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Abstract
Over the last several decades, products and the production systems within the aerospace industry have
grown increasingly complex - a natural result of the continuous inclusion of technological
advancements to expand the set of features of the systems. Furthermore, design of the production
system has historically taken a backseat to the design of the airplane. Modifications to the production
systems have thus had to be made after implementation, causing significant delays and additional
expenditures. In an effort to halt this trend, prevent some of the inefficiencies from past programs
from repeating, and ensure the economic viability of its products, Boeing is exploring how to take a
holistic approach and effectively integrate production system design earlier in the program timeline.

The primary goal of this research is to investigate how data science and model-based systems
engineering (MBSE) can be used to better design and operate production systems. Namely, this work
explores how these two methodologies can be used to construct a digital representation of the
production system (i.e. "digital twin"), which can in turn be utilized to run stochastic simulations to
more accurately characterize how a given production system configuration will perform when the
constituent elements themselves behave as random variables. This project is specifically focused on
modeling and evaluating a representative portion of the production system, fuselage lamination, which
is the process by which layers of carbon-fiber-reinforced-polymer (CFRP) are built-up on mandrels
to form the various composite sections of the airplane fuselage prior to being cured in autoclaves.
Namely, three different production line configurations responsible for fuselage lamination were
compared. It was found that for this particular process, the most effective configuration was not that
which would have been chosen based on industry principles.

A second objective of this study is to abstract the learnings from this specific implementation to the
broader data science and MBSE architecture required to more intelligently design and operate
production systems. It is my hope that this work will help demystify the significance of a "digital twin"
by providing a concrete example of its use, and garner support for the methodology within
organizations by providing clarity on its development requirements, shedding light on the business
case for implementation, and offering guidance on how models can be built and used as major levers
in developing the premier production system within the industry. Specifically, it hopefully serves as a
demonstration of how a detailed, digital representation of the production system can address the issues
arising from complexity and enable further system capabilities throughout the lifecycle of the system
by offering additional means to effectively build and test concepts in silico.

Thesis Supervisor: Kamal Youcef-Toumi
Title: Professor of the Practice, Department of Mechanical Engineering
Thesis Supervisor: Arnold I. Barnett
Title: George Eastman Professor of Management Science and Professor of Statistics, MIT Sloan
School of Management
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1. INTRODUCTION
1.1 Project Motivation & Opportuniy

As is evident to anyone that walks through a modern aerospace factory, the production system is

highly complex and comprised of thousands of machines, people, and processes. Furthermore, over

the last several decades, products and the production systems within the aerospace industry have

grown increasingly complex-a natural result of the continuous inclusion of technological

advancements to expand the set of attributes and features of the systems. This increased complexity

can have some negative consequences on the development process. When an engineering or

management change is made to one element, there is uncertainty associated with the impact of that

decision on the overall performance characteristics of the product or system due to the inherent

interrelations between all the various sub-systems. This can then lead to long iteration cycles in design

as the cascading effects of a change need to be evaluated to determine if the net impact is positive. It

can also lead to late problem discovery if one of these effects is mischaracterized or not anticipated.

As a result, handling increased complexity often drives costs higher and productivity lower.

Production systems are arguably more complex than the products they make. This is evident when

the two are compared on many different metrics, be it the number of parts, the associated costs, the

required lines of code, or the sheer sources of variability. For a high-quality, high-performance, safe,

and reliable product, particularly one that requires many nines of reliability, it is important that all the

different aspects of the product are integrated seamlessly. Unsurprisingly, there has therefore been

significant development in the aerospace industry in using systems engineering to effectively and

efficiently design and integrate products. This same level of scrutiny, however, has not been applied

to the production system.

Design of the production system has historically taken a backseat to the design of the airplane.

This may partially be attributable to the fact that a failure in an aerospace production system (assuming

10



it does not affect the quality of the product being produced) is less likely than a failure in an airplane

to result in catastrophic consequences. Nonetheless, modifications to production systems have had to

be made after implementation, causing significant delays and additional expenditures. In an effort to

halt this trend, prevent some of the inefficiencies from past programs from repeating, and ensure the

economic viability of its products, Boeing is exploring how to take a more holistic approach and

effectively integrate production system design earlier in the program timeline.

1.2 ProblemStatement

The production system is a complicated function of many variables. Namely, each of the countless

components in a production system has a characteristic element of variability and impacts the overall

performance of the system, often through a series of knock-on effects and nonlinear ways. Thus, in

designing and evaluating a production system, it is important to account for how the whole system

performs when subject to these numerous sources of variation and not simply under "average" or

steady state conditions.

Much of production system design and operation is carried out through the use of principles, such

as those provided by the Toyota Production System (TPS). However, are all elements of these

methodologies universal truths? Can a limited set of rules and heuristics really lead to the optimal

design and operation in all scenarios? Is there a better, more qualitative way to develop production

systems that could lead to superior designs and decisions that could, in certain circumstances, even be

counter to industry principles? Could data science and model-based systems engineering (MBSE) be

effectively used to help design a production system and guide the decision-making process when

selecting among multiple design options?

There are of course precedents for such ambitions. Amazon filfillment centers would be entirely

impossible without the millions of lines of code, tremendous data, algorithms, and modern IT

infrastructure. These fulfillment centers changed the paradigm of inventory management, from nearly
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static to continuously dynamic. Previously, questions regarding what SKUs to stock, how many of

each SKU to stock, and where within a storage facility each SKU should be stocked were answered

and reviewed, using a combination of data and human intuition, at a frequency on the order of weeks

to months. However, in the Amazon system, these questions are being answered nearly continuously,

as their algorithms compute and influence optimal stocking levels and placement in near real-time.

This invariably leads to a much more complex system, and one that is highly reliant on many different

components functioning well and seamlessly working with one another. However, it also results in an

incredibly, highly efficient fulfillment center.

In another example, in 2016, the artificial intelligence company DeepMind reduced a Google data

center's cooling bill by 40%. Such major step-change improvements in energy efficiency are quite rare.

However, it was achieved because the algorithm was able to allocate traffic on the servers and quickly

react to changing operating conditions in a way that supremely exceeded an operational strategy reliant

on traditional formulas, rules, and human intuition.'

It might seem obvious then, that the paradigm for aerospace productions systems will also change.

With any rate of improvement at all, it is inevitable that such a transformation will occur for the design

and operation of aerospace production systems. However, there are a few points of distinction

between these two systems. For instance, while a fulfillment center may be an investment on the order

of hundreds of millions of dollars, a production system for a modern jetliner requires an investment

on the order of billions of dollars and needs to function for one to two decades. Thus, while the data,

algorithms, and IT infrastructure are not entirely in place for such a transformation to occur ovemight,

it would be wise to lay out the foundation in new production systems to be able to take advantage of

such advancements during their lifespans.
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13 Thesis Objectives

The primary goal of this study is to investigate how data science and MBSE can be used to better

design and operate production systems. Namely, this work explores how these two methodologies

can be used to construct a digital representation of the production system (i.e. "digital twin"), which

can in turn be utilized to run stochastic simulations to more accurately characterize how a given

production system configuration will perform when the constituent elements themselves behave as

random variables. In order to provide a tangible proof of concept, a major part of this project is

particularly focused on an implementation of these methodologies on a representative portion of the

production system, fuselage lamination. This is the process by which layers of carbon-fiber-reinforced-

polymer (CFRP) are built-up on mandrels to form the various sections of the airplane fuselage prior

to being cured in autoclaves.

Within the implementation, three different production line configurations responsible for the

lamination of a certain set of fuselage sections were considered. Two of these configurations consisted

of a serial line, in which the given statement of work is split up amongst a number of sequential

workstations and a part must be serviced by each of the stations in order. The third configuration

consisted of a parallel line, in which the given statement of work is carried out in its entirety by a

number of separate workstations and thus any individual part is only serviced by one of these stations.

The three variants were evaluated on the basis of their performance in simulations as well as a number

of additional criteria in order to select the optimal configuration for a production system with a given

set of requirements.

With the aforementioned concerns and ambitions in mind, a second objective of this study is to

abstract these learnings to the broader landscape of data science and MBSE in manufacturing. As

such, this project explores architectures and capabilities required in the long-term to more intelligently

design and operate production systems. Furthermore, by offering a concrete example of its use and a
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roadmap to develop future intelligent capabilities, this work hopefully will also help demystify the

significance of a "digital twin" and garner support for the methodology within organizations by

providing clarity on its development requirements. Specifically, it is my hope that it serves as a

demonstration of how a detailed, digitalrepresentation of the production system can address the issues

arising from complexity and enable further system capabilities throughout the lifecycle of the system,

from the design phase through the operational phase.

1.4 AlorFindings

Among the three different line configurations that were tested, the parallel line had a superior

performance profile when compared to both of the serial lines. This is based on the production rate

capabilities, NPV impacts, abilities to handle rare but detrimental "black swan" events, and equipment

installation requirements. This finding is counter to some of the principles in the TPS and the

continuous or pulsed assembly lines found in many production systems. However, the following

analysis explains the rationale behind this recommendation for this particular process and, perhaps,

others that share certain key traits.

In addition, based on a review of the current capabilities in MBSE, there appear to be

opportunities to integrate and bolster the MBSE environment with other information capturing and

processing methods, such as IoT solutions. These additional capabilities could enable real-time

prediction and prescription in operating the production system, thus making MBSE a truly valuable

aspect of future production systems.

1.5 ContentSmm;nary

MBSE and data science have not commonly been used for production system design and

operation, particularly in the aerospace industry. As such, Chapter 2 will provide the history and

current state of the commercial aerospace industry and Boeing, as well as an overview of typical

production systems, MBSE, and carbon fiber lamination. Chapter 3 will then briefly review the TPS,
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the characteristics of serial and parallel production lines, and typical lamination process statistics

before presenting the detailed analysis of how the three variants of the fuselage lamination line were

simulated and the results from the simulations. Chapter 4 will conclude with some closing remarks

and discuss potential future work, including how MBSE can be integrated with other features to enable

not only more effective system design but also more efficient system operation.

2. BACKGROUND & LITERATURE REVIEW

2.1lBoeing & Aeropace Industry

The Boeing Company, headquartered in Chicago, IL, is the world's largest aerospace and defense

company by revenue. It designs, manufactures, and services a wide variety of aerospace products,

including commercial jetliners, defense aircrafts, and various space products. The company was

originally founded in 1916 in Seattle, Washington as the Pacific Aero Products Company by William

Boeing, before being renamed as the Boeing Airplane Company a year later in 1917. The company as

we know it today, however, is also comprised of Boeing's numerous acquisitions since its founding,

the largest and most notable of which was the purchase of McDonnell Douglas in 1997.23

Boeing has been an important part of the aerospace industry over its nearly 103-year-old history.

It began by building seaplane trainers for the Navy in 1917, before expanding into fighter airplanes

for the Army, its first commercial airplanes for delivering mail, and all passenger commercial airplanes.

The tremendous innovation in air flight over the past century has pushed the performance envelope

on multiple fronts: range, speed, size, efficiency, cost, comfort, and most notably safety.'

Today, Boeing is split up into three main groups: Boeing Commercial Airplanes (BCA), Boeing

Defense Systems (BDS), and Boeing Global Services (BGS), all three of which have significant

manufacturing footprints. Within BCA, the products of which most people are familiar with, Boeing

offers a number of airplane models to meet the market needs.
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The commercial aerospace industry is largely dominated by two main companies, Boeing and

Airbus. Their revenues from commercial airplanes in 2018 were $60.72 billion and $47.97 billion,

respectively. In comparison, the two next largest commercial airplane manufacturers, Embraer and

Bombardier, only had revenues of $2.36 billion and $1.76 billion, respectively, from their commercial

airplane divisions. However, this dynamic is beginning to change as commercial airplane development

and manufacturing takes hold in China. Nonetheless, there are a number of significant barriers to

entry that hinder the easy creation of new aerospace manufacturing companies, including high capital

requirements, the technical nature of the product, and extremely high standards for reliability and

safety. To put the last of these points in perspective, consider that a modern commercial airplane can

have a lifespan of two to three decades and that based on worldwide aviation activity between 2008

and 2014, the death risk per scheduled flight was 1 in 3.5 million. Furthermore, when specifically

constrained to the first world countries, the death risk per scheduled flight during this same time frame

was an astonishing 1 in 25 million. 4

The competitive dynamics of the airline industry are different. While airlines are also subject to

high safety standards and contribute to the aforementioned safety records through their operations

and maintenance programs, the overall barrier to entry is significantly lower for a new airline. This is

reflected in the number of airlines that commence and cease operations globally each year. For

instance, within the first three quarters of 2017, 39 new airlines started operating while 37 airlines shut

down or suspended operations.5

Airlines have a number of levers to optimize operations. These include routing strategy, passenger

capacity per route, how the capacity is split up (i.e. few big planes or many smaller planes), and what

airplane to use. The last decision is in large part driven by fuel efficiency. Consider that for American

Airlines and Delta Air Lines, the two largest airlines in the world by passengers carried and market

cap, respectively, aircraft fuel and related taxes represented nearly a quarter of the overall operating
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expenses in 2018, the second largest line item.6'7 However, given the competitive dynamics in the

commercial airplane industry, there are compelling offerings put forth by both Boeing and Airbus in

multiple market segments. Thus, there are inevitably other factors that also come into play in the

decision of what aircraft to use, such as the upfront capital cost of the airplane and many others which

are invariably affected by the effectiveness of the production system.

2.2 Production Systems

A critical component of the design-to-market development cycle and the ultimate competitiveness

of aerospace products is the effectiveness of the underlying production systems. The Boeing

Company's products are currently in various stages of development. Teams are not only working on

the design and engineering of the airplanes themselves, but also the production system, the "machine

that builds the machine". The entirety of this production system is quite expansive, starting with the

raw materials and encompassing several tiers of suppliers and logistics, before material and parts are

delivered to Boeing for final manufacturing and assembly. For the purpose of this research, the

production system will refer to first tier suppliers and all manufacturing activities within the Boeing

facility. Even considering this reduced scope, the production system still comprises an extremely

complex set of tasks - consider that a modem commercial jetliner consists of on the order of several

million parts. To successfully assemble an airplane, each of these parts needs to be available and be

within specification. Depending on the delivery frequency and lead time of a part, appropriate

inventories of each part and material need to be maintained to prevent potential stockouts and

assembly delays. Furthermore, all the necessary equipment to carry out the constituent steps in the

manufacturing process needs to be functional. However, machines invariably wear and break down,

thus necessitating that the appropriate type and quantity of spare parts as well as maintenance expertise

is readily available depending on the reliability of the machine. Even if all the machines are functional,
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different variabilities in the process could lead to bottlenecks that limit the production of a given part

or sub-assembly.

2.3 Mod BasedSystems IEngineering

Beyond just the issue of serial and parallel process flows, MBSE offers a framework for designing

and evaluating various production system configurations more broadly. In general, such capabilities

to plan, model, and test concepts in silico offer a much faster and more cost-effective alternative to

performing these tasks through physical prototypes. As such, it is worthwhile to briefly introduce and

discuss MBSE in its own right.

The discipline of MBSE encompasses a wide, and ever increasing, array of practices. Thus, as is

the case for any large discipline, it is rather difficult to succinctly describe all the work being done

under the umbrella of MBSE. However, the goal of the field can be described clearly and is well

defined by the International Council on Systems Engineering (INCOSE). Namely, INCOSE states in

its Systems Engineering Vision 2020 that MBSE is the "formalized application of modeling to support

system requirements, design, analysis, verification and validation activities beginning in the conceptual

design phase and continuing throughout development and later lifecycle phases".' The wide-ranging

scope of MBSE is visually depicted in Figure 1 below - various models at the granular level of

components could be built and fed into increasingly higher-level system models, which may be used

at any time during the lifecycle of the product.

Given the broad definition and applicability of MBSE, there are a number of methodologies that

fall within the discipline. These include data flow modelling, finite element modeling, environment

virtualization, computer aided design, process modelling, and requirements engineering, an

increasingly popular application of MBSE. The goal of this last practice is to document the set of

operational requirements of a system, the functional steps that need to be taken to achieve those

requirements, the logical actions that need to be taken at the component level to achieve each
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functional step, and the analysis that needs to be caried out to achieve a given logical action.' The

model hierarchy of requirements engineering is shown in Figure 2 below. The requirements of the

overall system sit at the core, dictating the architecture of the successive layers. The elements within

each layer are mapped amongst each other and to elements in other levels of the model, thus capturing

the relationships of how the various elements interact and contribute in the overall fulfillment of the

system requirements. A sample requirements engineering model can be seen in Figure 3 below.

While discussing all of the various MBSE approaches is beyond the scope of this background

review, to better appreciate the rationale for employing MBSE tools, it is important to understand

some of the prominent characteristics of MBSE that enable several common benefits across

application areas.

Concpt Development Pmodueon eutrement

Operational
Models

System
Models

Component

1Ma Models

Figure 1: MBSE application domain"
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Figure 2: Requitments engineering model hierarcy

Requirements Architecture
The airplane shall control
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The airplane shall calculate
and transmit airspeed at a
minimum of 1 Hz

Functional Architecture
control
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Sense static Static Pressure
Pressure - c -

Static Pressure Airspeed

AloaeSne St~to rue SbcAllocate Airspeed "oAllocate Sense StagnatonP sure .a Stagnation Pressure

Pressure Allocate

Allocate Allocate

al rchitecture A DtBu Ethernet PortA429 Data Bus

connec t 
A429 Physical PortRealizeR

A42 Pysca PrtA429 Application Port A664 Appil n Port

Rea 429Application Po A429 Sign I1 Receive Transmit

A429Signal Transmit ReceA4g
A429b Sina FormatSgna

LRU1 Signal Format A429SignalFormat 1 Trannit A429 Sign 2

A429 Signal2
U A664 Signal Format

6- wal Form A429 Signal Format 2 Hosted Application

Figure 3: Sample requirements engineering model

20

Allocate

Allocate

Logic



First, an MBSE model is non-locally hosted (i.e. shared server or cloud) and thus serves as a single

source of truth. This ensures that teams are unified in their understanding of the current state of the

system, thus alleviating concerns around whether every team is using the latest, most up-to-date

information about the system to inform its decisions. Document and information version control can

get unwieldy for a large, complex system that is constantly evolving during the design phase. This

should therefore naturally reduce the risk of unidentified, or untimely discovered errors.

Second, there is consistent documentation within a model and dependencies between the various

elements of a system are mapped. This also allows for defined and standardized methods to relay data

between the elements of a system. Thus, a team could more easily approach its portion of the model

with a black box mindset -it does not need to be concerned about changes internal to other elements,

so long as those elements output all the data it needs. In other words, the consistency in

documentation within a model serves as a sort of application programming interface (API), allowing

different domain engineering models to seamlessly talk to each other. And by capturing relationships

and data dependencies within the model itself, teams do not have to worry about changing document

formats or manually entering updated data from different sources into its specific domain models.

Therefore, the cascading effects from a change in one part of the model on the overall system can

quickly and automatically be computed and observed.

Lastly, MBSE models are relatively visual in nature. While purely text-based programming could

be used to construct the same architectures and perform the same analyzes, visual programming has

several advantages. Specifically, it allows for easier and faster communication amongst and between

teams - it much easier to collectively look at a visual model that you can manipulate in real time than

it is to read through hundreds of lines of code while actively keeping track of all the properties of and

dependencies within the architecture.
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As alluded to already, the net benefits of these traits are that MBSE models enable traceability,

faster impact analysis, shorter design iteration cycles, greater productivity, and easier and earlier

problem discovery.'

Notably, it is MBSE's a model-centric approach, as opposed to a document centric approach, to

ensuring that various parts interact appropriately to form a well-functioning system that allows for

these traits and benefits. Arguably, some of the previously mentioned MBSE applications could be

carried out using a traditional document-based approach. Take process modelling, for instance - it

can be, and often is, carried out by multiple teams using various different spreadsheets, slide decks,

and other documents that are commonly unlinked and inevitably exist in several versions. However,

an MBSE approach, with its characteristic advantages, could streamline this and other work flows in

many cases.

The aforementioned characteristics and benefits by no means constitute exhaustive lists; rather

they are some instructive examples. There are certainly nuanced qualities and advantages to individual

MBSE applications in the various industries and products lines in which they are used. In the final

section, there will be a short discussion on additional MBSE use-cases that could be useful tools in

the planning and operation of manufacturing systems.

2.4 CF RP & Laination

As previously mentioned, the portion of the production system that is of particular concern in this

research is fuselage lamination. As such, it is important to understand what carbon fiber reinforced

polymer (CFRP) actually is, why it is used at all over traditional aerospace grade aluminum, and some

of the major issues with manufacturing composite parts. This will provide context around both the

importance of lamination within the larger production system, as well as the performance

characteristics of the lamination process that will be introduced later in the report.
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CFRP is a composite material comprised of directionally aligned carbon fibers impregnated in a

resin matrix. Many carbon fiber parts, including aerospace grade components, are typically made by

stacking up many layers of CFRP plies on a layup mold. Since the strength of the composite material

is derived from the fibers, in order to ensure that the ultimate localized part strength is not preferential

to just one direction, and has the desired strength characteristics along each axis, the direction of the

fibers in the stack-up of plies is alternated as needed, as shown in Figure 4 below.

(a)

Laminate

Laminae (Plies)
Figure 4: Typial layp of a stack ofCFRP pliesI"

As with any class of material, there are many different types of CFRP, each with varying

mechanical properties depending on the specific carbon fibers and resin used in the composite, the

percentage of fiber volume in the composite, alignment of carbon fibers, adhesion strength between

the carbon fibers and resin, and the specific manufacturing method used." Consequently, it is possible

to obtain CFRP material with varying degrees of tensile strength, breaking strain, and tensile modulus

as shown in Figure 5 below. In addition to being low weight, CFRP's high strength-to-weight ratio

has made it a highly desirable material in multiple applications, from sporting goods to aerospace.

CFRP has densities in the range of approximately 1550 kg/m3 , compared to a density of approximately
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2810 kg/m3 for 7075 aluminum, which is a commonly used aluminum alloy in aircraft structures.

Additionally, despite having half the mass density of aluminum, CFRP can have tensile strengths well

in excess of 550 MPa at room temperature, compared to a tensile strength of 228 - 572 MPa at room

temperature for 7075 aluminum depending on how it is heat treated." 1 5 From a stiffness standpoint,

CFRP is able to provide much higher rigidity than aluminum - 7075 aluminum has a Young's modulus

of approximately 72 GPa, while CFRP can have a Young's modulus well in excess of 100 GPa (as

seen in Figure 5)."15 Moreover, factoring in density, CFRP is able to provide incredible stiffness-to-

weight ratios. Two other points of comparison are the ductility and fracture toughness. While CFRP

is quite brittle and has a range of breaking strains of roughly 0.5-2% (as seen in Figure 5), 7075

aluminum provides breaking strains of 3-11% (depending once again on how it is heat treated).",

Aluminum also has a slightly higher fracture toughness than CFRP, with values in the range of 20 -

29 MPa*ml/ for 7075 aluminum compared to 6.12 - 20 MPa*ml/ 2 for CFRP.7 1 8

7 000
High strain 4*

S6 000 high smength
P0 typHigh performance

pmdea5000- Medium modulus

Highstrength typee
4 000

3000

2000
High modulus Ultrahigh modulus

1000 type type

General purpose grade
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Tensile modulus / GPa
Figure 5: Vaying classification of/C RP based on iechanicalpeformance

One of the limitations with carbon composite materials is their maximum service temperatures.

While carbon fibers themselves do not melt and can handle temperatures up to about 3600°C before

24



the carbon sublimes, the epoxy in the composite is subject to relatively low glass transition

temperatures, beyond which the composite suffers from quite significant decreases in strength (30%

by 200°C from some varieties of CFRP).19 , Consequently, CFRP materials are typically rated for a

maximumservice temperature of 140 - 220°C.'"

Carbon fiber composite materials pose a number of unique challenges during development

compared to aluminum. First, the most commonly used process to precisely manufacture composite

parts, including airplane wings and fuselages, involves the use of advanced fiber placement (AFP)

machines, shown in Figure 6 below. As a result of the complexity of AFP machines and the precision

required in the CFRP layup process, known as lamination, there is still a significant amount of

downtime that is experienced in industry.

Figure 6: Electroimpact advancedfiberplacement machine21

One of the common causes of this downtime stems from foreign object debris (FOD). Since the

composite parts are manufactured by stacking up tens to hundreds of layers of CFRP tape, there is a

potential for FOD (i.e. liquids, dirt, fuzz balls, etc.) to get trapped in between layers. This could have

a serious impact on the bonding between the layers of material during the curing process, thus

affecting the mechanical properties of the part and significantly increasing the risk of a failure from
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delamination. Consequently, mination processes need to be conducted in near clean room

environments to minimize this risk.

From the machine side, the AFP head has tens of spools of CFRP tape, or tows, that come

together into a central heated element. The tows must be heated to ensure that it is sticky enough to

stay in place after being laid down, but not heated so much that it damages the resin. The tows must

be laid down with small gaps in between that must fall within a very specific tolerance window. Since

the tape is in continuous rolls, knives on the head have to cut the tape after each set of rows is laid

down. However, since the tape is also heated and becomes slightly sticky, the knives lose their cutting

ability over time and need to be cleaned.

The manufacturing of carbon fiber composite parts also requires expensive autoclaves. These

giant, pressurized ovens cost on the order of tens of millions of dollars. They are used after the

lamination process, when the stack-up of CFRP plies are placed into them to be cured for a certain

duration under a set pressure and temperature.

The CFRP material must be specially cared for even after the curing process. Until the part is

finally painted, the composite's exposure to ultraviolet light needs to be restricted - studies have

shown that the polymer matrix in the composite degrades when exposed to ultraviolet, thus

significantly impacting the mechanical properties of the overall material.'

While carbon fiber is relatively well known, it is still a rather niche material that is used in low

volumes. In 2010, global carbon fiber production was approximately 34 thousand tons, while primary

aluminum production was three orders of magnitude higher at nearly 64 million tons.","

3. PRODUCTION SYSTEM DESIGN
3.1 TPS &First Principles

Designing a production system can pose a very difficult problem due to the size and complexity

of the system. Naturally, the design is therefore split into many different areas or processes and
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completed by a number of small teams. In such an environment, however, integration of these

different areas is not a straight forward task. It may not always be clear during the design phase what

the true likely bottlenecks in the production system will be. Despite attempting to level out the work

load in design, different sub-systems within the production system will likely have different amounts

of cushion built in to their production capabilities, for instance either due to differing assumptions,

uncertainties in the data informing the designs, misjudgment on the capabilities of a new technology,

or some other difference between expectation and reality. This ultimately results in different machine

utilization rates, maximum production rate capabilities, and unexpected bottlenecks.

Arguably, one of the gold standards of production system design and operations is the TPS. Given

the complexity involved in manufacturing, it is useful to have design and operational guidelines, like

those provided by the TPS, that have been built up over the years through experience and have been

tried and tested. Despite being more than 70 years since its initial introduction, the TPS, along with

Toyota itself, are still very highly regarded and companies from across the spectrum of industries strive

to implement such a philosophy within their organizations with the hope of emulating their results.

However, it is important to distinguish between the actual principles set forth in the TPS and perceived

principles, namely as they relate to assembly lines. A look inside any mass automotive manufacturing

plant would likely reveal an environment similar to that shown in Figure 7 below, ordered assembly

lines with products pulsing through a series of cells. But why are assembly lines so pervasive? What

are the advantages of having such a serial assembly line? What are the circumstances under which a

serial process flow is less effective than alternative process flows? And given its importance, what does

the TPS actually convey regarding assembly lines?

In his book "The Toyota Way", Jeffrey Liker summarizes TPS in fourteen executive principles,

shown in Table 1 below. Of these, however, only two principles, 2 and 3, are related to the present

discussion of assembly lines:
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" Principle 2: Create continuous process flow to bring problems to the surface.

• Principle 3: Use "pull" systems to avoid overproduction.

These concepts of continuous flow and pull systems are also constituent traits of the "Just-In-Time"

pillar of the well-known Toyota Production System house, as shown in Figure 8 below.

Decoupling the goals of these principles from the recommended actions, it is inarguable that

bringing problems to the surface as quickly as possible and avoiding overproduction are both crucial

important characteristics of any efficient production system. The first of these characteristics allows

for improved quality as well as lower levels of rework, scrap, and labor, while the second minimizes

working capital and also reduces scrap. However, the question remains whether a serial process flow

is required to achieve these goals and whether these principles are absolute precursors to achieving

the goals. These topics will be discussed further in Section 3.3 below after introducing the parallel

process flow as an alternative to a serial process flow.

Allq

Figur 7: Typical automotive assembly line25
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Principles of the Toyota Pmduction System

Table 1:Liker's 14 Executive Princples ofthe Toyota Production System"

God: Highest Qualty, Lowest Cost, Shortest Lead Time

Just-in-Time Jidoka

Cnuoystelow

TSmacraneoo%=

Heijunka Standardized
work

Figure 8: The 'Toyota Production System House"
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Section I: Long-Term Philosophy

Principle 1 Base your management decisions on a long-term philosophy, even at the expense of short-
term financial goals.

Section II: The Right Process Will Produce the Right Results

Principle 2 Create continuous process flow to bring problems to the surface.

Principle 3 Use "pull" systems to avoid overproduction.

Principle 4 Level out the workload (heijunka). (Work like the tortoise, not the hare.)

Principle 5 Build a culture of stopping to fix problems, to get quality right the first time.

Principle 6 Standardized tasks are the foundation for continuous improvement and employee
empowerment.

Principle 7 Use visual control so no problems are hidden

Principle 8 Use only reliable, thoroughly tested technology that serves your people and processes.

Section III: Add Value to the Organization by Developing Your People and Partners

Principle 9 Grow leaders who thoroughly understand the work, live the philosophy, and teach it to
others.

Principle 10 Develop exceptional people and teams who follow your company's philosophy.

Principle 11 Respect your extended network of partners and suppliers by challenging them and helping
them improve.

Section IV: Continuously Solving Root Problems Drives Organizational Learnng

Principle 12 Go and see for yourself to thoroughly understand the situation (genchi genbutsu).

Principle 13 Make decisions slowly by consensus, thoroughly considering all options, implement decisions

rapidly.

Principle 14 Becoming a learning organization through relentless reflection (hansai) and continuous

_ unprovement (kaizan).

I Kalzen 1



It is easy to get lost among all the complexity and performance metrics of a production system.

However, taking a step back and thinking about the problem from a first principles perspective, at the

core, the goals of any production system are generally to create the highest quality product, with the

shortest lead time, at the lowest unit production cost. These are the same three goals that are also

listed at the top of the TPS house shown in Figure 8. It is important to note that these are occasionally

competing goals - an improvement in one may have to be made at the expense of the others.

In order to achieve the lowest cost, however, there are really only three levers or metrics that can

be optimized: 1) Maximizing the production rate capability, 2) Minimizing the capital and operational

expenditures required to construct and use the system, 3) Minimizing the working capital (i.e. work in

progress and inventory throughout the various stages of the system). It is important to note that while

the last of these metrics doesn't directly contribute to the unit production cost, it does affect return

on capital. Furthermore, while achieving zero working capital in any production system is impossible,

reducing the amount tied up in the system frees up resources that could be used or invested elsewhere.

Thus, one could also alternatively consider the associated opportunity cost of needing higher levels of

working capital.

For any given process, there are fundamentally two ways that the steps in the process could be

completed - either in series or parallel. For example, let us assume a part needs to have 180 holes

drilled in it, each hole takes 1 minute on average to drill, and 24 parts need to be made a day. Since

each part will take 3 hours to process, a single drilling cell can only process 8 parts a day (assuming

the cell operates 24 hours/day). Thus, in order to make the required 24 parts per day, a minimum of

3 drilling cells would be required. If these cells are arranged in a parallel configuration, a part would

arrive at one of the three cells when it is ready for the drilling step, and that cell would drill all 180

holes in the part. If they are arranged in a serial configuration, however, each of the three cells would

be responsible for a third of the work. Thus, every part is processed by each of the three cells, with
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each cell being responsible for driling 60 of the 180 holes. A sample run of both configurations during

a six-hour period can be seen in Table 2 below. In this example, it is assumed that a new part arrives

at the process every hour, with no inventory before the first cell.

Paraflel Series

Time Cell #1 Cell #2 Cell #3 Cell #1 Cell #2 Cell #3

12:00 AM Part A (1-60) Part A (1-60)

1:00 AM Part A (61-120) Part B (1-60) Part B (1-60) Part A (61-120)

2:00 AM Part A (121-180) Part B (61-120) Part C (1-60) Part C (1-60) Part B (61-120) Part A (121-180)

3:00 AM Part D (1-60) Part B (121-180) Part C (61-120) Part D (1-60) Part C (61-120) Part B (121-180)

4:00 AM Part D (61-120) Part E (1-60) Part C (121-180) Part E (1-60) Part D (61-120) Part C (121-180)

5:00 AM Part D (121-180) Part E (61-120) Part F (1-60) Part F (1-60) Part E (61-120) Part D (121-180)

Table 2: Sample run of a serial andparallelproduction line using average times

It is important to note that based on the average processing time, both of these configurations have

the same production capability of 24 parts per day. However, using the average processing time masks

the true capability and performance of the configurations. In the words of Howard Marks,

'Neverforget the six-foot-tall man who dmwned cmssing the stream that wasfivefeet deep on average."

When the true probabilistic nature of the constituent steps in a process is accounted for, the process

configurations begin to differentiate themselves on their production capabilities and characteristics.

Each of these approaches will be discussed further in the next sections. In both scenarios, the

products will arrive and leave the overall process in the same states. In other words, the overall

statement of work will be the same regardless of the line configuration. Furthermore, the total time to

complete the statement of work for a part in a given cell or line will be defined as the sum of the

minimumbaseline work time and some amount of non-value added (NVA) time due to various issues

(i.e. equipment breakdown, material defects, etc.) or inefficiencies in the completion of the work (i.e.

machine or personnel moving slower than expected, etc.). Thus, the NVA time for a given cell or line

is defined as anything above and beyond the minimum amount of time required to complete the

statement of work for that cell or line. Consequently, there is an inherent assumption in the analysis
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that the minimum baseline work time to complete the statement of work is constant and that the

variability in the performance of the process stems purely from NVA time. However, this is an

appropriate assumption given that most process improvements, aside from sudden step changes due

to new technologies or equipment, are gradual and occur on a time scale much greater than what is

required to process a part.

3.2 Serial Pmduction line

As mentioned earlier, in a serial.line configuration for a given process within a production system,

the full set of tasks to complete the process are split and assigned to a number of cells. In other words,

the sub-set of tasks assigned to each of the cells are mutually exclusive of one another. Therefore, as

shown in Figure 9 below, every part must be sequentially serviced by each of the cells on the line in

order for the part to fully undergo the process and take on the desired end state.

Cell# Cell1 #2 O -Cell #

Figure 9: Senalproduction lineprocessflow

Such a line configuration has two primary advantages. First, it allows for the division of the work

into small, standardized, manageable pieces. Since it is much more manageable for an individual to

become highly efficient at and a machine to be designed more effectively for a smaller set of tasks,

this ultimately leads to increased efficiencies due to the specialization of labor and machines.

Moreover, during operation, it is much easier to gauge progress against expectation for a five-step

process than a twenty-step process that involves tasks of varying length and complexity.

Second, this setup can be used to have a continuous or pulsed flowing line. This particularly makes

it visually easier to keep track of progress and bring problems to surface quickly, since a product would

have to be physically moving down a line if progress is being made. And if there is a problem at one

of the cells, this would quickly affect and also inherently communicate the issue to the rest of the line
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due to the coupling of performance. This communication ensures that when an issue comes up at a

cell, the problem, be it a slow production rate or quality issue, becomes the shared priority of the line

and gets addressed immediately.

However, the coupling of performance also poses one important disadvantage. When a given cell

completes working on a part, it can only move on to the next part when both the preceding cell is

finished working to pull that next part and the downstream cell is empty to send away the current part.

Especially if the system operates such that all parts only move down the line when all cells finish

working, then the entire line is forced to move according to the slowest performer. Thus, even if the

work is level loaded among the cells, given the variability in processing times, such an operating model

somewhat akin to rolling the dice once for each of the cells, and then taking the worst of all the rolls.

For the example shown in Figure 9, there are only six possible sequences that the three cells in

series could finish (labeled in the order of completion): 1-2-3, 2-1-3, 1-3-2, 3-1-2, 2-3-1, 3-2-1.

However, the number of possible completion sequences is equal to the factorial of the number of cells

in the line, and thus scales very quickly with increasing number of stations. Nonetheless, the effects

of coupling can be generalized simply to a serial line with any number of cells. Namely, any cell that

completes its work on its current part will not be able to commence work on the next part until all

cells downstream of it and the first cell directly upstream of it complete their work. The machine will

be forced to sit idle until these two conditions are met. Any part, however, can move on from its

current cell and begin servicing in the next cell once just all the downstream parts of its current position

finish being serviced in their respective current cells. These characteristics apply so long as the serial

line does not have any intermediary buffers between cells to hold work in progress (WIP) inventory.

For a more quantitative assessment of the impact of cell coupling on the line performance, let us

consider a simple hypothetical simulation. Specifically, let us take the example of a serial line that has

three cells and no capacity for WIP inventory between cells. Let us assume that the NVA time for
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each cell is normally distributed with a mean of 55% (of the minimum work time) and a standard

deviation is 17% (this is one of the same variation scenarios that is used in the later simulations). The

NVA time of the line is then assumed to be the maximum of the realized NVA times of the cells (ie.

it is a pulsed line in which all parts move to the next cell at the same time, once all cells finish working).

This is expressed formulaically in the equations below. Based on the results of a Monte Carlo

simulation with several thousand experiments, shown in Figure 10 below, we see that the consequence

of this is that the distribution of the NVA time of the line shifts to the right, is no longer normally

distributed, and also skews right. Thus, the performance of the line, in terms of NVA time, is always

worse than the performance of the individual cells.

NVAceul ~ N( p= 0.55, a = 0.17) Equ.(1)

NVALine ~ Max(NVAceii 1 NVAceu 2, NVAceu i3)

NVALine ~ P = 0.69, 0 = 0.13 E

Equ.(2)

qu.(3)

NVA Time Distribution - Serial Line
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Figure 10: Cell and line NVA perfomance distributionfor serialproduction
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Furthermore, since the set of tasks assigned to each cell are mutually exclusive, there is no

redundancy within the line. Consequently, it is more prone to catastrophic NVA time. For example,

if a machine, breaks down and cannot be fixed or replaced quickly, the whole line is disabled until the

one machine is repaired. This coupling can be mitigated in part, however, through the use of buffers

in between cells that hold some quantity of WIP. The use of buffers obviously increases the amount

of working capital in the system and also naturally leads to the question of what the appropriate size

of each buffer is.

The aforementioned advantages diminish, however, when considering highly automated

processes. Specifically, an automated machine will not get any better at its task due to the increased

repetition resulting from a smaller set tasks. Moreover, it would also be much better at analytically

conveying its progress on a large scope of work, specifically when the tasks are explicitly programmed

and highly repetitive. Lastly, since automated machines also have built inspection and control

mechanisms, the machine itself can alert the supervisor when there is a quality or production issue.

This therefore begs the question: under what conditions is a serial line on net less beneficial than an

alternative line design?

3.3 Parallel Production Line

In a parallel line configuration, the full set of steps to complete a given process within a production

system is assigned to multiple cells. Therefore, as shown in Figure 11 below, every part must only be

serviced by one of the cells in the line in order for the part to fully undergo the process and take on

the desired end state.

The primary advantage of this alternative line configuration is that the performance of each of the

individual cells is decoupled from one another. Thus, the performance of the line is essentially identical

to the distribution of the work governing the performance of each cell. This can be seen in the Monte
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Carlo simulation results in Figure 12 below. Simply increasing the size of the simulation would nearly

eliminate the small difference between the two distributions.

Figure 11: Parallelproduction lineprocessflow

In a speech to the House of Commons, Winston Churchill once said, "The inherent vice of

capitalism is the unequal sharing of blessings. The inherent virtue of socialism is the equal sharing of

miseries." In a sense then, the parallel and serial production lines are akin to capitalism and socialism,

respectively. In a serial line, each cell must experience the shared misery of the slowest performer in

the line. Alternatively, in a parallel line, a cell is able to individually enjoy the benefit of processing a

part in a faster than expected time.
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This decoupling of cell performance, however, does not come free of cost - there are a number

of disadvantages as well. First, since parts only get serviced by one of the cells and do not all take the

same path through the line, the floor configuration of the factory may be more convoluted and the

transportation of the parts between cells will likely become more complicated.

Second, each cell is responsible for more tasks and a larger statement of work than their serial

counterparts. Particularly for labor intensive processes, this could hinder the efficiency with which the

tasks are completed due to a lower level of specialization. Furthermore, with the longer individualcell

process times, personnel may have a more difficult time gauging if they are ahead or behind of

schedule, and thus less reliably request help when it is actually needed.

Third, since the cells within the parallel line are all completing the same statement of work and

working simultaneously but asynchronously, there will be an irregular cadence of products exiting the

line. Depending on the process downstream of the parallel line, this irregular cadence may need to be

buffered with some inventory of WIP to ensure there are enough parts.

Given this overview of parallel lines, let us now revisit the previously mentioned topics of

continuous flow and pull systems from the TPS principles. A system exhibiting continuous flow allows

for individual parts to be moved through the process instead of requiring work to be completed in

batches of parts. 2 As a result, the total time a part spends in a process from beginning to end, defined

as cycle time, should be less for a process with continuous flow than a batch process (assuming that a

cell processing parts in batches is no more efficient per part than a cell that processes parts one by

one). Consider an example process with five cells in series where each cell takes 10 minutes to process

a part. If in a batch process, parts are sent from cell to cell in batches of five, then the cycle time of

each part would be [10 mins/part]*[5 parts/batch]*[1 batch/cell]*[5 cells/process] = 250 minutes.

Alternatively, in a continuous flow process, the cycle time of each part would simply be [10

mins/part]*[1 part/cell]*[5 cells/process] = 50 minutes. It is due to this shorter cycle time that leads
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to the quicker discovery of problems - in our previous example, an issue that arises with the equipment

in the first cell and affects the process in the last cell would take 50 minutes to discover rather than

250 minutes. The other benefit of having continuous flow is also reduced WIP levels, which in turn

leads to lower scrap and rework levels when a defect is found. It is thus important to note, that

continuous flow can be implemented in a serial or parallel line. Individual parts can be sent through

the three-cell parallel configuration discussed above just as easily as they could through the serial

configuration.

Furthermore, a pull system has the characteristic that a station in a process only commences work

on a part when it receives a signal from the next cell that there is a need for it, as opposed to simply

when the station is available to start work.2 9 In its simplest form, the signal would just be a cell taking

a part from the previous station, thus letting it know that it is commencing work on the next part. As

claimed in the TPS, this helps avoid overproduction, since individual stations would not pump out

parts as fast as they could, building up WIP inventory between stations, but only as they are needed

by the subsequent cells. However, as we have seen, not keeping any room for inventory between

successive cells couples their performance. Consequently, it is possible that ninimizing the WIP

through such a mechanism could be at the expense of the overall production capacity of the system,

a tradeoff that could on net be detrimental to the economics of the production system. A production

system could therefore be made more effective by allowing for a predetermined amount of WIP

between cells. Although a common misperception, such an operational principle does not prevent a

production facility from also being a pull system that avoids overproduction - as stated by Hopp and

Spearman, "a pull production system is one that explicitly limits the amount of work in process that

can be in the system. A push production system is one that has no explicit limit on the amount of

work in process that can be in the system." 3 Thus, an increased, but still limited, level of WIP in the

system can decouple cells in series and potentially increase production capacity. In this environment,
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the signal for a station to commence work would be if the buffer of WIP after that station falls or

remains below the set threshold. In other words, a station would not produce additional parts so long

as the WIP inventory of its output exceeds the predetermined threshold. Whether such a tradeoff is

fruitful would be dependent on the specific characteristics of the process. However, just as with

continuous flow, a pull system can be implemented in a parallel line just as easily as it could in a serial

line.

There is an additional benefit of continuous flow, pull systems that is often cited that is important

to discuss in this context. According to Teruyuki Minoura, who previously served as the President of

Toyota Motors North America, "if some problem occurs in one-piece flow manufacturing then the

whole production line stops. In this sense it is a very bad system of manufacturing. But when

production stops everyone is forced to solve the problem immediately. So, team members have to

think, and through thinking team members grow and become better team members and people." '

Such a justification could potentially be given for not keeping any WIP in between cells as a buffer.

However, consider a process that regularly experiences downtime events and is therefore highly

variable in the amount of time it takes. Furthermore, consider that in this process the time to fix many

issues is relatively unaffected in the short term by the number of hands helping or minds thinking.

The aforementioned argument would not hold in such an environment, which, as we will see in the

forthcoming sections, is very similar to the lamination process.

3.4 Serial &ParallelLines- Samnple.Run

For the sake of understanding the particular aspects of the dynamics of each of these lines better,

let us consider a very rudimentary simulation of parts running through each of these lines. The

simulation is summarized in Table 3 below.
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- II

Serial & Parallel Lines - Sample Run
Serial Line Parallel Line

Time Cell#1 Cell#2 Cell#3 Completed Cell#1 Cell#2 celi#3 Completed
__ ____ __NPT NPT

A0- - A - -
0 0 0

0/8 - - 0/24 - -

A - -A- -

8 - - -0 - - -0
8/8 - - 8/24 - -

B A - A B -
8 0 0

0/8 0/10 - 8/24 0/27 -

B A - A B -
16 - - - - - - - -0 --- 0
16 8/8 8/10 - 16/24 8/27 -

B A - A B C
18 2 0

10/8 10/10 - 18/24 10/27 2/20

C B A A B C
18 2 0
18 0/6 0/9 0/6 18/24 10/27 2/20 0

C B A A B C
24 2 0

6/6 6/9 6/6 24/24 16/27 8/20

C B - D .B C
24 -- A 2 -- - - - A 0
24 6/6 6/9 - 0/24 16/27 8/20 A 0

C B - D B C
27 - - -- - - -A 8 --- A 0
27 9/6 9/9 - 3/24 19/27 11/20 A_0

D C B D B C
27 -- A 8 A 0

0/8 0/7 0/10 3/24 19/27 11/20 A_0

D C B D B C
34 A 8 A 0

7/8 7/7 7/10 10/24 26/27 18/20

D C B D B C
35 A 9 A 0

8/8 8/7 8/10 11/24 27/27 19/20

D C B D E C
35 --- - -- A 9 A
6 8/8 8/7 8/10 A 11 11/24 0/24 19/20 A,B 0

D C B D E C
36 - - - -- A 11- - - - -A B0
36 9/8 9/7 9/10 A 11 12/24 1/24 20/20 AB 0

D C B D E F
36 A 11 -- -- - ,B

9/8 9/7 9/10 A 13 12/24 1/24 0/24 A,B,C 0

D C B D E F
37 A 13 --- - - - - AB C0

10/8 10/7 10/10 _ _ B _13 13/24 2/24 1/24 A,B,C 0

E D C D E F

37 0/8 0/8 0/7 AB 13 13/24 2/24 1/24 A, B, C 0

E D C D B F
44 7/8 7/8 7/7 13 20/24 9/24 8/24 A, B, C 0

E D - D B F
44 78A, B C 13 -0 ----- - A,B, C 0

17/8 7/8 - 20/24 9/24 8/24

Table 3: Sample mn f'aserial and a paralleproduction line usig stochasticimes
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Specifically, let us assume in this example that:

1) There is no variety in the parts flowing through the process. In other words, every part is

identical in its statement of work.

2) The total statement of work takes a minimum of 18 hours to complete.

3) In the serial line, the statement of work is divided into three equal parts and each portion is

completed by a different cell. Thus, the minimum amount of time one of the cells in the serial

line can take to process a part is 6 hours (18 hrs/3 cells = 6 hrs/cell)

4) In the parallel line, the entire statement of work is completed by only one cell. However, there

are three identical cells that complete the same statement of work in order to be able to

manufacture at a higher rate.

5) There are no efficiency advantages in the statement of work from specialization and dividing

the work into smaller segments per cell in the serial line.

6) Every cell experiences an amount of NVA time on top of the minimum amount of time

necessary to complete that cell's portion of work.

7) The total amount of time taken to process a part is identical in both processes. For example,

Part A will take a total of 24 hours to processin both line configurations. However, due to the

chronological variability of NVA time (i.e. NVA time is not necessarily evenly distributed over

the total process time of the part; the NVA time for a given part could be concentrated at

some particular point), the processing time of Part A in Cells 1, 2, and 3 in the serial

configuration are 8, 10, and 6 hours respectively.

In Table 3 above, each time stamp in the simulation has the following associated information:

1) Part (A - F) being processed at each of the cells.

2) Amount of time a part has spent at the current cell and the amount of processing time that

was required on that part at that cell - the two digits located, respectively, below each part
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label. When the first digit exceeds the second, it simply means that the part has been finished

processing at that cell, however, is unable to move down the line to the next cell due to a lack

of a vacant spot.

3) Parts that have completed and exited the process for each line.

4) Cumulative non-productive time ("Cum. NPT") for each line, represented as the total number

of machine-hours during which a cell was sitting idle. The startup effects were ignored for this

metric, so the metric only started accumulating machine-hours once all the cells touched a

part.

We see during several instances (T = 16, 24, 34, 35, 36) for the serial line that a cell is forced to

remain idle. This is because it either cannot pass on its completed part to the next cell or the next part

is not yet finished processing at the preceding cell. Consequently, while the parallel line finishes

processing the first three parts in 36 hours, the serialline takes 44 hours. Similarly, while the serial line

accumulated 13 hours of non-productive time (NPT) over the 44 hours of operation, the parallel line

did not accumulate any NPT. Each of the individual cells within the parallel line, in fact, structurally

cannot accumulate NPT due to the operations of the other cells within the process; any NPT it

accumulates will only be a result of issues within the cell itself or operational delays upstream or

downstream of the entire process.

3.5 Process Statistics

As was demonstrated in the hypothetical sample run of the lines in the previous section, variability

in the processing time of each part can have a tremendous effect on the overall performance

characteristics of the production line. Let us now consider this behavior in the context of designing

the optimal production line configuration for the lamination of a certain set of fuselage sections of an

airplane.
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Pimeess Orenieuw

The fuselage lamination line of interest, Line A, handles four different sections: S-1, S-2, S-3, and

S-4. These sections are of varying geometries and sizes. Consequently, the line has to be able to handle

variations in servicing time from two different sources: variation in just the baseline laydown runtime

(due to the varying sizes of parts), and variation in the NVA time experienced by each section. Thus,

in order to reach production nirvana, both these sources of variability would have to be eliminated in

order to fully level load the work.

The minimum expected processing times (normalized to the value for the largest section, S-4),

which does not include any NVA time, for the four parts in Line A are shown in Figure 13 below. The

minimum laydown runtime is defined as the minimum amount of time necessary to run the lamination

program and lay all the layers of the CFRP tape on the layup mandrel for that part. The total process

time would include the minimum laydown runtime as well as some level of NVA time during the

running of the lamination program to get it from the initial state of the process to the desired end

state.

Level loading the NVA time experienced by each part is difficult in any production environment.

The NVA time experienced by each part is ultimately the realizations, or lack thereof, of all the

potential problems, each of which has a probability distribution of the issue arising and the severity of

the issue when it occurs. While organizations rightfully, continually strive, with varying degrees of

success, to minimize the frequency and magnitude of these issues, achieving a complete elimination

of all these potential problems in the long run is undeniably impossible. The laws of physics and

entropy ensure of that.
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Minimum Laydown Runtimes - Fuselage Lamination Line A

100(N
0 100%

0%

Z 20% 11o
S-1 S-2 S-3 S-4

Figure 13: IE expected minimum laydownnrutimesfor lamination line A (excuding NVA time)

Level loading the baseline service time, on the other hand, is more achievable but may require

some tradeoffs to be made. Namely, one can only realistically optimize for two qualities between

specialization, utilization, and level-loading. Perfect level loading requires no part variety (in terms of

service time) and an evenly divisible amount of work per cell amongst the serial steps in the process.

Assuming the work can be evenly divisible, this can thus be achieved by having a dedicated line for

each part or set of parts with a unique service time profile (i.e. set of steps for each cell take the same

amount of time). However, particularly for relatively low volume production, such as that for many

parts in airplane manufacturing, level loading may be difficult or unreasonable to achieve. Having a

dedicated production line for a part that is manufactured in low quantities would either require fewer

cells in the line that are less specialized and take on more tasks each, or the line to operate at low

utilization rates. Alternatively, as was done for Line A, parts that have to undergo the same or similar

processes can be pooled into one production line. While this hurts level-loading, it allows for higher

specialization and utilization.

Performance Benchmarks

The single variable that will be varied in the simulations used to compare the three line

configurations is the NVA time for each section that goes through the lamination line. Thus, in order
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to use the model to effectively simulate reality, it is important to first understand what reality currently

looks like so the distribution characteristics of that random variable can be chosen appropriately.

Lamination performance data for composite Part A from Existing Factory A was obtained. The

NVA time data for the last one year's worth of parts was aggregated and is shown in Figure 14 and

Figure 15, where NVA time is represented as both a proportion of the total process time as well as a

percentage of the lamination time. Based on this data, the average NVA time as a percent of the

lamination time is 136%, with a standard deviation of 97%. While Existing Factory A is relatively

new, their recent performance gives particular insight into the variation that a new production program

could also experience early in its lifecycle.

Additional lamination performance data was also obtained for composite Parts B and C from

Existing Factory B, a more mature lamination production facility. While the exact NVA times were

not readily available due to the manner in which the data was captured, the distribution of the total

process times for Part B and Part C is shown below in Figure 16 and Figure 17, respectively. Based

on this distribution, we see once again that there is quite significant variability in the total process

times despite a constant statement of work, further shedding light on the variability of the realized

NVA time for each part in the lamination process. Based on the data from both factories, it is

particularly important to note that the distributions are asymmetrical and positively skewed. The long

tail of high NVA times and process times presents a real challenge that the line configurations must

be able to handle and will be discussed further in the forthcoming sections. It should also be noted

that the NVA times and total process times from the benchmark data is sensitive information to the

company, and consequently the figures below lack scales on the x-axis to mask this information.
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NVA Time Distribution (Composite Part A from Existing Factory A)

60%

50/

40%-

300/

20%

10%/

0%
NVA Time (% of Total Process Time)

Figure 14: NVA time distribution ( oftotalprocess time)for referencefactoy A

NVA Time Distribution (Composite Part A from Existing Factory A)
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Figure 15: NVA time distribution (o of lamination time)for referencefactory A
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Total Process Time (Composite Part B from Existing Factory B)
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Figur 16: Total lamination process time distibution in cell #1 infactoy B

Total Process Time (Composite Part C from Existing Factory B)
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Figure 17: Total lamination process time distrbution in cell #2 infactog B
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3.6 Prcess Dynamics& Simu/aons

Due to the many sources of variability, and the manner in which these variables interact, it is not

possible to determine a closed form solution of the operating characteristics of a given production

system. Thus, each line configuration needs to be evaluated in simulation. The three specific line

configurations of consideration are as follows:

1) Serial Line (with one queue): Three lamination cells are configured in series such that every

section is serviced by each of the cells, with each cell completing a third of that section's

statement of work. There is only one queue for the line at the start before the first cell. Thus,

the cells are essentially coupled in performance. In other words, even if a cell is completed

servicing its section, it cannot move onto servicing the next section until both the downstream

and upstream cells are completed with their service.

2) Serial Line (with three queues): Three lamination cells are configured in series such that every

section is serviced by each of the cells, with each cell completing a third of that section's

statement of work. However, there are three queues (with a capacity of one) in the line - one

before each cell. Thus, the intermediate queues serve as buffers and de-couple the cells,

allowing them to operate somewhat independently. In other words, as long as there is an open

spot in the downstream queue and a section available in the upstream queue, a cell that

completes servicing a section can move on to the next one regardless of the status of the

upstream and downstream cells.

3) Parallel Line (with one queue): Three lamination cells are configured completely in parallel

such that each section is serviced by only one of the cells (i.e. a section's entire statement of

work is completed by just one cell). There is only one queue before the three cells. Sections

from the queue are sent to the first cell that becomes available.
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It should be noted that three lamination cells were used in each of these configurations to provide

a fair point of comparison against previously done industrial engineering work. The analysis could

have just as easily been done for four or more cells.

Mode/ing Overvew

The model, shown in Figure 18 below, is comprised of a single entity generator that creates the

four types of sections in a repeating sequence (ie. S-1 + S-2 * S-3 + S-4). When the generator

creates each section, it also randomly chooses three numbers, representing NVA time percentages,

from a given distribution and assigns them to that section. Each section is then replicated for a total

of three identical copies. One copy is then sent down each of the three different line configurations -

this ensures that each of the lines is subject to the same stochastic conditions for fair comparison.

For the serial lines, each cell uses a unique one of the three NVA time percentages to determine

the total service time for that section in that cell. For the parallel line, the cell uses an average of these

three numbers to determine the total service time since each section is only serviced by one cell. The

model was run under five different scenarios of variability (the general causes of which were

mentioned previously in the discussion about CFRP):

1) No variation in the NVA time percentage (constant at 55%)

2) Optimistic normal variation in the NVA time percentage (Mean = 55%, Std Dev = 17%)

3) Existing Factory A representative normal variation in the NVA time percentage (Mean

135%, Std Dev = 60%)

4) Exponential variation in the NVA time percentage (Mean = 55%)

5) Log-normally distributed variation in NVA time percentage (Mean of logarithmic values

0.034, Std Dev of logarithmic values = 0.88)
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Figure 18: Simulink model of the three differntline configurations

The no variation scenario was run to show the production capability in a best-case situation if every

part took the exact same amount of time to process. The two normal variation scenarios were run for

communication purposes. Given that NVA time cannot take on negative values, the distribution is

technically being incorrectly used for this purpose, since the normal distribution is continuous and can

take on negative values as the left tail extends towards negative infinity. However, for both of the

normal distribution scenarios run, the mean to standard deviation is relatively high. As such, the NVA

time is fairly unlikely to take on negative values. The benefit of using the normal distribution, however,

is that since it is used extensively (arguably incorrectly in many other circumstances as well, including
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finance) people are much more familiar with the mechanics and terminology. Thus, it is far easier to

convey the impact of variability defined by a mean and standard deviation than variability that is

defined by metrics and terms that are relatively unknown to a large and diverse audience. The

exponential scenario was run to show that it is not simply the mean NVA time, but the distribution

of the NVA time that determines how the line will perform on average. Specifically, despite having

the same mean NVA time as one of the normally distributed scenarios, there is a notable difference

in how the line performs.

This finally leads us to the question of what distribution to use for the NVA time to best reflect

reality. Arguably, instead of a parametrically defined distribution (i.e. normal, exponential, etc.), the

actual, empirical NVA time distribution constructed based on the performance of the observed set of

samples at other factories could be used. However, due to the relatively small size of the sample

datasets and the lack of data in the tails, it is likely that sampling directly from the empirical NVA time

distribution would be less reflective of the true spectrum of realizations than a parametrically defined

distribution fit to the data. Among all the available parametrically defined distributions then, what

would be the most appropriate?

In Figure 19 below, four continuous probability distributions, representing a strictly positively

valued random variable, are fit to the lamination NVA time data from factory A. It is evident that they

all fit the data reasonably well. However, the lognormal distribution has been a preferred choice in

many government specifications and has shown that it can well represent the spread of maintenance

repair and restoration times in multiple applications."," The best fit log-normal distribution displayed

in Figure 19 was determined using MATLAB's "Distribution Fitter" tool, which uses a maximum log

likelihood algorithm to compute the optimal distribution parameters, determined to be 0.034 and 0.88

for the mean and standard deviation of the logarithmic values, respectively.
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Figure 19: Various distribution ypesftted to the lamination NVA datafom Factory A

For each variability scenario, the three different line configurations were evaluated based on four

performance metrics:

1) Production rate - average number of planes produced per month

2) Processing time - average time from start to end of lamination of an entire part

3) Interarrival time - average time between consecutive sections exiting the line

4) Lamination machine utilization rate - average percentage of the overall simulation time that

each lamination machine was actively processing a part and not sitting idle (NVA time in a

given cell is considered actively processing for that cell only)

The data for production rate, processing time, and inter-arrival time was normalized to in order to

protect sensitive information. Specifically, the production rate was normalized to the nominal desired

production rate. The processing time was normalized to the expected average inter-arrival time at the

nominal desired production rate. And the processing time was normalized to the minimum total

laydown runtime (which does not include any NVA time) for the largest part, S-4.
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MVodeling Results

Based on the results shown in Figure 20 - Figure 23 below, it is evident that the standard serial

line with a single queue (S-Lam 1Q) has a markedly lower average production rate as compared to its

alternatives. Namely, the standard serial line had the lowest average production rate in all five

scenarios, and lagged the next best configuration, the serial line with three queues (S-Lam 3Q), by

14-27%. Moreover, while the standard serial line is able to barely fulfill the nominal production rate

under the two most lenient scenarios, it is never able to meet the optionality for the higher desired

production rate (112% of the nominal production rate). As previously discussed, this poor

performance can be explained by the structural coupling of cells due to the lack of buffers in between

stations. Thus, with higher levels of average NVA time or variability, the likelihood that at least one

of the cells performs poorly increases, which then has a cascading effect on the rest of the line.

Furthermore, while the serial line with intermediate buffers and the parallel line (P-Lam) have

similar production rates at modest levels of variations (i.e. scenario No. 1 and No. 2), the production

rates of these two configurations deviate notably with higher levels of variation - there is a difference

of 17% inthe lognormal scenario, a trend we will be able to explain further after analyzing the average

processing times below. This would be particularly impactful during the production ramp phase when

process performance is likely be the most variable during the lifecycle of the production system. By

making certain assumptions on the NVA time percentage and variation levels at the start of production

and at full production, as well as the improvement profile to get between these two points, further

analysis could be performed to evaluate the impact on the NPV of the program due to differing

production levels during the production ramp.

Naturally, with the interarrival time beinginversely proportional to the production rate, the parallel

line has the lowest interarrival time in every scenario. Unlike for the production rate, however, for

interarrival time it is not just the average that is of importance but the full distribution, as the cadence

53



of arrivals impacts the downstream cure process. This impact and scope for further modeling will be

discussed further in the final section regarding future work.

The results also show that the parallel line has the lowest average processing time in every scenario.

This is somewhat unsurprising given that the processing time is proportional to the production rate.

However, it is also proportional to the amount of WIP in queue in the process. Thus, even though

the serial line with intermediate buffers has very similar production rates to the parallel line in the first

three scenarios, there is a significant difference in average processing times between those two

configurations. Moreover, it is interesting to observe that while the S-Lam 3Q line has the same

production rate of 124% for the first two variability two scenarios, the average processing time

increases from 142% to 156%. This suggests that the S-Lam 3Q line is able to maintain the same

average production rate by using the queues to absorb the impact of the additional variability in NVA

time. In other words, the intermediate queues which are in place to decouple the cells are utilized for

a higher percentage of time, thus leading to a higher average processing time. However, at increased

levels variability in NVA time, it appears that these intermediate queues are not able to keep the cells

decoupled at all times. This is evident by the difference in production rate between the S-Lam 3Q line

and the P-Lam line, in which the cells are structurally decoupled at all times, for the last three scenarios.

This could be solved by simply increasing the size of the intermediate queues (which can currently

only hold a maximum of one part), thus allowing the cells in the S-Lam 3Q line to continue operating

independently at higher levels of variability. However, this would also lead to higher processing times

and WIP levels, thus increasing the amount of working capital required for the production system.
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Fuselage Lamination Line A - Production Rate (Avg)
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Figure 20: Averageppmduction ratesfom the stochasticproduction line simulations

Fuselage Lamination Line A - Interarrival Times (Avg)
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Figure 21: Average interarrival timesfrom the stochasticproduction line simulations
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Fuselage Lamination Line A - Processing Times (Avg)
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Fuselage Lamination Line A - Utilization Rates (Avg)
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The advantage of decoupling cells can also be seen in the machine utilization rates. The parallel

line is able to always operate at nearly 99% utilization and the S-Lam 3Q line is able to operate above

90% utilization in every scenario except for the last, while the S-Lam 1Q line has a utilization of 80%

or less. In the simulation, it was assumed that all twenty-fours of a day are available for production.

In reality, however, a small portion of this time would be spent on preventative maintenance and

repairs to prevent larger catastrophic failures that require more time and resources to fix. Thus,

depending on the specific preventative maintenance program for the lamination machines, the true

maximum utilization rate will be some amount less than 100%.

3.7 Additional Considerations

In trying to choose the optimal line configuration, ultimately the questions that need to be

answered are how much can you produce and how much do you have to spend over the lifecycle of

the production system.

From a production standpoint, aside from the mechanics of the line configuration itself, it is

necessary to assess if the manner in which the work is split amongst cells impacts the duration of that

work. Namely, as previously mentioned, it is important to determine if there any benefits to increasing

the level of specialization of work, as seen in a serial line. Furthermore, even if there are benefits from

further specialization, it is vital to question if the leftward shift in a cell's process time distribution is

enough to at least compensate for the natural rightward shift in the overall serial line's process time

distribution. In this particular case of fuselage lamination, splitting the statement of work of the overall

process into smaller segments for each cellin the serialline does not have any impact on task efficiency

(compared to the parallel configuration). Neither does it also have an impact on the lamination

machine configuration or cost.

The total cost of the production system over its lifetime is composed of three components. The

first is capital expenditures (CAPEX), from items like the buildings everything is housed in, machines
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to carry out each of the manufacturing steps, and equipment to move the parts around the facility.

The second is operational expenditures, stemming from sources like the personnel required to run the

system and maintenance of the machines. And the third is working capital, largely in the form of WIP.

Although the specific parts comprising the total working capital will constantly be changing as

products are churned out, the actual dollar value of the working capital will likely have some element

of stability in a steady state production system. In this scenario, the working capital would finally be

returned to the investors when the production system is ramped down and all the WIP is sold off. For

all these expenses, it is important to note that given the time value of money, it is not just the

magnitude of each of these expenses but also the timing that is of importance.

For this particular process, in addition to varying production rate capabilities and working capital

requirements, the three designs will also have varying CAPEX and OPEX profiles, driven by the floor

space, cell-to-cell transportation, equipment installation timing, and potential black swan events.

Floor Spaxe

While the geometries of the line configurations will vary, their exact impact on the floor space is

not immediately obvious. The different lines would have to be laid out in the factory floor plan to

determine the actual impact on the overall footprint of the factory.

However, a financial analysis of a rather extreme hypothetical scenario was performed to better

understand what the required increase in production rate would be to justify the CAPEX associated

with a given floor space increase. Particularly, in this scenario it was assumed that the length of an

existing factory is increased by the length of one of its airplanes. Based on a number of assumptions

which cannot be disclosed, the CAPEX of such an increase in floor space would represent

approximately a 2% increase in the estimated total cost to build the factory. Furthermore, assuming

the production rate is at or below the rate of demand (i.e. all planes that are manufactured are sold),

and a fixed total number of airplane deliveries regardless of the production rate, it appears that over
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just roughly five years, a mere -2.8% increase in the production rate over the nominal desired rate

provides a sufficient increase in the net present value of the gross profits to justify the additional

expenditure for the floor space extension (assuming a 10% discount rate). The NPV contributions on

a yearly basis for these two production rate scenarios are shown in Table 4 below. Note that there is

a smaller number of airplanes sold at the beginning of the sixth year just for the scenario with the

lower production rate. This is to satisfy the assumption that a fixed total number of airplane are

delivered regardless of the production rate.

This highlights the relative importance of building the optimal production line that can meet the

expected demand rate over attempting to minimize CAPEX costs in construction. Furthermore, this

threshold of a ~2.8% increase in production rate was based on couple of conservative assumptions.

First, the NPV impact was only assessed over roughly five years, which is significantly shorter than

the typical lifespan of an airplane program or factory. Accounting for the full lifetime would result in

an even lower threshold. Second, it was assumed that regardless of production rate, the number of

overall airplanes delivered in the program's lifetime will remain constant. In reality, it is possible that

having a lower production rate could lead to some percentage of the full market demand being taken

away by competing products that offer a quicker delivery timeline.

Planes/Mo #1 = 100% 1#2 = 102.8% (of nominal desired production rate)

Undiscounted (/o of factory cost) Discounted (% of factory cost)

Gross Profit #1 Gross Profit #2 Gross Profit #1 Gross Profit #2

1 93.8% 96.4% 84.8% 87.2%

2 93.8% 96.4% 76.8% 78.9%

3 93.8% 96.4% 69.5% 71.4%

4 93.8% 96.4% 62.9% 64.6%

5 93.8% 96.4% 56.9% 58.5%

6 13.1% 0% 7.9% 0%

NPV 358.7% 360.7%

ANPV (#2 - #1) 2.0%

Table 4: Impactofdif tingproducion rates on NPV
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Cell-to-Cell Transportation

The cell-to-cell transportation for the serial lines would likely be relatively straight-forward. The

layup mandrels could simply move through the line on rails, thus eliminating the need for any

automated guided vehicles (AGVs), which have proven to be problematic in the other factories.

The transportation methodology for the parallel line is not as clearly defined. While it is possible

to use AGVs, it also seems feasible to have a multi-layered rail system (similar to an overhead gantry)

for this configuration. Thus, there is additional development work that would be required to determine

the optimal transportation strategy for the parallel line and how it compares on a cost and reliability

basis against its serial counterpart.

However, as was elucidated by the previous analysis on the impact of differing CAPEX and

production rates on NPV, it is unlikely that a material change in the cost of the cell-to-cell

transportation system, which represents a very small portion of the overall production system cost,

will drastically influence the decision of the optimal line configuration.

Eqmpment Installation Timing

There are several aspects about the required timing of equipment purchases and installations of

the lamination machines that make this a particular problem for the serial line. Namely, in a serial line:

1) All three lamination machines will likely need to be purchased and installed before building

the first airplane for flight testing. As previously mentioned, when going through certification,

it is not just the airplane that is certified but also the production system. Thus, just as making

a significant change to the airplane would necessitate recertification, making a change to the

production system would also require the same. As a result, the machines would need to be

bought and installed upfront, bringing a significant amount of capital expenditure (on the

order of tens of millions of dollars) up in time compared to the scenario in which the purchases

can be staggered, which can be accomplished with the parallel line.

60



2) In the event the Federal Aviation Administration (FAA) does not require a full recertification,

and the equipment would not need to be bought and installed all upfront. The second and

third machines could be installed as the production rate ramps to a level that necessitates them.

However, in this scenario the line may need to be shut down during the installation of these

cells, since parts may not be able to flow through as equipment is being installed around the

rails. This could affect the ultimate production capability of the plant during those periods of

time if this line is the bottleneck in the plant and cannot be used to build up an inventory

ahead of time.

3) Having to install all the machines in the beginning would also place the additional burden of

having to commission and troubleshoot all the machines prior to constructing the first

airplane. This would either require a large number of AFP engineers and mechanics for a short

period of time or for the installations of the machines to start even earlier to level load the

work for the AFP engineers. Commissioning a machine like an AFP, which has hundreds of

moving pieces and needs to perform within very tight tolerances, could be a troublesome task.

Thus, regardless of the FAA's decision, there is some level of additional risk and cost that is posed by

the serial lines with respect to the equipment installation. The parallel line has several advantages on

this front:

1) Since in a parallel line every part only gets serviced by one machine regardless of how many

machines are in the system, adding additional machines would not affect the process

experienced by each individual part. Thus, it is more operationally feasible to use a single

lamination machine to construct the first plane for flight testing and then install the remaining

two cells as production needs to be ramped up.

2) In a parallel line, the flow path of parts would not go through every cell, as this would defeat

the purpose of having a parallel line to begin with - part would be able to travel through a
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downstream cell if that cell is not done servicing its part. Thus, the flow of parts through each

cell would likely be independent of the other cells, and the second and third machines could

therefore be installed without disruption to the existing production line in place.

Consequently, the parallel line will likely be able to delay the expenditures associated with the second

and third machines for some amount of time (on the other of a year or more, depending on how long

flight testing and certification takes). Moreover, if any problems or issues are discovered on the first

lamination machine, the additional machines could be fixed or changed even before they arrive at the

factory.

Black Swan Events

"Risk means more things can happen than will happen."- Howard Marks

The possibility and effect of black swan events, rare but impactful occurrences, also need to be

considered. As has already been shown, the lamination process, like most things in life, has risk

associated with it. However, the distribution of the lamination process performance that we observed

was only of a sample, and thus the true risk profile of the population is not known. This makes it

particularly tricky dealing with tail risks. What happens when there are long tails that open the

possibility of black swans? How does one even assess the probability of such events when they occur

so rarely? If we were to consider the impact and assume that such an event was to occur in one of the

cells, then the production rate would go down to zero for both the serial lines, while the parallel line's

production rate would only get cut by a third. Given such a drastic impact, this begs the question of

whether you could mitigate against the impact of black swans and if it is worth the additional

expenditure to protect against the downside? The two likely culprits for a downtime event are either

an issue with the machine or part. Thus, in either line configuration, it would likely be wise to have

the option of removing a part from a cell into a side staging area. This would provide the optionality

of dealing with a part issue outside of critical path of the production line, therefore mitigating against

62



the impact of major part issues. Reducing the likelihood of black swan events stemming from

equipment issues would be more difficult. Unlike the part, it cannot simply just be replaced.

Furthermore, by definition, a black swan event is a rare occurrence. Given a complex piece of

equipment like a lamination machine, there are numerous unlikely ways in which the machine could

fail. It would be futile to try to have back up parts and a readily implementable solution to each of

these failure mechanisms. Most importantly, however, it is important to note that any steps that could

be taken to reduce the likelihood or impact of black swan events for the serial line could also be taken

for the parallel line. Consequently, the serial lines inherently present more risk to the production rate

capability over a lifetime than the parallel line.

3.8 Results & Recotrmendations

Decoupling the individual lamination cells by introducing intermediate buffers in the serial line or

using an entirely parallel line configuration drastically improves the average production rate capability

of the line (by a minimum of 14% among the five different scenarios that were evaluated) over a

standard serial line. Since the cells are structurally independent from one another in the parallel line,

it is able to reap the benefits of having decoupled cells at any level of NVA time variability. However,

for the serial line with intermediate buffers, the capacity of the queues needs to be increased with

higher levels of NVA time variability in order to maintain decoupled cells. Furthermore, the parallel

line may also provide a convenient option to delay some capital expenditure by staggering the

purchases of the lamination machines; it will likely also prove to be less operationally disruptive when

installing the second and third machines as production is ramped up. Lastly, the parallel line presents

the least risk to production rate in the event of black swan events. Thus, given the specific

characteristics of this fuselage lamination line, it is my recommendation to opt for either a serial line

with intermediate buffers, or, more preferably, a completely parallel line configuration in lieu of a

standard serial line.
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Considering the consequences of black swan events and protecting against the downside risks of

tail events can be more challenging when the configuration that can best handle such events is also

less efficient than an alternative setup under typically expected conditions. To elucidate the issues in

such a circumstance further, it is instructive to consider the perspective of the renowned investor,

Warren Buffett, as it relates to a similar circumstanceininvesting:

'At rare and unpredictable intervals, however, credit vanishes and debt becomesfinanciallyfatal. A Russian

roulette equation - usually win, occasionally die - may makefinancial sensefor someone whogets apiece of a

company's upside but does not share in its downside. But that strategy would be madnessfor Berkshire. Rational

people don't risk what the have and needfor what they don't have and don't need"

In other words, making the rationale choice and forgoing a strategy that usually outperforms its

alternatives but occasionally drastically fails can be a particularly difficult decision to make if certain

measures are not in place. Namely, it is important that the incentives of those designing the system

are aligned with the incentives of those that will be responsible for operating the system. This is

complicated by the fact that in many manufacturing environments, there is no quick feedback loop to

assess the true performance of a design, as the process to go from engineering plans to physical reality

can take on the order of several years to a decade. Furthermore, there is a natural and reasonable

tendency for the leadership of an organization to set ambitious targets in a project. However, there is

a fine line between setting ambitious targets to push teams to think creatively and come up with

innovative solutions, and setting truly unrealistic targets. The danger of the latter is that, whether

consciously or subconsciously, it is very easy to simply start changing assumptions to meet design

goals on paper. And these assumptions may not be tested until years later. Furthermore, well-

intentioned, but misplaced, pressures to try to optimize individual metrics (i.e. CAPEX, OPEX,

working capital, production rate, etc.) without looking at the effect on the overall system could also

be detrimental to the overall effectiveness of a system. For instance, it may be tempting to over index
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on minimizing CAPEX, as it is the most immediate and tangible expense, and in that process neglect

or underestimate how design changes will impact OPEX, as it is an expense that commences many

years down the road and is likely a much more rudimentary estimate. However, as Richard Feynman

once said, "for a successful technology, reality must take precedence over public relations, for Nature

cannot be fooled".

4. CONCLUSIONS & UTUR' WORK
As products within the aerospace industry become increasingly sophisticated, they and the

production systems responsible for manufacturing them are also becoming progressively more

complex. Effectively operating within this complexity requires methodical planning and rigorous

analysis in order to ensure that the various elements are working together optimally in service of the

goals of the larger production system. In this regard, many workstreams could potentially be

streamlined, and others enabled, by forgoing document centered work flows for MBSE

methodologies. One key area that a MBSE approach could add tremendous value and be implemented

within the design phase of a production system is stochastic process simulation, where the constituent

steps in a process are treated as random variables with given performance distributions in order to

more accurately predict the expected operating dynamics of the production system. When such

modelling was performed on a particular lamination process for fuselage sections, it was found that

the parallel line configuration outperformed its serial counterparts on multiple metrics. Importantly,

the granularity this model reflected the current maturity of the system design. The system architecture

did not need to go down to the level of individual components of the lamination machine in order to

perform useful modeling.

This analysis could be furthered in several ways, potentially adding even more value to the practice

of stochastic process simulations using an MBSE approach. First, the model could be expanded to

include processes downstream and upstream of lamination. Adding the cure process immediately
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downstream of lamination presents a particularly interesting opportunity as it could help illuminate

the knock-on downstream effects of different lamination line configurations. Furthermore, since parts

are generally cured in batches due to the typically large size of autoclaves, the model could also be

used to determine the most efficient algorithm for grouping parts in the autoclaves when subject to a

given stochastic environment. For instance, various operational thresholds could be established for

when a cure cycle should be started instead of delayed for another part. Second, an analysis could be

conducted to determine the financial impact of the WIP for each of the line configurations. However,

to assess the true impact of this, the cost of each of the parts in the WIP inventory would need to be

known to compute the amount tied up as working capital.

In the longer term, there are several strategic areas that need to be further explored to bolster the

MBSE toolkit and better realize its vision. Namely, this centers around how IoT devices can be

integrated within MBSE solutions, investigating the expanding requirements of MBSE environments,

and developing a roadmap to real-time operational prediction and prescription.

4.1 Integration with IoT

It is a well-known trend that in both personal and industrial settings, there is an increasingly larger

number of sensors and computing devices that are now connected to the internet and can collect,

transmit, and receive data." Such a wealth of data presents incredible opportunities to better

understand the ground truth of reality. Thus, integrating IoT devices with MBSE modelling tools

would allow not just more effective and streamlined monitoring and decision-making ability during

operations, but also more informed design earlier in the product lifecycle.

This could particularly be helpful in the growing area of self-learning robotics. In many

manufacturing processes, automated machines and robots have played an increasing role due to some

combination of their advantages in speed, cost, reliability, repeatability, and safety. An Achilles heel of

robots, though, has been their ability to handle variability when compared to a human. Historically,
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industrial robots have had to be programmed for their specific tasks. However, some tasks are

inherently difficult to program. Recent research at OpenAI has shown a promising solution to this -

robots are able to learn the task themselves through many attempts in a computer simulated

environment. The key insight to ensuring that this learning then translated well to reality was to ensure

that the simulated environment was subject to stochastic conditions based on reality. Thus, by treating

factors like lighting conditions and friction coefficients as random variables, the learning did not

overfit to one theoretical environment." This is also a much more efficient approach than training

purely in the physical world, as actual attempts are much slower and current machine learning

algorithms need a tremendous amount of data. Engineers working on such sorts of machine learning

solutions would therefore likely have a much easier time during development if they had access to all

the various data in a single, convenient MBSE platform. However, despite all this tremendous

potential, what remains unclear is exactly how the numerous data streams from a future production

system can be seamlessly integrated with MBSE solutions. Having such a capability would increase

the value of the MBSE "API", allowing model creators to add intelligence to systems by writing

programs that can utilize these data sources and communicate with machines.

4.2 A S-IE Enim roment

The expanding requirements of MBSE platforms is an area that needs to be explored more

broadly. As we have seen, there are numerous applications within the framework of MBSE. The

stochastic process simulation presented in this report was conducted in MATLAB's Simulink.

However, Simulink is not the ideal or preferred platform for all MBSE work, and thus is only one of

many platforms that is currently available. Nonetheless, having a single environment that caters to all

these needs could certainly be useful, as there are inevitable synergies amongst models and analyzes

that could utilize common system architectures. Consequently, for any organization looking to utilize

MBSE, it would be useful to investigate and determine what the best ecosystem or set of ecosystems
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would be to handle all the planned activities for a specific product. This could entail organizations

build their own platforms from the ground up, work with software companies to broaden the

capabilities of platforms, or establishing methods for platforms to communicate with each other.

4.3 Real-Time Prediction & Pireseptioin

Looking forward to future production systems, an aspirational, but realistic, ideal state would be

a system that can use the tremendous amount of available data, models, and algorithms to offer real-

time operational predictions and prescriptions, somewhat akin to the highly automated Amazon

fulfillments centers discussed earlier in the report. However, the road to get to such an operational

end goal from the current state is rather unclear. While there will certainly be much exploratory work

and testing to forge such a path, it is important to go through the exercise of working backwards from

this state of operational nirvana to ensure that the steps that are taken today and the sequence of

incremental, interrelated developments that are made along the journey are well aligned toward a

common, well understood vision.
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