determine whether the system
could meet the expected production increase. A positive slack is an indication of system
capability, and negative slack means that capacity cannot be achieved without additional
process and equipment changes. Using the average actual production time, the throughput
required for each ramp-up phase, we calculate the process takt time.

Takt Time =

𝐴𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑇𝑖𝑚𝑒
Required # Parts

We also calculated the process cycle time using production time and the number of parts
produced.

Cycle Time =

𝑁𝑒𝑡 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑇𝑖𝑚𝑒
# of Parts Produced

From the Takt Time and Cycle Time calculated above, we estimated the system slack time
using formula below
𝑆𝑙𝑎𝑐𝑘 𝑇𝑖𝑚𝑒 = 𝑇𝑎𝑘𝑡 𝑇𝑖𝑚𝑒 − 𝐶𝑦𝑐𝑙𝑒 𝑇𝑖𝑚𝑒
The slack time analysis revealed a positive slack time for Phase 2 ramp-up and a negative
slack time Phase 3 ramp-up. Based on this preliminary analysis, we determine that the
system was capable of meeting phase 2 ramp-up without any changes in process equipment.
For phase 3 ramp-up, the negative slack indicates that additional process changes need to be
implemented to meet production targets.
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After completing the slack analysis, which provided average slack time, the next step
of the research was to use ProModel to add process variability to understand the impact of
variability on production throughput. To help determine the changes needed to optimize the
overall production. We also wanted a detailed understanding of the system and the effects
of cycle time variability in the process steps.

5.3

ProModel Software
After verifying throughput feasibility, the discrete event simulation software

ProModel was used to model the LX system. The software is a Windows-based system that
provides a graphic interface to view process flow, perform scenario analysis, and evaluate
the impact of process changes to the cell throughput. ProModel can also customize output
reports to fit our project needs. The simulation starts with Part B’s arrival at the storage cell
and ends with the release of the vacuum-sealed AB product to the autoclave.

5.2

Model General Information

ProModel has seven modeling elements that provide the foundation for building a
complete simulation, as seen in Figure 4-1.

Figure 5- 1: ProModel Simulation Interface
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 Locations
Locations are fixed stations within the system where Parts are processed or stored. To make
locations in ProModel, we started with the graphical layout of the system and picked the
major three processing areas in the LX system: Storage, Preparation, and Placement.

 Entities
Entities are the items that are processed within the LX system. For this study, entities are
defined as the inputs, intermediates, and final products within the system (Part A, Part B,
Prepped Part A, Part AB). These entities are assigned attributes that specify their properties
and allows us to quickly identify them within the model and process them as required by the
standard operating procedures.

 Arrivals
Each entity is processed through the system according to a pre-defined schedule. For this
research, we used external files, including the production sequence and entities' arrival
times and quantities, as inputs to the model.

 Resources
We defined five types of resources for our study. The overhead Gantry, the preparation cell
operators, the placement cell operators, the calibration team, and the quality team. For each
defined resource, we specified parameters such as the quantity/number of people working,
the speed, and weekly working hours, and idle locations within the model.

 Processing
42

This element specifies the overall processing requirement at each location within the LX
system. In addition, we define the cycle time’s distribution for each process steps, and the
resources required as seen in Figure 5-2,

Figure 5- 2: Sample Processing Logic

 Path Network
The path network represents the resources and entities path, the travel distance and speed
between the different workstations on the graphical system layout.

 Additional Modeling Elements
In addition to the elements listed above, there are other items added to help define the
simulation model. The first additional element is a downtime logic, which defines the
system’s reliability. For this study, we used the cell uptime data provided by the Boeing
Equipment Engineering group, which accounts for both planned and unplanned downtime
data. Also, current quality-related downtime was accounted for in the model using historical
quality data.
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Overall, the simulation model includes eight locations, three entities with three
attributes, and 12 resources.

5.3

Model Validation
The overall goal of the project is to provide insight into the LX cell’s operation and

provide recommendations to help increase throughput to meet customers’ demand. Once
the model is built, the validation is done in two phases.
The first phase of the validation process involves visualizing the animation of the
simulation model flow, step by step, as defined by the process flow map to ensure the
correctness of the processing sequence. Besides, all the resources movements, including
breaks and shift changes, are checked to ensure the accuracy of the simulation model.
The second step of the validation is to compare the model output to actual cycle time
data. We ran the model for six months, replicated the run 200 times, and averaged the
production rate and process cycle times. We calculated the average absolute error of 9%
when comparing the model to actual production data using the formula below.
Average Absolute 𝐸𝑟𝑟𝑜𝑟 = 𝑎𝑏𝑠(

)

𝑒𝑟𝑟𝑜𝑟 = 9%
Overall, the simulation results fell within 91% accuracy for the modeled process steps. Based
on the lack of an existing detailed model of the cell and the complexity of production
sequence, all stakeholders were happy that the model performance and the insights given by
the process mapping and initial data analysis.
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5.4

Summary
The simulated model resulted in an average accuracy of 91%. Given the complexity

of the process modeled, and the identification of the critical path and process bottleneck(s),
our team consider this margin to be acceptable and recommended moving forward with
scenario analyses for process improvements
In the next chapter, we review our findings and identify the critical system path.
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6. Simulation Results

In this chapter, we review the simulation results and compare them to the system asdesigned capacity. Furthermore, we identify the system’s critical path and process
bottlenecks that impact system performance and review the model sensitivity.

6.1

System As-Designed Capacity

To understand whether the system can meet the expected production rate, we
investigated the system as-designed capacity to try to understand the gaps between the
design specification and actual process throughput. To accomplish this, with the help of the
major stakeholders, we built a baseline model based on equipment design specifications and
the original process design assumptions listed below:


The cell operates 24/5



85% Operator productivity



No process delays due to quality issues



95% Equipment Uptime
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X Hours of Bagging Time

Under the assumptions listed above, the system can meet the production ramp-up
requirements without any additional process or equipment changes for phase 2.

6.2

Current State
The preliminary process analysis results indicate that the LX system is

underperforming as compared to its as-designed capacity. To meet production targets, the
plant was operating more than the assumed 24/5 schedule, resulting in higher labor costs.
Furthermore, actual bagging cycle times were found to be 2.5X higher than expected and
highly variable.
The current state simulation model results helped identify the critical process
bottlenecks and their impact on the overall system performance. Due to the high process
variability, process stabilization around the critical path and process bottlenecks were
identified as an essential milestone to the Phase 2 ramp-up.

6.3

System Bottleneck (s) and Critical Paths
To understand the gap between as-designed capacity and actual cell performance, we

investigated the system bottleneck(s) and critical path using real process information and
simulation results. Through the model analysis, we identified two main process steps that
significantly impacted process cycle time.
The first activity is the final product prep and bagging at the end of a production cycle.
The process is manual, highly variable, and occurs at the placement cell. At the time of the
study, the bagging step accounted for about 28% of the product cycle time with a 48%
47

coefficient of variability. Because prepped products have a short lifecycle and the bagging
process time is highly inconsistent, the operations team elects to complete bagging before
starting a new production cycle to reduce the risk of scrapping parts. As a result, the entire
LX system is idle during the bagging process leading to a reduction in overall system
throughput.
The other activity affecting the cell is the downtime associated with quality issues and
the procedures around their resolution. At the time of this study, quality downtime accounts
for 22% of the process cycle time, with 17% of process cycle time spent on resolving defects
found at the preparation cell. Furthermore, resolving defects at the cell is highly disruptive
to operations because it involves multiple departmental approvals, and results in process
delays. Besides, we also discovered that most of these defects occur outside of the LX system
but are not found until they reach the preparation cells.
The LX system operates according to a fixed production sequence; any deviation to
this process must go through multiple departmental approvals. When a quality issue is
discovered at the preparation cell, there is a multi-step review process before moving
forward. One of the most common causes of delay is the fact that placement occurs based on
a pre-defined sequence. As such, if there is an issue during preparation, operations have
limited options to move forward with placement, thus, creating production delays until the
quality issues are resolved.
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6.4

Practical Challenges
The LX system is in a unique position where the process variability and the lack of

detailed process capability analysis have made capacity estimation and planning difficult,
resulting in a strong push for the ability to estimate capacity quickly and to guide future
improvement efforts. While the push to enable simulation modeling of the LX system helped
in the model development, large-scale changes to the current process, such as equipment or
process design changes, were deemed too challenging to implement for Phase 2 because of
the ramp-up timeline. As a result, small-scale changes and process improvement
recommendations were considered more actionable by the organization.

6.5

Summary
The simulation results analysis revealed that the system was underperforming when

compared to its designed capacity. This mostly due to the bagging time variability and quality
issues at the preparation cells.
In the next chapter, we will discuss a few recommendations that came out of the model and
the impact they will have on the system.
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This chapter provides recommendations to reduce cycle time variability, improve the
LX system performance, and meet production requirements for both Phase 2 and Phase 3
ramp-ups.

7.1

Bagging process improvements
As discussed in section 6.3, after the model was validated, we identified the bagging

process as one of the most substantial contributors to process cycle time. As a result, our first
recommendation is to optimize the bagging process. Bagging consists of activities such as
applying breathers, placing plates, sealing the panel, checking for leaks, and moving the
sealed product out of the cell. Since this process is manual, there is no data available on the
timing of these activities; thus, our first step is to run multiple time studies to understand
the impact of each sub-activities to the overall bagging process cycle time. The time study
analysis revealed that the vacuum sealing activity has the most variability due to the manual
nature of the work. The chances of air leakage are high and highly dependent on the
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operations team on shift. For example, some teams experienced no issues with air leakage,
while others spent multiple shifts trying to seal the vacuum bag.

As a result, our

recommendation is to implement standardized work across all teams to minimize bagging
time variation and to reduce bagging defects.
In addition to the time studies, we also ran various model scenarios to determine the
impact of bagging cycle time. We identified that in order to meet production targets, the
average bagging cycle time has to be reduced by 46% and 73% for Phase 2 and Phase 3,
respectively. The phase 2 reduction target was in line with the champion bagging process
time; however, for Phase 3, significant equipment and process changes were needed to
achieve the required throughput.
After defining the bagging process map and cycle time requirements, a workshop was
conducted with a cross-functional team to identify process improvement opportunities to
meet the flow time requirements. To reduce the variability and optimize the bagging
process, the workshop team identified four leading process improvement solutions to help
towards overall system cycle time reduction:
1. Add resources and tools to detect leaks faster
2. Optimize the bag sealing process
3. Install plates concurrently with Part B placement
4. Move bagging and sealing to another cell
The results of this workshop were summarized in an impact effort matrix to provide
the ability to prioritize solutions based on ease of implementation. Using the matrix helped
determine solutions easiest to implement within our allocated time frame. As a result, the
51

team identified recommendations 1, 2, and 3 as low effort/low impact solutions that can help
meet Phase 2 ramp-up. For phase 3, recommendation 4, which is a high effort/high impact
solution, will help meet Phase 3 production targets.

7.2

Quality Defects Reductions
As discussed in section 6.3, the second LX system bottleneck relates to the quality

issues at the cell, which leads to high process variability, thus affecting overall cell cycle time.
When a quality defect is detected at the cell, operators document the
nonconformance, call the quality inspector on shift, and wait for the nonconformance to be
dispositioned. Depending on the severity of the defect, the quality inspector decides to either
provide a simple fix or to escalate the issue to other departments for resolution and signoffs.
Typically, most issues are escalated, and time spent resolving tags accounts for 22% of the
process cycle time, as mentioned in section 6.3. At the time of this research, one out of three
parts at the preparation cell is defective.
To reduce the LX system cycle time, we ran multiple model scenarios to determine
the impact of quality defects. We identified that in addition to the bagging process
improvements mentioned in section 7.1, quality defects resolution time must be reduced by
at least 50% to meet Phase 2 production targets. As a result, the workshop team identified
four process improvement solutions to reduce quality defects at the LX system:
1. Improve quality control before the parts are delivered to the LX system
2. Reduce the need for additional signoffs for routine issues
3. Improve first-pass quality
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Similarly to section 7.1, the results of this workshop were summarized in an impact
effort matrix to provide the ability to prioritize solutions based on ease of implementation.
As a result, the team identified recommendation #1 as a low effort/low impact solution that
can help meet Phase 2 ramp-up. For phase 3, recommendations 2 and 3, which are high
effort/high impact solutions, will help meet Phase 3 production targets.

7.3

Path to Phase 2 production
The section below lists four process improvement recommendations, including their

impact on cycle time reduction.

7.3.1 Add resources and tools to identify leaks faster
The most significant cause of bagging time variability is the presence of air leaks,
which increase the vacuum sealing process cycle time. As a result, the team discussed adding
resources and using lessons learned from other sites to identify more efficient leak detection
tools. Improving the bag sealing process can reduce bagging cycle time by up to 10%.

7.3.2 Install plates concurrently with Part B placement
The second solution recommended by the workshop team to reduce bagging cycle
time is to add plates simultaneously with placement instead of the current practice, which is
to wait until the full set of Part B has been placed. Because the Gantry is used to pick and
place Part B across the LX system, there is always a time delay between consecutive
placements. Our modeling scenario analysis revealed that placing the caul plates during this
time can result in up to 12% reduction in bagging cycle time.
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7.3.3 Optimize the bag sealing process
Optimization of the bag sealing process was identified as the third solution to be
implemented to reduce bagging cycle time significantly. To start this process, we identified
the operation shift that consistently held the record for the best bagging time. At the time of
the study, the champion bagging time met the Phase 2 bagging time requirements.
As a result, the workshop team agreed to a thorough study of operating procedures, an indepth review of the champion team workflow to create a new standardized process to be
rolled out across all shifts.

7.3.4 Improve quality control before the LX system
A detailed review of the type of defects found within the LX system revealed that most
issues occur in the production cell where Part B is assembled. As a result, the workshop
team's first recommendation is to improve quality and ensure that Part B is defect-free prior
to leaving the Part B assembly cell. An initial investigation into the operation of the Part B
assembly cell identified improving the cell’s lighting conditions as a potential solution to help
identify and minimize defects. Increasing the quality at the Part B assembly cell can reduce
quality defects at the LX system by at least 50%.

7.4

Path to Phase 3 production
Phase 3 production was identified as a long-term goal; as a result, we identified

recommendations that are more capital intensive than Phase 2 but still essential to the
strategy.
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7.4.1 Optimize the bag sealing process
The champion time identified in section 7.3 does not meet Phase 3 production
requirements; as a result, the plant needs to reduce bagging cycle time significantly.
One way to accomplish this is to use value stream mapping and process optimization tools
to eliminate process inefficiencies.
The second option that the workshop team discussed is to move the bagging and
sealing process to another cell. As mentioned in Section 6.1, to meet production ramp-up for
Phase 3, the overall current bagging cycle time must be reduced by 73%. Furthermore, we
estimate that the recommendations provided in section 7.3 can reduce cycle time by up to
46%; thus, our advice is to move the vacuum sealing and leak detection process to another
cell. This solution, while providing a significant impact on cycle time, will be challenging to
implement because it requires factory-wide resources and planning, significant capital
investments, and changes to the overall plant product flow. As a result, the team agreed to
review this recommendation after phase 2 production ramp-up is complete, and the current
bagging process is stabilized.

7.4.2 Improve overall first-pass quality

In the current process conditions, the plant cannot meet Phase 3 requirements
without significant quality improvements. Furthermore, the process data analysis revealed
quality issues as the leading cause of process variation. Thus, we recommend creating a task
force, whose main objective is to identify and resolve the root cause of quality issues that can
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lead to process variations. An excellent place to start is a thorough review of the type of
defects and their respective resolution. Our preliminary quality data analysis also revealed
that most of the quality defects require multi-level approval processes and end up only
involving straightforward on-the-spot repairs by the cell operators. Going through a
thorough review of the type of defects and creating standard procedures for on the floor
repairs will help improve the process and significantly reduce delays associated with the
signoffs.

7.4.3 Additional recommendations
In addition to the bagging and quality recommendations listed above, through
multiple scenario analyses, we identified two other improvements needed to meet Phase 3
throughput requirements. The first recommendation is to improve equipment reliability by
increasing equipment uptime by at least 85%. At the time of the study, the equipment uptime
averaged 65%; thus, we recommend an in-depth analysis of the downtime data to identify
the common causes of downtime; and to create and implement a robust preventative
maintenance plan in collaboration with the equipment supplier.
The second recommendation is to upgrade the Prep Y station to match Prep X capability.
Currently, Prep Y does not have all of the same capabilities as Prep X. As a result, we
recommend installing additional equipment at Prep Y, which will require capital investment
and systematic production planning to allow for the design, procurement, and installation of
the equipment without significant disturbance to the production.
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7.5

Summary
In this chapter, we provided recommendations to increase productivity and reduce

process cycle time to meet both Phase 2 and Phase 3 ramp-up requirements. Furthermore,
for Phase 2, we identified four recommendations that focus on small scale changes that can
be implemented implementable within the ramp-up timeline. For Phase 3, we identified four
critical long- term recommendations to meet the production goals.
In the next section, we discuss the summary of our findings, model limitations, share
the lessons learned during this study, and discuss the next steps.
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8 Conclusion

8.1

Lessons learned
The purpose of this thesis is to develop a framework to help factories achieve their

target throughput rates by identifying bottlenecks, modeling the process, and finding the
optimum operating conditions. In this thesis, we successfully used discrete event simulation
to model the Boeing LX system and provide Boeing with the ability to gain insight into their
current operations, to understand the common causes of process variability, and to provide
recommendations to help meet target rates. The developed framework can be used in
scenarios where companies are looking to understand their operations and increase
capacity. Furthermore, there are critical factors necessary for the successful implementation
of this framework.
The first factor is the creation of a steering committee that includes mid to high-level
executives with the authority to make strategic decisions and the ability to actively support
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the implementation of the team recommendations. Furthermore, the steering committee can
support project funding and help expedite the management approval processes.
Secondly, to build a viable model, we need to establish a cross-functional team with
representation from the various plant departments such as, but not limited to, quality,
maintenance, production, and engineering. The cross-functional team provides and reviews
model inputs such as operations data, process requirements, customer demand, process
quality, employee schedules, and equipment downtime. Moreover, the team’s primary
responsibility is to help ensure the accuracy of the model inputs and to validate the model
assumptions. Once the model is built and verified, it is crucial to give the team enough time
to provide feedback on the feasibility of the proposed process improvement
recommendations. To achieve a successful implementation, it is essential to get the team’s
buy-in as early as possible so they can become project champions within their departments
and can help with the implementation process.
Finally, the last important factor relates to the long term usability of the model. For
the model to be useful in the long term, a plan needs to be put in place as early as possible to
identify the model owner and the assigned resources responsible for keeping the model up
to date after the project is completed.

8.2

Summary of findings at the LX System
For the LX system at Boeing, this study identified the following process improvement

projects to help meet their target rates.
1. Reduce process variability
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a. Quality improvements
b. Bagging time optimization
2. Additional capability at Prep Y
3. Increase equipment availability
In addition to the recommendations above, the team advises Boeing to include system
modeling early in the design phase of all future systems. The model can be developed during
the preliminary equipment design process using a simple Excel tool that can be updated as
more process information becomes available. Incorporating vendors’ equipment
specifications and process assumptions during the design phase to build a system’s model
will help improve the current capital acquisition process, which can prevent equipment
startup delays in the short term, and production ramp-up issues in the long-term.
Finally, another organizational issue we identified during this study relates to the
need to improve communication across the different departments. The organizational silos
were noticeable throughout the study due to multi-level approvals needed to access other
departmental databases or tools and the lack of communication across departments. Our
recommendation is for Boeing to give all necessary teams full access to all existing models
and production databases and to encourage cross-functional collaboration by creating
shared accountabilities across the multiple departments and communicating a unified
vision.
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8.3

Model Limitations
One of the main objectives of this thesis was to provide insights into the LX system

operations and to provide recommendations to help meet production ramp-up rates. While
we were able to accomplish this and provided a path to production ramp-up, there were
several limitations to our model.
One of the main weaknesses of the model lies in the limited data used to model the
system. Moreover, due to the lack of process data during the study, a triangular distribution
was used to model the system. As more process data becomes available, the model needs to
be updated with the applicable distribution to more accurately reflect the LX system
operating conditions.
Furthermore, the model is valid as long as there are no process or equipment design
changes; thus, to help ensure its long-term usability, the developed model needs to be
regularly updated to match the LX system process changes

8.4

Future Work
This work focused on using discrete event simulation to provide Boeing with insights

into the LX system and delivered recommendations to meet production targets. Through this
research, we were able to provide an assessment of the LX system by identifying the common
cause of process variability and design solutions to optimize the process. Future Boeing
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projects should use the developed framework to create a detailed factory model to
characterize existing Boeing facilities fully. A detailed factory model can be used as a tool to
help lead process improvement efforts. Furthermore, this model-based systems engineering
approach should be used at other Boeing programs during the design phase to simulate cell
performance based on equipment specifications and to identify critical system issues early
in the developmental cycle.
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