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Abstract

Cost modeling is an activity that is easy to estimate on the fly, but difficult for a company to standardize both the
procedures and the data. In the project, a detailed process plan is created from a physical description of the part, the
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The final cost also takes into account tooling and equipment requirements based on the above. The software
implementation, using Cognition Corporation’s Cost Advantage program, groups manufacturing steps by
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Chapter 1

Introduction

The field of manufacturing includes expertise from many different fields. The title of
this thesis, “Design Tradeoffs for Advanced Manufacturing Using Cost Modeling,”
reflects the interaction between three major players: the designer, the manufacturing
engineer, and the cost estimator. Although they are introduced as adversaries in the
following cartoons (see Figure 1 and Figure 2), the goal of this thesis is to develop a
framework by which they may cooperate in a concurrent engineering environment.
The software implementation plays a large role in the communication between team
members, as well as to standardize company practices and provide an institutional
history.

This chapter includes:

e Traditional cost estimation
e Goals of the project
e Roadmap through the thesis
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FIGURE 1. Cartoon depicting relationship between design and cost estimation.

It can’t cost
that much.
Bad estimator!

Designer Vs, Cost estimator
FIGURE 2. Cartoon depicting relationship between cost estimation and manufacturing.
It can't be made
forso little.
Bad estimator
(Costeshrmator s, WManufacturing
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Traditional cost estimation

1.0

Traditional cost estimation

Manufacturing requires the close interaction of experts from many disciplines, from
designers to process engineers to cost accountants. All of these areas are equally
important in creating the best, cheapest part in the shortest time. It is important to
know the tradeoffs early in the design process, since the majority of the manufactur-
ing cost is determined early in the design. A wrong decision could result in disastrous
capital expenses or the selection of a process which incurs small expenses over a large
number of parts. Although there is no “right” decision, there may be many reasonable
ones.

The traditional attitude of designers is popularly known as the “over the wall
approach,” as shown in Figure 3. The manufacturing engineers must deal with design
specifications without the chance to give feedback about either the process or the
design details.

FIGURE 3.

The “over the wall” approach to design. [1]

Boothroyd, Dewhurst, and Knight — leaders in the field of design for manufacturing
and assembly (DFMA) — explain their solution [1):

One means of overcoming this problem is to consult the manufacturing engineers at
the design stage. The resulting teamwork avoids many of the problems that will arise.
However, these teams, now called simultaneous engineering or concurrent engineer-
ing teams, require analysis tools to help them study proposed designs and evaluate
them from the point of view of manufacturing difficulty and cost.

A lack of communication in this team, however, would hinder the optimization of
both design and manufacturing as well as disempower the people involved.

Introduction 11



Goals of the project

2.0

Goals of the project

This section sets forth the long-term, philosophical goals of the project, as well as the
proposed implementation solution. There are many other approaches to modeling
manufacturing costs, including MIT theses in the Department of Mechanical Engi-
neering, Department of Material Science and Engineering, and Technology and Pol-
icy Program. [3] [5] [9] [13] [16] [19] [20] [21] [22] [25] [31] [34] The current work
differs from most in that it tries to set up a framework for solving a broader range of
problems instead of focusing on one application. The work in this thesis represents a
survey of current cost models available in the market, a generalization of the common
features, and a first-pass implementation of the resultant software architecture.

This project is not an attempt to create yet another cost model, but a framework by
which a person can make consistent, standardized comparisons across mechanical
designs, manufacturing technologies, and cost estimation techniques. The model
architecture emphasizes the automatic process plan creation process, as well as the
feedback mechanism by which one may optimize the process and input variables. Of
course, it is important for the model to contain accurate time-cost data, but the empha-
sis is on rapid preliminary design. In other words, the model should be a designer’s
tool, not an accountant’s tool.

Specifically, we focused on vacuum-assisted resin transfer molding (VARTM) of
fiber-reinforced composite parts. Several unique features are incorporated into the
cost model. Cost estim..tes are based on physical parameters such as part complexity
and process rates. The model will include a sensitivity analysis which allows simple
design and process tradeoffs. The commercial software has an expert system architec-
ture and can access data from databases, formulas, and CAD drawings.

Design for manufacturing is an application which suffers from both an overload of
knowledge and a lack of knowledge structure. The overload results from the wide
variety of expertise and data needed in the areas of design, manufacturing, and cost.
The lack of structure results from the traditional barriers between these three disci-
plines. In addition, data is usually confidential, not well documented, or incomplete
due to the low production levels.

An expert system is very useful in consolidating knowledge in a central location and
follows in the spirit of concurrent engineering. We can assume that, although a person
is not expert in all areas, he can understand the basic principles behind decisions in
other areas. In addition, the expert system should be easily adapted to match the pace
of change in the manufacturing technology itself.

12
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Roadmap through the thesis

3.0

Finally, a well-documented software application (both on paper and on-line) can serve
as a good teaching tool. It is important to emphasize the benefits of the program to
non-expert users.

Advanced manufacturing technologies often offer the promise of higher performance
-- parts which are stronger, lighter, more resistant to corrosion, etc. than those made
by traditional technologies -- at a reasonable cost. Examples include composites (new
material), micro-electromechanical sensors (new process), and high speed machining
(old technology with improvements). However, the cost of implementing any new
technology is a major impediment to both their development and widespread use in
industry. In composites applications, an aircraft company may be willing to pay more
for a lightweight composite airplane fuselage, but an automotive company may not be
willing to pay more for a decorative dashboard panel. On both ends of the spectrum,
however, the gain in competitive edge is great if the technology can prove itself to be
both cost effective and have improved functionality.

With an early cost mode! (in the design or pre-production states) the relative ranking
of several designs and/or manufacturing technologies is more important than an abso-
lute bottom line cost. Once the decision has been made to go ahead with a product,
the designer is concerned with reducing the cost.

The program should capture the “corporate memory” — to apply knowledge consis-
tently through an organization and provide access to expert information when the
experts themselves are not available. [40] Even so, we must recognize that manufac-
turing processes are constantly being improved and numerical values updated.

Roadmap through the thesis

This thesis contains both background information and practical notes about the use of
Cost Advantage. The reader does not need to read one part before the other, but
should have a general familiarity with the vocabulary and concepts associated.

Chapters 2, 3, and 4 provide background information about the various knowledge
bases needed in developing this model. Chapters 5, 6, and 7 are the main deliverables.
In Chapter 5, we present a “wish list” of software features, based on a survey of other
commercial cost estimation products. In Chapters 6 and 7, we organize this listinto an
formal framework and implement it using the Cost Advantage software. Chapter 8
shows some sample output and post-analysis of the program. Chapter 9 concludes

Introduction 13



Roadmap through the thesis

with an analysis of the approach taken, a review of the milestones, and suggestions for
future model builders.

The appendices provide more practical information for the future model builder.
Appendix A contains all oversized figures and tables. Appendix B supplements the
Cost Advantage User’s Manual. The information is specific to our model and
addresses problems not solved with Cost Advantage. Appendix C is the bibliography.

TABLE 1.

Roadmap through the thesis.

1 Introduction This chapter explains the three major parts of the

project title and the importance of good software
implementation.

Resin transfer molding

General description of RTM. How did we find
experts? Details about braiding and too! design.
Detailed process plan, and different categorizations
for thinking about the same information. Source of
time and cost estimations.

Cost modeling

General methods of cost estimation, such as com-
plexity, time estimation, comparison with past runs,
etc. Discussion on sensitivity analysis methods.

Expert systems

Description and brief comparison of types of expert
systems. How does Cost Advantage fit in? Who is
an ideal expert, and how do you get them to coop-
erate.

Software selection

Problems with existing software. List of require-
ments & decision criteria. Description of software
considered.

Conceptual architecture

Independent of implementation, what architectural
structure would allow the most flexibility?

Implementation

Using concepts developed above, translate con-
ceptual architecture into concrete software ideas.

Resulits

Example cost reports and analysis results.

Future work

Comparison of milestones and work accomplished.
Notes about scheduling. Future implementation
such as sensitivity analysis, links with Witness and
ProEngineer.

Oversized pages

Collection of oversized figures and tables.

Model builder's guide

Supplements Cost Advantage User's Manual with
practical advice about using the program and
designing the practical implementation issues.

Bibliography

Listed by design for manufacturing, manufacturing
processes, cost modeling, and knowledge-based
systems.

14
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Resin transfer molding

Process plan generation cannot be done in a deterministic way if reasonable alterna-
tives exist for producing various details. This is a major problem for newly developed
processes. Hence, we will first generate a default process plan based upon the similar-
ity of the parts to ones in the catalogue and an assumed microstructure. This plan will
clearly note assumptions and list possible alternatives. The plan will allow user alter-
ation by selecting known options or by direct entry of a new plan. If the plan requires
time steps not contained in the database, then these will also have to be entered. As
manufacturing procedures become standardized, the default process plans will be
modified to reflect these improvements.

Without a sponsoring company with a clear product, manufacturing facility, and com-
mitment, it was very difficult to procure experts who were dedicated to the project.
We primarily talked with Draper Supervisor Robert Faiz and visited the manufactur-
ing facility of Emerson & Cuming in Newton, Mass. See Chapter 3 for guidelines for
obtaining experts.

This chapter includes:

' General description of RTM
e  Areas of expertise in RTM

¢ Manufacturing steps

15



1.0 General description of RTM

Resin transfer molding is a composites processing technology where resin is injected
into a dry fiber preform in a mold and then cured. Figure 1 shows a schematic repre-

sentation of the vacuum-assisted resin transfer molding process we used in our model.
Other variants on the process include: resin transfer molding with vent holes, preform
molding, structural reaction injection molding, and high-speed resin transfer molding.

FIGURE 1.

Main components in a vacuum-assisted resin transfer molding setup for a box beam.
Cross-sectional view is shown.

Resin supply Tool lid
/ *
Seal
Mandrel
Resigl?ne;ering Dry fiber preform
Tool base

In the software implementation, the first decision would be to choose the high-level
manufacturing process (e.g., RTM, sprayup, layup). The current program concen-
trates on VARTM, but allows this decision for the model user to input manually.
Table 1 shows a comparison of manufacturing process based on design guidelines.

16



TABLE 1.

Comparison of manufacturing processes based on design guidelines. [10]
(* Requires staged cure to avoid exothermic reactions in thick parts)

Design parameter RTM _ Sprayup Layup

Min inside radius (in) 0.25 0.25 0.25L 0.0625
Molded-in holes no large large yes
In-mold trimming no no no yes
Core pull, slides, undercuts difficult difficult difficult yes
Min draft angle (deg) 2-3 0 0 1-3
Min practical thickness (in) 0.080 0.060" 0.060 0.050
Max practical thickness (in) 0.500 no limit no limit 1
Thickness variation (in) 0.010 0.020 0.020 0.005
Bosses difficult yes yes yes
Ribs difficult no yes yes
Hat section yes yes yes no
Finished surfaces 2 1 1 2

Figurc 2 shows a range of parts which are possible through resin transfer molding.

FIGURE 2.

Sample RTM parts made by Fiber Innovations in Norwood, Mass.

17



2.0 Areas of expeitise in RTM

Each of the following sections is complicated enough that we could build an expert
system for each one. Although this wasn’t included in the implementation phase of
the project, we briefly discuss outside work which would be useful in creating rules.

The author of [12] expressed the difficulty in trying to collect expert information for
resin selection.

It came as a surprise to be requested to prepare a procedure for selecting the proper
engineering plastic for a given application. Since such decisions are made every day
by someone, I assumed it was a fairly routine and repetitive exercise, and only needed
to be reviewed, assembled in some logical sequence, and written.

The assumption was incorrect. It was a revelation to learn that, of nearly fifty experi-
enced people interviewed who are close to the resin selection responsibility in all its
aspects, no two of them could agree on a logical process for selection; and no one
knew of a publication that could. It then occurred to me that the way to develop such
a procedure would be to assemble a number of actual developments in engineering
plastics from material suppliers, molders, and end users and process based on practi-
cal case histories. This assumption, too, was incorrect, for such case histories are
either not readily available, or records were never kept, or decisions were made based
on pragmatic rather than logical considerations.

Therefore, to prepare this book, I was led to collecting as much pertinent data as
practical and to writing a simple suggested route to resin selection. It has been pre-
pared not for the plastic engineer expert in design, but for anyone with an apprecia-
tion for simple technical and mechanical considerations.

This same problem is repeated for each area of subspecialty. In this project, we briefly
considered several areas which could eventually be included in the longer-term
project: resin selection, fiber preform, tool design, cure, and autoclave arrangement.
We developed some high-level rules for tool design as a paper exercise and part of a
Knowledge-Based Systems (6.871) project

18



Resin selection. Choose the resin based on performance criteria and processing con-
ditions. Table 2 shows some important questions in the process of resin selection.

TABLE 2. Considerations when choosing resin. From “Engineering Thermoplastic Resins” [12]

Category

Question

General information

What is the function of the part?

How does the assembly operate?

Can several functions be combined in a single part?
Can the assembly be simplified?

What is the required service life?

What are the consequences of part failure?

Are there space or weight limitations?

What thermal properties are required?

What electrical insulation properties are required?
What are the cost limitations?

Codes

Are acceptance codes required?

Environmental

What is the operating temperature range?

Will the part be exposed to sunlight? weathering? corro-
sion? humidity?

Mechanical

How is the part stressed in service?

What is the magnitude of the stress?

What is the stress vs. time relationship?

What is the maximum deformation that can be tolerated?
What are the effects of friction and wear?

What tolerances are required?

Appearance

Style

Shape

Color / Colorability
Surface finish

19



3.0

Fiber preform. Fiber preforms are made in a process similar to that of sewing cloth-
ing. Since the textile industry is well developed, compared to composites technology,
many of the processes are well known. From [9]:

The technology is available to automate the steps to actually produce and cut the fab-
ric. However, after the fabric has been cut to the appropriate shapes, the automation
ceases and manual labor is required. A common scene in the apparel industry is rows
and rows of people sitting in front of sewing machines sewing shirt sleeves to the
shirt.

Although the processes are similar, sometimes the material properties (no pun
intended) make a large difference. For example, the clothing fabrics are usually more
flexible, stretchable, and have lower elastic moduli than composites fabrics. This
translates to more difficulty in handling and stitching.

Tool design. Given the geometry and resin, determine certain design criteria (number
of gates, tool configuration, mandrel configuration, heated tool, etc.) based on ease of
assembly and cure kinetics. We did find a geometry-based cure model [8], but that
would have only been valid for very simple parts.

Cure. Perform cure analysis, using temperature and geometry to control the tempera-
ture. This sub-project was not chosen because of the continuous-time component.

Autoclave arrangement. Predicting the heat flow within an autoclave can be a com-
plex thermodynamic analysis that varies with the configuration of parts arranged
inside. We can use past information about the configuration and quality of each batch
to control the temperature. [39]

Manufacturing steps

3.1

The process steps can be represented either by category or by chronology. The full
process plan is shown in Appendix A.

Process steps by category

We divided the process steps into seven categories, which would be applicable for any
manufacturing technology, both composites and otherwise. One benefit of using this
“kind-of” classification is that steps involving transportation, inspection, etc. are very
similar across manufacturing technologies.

Preparation

Setup

Material handling

Operation

Transportation

Inspection

N o s wp

Finishing

20



3.2 Process steps by chronology

Table 3 shows the manufacturing steps in RTM by chronology. The list was compiled
by looking at the example model which came with Cost Advantage, thinking through
the process steps with Professors Gutowski and Mantell, and speaking with Mr. Faiz
from Draper Laboratory.

TABLE 3. Manufacturing steps in resin transfer molding, by chronology.
Major category Detailed steps
Preparation Identify required items
Mandrel preparation Load mandrel piece on overhead hoist

Clean braiding mandrel

Apply parting agent on mandrel
Position heat lamps

Cure parting agent on mandrel
Remove heat lamps

Assemble mandrel

Prepare braider Setup braiding machine
Wind tow onto spools
Replace spools
Load spools
Thread tow into braider
Load mandrel into braider
Unioad mandrel piece from overhead hoist
Braid preform over mandrel
Load mandrel piece on overhead hoist
Remove mandrel from braider

Mold preparation Load tool onto overhead hoist
Clean resin transfer mold
Clean o-ring groove
Apply mold release to RTM mold
Position heat lamps
Cure parting agent on mold
Remove heat lamps
Unload tool from overhead hoist
Setup tool assembly jig
Assemble RTM mold

21



TABLE 3.

Manufacturing steps in resin transfer molding, by chronology.

Major category

Detailed steps

——

Capture preform in mold

Set preform into mold
Unload mandrel piece from overhead hoist
Secondary preform placement
Position o-ring mold seal

Load top plate onto overhead hoist
Attach top plate to press

Unload tool from overhead hoist
Match mold with top plate on press
Apply clamping force

Injection machine preparation

Setup resin injection machine
Attach vacuum line
Attach RTM line

Mold preparation

Preheat platens (and tool)
Plug heater into moid
Heat up mold

Evacuate mold

Resin preparation

Preheat resin (to lower viscosity)

Mix two parts of resin

Vacuum de-gas resin

Load mixed resin onto injection machine

Inject resin and cure

Inject resin
Cure in RTM mold

Disassemble manifold

Detach vacuum line

Detach RTM line

Unplug heater from tool
Remove RTM mold lid

Remove tool from heating press

22



TABLE 3. Manufacturing steps in resin transfer molding, by chronology.

Major category

Detailed steps

Remove part from tool

Move tool into cooling press

Close top plate

Cool down part

Open top plate

Remove tool from cooling press

Load mandrel piece on overhead hoist
Remove part from mold

Remove mandrels

Unload mandrel piece from overhead hoist
Remove o-ring

Post cure

Put part in fixture
Post cure
Remove part from fixture

Finishing steps

Load part into overhiead crane
Deflash

Manual debur

Setup NC trim

Load part inio NC

NC trim

Remove part from NC

23
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Chapter 3

Expert systems

An expert system requires, of course, knowledgeable and cooperative experts.
Although we had only limited access to such experts in this project, this chapter will
set forth some of the guidelines for obtaining and working extensively with such
experts in the future.

In addition to collecting information, we built an expert system to contain the infor-
mation collected. There are several paradigms for expert systems, based on the

desired functionality. We went with a rule-based system, and the rules were formal-
ized into a system and implemented into Cost Advantage by Cognition Corporation.

Expert systems are a subset of artificial intelligence. The words “expert system” and
“knowledge-based system” are used interchangeably. '

This chapter includes:
e Introduction to expert systems
¢ The ideal expert

e Guidelines for creating rules

25




1.0 Introduction to expert systems

Knowledge-based systems have many benefits. [35]

s Preserve/replicate knowledge and expertise

e Make knowledge accessible

* Apply knowledge consistently through the organization over time

¢ Provide an environment for knowledge standardization and growth

e Leverage the expert

* Improve practice; support the average

e Help avoid disasters

e Help manage change

e Manage change and complexity in knowledge-intensive situations and processes
¢ Solve complex problems that thwarted traditional data processing techniques

e Prototype new approaches easily and quickly

Expert systems can be very powertful, but there is a danger of applying the technology
to a task for which is not well suited. It is important to understand the advantages and
limitations of expert systems, as well as other alternatives to this computer technol-
ogy. The model builder should be aware of the reasons against using expert systems,
the strongest of which can be resistance from the experts themselves. The program
needs to be built and updated over time; benefits should be quantified; and the com-
pany should “buy into” its success. Other implementation technology alternatives
include [35]:

Search the solution space. This differs from expert systems because it searches
through the possible solutions in a methodical way. Expert systems try to make deci-
sions based on reasoning. Examples include adaptive search and optimization and
genetic algorithms.

Dealing with uncertainty by assigning mathematical probabilities. This differs
from expert systems because of the emphasis on “certainty factors” and relationships
with past data. Expert systems try to capture the underlying reasons instead of blindly
following previous data. Examples include reasoning under uncertainty and statistical
comparison.

The reader should realize that artificial intelligence is a relatively young field and that
many research efforts are a demonstration of technology more than a full-blown
implementation. However, this has started to change in the recent decades. One other
thing to remember is not to be lured into the romance of using artificial intelligence
over human abilities. That is, sometimes it is better to use human expertise. [42]

26




1.1 Representation of information

One distinguishing feature of expert systems is the ontology — the system of abstrac-
tion from the specific vocabulary of the application to more general terms. The use of
information about the information is also known as “meta-data.” For example, in this
project, the term “resources” describes properties as diverse as braiding machine feed
rate, injection machine maximum pressure, and resin cure rate. (Sec Chapter 6 and
Chapter 7 for more detail.) Also, the choice language used to describe the information
in the model should be made carefully. Different representations could be functionally
equivalent, but one is more difficult to implement, e.g., 1997 v. MCMXCVII.

One important decision in this project was whether to describe the manufacturing
steps in a “part-of” or “kind-of” hierarchy. There are two types of hierarchy trees:
part-of and kind-of hierarchies. Their function is identical in terms of inheriting char-
acteristics downward throughout the tree, but the order of the hierarchy is important
for the convenience of the inheritance. A graphical comparison of the two types of
hierarchy trees is shown in Figure 1 and Figure 2.

I chose a kind-of hierarchy because this allowed more flexibility in terms of compari-
sons across dissimilar manufacturing processes. For example, all processes have steps
such as inspection, setup, and transportation which are pretty much uniform in form.
In more practical terms, the part-of hierarchy corresponds to a time-based listing of
process steps, while the kind-of hierarchy corresponds to a category-based listing.
Note that all of the elements are accounted for in both trees.
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FIGURE 1. A “part-of hierarchy” corresponds to a time-based listing.

root tool prep —————— transport
clean
inject resin ————  transport
inject
pre-heat
cure —1—— transport
pre-heat
cure
FIGURE 2. A “kind-of hierarchy” corresponds to a category-based listing.
root transport ——————— tool prep
inject resin
cure
clean ——  tool prep
pre-heat —1————— inject resin
cure
inject —  injectresin
cure —  _ cure
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1.2 Other knowledge-based applications
Our project uses a rule-based system for cost modeling. For further background and
examples of applications in other fields, please see the following references:
e Packaging [45]
e Mineral exploration [38]
e Autoclave arrangement [39]
e Medical diagnosis [44]

e Determination of British nationality [41]

Although these applications span very different fields, the implementations have sim-
ilarities in terminology and also in the separation of domains between the user and the
inference engine.

For comparison, Figure 3 shows a simplified version of the architecture we developed
in this project (see Chapter 6 for details). Like some of the other software architec-
tures, there is a separation between the model user and the model builder. However, in
our system, we want to design the model such that the user can understand and has
access to things inherent in the program (e.g., equations, rules).

FIGURE 3. Simplified flowchart for this project
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Figure 4 is a flowchart which shows a more general flow of information, specifically
used in the project to determine whether a person is a British citizen. In this model,
there is more of a separation between the language-dependent and language-indepen-
dent knowledge bases (KB). In this case, there are clear pre- and post- processing
steps to “translate” a specific application (e.g., RTM) to the generic logic engine.

FIGURE 4.

Concept Systems as an Aid for Sharing and Reuse of Knowledge Bases in Material
Science.” [40]

ontclogy
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In Figure 5, the separation of the experts and the computer implementation is further
emphasized by the introduction of the “mediating representation.” One of the benefits
could be clearer communication between the parties, but this further separates the

users from the developers, making it difficult for the users make direct changes to the

system in the future.

FIGURE 5.

Using Knowledge-Based Systems to Define Materials Technology in the Aircraft
Design/Build Process” [40]
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2.0

The ideal expert

An expert can be defined as [35]
(Expert— AveragePerson) = Knowledge (EQ1)

However, while technical competence is important in an ideal expert, there are also
many other factors to be considered. In each subspecialty — design, manufacturing,
and cost estimation, in this project — the potential experts would also ideally:

e Be cooperative

e Know where to find the information

o  Simplify rules as much as possible

e Look at the bigger picture, leaving details for later

» Consistently use of jargon and terminology

e Not have a lot to lose by divulging his information

e Be familiar with expert systems (or willing to learn)

e Give their time on a regular basis (e.g., 3 hours per month)

e Be geographically nearby

A key issue is how to motivate the expert to cooperate. He should feel that he is an
important part of the process and “buy into” the project. Some suggestions would be
to provide:

e A copy of the model

e Results and documentation

e Constant feedback and involvement (i.e., equal partner)

e Good use of his time at meetings

e Direct use of one of his applications

In preparation for the expert interviews, we prepared a list of questions, a baseline
process plan from which to proceed, and geometry families for reference.
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3.0

Guidelines for creating rules

4.0

When creating rules for the rule-based system, recognize that the relationships
between variables is more important than the actual values. E.g., the heating rate is
described as “very fast” instead of “10 degrees per minute.” The exact value could
then be customized for different applications. There are two types of information to
formalize:

1. Rules
e.g,If A and not B, then C, else D
2. Object-Value-Attribute
e.g., HeatedPress-10deg/min-HeatingRate

In writing rules, it is important to make only one step in logic at a time. This makes
the rules easier for future developers to understand. Also, when running the program,
the user can then trace through the entire string of logic, one step at a time.

Another guideline is for the knowledge engineer to try to understand and use the same

vocabulary which the expert uses. This will also facilitate future use of the program,
as well as provide more credibility to other users.

Resolution of conflicts

It is likely that the rules for a parameter are in conflict with one another. One method
of dealing with this is to use “certainty factors,” which specify the degree to which the
condition dictates the output. For this discussion, we will use the following rules:

. If A, then D. (0.6)

If A, then E. (0.3)

If B, then not D. (0.7)

If C, then not E (0.4), else D (0.1)

If C, then F. (1.0)

If E, then G. (1.0)

oo os e N

All certainties (shown in parentheses) are between 0.0 and 1.0, with 1.0 being
“absolutely certain.” Table 1 shows an example set of forward chaining inputs and
outcomes. Any uncertainty about the input is also reflected in uncertainty about the
outcome. Note the difference between a false statement and a statement which pro-
duces a false value.
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TABLE 1.

Example of rule firings.

A = true (1.0)

1 D =true (0.6) D = true (0.6x1.0)
2 E = true (0.3) E = true (0.3x1.0)
[E=true (0.3)] 6 G = true (1.0) G =true (1.0x0.3)
C=false (1.0) 4 D =true(0.1) D = true (0.1x1.0)
5 (none)
B = true (0.6) 3 D = false (0.7) D = false (0.7x0.6)

When combining the outcomes, certainty factors are not combined in the manner of
probabilities. For example, probabilities of 0.3 and 0. 6 combine to 0.3x 0.6 = 0.18,
while certainty factors combine to [0.3 + (1 -0.3)x0.6] = 0.72. Intuitively, this
means that if you have two positive evidences, then you should be more sure of the
outcome. However, you cannot simply add the numbers because it is impossible to
exceed 100 percent certainty. So, starting with 30 percent certainty, we then add
another 60 percent of the remaining amount to the 30. The order of the rule firings
does not matter, since the math works out the same -- [0.6 + (1 -0.6) x0.3] = 0.72.

Combine the positive and negative weighting separately for each outcome, then add
them together. The final outcomes for the above example are in Table 2.

TABLE 2.

Calcuiation of total certainty factors.

D [0.6 + (1 - 0.6) x 0.1] + {-0.42] = 0.64 - 0.42 0.22

E 0.3 0.3

F unknown
G 0.3 0.3 '

Hard restrictions can also be used, meaning that even if there is some uncertainty, one
input may be strict enough to mandate a certain outcome.
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Chapter 4

Cost modeling

There are many reasons for and against the modeling of costs of a manufacturing pro-
cess before it goes into production. It is important to formalize these costs and weigh
the tradeoffs in order to understand the process. We will summarize several methods
used to predict cost, both based on theoretical principles and experimental data.

This chapter includes:

e Reasons to use cost modeling

e Cost estimation

35




1.0 Reasons to use cost modeling

Cost is only one of several important manufacturing system attributes that need to be
estimated. Others include quality, production rate, and flexibility. There are a variety
of decision situations when a cost model is needed:

e Predict cost before a proposal is made

*  Guide the design process

* Guide process selection

e  Guide make-or-buy decisions and vendor negotiations

e Validate costs (e.g., for government contracts)

Often, a large percent of product cost is determined in the early design stage while
design activities often contribute only a small percent of that cost (see Figure 1).
Therefore, it is crucial that the cost impact of assembly considerations, material selec-
tion, and product structure be examined at the design stage. [1]

FIGURE 1.

Commitment of design and production costs over time (qualitative representation).

% new product cost Opportunity
to reduce cost
100%
Percentage
of costs committed
0%
concept design test production

Cost modeling can be performed at all stages of the manufacturing process -- concept
development, product development, and production. This project concentrates on the
“concept development” phase, which means that the design and process details are
not well known. In practice, this translates to more reliance on theory, application un-
specific data, and rules-of-thumb than actual production data. With an early cost
model (in the design or pre-production states) the relative ranking of several designs
or manufacturing technologies (e.g., hand layup vs. resin transfer molding) is as much
or more important than an absolute bottom line cost.
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The stages of cost modeling include:

* Back-of-envelope

* Automated/database inputs
* Automated calculation

* Sensitivity analysis

* Process plan logic

e System simulation

e Optimization

* Documentation

The biggest problem in developing an expert system-based cost model is the coopera-
tion between stakeholders: designers, process engineers, and cost analysts. They are
each experts in their own domain, and there is no one person who would be able to
bridge that gap. By definition, these experts are working to opposing goals; the
designer may specify certain features that are difficult or costly to manufacture. In
reality, one stakeholder may have more say over the others. For example, in aviation,
the structures team ensures that an aircraft will hold together during flight, while the
weight team ensures that it is light enough to get off the ground. In more competitive
industries, cost may be the driving factor. The key to the success of any program is
that the user can consistently access information he needs without attending another
meeting.

Also, there are two scenarios where the cost model would be useful:

¢ In large manufacturing environment

* Inexamining one particular domain (design, manufacturing, etc.)

In the first case, domain experts work together within the same organization to
improve the overall product. The challenge is to build and then maintain a common
platform for all of the areas. In the second case, it would be harder to obtain expert
cooperation. A company’s competitive edge is in being able to beat the rivals in his
domain (e.g., braiding manufacturers), not in making the overall product (e.g., REM
parts). He has more to lose by volunteering his expert knowledge and would need
strong incentives to cooperate.

Design for manufacturing doesn’t have universal support, however, even if the num-
bers do turn up favorable. Some reasons for resisting the use of these methods are:
* Lack of time

* Resistance against other methods

e Confusion about which experts to use

* Low production volume does not justify analysis

¢ Information is proprietary

The social and political hurdles can be as difficult to overcome as the technical prob-
lems of estimating cost.
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2.0 Calculating the manufacturing cost

We divided the manufacturing costs into labor costs and resource costs. The time of
each operation affects the allocation of resources, including laborers and equipment.
Details about the specific implementation used in this project are in the Implementa-
tion (Chapter 7). Below, we list several of the options used by other cost modeling
projects.

First-order time estimation. Many electro-mechanical systems have first-order
response, and also human actions [24). The first-order equation is shown in Eq 1,

(-1/7)
v =yy(l-e

) (EQ 1)
where v is the velocity, ¢ is time, and 7 is the time constant. The velocity can be in
terms of any physical units. For example, a fluid measure could be gallons/minute
and a linear measure could be area/minute.

Comparison with history. When a part has been put into production, we can use data
from the actual process to refine the model [].

Information content. The complexity of a part can be calculated from its geometry,
quantified using information theory [31].

Estimation from theory. Reference [9] shows an example of time and cost estima-
tion from basic principles. The braiding theory includes variables such as braid angle,
feed rate, and number of layers.

38




Chapter 5

Software selection

In selecting the software package on which to develop the cost model, we also implic-
itly decided upon the amount of computer development versus model development in
the project. Many software programs can be configured to do similar tasks, but the
difference is in the amount of effort on the part of the model developer. We started out
with a bias toward higher-level programming environments.

This chapter describes the software selection process based on our system require-
ments. The information provided in this section is meant as guidelines for future
projects. However, the choices of software may differ based on the functionality
required of the program. Based on a survey of available software features and the
decision criteria, we chose Cost Advantage from Cognition Corporation.

We defer a discussion of future software development to the Conclusion Chapter.

This chapter includes:

e Decision criteria

* Problems with existing software
e Decision matrix

e Cognition’s Cost Advantage

e Other software choices considered
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1.0 Decision criteria

From looking at the features available in a variety of commercial software packages,
the following lists of requirements was compiled (see Table 1 through Table 7). The
categories roughly correspond with the sections in the Conceptual Model (Chapter 5).
Here, “commercial software” refers to an off-the-shelf software package. “Program”
refers to the specific cost model we would build using this software package.

TABLE 1. Requirements for inputs.

Input (dynamic) o

Default values Allow the model to have default values, so the user can
proceed with reasonable data even if that is not his area
of expertise.

Reset-able defauits The user can change back to the default values, even
after having made some changes.

Changing equations The user enters coefficients for equations expressed in
standard format. The equations are not embedded in
the model, but accessible from outside the program run.

Various input types The program accepts a variety of inputs, including num-
bers, variables, text, one-of choices, many-of choices,
and Boolean values.

CAD drawings Import geometry information from a feature-based CAD
drawing program such as Pro Engineer or Ideas.

List of manuf. steps Import a pre-determined process plan.

Levels of detailed model Depending on the design stage, time available, and
accuracy of model required, the user chooses whether
to use a preliminary, detail, and final production model.

TABLE 2. Requirements for libraries.

Libraries (quasi-static) o ;

Tables Import information from existing company tables such
as Excel or tab-delineated files

Charts Import information from graphical representations of
data. Interpolate between known points

Databases Import from databases such as Access or Paradox.

Standard equations

Set up equations in standard format, either mathemati-
cally (e.g., 1st order exponential) or by function (e.g.,
rate of change * difference in values)
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TABLE 3. Requirements for outputs.

Outputs
Cost drivers

Display the major sources of cbst in rank orderin a
Pareto chart.

Cost sensitivity

Determine affect of changing variables on the total cost.

Rescurce usage

Cost of material, equipment, overhead, tooling, etc.

Real time updates

Update the cost results as data is input, so the user can
make some decisions on the fly.

Conflict alerts

Alert the user if he has violated rules.

Information alerts

Alert the user if there is a potential for confusion.

Factory simulation

Export to a factory simulation program such as Witness.

TABLE 4. Requirements for analysis.
Analysis v
Cost comparison Save and compare costs between different scenarios.
Suggest variables to Make suggestions for how to reduce cost based on cost
change drivers and sensitivity.
Optimize system Based on various cost reductions, find best sclution.
Merge projects Merge several projects into one project. For example,

several parts compose an assembly.
TABLE 5. Requirements for aesthetics.

Aesthetics
Graphical user interface

The model builder creates a graphical user interface in a
simple way (i.e., not using XMotif or Tcl/Tk)

Intuitive user interaction

Questions are asked in plain English. The user under-
stands the flow of questioning either by overall help
pages or by meaningful prompts along the way.

Units for everything

All variables have clearly displayed units.

Leave notes for yourself

Model builder leaves notes visible only to builder.

Leave notes for user

Model builder leaves notes for the user.

Help pages

Able to access other documents (HTML, Acrobat, XV,
etc.) for information
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TABLE 6.

Requirements for architecture.

Process plan ﬁleréféhy

The vanoﬁs"\bréceﬁss pI;n- éteps are :grouped in a hierar- -
chy tree. There are two kinds of trees — “kind-of”.and"-
“part-of” — as described in Chapter 3.

Underlying database

The data required to run the mode! is stored in a réléj'-:",
tional catabase. '

Sensitivity analysis

The program has to allow an outside script to peﬁbr'
sensitivity analysis on the model. i.e., after changing a
variable, trigger the program to do another run.

Run model at different

levels of detail

Program allows levels of detailed modeling. The interac-
tion between variables should matches level of detail. - .

Save/compare cases

Minimum pre- and post-processing.

TABLE 7.

Requirements for development platform.

Cost

The cost of the commercial software is reasonable both,-': )
for MIT (as an educational institution) and for Draper
Laboratories.

Cross-platform
transferability

The commercial software is usable over a variety of ,
computer platforms without major changes (e.g., Unix,
WinNT, MacOS)

Administrative upkeep

The commercial software (and corresponding hardware)
is easy to maintain.

Location of company

The company is located near the MIT campus.

Customer service

The commercial software company has readily availabl
customer service.

Position in industry

The commercial software has a good customer bas,é:,:: , N
industry, and they will be around for future support. e
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2.0 Problems with existing cost estimation software

Based on the above features that we wanted in a model, the problems with existing
cost estimation software fell into two categories: error in data entry and difficulty of
use. The human user may be asked to answer questions for which he is not qualified
or he may accidentally omit data which are major cost drivers. In terms of difficulty of
use, problems fall into several categories:

e Assumed knowledge base of user inappropriate
e Lack of complete model logic and data
e Difficult to adapt model for other applications / manufacturing technologies

e  Poor documentation

Perhaps a suitable metaphor for the software would be that of a printed circuit board
versus an electronic breadboard. In the PC board, all connections are “hard-wired”
into place and unchangeable. True, the engineer may exchange different chips (corre-
sponding to exchanging the “resin transfer molding chip” for a “hand layup chip”),
but the configuration is restricted. A bread board, on the other hand, allows any wiring
options and any types of chips. This may be disadvantageous because it allows too
much freedom and might be too difficult for a non-expert.

What we tried to create was a mid-point between these two extremes. Our model can
be compared to a bread board which has certain modules provided — default values
and default logic — but also allows change by an expert user. Further discussions
about the software architecture are continued in the Conceptual Model (Chapter 5)
and Software Implementation (Chapter 6).
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3.0 Decision matrix

We understand that a lot of the functionality we want can be implemented in any pro-
gram, but the question is, “How easy will it be?” We want to optimize the amount of

useful contribution instead of spending a whole year on just configuring a database or
language within which to work.

We only compared four options in depth, as shown in Table 8.

TABLE 8.

Comparison of software packages.

Spreadsheet compatible X X X

X
Graphical output X X %X X
User interface included X X X x
CAD links XX
User alerts/warnings X X X
Notes fields X
Underlying database X X
Producability Rules X X X XX
Run model at levels of detail X XX
Default values for unknowns X XX
Transparent data structures X X X b
Industry acceptance XX XX
Cost model documentation X xX
Fast development time XX X
Program size capability XX X
Hardware requirements PC/Mac PC/Mac PC/Unix Unix /PC
Rough cost $100s $1,000s $10,000+  $10,000+

One drawback to our selection process was the cost limitation and also that we needed
to make a decision right away. For example, the BDI injection molding version was
released in July 1997. Even at the writing of this thesis, the Cognition program was
about a year late from its announced NT-version release date.
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4.0 Cognition’s Cost Advantage

http://www.ci.com

We chose Cost Advantage (developed by Cognition Corporation in Bedford, Mass.)
based on the decision matrix above. One of the driving factors was the possibility of
linking with other programs. Below is a brief description of the program.

Expert system. CA is an expert system written in Lisp. This means that it employs
backward chaining and the ability to make inferences from logical statements. See
chapter 2.3 for more details.

Easy-to-program user interface. The niodel builder and model user both use similar
interfaces to enter information, i.e. form-based. This makes it easy for a first-time
user. The forms may be a bit clumsy for large scale data entry, but there are other
mechanisms for that. English-language programming with mostly graphical interface,
so you don’t actually have to know lisp, though you can program in Lisp. Figure 1
shows several model-building choices.

FIGURE 1.

Example window with easy-to-program model-building options.

Context  Component - Material - Feature
Name I ProcessID, _I
Type | e [ogial]

Entry Type [typeinl motnlmanyofm

Tablename | EquationsTable ]
Table cohunnnumber | 1 H|
Units r<—- Try l
Type of defauit vaiue R constant] equation [ table ]
Displayed mm ‘congifignoliy
Display conditions

1) | ChooseEquationType == *ETN" 4'
Explanation text [: J
Explanation graphics | |

Associated Help Pages

Alerts. The program alerts the user, either automatically if a value falls out of range
or violates a rule; or to provide information. - indicators if you forgot to fill in a field
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Hierarchy tree. The process steps can be arranged in a hierarchy tree, which is gov-
erned by rules and relationships between variables and equations. The inheritance of
properties down the hierarchy simplifies the definition of new nodes in the tree.

Automatic process plan generation. Based on input values and built-in rules, CA
can automatically generate a default process plan. i.e., both values, variables, and
hierarchy steps can be controlled by rules.

Traceable values, both rules and equations. Cost Advantage provides a function by
which the user can view the specific equation which was used to calculate a variable.
In addition, the program tracks variables which that variable aftects. Unfortunately,
the tracing only happens one step at a time, i.e., the program does not keep back-
tracking until only input values or library values are found.

Defaults. The program tracks default values, and the user can reset to the default
value after changing it.

CAD compatibility. Cognition provides links with many CAD packages such as Pro/
Engineer, Ideas, etc. Cost Advantages reads in the feature-based description of the
parts and can link them directly with feature steps in the cost model.

WinNT compatibility. The Windows NT version is scheduled for fall 1997.
Geographical location. Cognition Corporation is located in Bedford, Mass.

User support. There is a user group and a responsive customer support department.

Major users in industry. Cognition is well established in industry, with customers
such as those listed in Tabie 9.

TABLE 9.

Major users in industry of Cognition’s Cost Advantage.

AMP Corporation Boeing Eaton Corporation

Fiat Ford Fuji Xerox

General Electric Goodyear Lockheed Martin
McDonnell-Douglas Mitsubishi Pitney Bowes

Plasma Quest Pratt & Whitney Rolex

Samsung Sanyo Seagate Technology, Inc
Seiko Epson Teledyne Brown Engineering Texas Instruments
Toyota United Technologies Research Ctr. Xerox

Educational discount. MIT qualifies for the educational price of $500 per module.
We have purchased the model builder license, one model user license, and the com-
posites template. We plan to purchase the link to Pro/Engineer link in the future,
which would allow the use of Pro/Engineer files directly as input. The total would be
approximately $20,000 at full price.
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5.0

Other software choices considered

5.1

5.2

Existing Draper resources

Draper spreadsheet model. Draper’s spreadsheet model attempted to use separate
files for quick access to important variables, but too many of the equations were hard-
wired into the model. The user would have to know exactly where to find a value:or.
equation within the spreadsheet in order to change it. The program included a very
comprehensive list of parameters, but the interface was difficult to use or change.

Draper LabView model. Draper had a model which was developed using Matlab
and LabView by National Instruments. This program was not specifically a cost
model, but showed some of the possible features of LabView.

Draper already owned LabView, and engineers were already familiar with it. They
also used Matlab as an intermediate processing tool, which they were also familiar
with. LabView is good for empirical data, displaying graphics, and it can be converted
to HTML format. We probably would not need the data acquisition function, just the
graphical user interface builder. LabView is usually known as a data processing soft-
ware used to read signals from physical hardware. Although there is a built-in logic
engine and graphics builder, the mechanism is not very easy to use. The programming
is graphical, and the user manipulates various blocks, such as adders, multipliers, etc.
The resulting “circuit” looks like a rat’s nest and would be very difficult to figure out
or debug. You also can’t save different scenarios for comparisons; each one will-be its
own file.

GA SEER-Design for Manufacturing
http://www.gaseer.com/

GA SEER’s Design for Manufacturability/Assembly is a software tool for new prod-
uct development and re-engineering, used during the concept phase of new product
development. The DFM module is very comprehensive, including composites pro- .
cesses such as hand layup, filament winding, pultrusion, and composite spray. In
terms of non-composite manufacturing processes, SEER-DFM also includes machin-
ing, fabrication, assembly, electrical assembly, molding, casting, forging, finishing. In
addition, other SEER products cover the fields of software project control, software
sizing, hardware development and production, hardware operations and support,-and
integrated circuit development ard production.

SEER-DFM has an underlying spreadsheet engine, with a standard-windows inter-
face. The program also allows for uncertainties in the model. The process plan is
ordered by “work elements” and allows the user to view different levels of model
complexity. It was felt that incorporating data from Draper's spreadsheet into this
architecture would have been a good first pass at the problem. Because there are so
many different types of models, GA SEER does not allow for much flexibility in the
structure of the models. In addition, the user is limited to the few cost categories
defined in the model. Although this would have been a good choice of commercial
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5.3
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5.5

software, they did not offer an educational discount so their price was out of range for
this project.

PCAD

PCAD (Process Cost Analysis Database) and COSTADE (Cost Optimization Soft-
ware for Transport Aircraft Design Evaluation), both developed by NASA and Boe-
ing, work together to find an optimal structural design of a composite airplane body.
Variables include cost, weight, design, stress, and manufacturing plants. Database
engine is Microsoft Access.

PRICE

PRICE (Provides Life Cycle Cost Estimating and Asset Valuation Solutions), devel-
oped by Lockheed Martin, has modules for electronics, electro-mechanical systems,
structural assemblies, cost, cost effectiveness, and operational availability.

Boothroyd/Dewhurst inc. DFMA
http://www.dfma.com

Boothroyd Dewhurst, Inc., is a company founded out of the University of Delaware.

Their Design for Manufacturing and Assembly software includes: design for assem-

bly, design for environment, and design for service. Specific modules are: machining,
injection molding, sheet metal working, and die casting.




Chapter 6

Conceptual model

In the development of the conceptual model, we took the program requirements and
tried to abstract away from the specific implementation. Recognizing the importance
of re-using the model for different processes, we developed the cost model architec-
ture independent of manufacturing process and specific software implementation. We
wanted to try to account for all factors in a cost model categorically to make it easier
to compare dissimilar technologies.

One important feature is the division between the model user and model builder
domain. The main distinction is that users can only change values in their local copy
of the model, whereas builders are responsible for developing the process step choices
as well as any rules which affect them. This is useful especially in a large organization
or over a large cross-section of program users. Still, for a small number of users, it is
useful for maintaining continuity and rules between different cost models.

This chapter only explains the overall concept of each module. Details about the
actual implementation using Cost Advantage are in Implementation (Chapter 7). We
reserve discussions about future implementation suggestions to the Conclusion
(Chapter 9).

This chapter includes:

¢  Overall flowchart

e Components of flowchart

o Example of applicability across technologies
e Ideal user interface

e Future work
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1.0 Overall flowchart

Figure 1 is a chart of the main portions of the cost architecture. It is also an index of
the sections in this chapter.

FIGURE 1.

Overall flowchart

]
3

MOOEL USER DOMAIN

Acsad 13y wp
iyt =l

RESOURCES

MODEL BUILDER DOMAIN

0 (O3 Over Brme

The Mode! Builder Domain includes the process plan, resources, cost conversion,
analysis, and libraries. However, each distinct manufacturing process would have an
architecture as given in Figure 1. The model, as currently implemented is specialized
for resin transfer molding.

The Model User Domain includes the input and output, as well as access to change
things in the Model Builder Domain, but he is not responsible for providing and orga-
nizing that information in the first place. This can be viewed as a sort of model
default; certain values and options are suggested by the program in the Model Builder
Domain, the user can change them if desired.
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2.0

Components of overall flowchart

241

Inputs

The model user specifies the geometry, production, and material properties require-
ments for the design at hand. The current model assumes that geometric design is an
input; in the future, it should be considered as a variable which can be changed after
performing a sensitivity analysis. We also hope that future models will be able to
directly use information from CAD drawings.

FIGURE 2.

2.2

Inputs.

Material
properties
reqs

Production

Geometry Regs

INPUT

_Q

Libraries

Libreries contain centralized tables or databases which are changeable by the model
builder and accessible by the model user. Any information which is a physical con-
stant (such as modulus of elasticity of a material) or which can be represented in table
format should be put in a library.

FIGURE 3.

Libraries

* Process steps ¢ Equipment options

« Time equations * Facilities data

» Material options e Labor rates

* Tool options » Macro-economic data

LIBRARIES
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2.3 Process plan

The process plan categorically accounts for all types of process steps: preparation,
setup, material handling, operation, transportation, inspection, and finishing steps.
This structure is independent of the manufacturing process, though the individual pro-
cess steps (stored in the libraries) are customized for each manufacturing process.

FIGURE 4.

Process plan
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v

default
proc plan
steps
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PROCESS PLAN

add or
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to time
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2.4 Resources

Resources are a company-wide database of materials, tools, and equipment. These
values change throughout the manufacturing process, depending on the inputs.

FIGURE 5. Resources
v
w
1
=
=
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I
w
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Mati J Tool Equip
reqs reqgs ] reqgs
Matl Tool Equip
library library library
O o
2.5 Conversion to cost
This part of the cost model converts process plan times and resource usage to cost
over time, based on theoretical equations and empirical data. Costs are separated into
several categories: labor, material, tool, equipment. We also make the differentiation
between fixed (non-recurring) and variable (recurring) costs for each category. Fixed
costs can either be accounted for in one lump-sum or they can be distributed over all
of the parts in that production job.
FIGURE 6. Conversion to cost

library

economic

convert plan steps
and resources
to cost over time
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2.6 Output

The output features cost breakdown (Pareto charts, material usage), cost drivers, cal-
culation of cost variability, and cost optimization. These categorizations can also vary
over time, based on factors such as capital depreciation, economic changes over time,
and faster operations due to familiarity with the operation.

FIGURE 7.

Output

Cost breakdown by category
* Process step

* Material

* Auxiliary Materials

* Tools

* Equipment

Cost drivers

OuUTPUT

Cost variability/risk
Cost optimization
Output history
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2.7 Analysis

We would like to take a three-part approach to solving the problem:

e  Model user chooses variables and the range over which to analyze
e Program suggests choices of variables, based on cost drivers

e Program automatically performs sensitivity analysis

However, since the analysis was not implemented in this phase of the project, we
reserve the discussion for the Conclusion (Chapter 9). Briefly, we considered using
complexity factors, decision theory, Monte Carlo simulation, Taguchi box analysis
(design of experiments), data verification, and a full-factory simulation. We stayed
away from options which would require brute force search or optimization, because
of the size of the search field.

FIGURE 8.

Sensitivity analysis
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2.8 Interactions between modules

The modules explained in the previous sections are dependent upon one another.
When planning the structure of the model, we needed to set up a methodical wayto
cross-reference these interactions and make sure that we did not overlook any impor-
tant parameters. We also kept in mind that some of the parameters (especially the
physical description of the part) would be used in multiple process steps. In other .
words, we wanted to allow the user flexibility to think of the parameters either associ-
ated with each process step (process driven) or associated with each physical area-of
the shop floor (resource driven).

Table 1 shows an example of how a process plan might be mapped out. The right-side
columns of the table represent the “resources” part of the flowchart. The full details
for the model we implemented are in Appendix A.

TABLE 1. Sample planning chart for interaction between modules
Clean surface area * (time/area) |aux matls  tool area
Clean injection ports 10 min / ports num ports
Transport Eq 1, v=5 crane
Inspect table lookup
3.0 Example of applicability across technologies
The following example (see Table 2) shows a very brief subset of the information
needed to perform a cost estimate. Instead, the example illustrates how the architec-
ture does not depend on the technology. RTM and hand lay-up are somewhat similar,
while milling is not.
TABLE 2. Example of applicability across technologies.

Inputs graphite-epoxy box beam  graphite-epoxy box beam AlB061 box'b

Libraries composites matls composites matls metals matls
composites labor compoasites labor machining labor
Process plan braid preform lay down layers extrude -
inject resin compact fixture part
cure cure mill to finish
Resources braiding machine vacuum extruder
injection machine oven milling machine
oven
Output cost estimate cost estimate cost estimate
cost drivers cost drivers cost drivers
Analysis sensitivity sensitivity sensitivity
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4.0 ldeal user interface

Figure 9 shows an ideal graphical user interface, which was conceived separately
from the choice of software. It emphasizes that a lot of information is simultaneously
considered in producing a cost model. Although this layout is graphically different
from the actual implementation (see Chapter 7), the elements are mostly the same.

FIGURE 9.

Ideal user interface.

Cost Estimatlon
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The upper left window defines the problem, including geometry, production require-
ments, and material requirements. It currently shows the geometry of the part.

The upper right window keeps track of the various resources -- direct and auxiliary
materials, tooling, and equipment -- required to produce the part. Entries into these
lists are triggered by the problem definition, process steps, and interdependencies
between resources.

The lower left window lists the manufacturing steps used to create the part, as well as
their related costs in tabular format. Whereas the resources window groups consump-
tion by tangible measures, the process/output window expresses this consumption in
chronological order and is useful for understanding the added progressively through
the different stages of production.

The lower right window offers various output formats for interpreting the cost break-
down and understanding how to reduce major cost drivers.
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Chapter 7

Implementation

This chapter is the software implementation of the concepts of the Conceptual Model
(Chapter 6). See Appendix B for a more technical discussion of how to use Cost -
Advantage. Also refer to the CA User’s Manual. In each figure caption, it is noted
whether the screen shot is in the model builder or model user domain.

The sections in this chapter are:

Model builder and model user

Main Cost Advantage window
Resources and inputs

Conversion to cost

Libraries

Default process plan and cost summary
Manufacturing steps

Analysis

Help pages




1.0

Main Cost Advantage window

The main cost window, shown in Figure 1, consists of two parts. The part “above the
line” can be thought of as the inputs to the system. They are defined as “resources”
and “inputs” in this model. “Below the line” is the process plan and the summary
table, which show the output of the model.

FIGURE 1.

2.0

The main Cost Advantage “Cost Note” window. The manufacturing steps have not
been filled in. [Model user]

Resources and inputs

Most of the information in these windows is used for reference (e.g., modulus of elas-
ticity) or for variables which appear in many subsequent equations (e.g., Iabor cost
per hour). Resources include information about materials, equipment, and tooling.
Inputs include information about the geometry, production requirements, material
requirements, and economic data.

The resources include materials, equipment, and tools. The inputs are divided into
four categories: geometry, production, microstructure, and economics. The toggle
property of the ShowInputOptions variable allows the user to show or hide input
fields to make the screen less crowded. In Figure 2, the production and microstructure
categories are hidden.

The variables (or “characteristics™) on the left column are not static. For example,
depending on ShapeClass, different physical parameters are displayed. If Shape~
Class is cyl_large then the characteristics will be PartThickness,
PartLength, and PartDiameter.

For simplicity, the model presumes that the design is an input and the process is the
variable for change. In reality, these would both be interdependent.
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FIGURE 2.

Resources

The resources and input windows. [Model user]
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2.1

2.2

Assumptions

There are a few assumptions of our RTM model that greatly simplified the work
required and are also probably non-trivial to implement.

¢ Inject resin when tool is horizontal

e All sample parts require a one-part mandrel and a two-part tool.
e Constant pressure / mass flow rate

e Standard draft angle

e  Planar parting line

e No curvature along length

¢ Constant thickness along length

¢ Constant cross-sectional area, chosen from fixed list.

Geometry

The process of specifying geometric requirements could become very tedious for all
but the most simple shapes. To allow more flexibility in the geometry specification,
the input files are phrased in a very generic way, and the equations for calculating
derived variables use these generic names (see Table 1).

TABLE 1.

Example of direct and derived variables.

Di

Varl Length Area ?
Var2 = Width ((varl x Var2) WHEN Varl == “Length”;
(Vvarl x Varl x PI) WHEN Varl == “Radius”)

Other direct variables include: shape-specific dimensions, shape-specific tolerances,
fiber volume fraction, fiber characteristics, orientation of fibers, and permeability;
cure kinetics and resin characteristics; pressure or mass flow rate; surface finish; and
tool material. Other derived variables include: surface area, part weight, and tool
weight. Figure 3 shows the part families which have been included in the model.
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FIGURE 3. Cross-sectional profiles of part families in model: (a) cylinder, (b) box beam,
(c) C-channel, (d) I-beam, (e) J-frame.

777, 7 p 22271
Y/ /1
19
777/ EZZE
(@ (b) (¢ (d) (e)

The example below shows the data input file used to create the selection chart for the
geometry. In the future, using functions built into Cost Advantage, the geometry can
be imported directly from feature-based CAD programs such as Pro/Engineer.

"Shape_class® "GeomVarl® “"GeomVall® "GeomVar2" "GeomVal2"
"GeomVar3" "GeomVal3" "GeomVar4" "GeomVal4"

"box_small" "thickness* 0.25 "length" 72 *"width" 6 “height" 6
*"box_large® “thickness"® 0.5 "length" 72 "width" 12 “height” 12
"cyl_small® “thickness® 0.25 *“length” 72 "diameter" 6 blank blank

"cyl_large® "thickness"” 0.5 "length” 72 “diameter” 12 blank blank

Note that all text must be enclosed in double quotes and contain no spaces. For fields
which should have no value (as opposed to zero) use the word blank without quota-
tion marks.
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3.0 Conversion to cost

Conversion to cost may seem like a straight-forward calculation, but there are many
different approaches depending on the company or the data available. As long as the
data accurately represents the actual manufacturing operation, the choice of cost cal-
culation method does not really matter. However, often there are absences in data,
which makes the whole proposition much more difficult.

We divided the manufacturing costs into labor costs (based on the process plan) and
resource costs. All of the elements depend on the time of each operation, both in
terms of direct wage allocation and in terms of equipment requirements to complete
the job, Time estimation can be based on empirical data (e.g., first-order system
response) or theoretical calculations (e.g., braiding time model [9]).

Costs are also categorized as either fixed (non-recurring) or variable (recurring).
Fixed costs occur once per job, such as capital equipment and machine setup costs.
Variable costs occur periodically — once per part or every few parts. In generic terms,
the cost of a job includes:

Y [(Time - LaborRate) (EQ 1)
+ (Material - ScrapRate) - MaterialCost

+ EquipmentCost

+ ToolingCost)

In this model, labor, materials, and equipment costs are considered variable costs;
equipment and tooling are considered fixed costs. Equipment usage may fall under
both categories because of the charge of acquiring the machine, as well as the hourly
costs.

For the time estimation, we took advantage of the fact that many electro-mechanical
systems have first-order response, and also human actions [24]. The first-order equa-
tion is shown in Eq 2, ’

(~-t/7)

) (EQ2)

v =vy(l-e

where v is the velocity, 7 is time, and 1 is the time constant. The velocity can be in
terms of any physical units. For example, a fluid measure could be gallons/minute
and a linear measure could be area/minute. Integrating, we can solve for A.

(-1/7) ) (EQ3)

A=vlr-1(l-e
where A is the physical unit of measure corresponding to v=M.

Figure 4 shows a graph of the first-order equationinEq 3 with vy = 1 and © = 1 we

can see that there is a non-linear start-up region and a linear long-term region.




FIGURE 4. Graph of first-order equation.
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For ¢ <1, time is approximated as

= ((20/vg)'? (EQa)
For ¢ > 1, time is approximated as

t=1+(A/vp) (EQ5)

In practice, Eq 4 and Eq 5 are reinterpreted as {5]:

. _ [f{setup delay Xoperan'ons ___(parts/shipset)
Time = [( run )+(0perau'on run (parts/lot)(lots/run) (EQ )
Time = (semp) . ( delay )+ (_‘_1)2 + 2y, (operan'ons) (EQ7)
run operalion Vo Vor run
(parts/shipset)

"(parts/lot)(lots/ run)

where the variables are defined as follows:

setup — The time to set up equipment and prepare to do the operation.
e delay — The time between successive parts, after the equipment has been set up.
* vy — The extensive velocity.
e v;— The variable that is input to the cost equation.
1 P

e 1;— The dynamic time constant of the system (63% of terminal velocity).

Table 2 and Table 3 show the Iookup table for the first-order equations.
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TABLE 2.

File for first-order equations. (Part ).

0 “Blank_ETN" blank blank
1 "Time_only" blank blank
2 "Generic” blank blank
50 "Apply_parting_agent” 2 5

80 *Apply_vacuum* 1 5

90 “Attach_lines_resin_injection_RTM_mold" 2 1.67
140 *Attach_lines_vacuum_RTM_mold" 2 1.67
160 "Attach_overhead_equipment" 2 4
170 *Braiding_2D_triaxial* 2 1
260 *Clean_tool_mandrel_braiding" 2 3
290 “Clean_tool_resin_transfer_mold" 2 3
360 "Cure_liquid_shim" 1 480
380 *Cure_RTM_cure_cycle_shell_1895° 1 285
390 “Cure_RTM_postcure” 1 285
550 “Identify_required_items"” 1 8
890 *Load_dry_fiber_spool_braiding_equipment* 2 0
930 “Load_two_part_resin_injection_equipment® 2 0
960 *Position_hoist_assisted_braiding_mandrel* 2 1
1000  “Position_hoist_assisted_part_NC_trim" 2 1
1170  “Position_manual_heat_lamps"® 6 5
1240  “Position_manual_radius_filler* 2 2
1250  "Position_manuai_RTM_mold_lid" 2 5
1260  "Position_manual_RTM_mold_seal” 2 4.762
1460 “Remove_hoist_assisted_braiding_mandrel” 2 1
1470  "Remove_hoist_assisted_part_from_NC_trnim" 2 1
1500 *Remove_lines_resin_injection_RTM_mold" 2 0.668
1550  "Remove_lines_vacuum_RTM_moid" 2 1.67
1690  "Remove_manual_heat_lamps" 6 5
1770  "Remove_manual_RTM_mold_lid" 2 25
1780  "Remove_manual_RTM_mold_seal® 2 4.76
1950 "Setup_machine_braiding" 1 10
2040  "Setup_machine_NC_trimming® 1 15
2080  "Setup_machine_resin_injection® 1 5
2100  "Setup_tool_assembly_jig" 1 10
2340 *Trim_manual_gr/ep_deburr” 2

2350  "Trim_manual_gr/ep_deflash® 2 4

66




TABLE 3.

File for first-order equations (Part I).

blank blank blank blank blank blank 1
blank blank blank blank blank blank 1
blank blank blank blank blank blank 1
0.1 612 “tool_area® blank blank 225 1
10 blank blank blank blank blark 1
0.25 289 "injection_mold_length* 4 "lines" blank 1
0.25 289.2 “injection_mold_length* 4 "lines® » blank 1
111 1751 “part_area" 0.09 "attachments® blank 2
blank 0.065 "fiber_weight" blank blank blank 1
blank 493.3 "tool_area" blank blank 7.104 1
blank 167.6 “tool_area” blank blank 0.046 1
blank blank blank blank blank blank 0.25
blank blank blank biank blank blank 1
blank blank blank blank blank blank 1
blank biank blank blank blank blank 1
blank 2.5 “preform_fiber_weight” 2 *time_per_spool” blank 1
blank 222 “resin_weight® 0.037 "# _resin_drum_sets" blank 1
05 18 "tool_length® 1.35 blank blank 2
1 14.38 “part_length* blank blank blank 2
blank 20 “interface_length® 1 "#_neat_lamps” blank 1
0.5 60 *filler_length® blank blank blank 1
blank 8 "tool_lid_perimeter” 2 "#_bolts® blank 1
blank 50.4 *seal_length” blank blank blank 1
0.5 22.5 “tool_length® blank blank 0.54 2
1 36 *part_length® blank blank blank 2
blank 723 “injection_mold_length* 10 “#_lines" blank 1
0.13 578.4 “injection_mold_length*® B "#_lines” blank 1
0.5 50 “interface_length® 25 "#_heat_lamps® blank 1
blank 8 “tool_lid_perimeter* 4 "tool_perimeter" blank 1
blank 126 *seal_length” blank blank blank 1
blank blank blank blank blank blank 1
blank blank blank blank blank biank 1
blank blank blank blank blank blank 1
blank blank blank blank blank blank 1
0.25 112 "trim_length® blank blank 0.16 1
0.25 112 "trim_length*® blank blank 0.16 1
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In addition to the time required per manufacturing step, we need to know the labor
requirements. The crew size was divided into four categories:

e Unskilled labor — the number listed in Table 2 and Table 3.
¢  Skilled labor — default 0.0 persons
¢  Supervisory labor — default 0.1 persons

e Engineering labor — default 0.1 persons
The cost is then determined by the simple calculation in Eq 8.
LaborCost = Z(CrewSize - LaborRate) (EQ 8)

Table 4 is the labor conversion chart used in the model; all units are dollars per hour.

TABLE 4. Labor conversion table

“50 70 90 110

"plantB" 55 75 95 115
"plantC” 60 80 100 120
"plantD" 65 85 105 125
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4.0 Libraries

The libraries window corresponds to the library box on the overall flowchart.

FIGURE 5.

A list of all of the (quasi-static) libraries in the model. [Model builder]

Context RTM - Material - Braid

I Process Characteristics I

| Material Characteristics |

l Feature Characteristics I

Tables

Tables defined above
$#f GEOMCHOICESTABLE
#f  MateralPropertiesTable
$#  InjectionMachineTable
#t  BraiderTable
$# EQUATIONSTABLE
# MANDRELFABTABLE
$#  RESINPROPSTABLE
Tables defined here

o

Help Pages
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FIGURE 6.

A sample library window, showing the choices of geometry. [Model builder]

Context  RTM - Material - Braid

Name QEOMCHOICESTABLE
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N o —
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“box_small 025 7 [ 6 ¥
“box_lerge” 05 [ 12 2 3
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oy large” 05 72 2
Explanation texr I .
E gophics |

Associated Help Pages
[

Notes

Another use of the libraries would be to define several common types of equations for
easy use. For example, a bell curve could be normalized and saved as a lookup table.
When the program is run, a value could then be calculated based on the x-range, y-
range, standard deviation, etc. This simplifies the amount of data which must be
stored and standardizes any references to the variables describing the shape. Figure 7
shows how a value would be calculated for a linear graph.

FIGURE 7.

Calculation of a value based on normalized graph.

ymax
Generic formula— y = mx+5
Specific formula
Cwmin) = (ymax - ymin) ,
(y—ymin) = (xmax —xmin) (x = xmin)
ymin
xmin xmax

Figure 8 shows several basic shapes which would be very useful.
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FIGURE 8.

Several
linear,

3

raph types which could be stored as lookup tables: (a) spike, (b) step, (c)
asymptotic, (e) exponential, (f) bell curve.

@ (b) (©

(d) (e) ®
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5.0 Default process plan and cost summary

The first column shows all of the process steps in chronological order. The “default”
plan is based on basic input information. Other plan steps may also appear based on

selections in a previous process. For example, if you decided to drill a hole, you may
have to center drill it first.

FIGURE 9.

The process plan and summary table window. [Model user]
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The other columns in Figure 9 comprise the summary table. Here, we have specified
process time, process cost, material cost, equipment cost, and tooling cost.

The import file for the default process plan is listed in Appendix A.
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6.0 Manufacturing steps

Click on one of the manufacturing steps in Figure 9 to the specific process window,
shown in Figure 10.

FIGURE 10.

Example “clean braiding mandrel” process step window. [Model user]
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7.0 Help pages

“The help pages in this example linked to a web page. This is convenient because after
launching the web browser, any format of information accessible by the browser —
text pictures, videos, animations, etc. — can be accessed. The information is also

included in Appendix C.

FIGURE 11.

Menu part of the help page. [Model user]
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Chapter 8

Results

The results for Year | of the project includes the model architecture and preliminary
cost estimates for our sample part, a large box beam.

This chapter includes:

e Inputs and resources

e Cost Advantage output

e Simple analysis
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1.0 Inputs and resources

We implemented a sample for the cost model for resin transfer molding (RTM) using
a large box beam. Briefly, we are making a total of 10 parts according to the geometry
in Figure 1.

FIGURE 1.

Schematic drawing of large box beam used to test cost model.

thickness = 0.5 inches

w=12 inches
length=72 inches

h=12 inches

Table 1 and Table 2 show the detailed inputs and resources we used in our example
cost model. The information grouped under “inputs” would fall to the designer or
high-level planner. The information grouped under “resources” would probably fall to
the manufacturing expert.

Note that in both tables, most of the inforrnation is left to the default values (second
column is “yes”). Many of these defaults are calculated by equations or preset logic
within the model.
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TABLE 1. inputs to the model. Not the actual input file. (D = default values; S = show variable)

Name D Value . ______ Units R
e

VerboseMode y TRUE 1] y
ShowCrewSize y TRUE 0 y
ShowStepFrequency y TRUE 0 y
ShowlnputOptions Microstructure, Production, Economic, Geometry 0 y
—-----Geometry------ Y e GEOMETRY----------—- N y
ShapeClass box_large i y
PartThickness y 0.500 inches [0...12) y
PartLength y 72.000 inches [0...72} y
PartWidth y 12.000 inches [0...12} y
PartHeight y 12.000 inches [0...12] y
-------Production------ Yy  eeeemeees PRODUCTION---------- 0 y
Parts 10.000 parts [1...500] y
Run y 1.000 runs [1..10] y
Operation y 1.000 operations [1...10) y
Shipset y 1.000 shipsets [1...500] y
Lot y 1.000 lots [1...10] y
JobDuration y 50.000 days {20...200] y
----- Microstructure----- y ------MICROSTRUCTURE------- 0 y
FiberVolFraction y 50.000 percent [40...65] y
LongitudinalFibers y FALSE ] y
DesiredBraidAngle y 60.000 degrees {15...80} y
FiberCoverage 0.000 percent [...] y
DesiredStifiness 0.000 ? ..] y
DesiradStrength 0.000 ? [..] y
----—--Economic------- y w-eemanene-ECONOMIC----reneveem i] y
ChooseFacility plantA ] y
Labor y Labor <-- Enter labor below 0 y
UnskilledLabor y  50.000 $/hr [.] y
SkilledLabor y 70.000 $/hr [..] y
EngineeringlLabor y 110.000 $/hr [...} y
SupervisorylLabor y 90.000 $/hr [...] y
Factory y Factory <-- Enter factory below 0 y
ProdLossPercentage 10.000 percent [0...100] y
ScrapPercentage 10.000 percentage [0...100] y
ReworkPercentage 10.000 percent [0...100] y
LearningCurve fast ] y
OverheadRate 1.000 percent [0...100] y
Depreciation y 10.000 percent [0...100] y
Inflation 1% 5.000 percent [0...100] y
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Resources in model. Not the actual input file. (D = default values;

S = show variable)

_Name _ D Value . Units
ShowResourceOptions Tools,Equipment, Materials il y
—-----Material------- y ————-—--MATERIAL-~——— i} y
Resin y RESIN <—Enter resin reqs below ] y
ResinWeight 10.000 [.] y
ResinCostPerPound y  50.000 dollarsfpound [0..] y
Fiber y FIBER <-- Enter fiber reqs below a y
FiberWeight 0.000 [..) y
FiberCostPerPound y 10.000 dollars/ pound [0...} y
AuxiliaryMaterials y AUXILIARY_MATERIALS <-- Enter aux mati reqs below 1] y
AuxMatiFiatRate y  50.000 $/job 1] y
———-Equipment----— y —-rr-—-EQUIPMENT-—-----~-- 1] y
EquipFlatRate y 10.000 $/he [0...50} y
ShowAllPossibieEquipChoices y FALSE 0 y
BraidingMachine y BRAIDING MACHINE <— Enter braider info below 0 y
ChooseBraidingMachine braiderA 0 y
BraidNumOi{Spools y  72.000 [6...144] y
BraidSpoolWindSpeed y 60.000 rev/min {o..] y
BraidSpooiDiameter y 3.000 inc [0..] y
BraidMaxLength y 72.000 in [0...] y
BraidMinLength y 12.000 in [0..] y
BraidMaxDiameter y 20.000 in [0..] y
BraidMinDiameter y 4.000 in [0..] y
BraidAngle y 60.000 degrees [0...90} y
BraidFeedRate y 10.000 i/min [0...] y
InjectionMachine y  INJECTION MACHINE <-- Enter injection info below i} y
ChooselnjectionMachine injA )] y
InjecticnHeatRate y 5.000 deg/min [0..] y
InjectionCaolRate y 5.000 deg/min {0...] y
InjectionTempMax y 350.000 deg [..] y
InjectionTempMin y 150.000 deg [...] y
InjectionPressureMax y 5000 psi [.1 y
InjectionPressureMin y 1.000 psi [-.} y
InjectionNumOf{Ports y 2.000 {1..] y




2.0 Cost Advantage output

A summary of the costs for our large box beam are shown in Table 3. The non-recur-
ring costs are mostly capital expenses, as indicated in the first row (“OneTimeCost™)
in the full summary table (see Appendix A). A decision could be made to account for
these costs separate from the per-part cost.

TABLE 3. Summary of total times and costs, based on their recurring or non-recurring nature.
Category Total value Notes
Time_hr 9.44 Labor associated with each step
Time_NR_br 72.22  Non-recurring labor (e.g., setup time)
LaborCost_$ 646.70 Labor associated with each step
Labor_NR_$ 361.10 Non-recurring labor, e.g., setup time
MatiCost_$ 35.00 Cost of materials to make part, as well as auxil-

iary materials (e.g., gloves)

ToolCost_$ 3,586.00 Cost of the RTM mold
EquipCost_$ 30.00 Per-hour charge for equipment usage
Equip_NR_$ 110,000.00 Capital equipment costs (e.g., braiding machine)
TotaiCosts_$ 4,290.00 Sum of recurring costs
Total_NR_$ 113,900.00 Sum of non-recurring costs

To estimate the cost per unit, we need to consider both the recurring and non-recur-
ring costs:

Cost NonRecur
Unit~ Recur+ Units (EQ1)

In this example, the cost per unit (in dollars) would be

= 15680 (EQ2)

Cost 113900
Tnir- P90+ 5

If we ignored the capital equipment costs, (that is, to assume that the equipment is
already available in the factory), the cost per unit (in dollars) would be

Cost 3900
= 42 —_
Unit 4290 + 0 4680 (EQ3)

which seems more reasonable, given that a person would not make capital equipment
investments for a job of 10 parts.
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3.0 Simple analysis

The analysis of our box beam was very limited, since we did not have enough range
of data and logic to see the effects of changes in parameters. We set up simple Pareto
charts based on the major steps corresponding to the output tables:

Overall preparation

Prepare mandrel

Prepare braider

Braid preform

Prepare mold

Capture preform in mold

Prepare injection machine

Heat and vacuum mold

Prepare resin

Inject resin and cure

Disassemble manifold

Remove part from mold

Post cure

ZErx«-"TOEMMOO®P

Finishing

These were sorted by the amount of time per operation (Figure 2), then plotted
according to the labor cost (Figure 3). At a glance, we note that processes M and J
contribute more to the overall time than the others. However, we cannot tell whether
significant savings can be made in these areas without going further into the details.
For example, the time to cure (process M) is dependent on the resin type and temper-
ature characteristics and not necessarily the processing technique.

The Pareto chart is also useful for identifying major trends. One question that comes
out of this simple analysis is: Although the cure time -- steps M and J -- are very long,
the labor costs should be lower since the curing process requires little attention or
supervision.

A full analysis would require performing cost sensitivity tests of the major and minor
steps of the process plan. This was not addressed at the current stage of the project
and should be a high priority in the future.
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FIGURE 2. Major steps in creating the box beam, sorted by time.
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FIGURE 3. Major steps in creating the box beam, sorted by labor cost.
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Chapter 9

Conclusion

Chapters 2, 3, and 4 briefly listed some of the background information about RTM,
expert systems, and cost estimation. Chapters 5, 6, and 7 explained the implementa-
tion details which were executed in Year 1 of the project, and Chapter 8 wrapped up
with the resulting data.

In this chapter, we review the work done so far, as well as list remaining ideas which
have not been implemented but should be added to increase the accuracy or integrity
of the model.

This chapter includes
e Milestone schedule
e Analysis

¢ Future considerations
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1.0 Milestone schedule

The original milestones, as set for by Draper Laboratory, are listed in Table 1. We
interpreted the milestones, and adjusted the scheduling based on the software that we
chose. For example, the choice of software package dictated the amount of work
which needed to be done with the graphical user interface,

TABLE 1.

1.1

1.2

Original milestone schedule

#  Milestone , Start
1 Decide on format, computer system, software. 7/96
Determine format of database and process plan.
2 Visit RTM factory and familiarize with RTM process. 9/96 12/96
3 Learn software & hardware. Begin software development.  10/96 1/97
4 Develop preliminary working process cost examples. 10/96 6/97
5 Define graphical user interface. 1/97 3/97
6  Further development software tool. Add data for preform, 3/97 10/97
RTM, VaRTM, and hand layup.
7 Further refine software tool. Enhance part description, 10/97 6/98
material database, and data display.
8  Generalize process plan and time estimation procedures 1/98 6/98

for other processes.

The following subsections offer advice for future phases of the project.

Defining the goals

There are a few suggestions about the timing of the project. Although we did accom-
plish the Year 1 milestones and began on some of the Year 2 milestones, part of the
difficulty of the project was that we, in conjunction with Draper Laboratory, did not
really define the goals of the project in enough detail until after the first six months.
The first few months were spent getting consensus from the different parties involved
at MIT and Draper. We were trying to shape the software without a concrete idea of
what functions it should have. While there may be a tendency to wait on the imple-
mentation until the goals are set, we found that there was not enough time in the
project for that luxury.

Choice of software

The choice of software would have benefited from more comprehensive attention. We
could not survey many of the choices popular in industry because of time restrictions
or lack of an evaluation copy of the software. Also, part of the decision was fueled by
a personal bias toward a high-level, expert system rather than low-level coding.

In retrospect, even after using Cost Advantage for half a year and touching on PCAD,
I'am not sure whether our choice of CA was the best for this project. The ability for
CA to interface with CAD programs and databases was a definite draw. However,
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choosing CA requires a commitment towards the use of a knowledge-based system
which goes beyond the manufacturing expertise needed for cost tradeoffs. Although
the model user does have access to the values embedded in the software, there would
need to be a designated model builder -- somebody who would efficiently make struc-
tural or semantic changes to the program -- even after the initial building of the
model.

Perhaps what hurt us most in trying to build a rule-based system was the lack of rules.
We had access to only a few experts in this particular project, but this is a problem
which will be present in any “advanced manufacturing technology” where the rules
may not have even been developed yet. Future discussions should consider whether a
rule-based system is best suited for this type of application, compared to the alterna-
tives (listed in Chapter 3).

On-site vigit

The on-site visit to Emerson & Cuming was useful as a sanity check, to verify that our
assumptions were reasonable. However, it was not as helpful as it could have been
because Emerson & Cuming did not make the same type of parts as we were trying to
model. /ilso, the trip came late during the project year. One important thing to con-
sider not to go into the interview without having “done your homework.” In this
project, that meant that we had a rough process plan and a list of questions prepared
ahead of time. There should be at least one other piant visit in the next phase of the
project. Ideally, the company would have a personal interest in helping out and
become a long-term partner in the development of the cost model.

Graphical user interface

A user-friendly graphical user interface (GUI) can make or break a software package.
If the user cannot easily figure out what he is supposed to do, he will be more reluc-
tant to use the software.

In this project. we had schedule GUI-development for the middle of Year 1. This is
important, especially for the end-of-year demonstration. However, the final GUI
implementation would be more useful toward the end of a project, after we have a bet-
ter feel of how the user may want to navigate through the program. Also, most of the
commercial software packages came with some sort of minimuru user interface, but
these need to be further added upon because of aesthetic or functicnal reasons. One
important reason for expanding on the GUT is that the user may not want to see the
results in raw data format, but only after some post-processing steps have been per-
formed.
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1.5 Additional students

The project is currently very narrowly defined, as we felt it was more important to
close the (analysis) loop than fully flesh out the model. If we could have another stu-
dent on the project, the work could be broken down as follows:

TABLE 2.

2.0

Distribution of work for two students. Student 2 is coming onto the project in year 2.

Task | _____ Student1 Stu
Overall design of system X

Resin transfer molding X

Hand layup or other manuf technology X
Design user interface X

Database management; data pre-processing X

Data post-processing X

Feedback analysis automation
CAD/Witness interface
Documentation X

X | X | X |x]|x

Student 2 would need considerable time to get up to speed on Cost Advantage, expert
systems (6.871 Knowledge Based Systems is recommended), and the second manu-
facturing technology. Also, an undergraduate student more familiar with building user
interfaces (e.g., using Tcl/Tk or XMotif) could implement the look-and-feel of the
program.

Analysis

In the first year of the project, we concentrated on accounting for many of the contrib-
utors toward cost and setting up the software architecture to facilitate this. However,
we did not perform extensive analysis on the model, i.e., try to find the optimal com-
bination of design inputs and resources to make the part. Indeed, this optimization
would probably not be satisfactorily addressed until the end of Year 2 or the begin-
ning of Year 3. In all practicality, there is no one “right” way to perform a cost optimi-
zation, compounded by difficulties inherent in the problem:

e The solution space is very large

e Many of the variables are interdependent (e.g., the relationship between braid
angle, feed rate, and fiber volume fraction)

s Some of the variables have discrete values (e.g., the jump in cost between over-
head cranes of different lifting capacities)

* The problem definition may change over time (e.g., workers learn to perform
their tasks more efficiently over time or may in fact adjust the process plan in an
ad hoc manner)
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2.0
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