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ABSTRACT

The production of advanced composite structures proceeds through a sequence of stages (design,
processing, quality control, etc.), each linked to preceding and following functions by material and
data flows in the form of inputs, outputs and constraining factors. The integrity of a composite
structure depends on a variety of reactive materials with limited shelf lives, complex production and
test equipment, and exacting processes and procedures. In this environment, accurate, systematic
and complete documentation of material identities is mandatory. Significant technical challenges
arise in the design and implementation of an intelligent, interactive quality management system for
advanced composites which is cost-effective, user-friendly, and well-adapted to both R&D-inten-
sive and large-scale, production-oriented composites fabrication environments.

Rapid prototyping was used to test the feasibility of developing an integrated, user-friendly, knowl-
edge-based life cycle management system (LCMS) to provide comprehensive material traceability
and quality management support in R&D and production environments. At the outset, prototypes
coded in Lisp using Symbolics' GeneraM development environment were used to refine preliminary
material-tracking and user-interface concepts. These were followed by prototypes developed with
G2TM, a real-time expert system shell whose object-oriented design, user-interface tools, framework
for knowledge representation, software interfaces and portability contributed to its superiority for
development and delivery. To leverage the functionality, productivity, and value of the LCMS, the
investigators proposed that it be coupled to a subsystem of software modules for autonomous, real-
time optimization and control of pultrusion, autoclave curing and press curing. These would capital-
ize on the synergistic reuse and extension of the LCMS knowledge base of materials, their physical
and chemical properties, and processing requirements.

Further development involving extensive field testing of working prototypes at government, aca-
demic and commercial sites was recommended to ensure a smooth transition to broad Phase III
commercial deployment, which would enable the DoD to realize lower-cost, higher-quality pro-
curements of advanced materials.
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INTRODUCTION

Phase I Objectives

The principal technical objective of Phase I was to deliver a fully documented, working prototype of
an integrated bar code database system for composites life-cycle tracking. The Phase I proposal
submitted in response to DoD solicitation A90-375 stated that two prototypes would be developed
which would demonstrate:

A database containing 1) an inventory of raw materials (appropriately identified with
respect to supplier lot number, internally assigned fabricator lot number, shelf life, storage
requirements, etc.) and 2) historical data (captured through simulated bar code scanning)
which includes the relationship of a component or assembly to all material antecedents, as
detailed in its batch record.

Libraries of reusable material specifications, production equipment and process parameters
which the user can access and modify as needed.

A graphic user interface which a user - with no formal training in programming - can
interact with to configure the system and document the production of a particular composite
structure.

A graphical interface which will enable the user to browse the database to identify and

examine all antecedents and descendants of a particular raw material, intermediate or
composite structure. This feature can be extended in Phase II to incorporate traceability
based on process, facility or QC parameters.

Although it was assumed in the proposal that the LCMS would be modelled on a typical composites
production environment, the contractor and AMTL agreed instead to focus Phase I prototyping on
AMTL's R&D environment. (The flow chart on the following page summarizes materials and
processes in the AMTL domain.) The rationale was that a tracking system which satisfied the re-
quirements of an R&D-intensive environment would need to be robust, flexible, intelligent and
user-friendly. Such a system could be adapted more easily to highly structured, high-volume
production environments than one based on a production environment, which subsequently would
be adapted for use in R&D. This approach also supported the Phase III objective of fielding commer-
cial life cycle management systems for production- and research-oriented environments.

Methodology

Phase I was guided by the need to align an ongoing analysis of the requirements for the LCMS with

an exploration of the best technical solution(s). The vehicle used to map the real-world problem
onto potential system-based solutions was rapid prototyping. This methodology requires that small,
working software prototypes be created and presented to users to evoke feedback, which, in turn, is

fed into the next prototype iteration.

Prototyping proved to be invaluable for both users and developer. For example, the objective of the
first prototype, which was written in Lisp, was to operationalize the seemingly simple notion of on-
screen flow-diagramming of material and process flows. The process of developing that prototype
revealed that physically connecting material and process icons with lines could have several logical
interpretations and consequences at the system level. As the flow-diagramming interface was being
designed, it became apparent that presenting too much system-level detail to users would not be
advisable. In response, the interface was designed to hide the complexity of the system-level data
representations. The first prototype iteration surfaced issues that were not fully recognized, nor
could they have been, before undertaking the task of programming. Though it was not elaborated
further, this prototype served as a sensitive and instructive technical probe.

The Analytix Group Page 5
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rhe implication at the midpoint of Phase I was that the LCMS would need a sophisticated awareness
of the context(s) in which the user was attempting to connect icons of processes and materials. If the
system understood the context of the user's actions, it could hide the underlying complexity, while
preserving the logical relationships it required and the user probably intended (but may not have
even realized). It would, therefore, take on some of the roles of an intelligent assistant.

The search for a more robust solution led to the evaluation of a commercially available expert
system shell which, among a host of other features, offered the tools needed to build interactive,
intelligent user interfaces. This software development environment, G21 from Gensym Corpora-
tion, is object-oriented, as was the Symbolics General environment used in the first prototype
iteration, which greatly simplified the mid-project transition. Real-time, knowledge-based reason-
ing originally was not considered essential to the LCMS; however, the combination of object orienta-
tion, tools for building graphical user interfaces, knowledge-based expert system development
tools, portability and the ability to reason in real time made G2 an attractive candidate. (G2 was
designed for real-time, knowledge-based process control applications, and has become well estab-
lished in that field, although it is being used for a variety of other applications.) As a result, it was
decided to apply what had been learned in the first half of Phase I to a continuation of rapid proto-
typing using G2 rather than Lisp. The Symbolics and G2 prototypes are described in detail in the
Discussion section of the report.

The work described in the report was carried out under contract #DAAL04-91-C-0013 SBIR PHASE
1. Software development was performed in Houston, Texas. Prototype demonstrations were con-
ducted for the Army at the U.S. Army Materials Laboratory, Watertown, MA and at the offices of
Symbolics Inc., Burlington, MA.

In the remainder of this report, e first examine what life cycle management is and what it implies
for users' interactions with the system and its design and implementation. We then turn to discus-
sions of the prototypes developed during Phase 1. Lastly, we outline recommendations for full-scale
development and subsequent government and commercial deployment.

The Analytix Group Page 7
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DISCUSSION

Scope of Life Cycle Management

To better understand the implications of life cycle management for system design, it was desirable to
divide life cycle management into a sequence of steps. Each step was evaluated separately. The
following illustration summarizes this sequential view of the components of life cycle management.
Prototype development focused on the planning segment. Project execution, data collection/valida-
tion and data analysis were then simulated using the prototypes.

"'q II sonProject planning

Project scheduling

Scope of Life Cycle Management _ C
Data analysis (components of manual tracking system) --__ €__

t. Project executla.1

Post mortem data retrieval, reporting Data collection/validation

Figure 2. Scope of Life Cycle Management.

Plaoning and Scheduling

Planning is the process of defining future tasks using material/process flow diagrams created by the
user. The implementation of the flow diagramming paradigm will be described in detail later in this
report. Scheduling is the sequencing and timed execution of tasks as defined by users' flow dia-
grams. Planning and scheduling are not only associated with longer-range project planning, as was
presumed early in Phase I. Planning and scheduling capabilities came to be recognized as essential
for routine operation of the LCMS in composites R&D and production environments. With multiple
users setting up any number of as-planned projects while other as-planned projects were executing
on the shop floor and in the laboratory, the LCMS would need to evaluate the availability of materi-
als and process resources as they were selected and connected to the material/process flow diagram.

A process will almost never be executed a, originally planned. The LCMS must accommodate
delayed, long-duration transactions and make resource allocation decisions in the background as
data arrive from bar code scanners and other data entry devices. The LCMS also must alert users to
conflicts that it could not resolve by adjusting the scheduled execution of one or more as-planned
processes within the bounds of available slack. Furthermore, when the scheduled execution of a
process slips, the LCMS must adjust the as-planned execution of subsequent processes in that user's
flow diagram as well as every other as-planned project which uses the same resources. Although
these scheduling considerations were recognized, they were not evaluated explicitly in the proto-

Page 8 The Analytix Group
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types. However, G2 is well suited to heuristic scheduling optimization; in fact, The Johnson Group, a
Phase I subcontractor, has developed a scheduling optimization toolkit which runs within G2. This
toolkit was demonstrated at AMTL during Phase I.

Project Execution

In this step of the cycle, the expert system component of the LCMS translates the user's flow dia-
grams into syntactically correct, bar-coded work orders, which may also contain illustrations. The
LCMS can also generate prompt files for downloading to hand-held bar code scanners. It also
enables users to set up real-time data acquisition and control schemes for on-line instruments and
processing equipment.

Data CollectionNalidation

Data collected from bar code scanning of work orders, materials and other resources can be up-
loaded instantaneously or batch-wise, depending on the requirement. Some bar code scanners can
issue data-entry prompts and immediately validate scanned-in data. The LCMS can simply log data
from on-line instruments and processing equipment, provide real-time advisory support or provide
iutonomous process control. All incoming, as-executed data are validated by the expert system
component of the LCMS. A variety of standard reports may be included by the user in material/
process flow diagrams. These would be generated by the LCMS as soon as the required data were
available.

Post Mortem Data Retrieval and Reporting

As-planned and as-executed flow diagrams are stored temporarily in the expert system component
of the LCMS while projects remain active. Once validated, those data are swept into a relational,
E49-compatible material-property database. Objects originally created in the G2 component of the
LCMS are mirrored in the relational database. Acting as an intelligent front end to this archival
database, the expert system supports adt hoc queries and standard report writing. Custom reports can
be generated by the user via SQL calls to the database component. Both the LCMS expert system
shell (G2 TM ) and the relational database (OracleM) support multi-user, distributed computer envi-
ronments.

Data Analysis

Users carrying out statistical quality control or engineering analyses can transfer data from the
archival database to dedicated statistics, graphics presentation and other software packages.

Overview of Material Tracking System Functionality

The LCMS will maintain an inventory of materials, and, at the user's discretion, store in the
material's batch record associated scanned-in shipping documents, manufacturer's QA certification
sheets, product data sheets, MSDS sheets, cure cycle data and relevant ASTM testing procedures.
Unique serial identifiers will be maintained by the system internally and will be printed on bar-
coded labels for raw materials, intermediates, composite end items (formatted according to SACMA
SRP 1-90 for extern? ransfers), processing equipment, test equipment and other resources critical to
maintaining high qt cy standards of production.

Forward and backward traceability will be maintained via system-administered batch records for
every uniquely identifiable raw material, intermediate, test sample and end item. There are no
theoretical limits to the overall number of ancestors and descendants a material may have or the
branching within the material's parent-child hierarchy.

As a specific material (uniquely identified by lot number) is entered into the system, it will inherit
behaviors characteristic of that material's class. For example, all prepregs will inherit the behavior of
monitoring and accumulating room temperature time and adjusting their remaining shelf lives

The Analytix Group Page 9
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accordingly. From the user's vantage, these behaviors will be controlled by Standard Operating
Procedures (SOPs). Shelf life parameters recommended by the manufacturer will be set by the user
in an SOP control panel. Unless the manufacturer amends those recommendations, other lots of that
material enteri,-ig the system in the future will automatically inherit identical shelf-life parameters
and behaviors.

SOPs governing shelf-life expiration will generate advisory messages in anticipation of a material's
shelf life expiration. The user can then activate an SOP to recertify the material, or, at the user's
discretion, the system can do so automatically. Materials whose shelf life has expired and which
have not been recertified will be blocked from being selected for use pending successful completion
of the recertification SOP. Once activated, other SOPs will monitor instrument calibration schedules
and other time-dependent resource requirements.

Scenario for LCMS Expert System-based Advisory Support

A frequently overlooked, but nevertheless critical, requirement of any database system centers on
the mechanism(s) by which data are identified, collected, validated and entered. No database,
however intelligent, fast, user-friendly and well-designed can be expected to perform any useful
function if relevant data are not captured in a cost-effective, timely and consistent manner.

This raises the question, "How can the benefits of a LCMS be realized in R&D-intensive environ-
ments such as AMTL without imposing an onerous administrative burden or disrupting normal
work practices?" The so!-,'ion proposed in Phase I was to embed in the LCMS expert-system-based
reasoning to enable it to support users in the following ways:

" Assist in the definition of data capture requirements by making it possible to communicate
with the system through a graphical, icon- and menu-based, flow-diagramming interface.

" Enable users to select standard processing and test procedures from comprehensive, built-in
libraries.

" Oversee specification of what materials should be used, what tasks need to be performed,
and what data should be collected.

" Alert the user to any anomalies that would (or could) violate the user's specifications or
intent, such as material availability, impending shelf-life expiration, scheduling conflicts,
applicability of the intended procedure, etc.

" Automatically configure the system's internal data representations to accommodate routine
and specialized data collection requirements.

" Based on user-specified tasks and data capture requirements, automate the generation of
bar-coded, SOP work orders.

" Generate a list of expected scanned-in bar codes and any messages that should appear on
the display of the bar code scanner.

" Make this list available for downloading to a portable bar code scanner.

As tasks described in the LCMS-generated work order are executed, technicians scan the corre-
sponding bar-coded work order instruction and materials, equipment or other resource influencing
the execution of the work order. If written comments are made on the form, scans of bar codes
corresponding to that part of the work order are made and the comments entered manually. When
the scanner is returned to its uploading module, the time-stamped bar code data are uploaded
automatically to the LCMS from the scanner port. Uploaded bar code scans are then validated, the
user is alerted to any discrepancies, and, if accepted by the user, the data are archived.

Page 10 The Analytix Group
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This scenario would be impractical, if not impossible, without expert-system assistance. Far too
much training, time, effort and dedication would be required of users. As a consequence, the flow of
data into the system would become increasingly sporadic and the value and relevancy of the LCMS
in subsequent database queries would decline. As the LCMS continued its descent, efforts to add
new data to the system would be regarded as fruitless. Ultimately, the system would likely be
forgotten, perhaps to be re-invented when the problems it was supposed to solve became more
acute.

Ultimately, it is human nature, not technology, that determines the acceptance and successful
application of tools like the LCMS. If technology can be applied in ways that favorably affect the
work habits of users, then the technology will be accepted and behaviors will adjust accordingly.
Well-designed expert systems can provide significant labor-saving advantages, but users must first
see the benefits of working with the system. How, and at what level(s) of abstraction expert system
technology is applied is secondary to what it accomplishes. Large doses advisory support for a
variety of low-level tasks can outweigh the benefits of high-level support for a handful of more
complex, narrowly defined tasks.

When considering the ergonomics of users' interactions with the system, there are several aspects
that should be recognized as potential problem areas. Systems which attempt to dictate behavior
under the guise of assisting people often fail because technicians resist using them. In many in-
stances, rejection is understandable: any man-machine interface that hinders their sometimes
irregular work patterns will be regarded as an obstruction. For example, a terminal that requires
someone to be constantly walking from one area of a room to the opposite end, or one that requires
that the operator be prompted through even the most mundane tasks will not increase productivity.
If it is not used for these reasons, then such a system will not satisfy the materials traceability re-
quirements for which it was designed. We address this particular ergonomic issue with small,
pocket-sized portable bar code scanners which can be programmed to display prompts for input,
but which do so in a supportive, unobtrusive manner.

An intelligent system can anticipate users' needs and offer coherent explanations of its actions and
decisions. Furthermore, it needs to be flexible enough to allow users to modify its behavior while it
preserves its internal requirements for data integrity. This level of user friendliness represents a
paradigm shift - from database systems as inflexible data repositories, to intelligent assistants
which help users to achieve their mutual objectives. The requirements of R&D-oriented users for
flexibility, user-friendliness, intelligent assistance and good ergonomic design represent, in a very
real sense, a worst-case scenario. If this class of users can be won over, then the system can be
integrated more easily into more structured work environments.

In summary, the strategy for the applying expert system technology to the manual SOP tracking
component of the LCMS is predicated on saturating users with labor-saving features to win them
over to new ways of planning and organizing their projects, having work assignments carried out,
recording and reporting the results of their efforts. The goal of the LCMS is not to supplant the need
for thought, or to absolve users from being intelligent, but to leverage their productivity and that of
resources under their control. This can be achieved through the intelligent management and applica-
tion of both generic and highly specific knowledge about their environment. By alleviating users'
need to be responsible for routine details, the system will be embraced as a welcomed intelligent
assistant, rather than be rejected as an unyielding taskmaster.

SOP Control Panels as Active Documents

It is convenient to think of materials, processes and facilities as governed by a system of Standard
Operating Procedures (SOPs). These contain rules which govern events such as the certification and
receipt of raw materials, their storage, removal from storage, recertification, processing, testing, final
disposition, obsolescence and disposal. They also govern equipment and facilities maintenance
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including instrument calibration. Essentially, everything that the system knows about the behaviors
of objects in its domain can be viewed as controlled by SOPs.

The concept underlying active documents is that basic intelligence, in the form of expert-system
rules, can perform services for the user during a document's creation or editing. An active docu-
ment, in effect, knows what it must do, how it must be structured and where it must extract or
deposit data. It can perform those functions without specific user intervention.

The on-screen control panels we propose for specifying ASTM-based SOPs are active document
templates. When a user connects the icon for a particular ASTM test procedure to a material icon in a
process flow diagram, the active-document intelligence of the test procedure object would validate
1) whether the test was applicable to that material type; 2) whether the context in which the user
wished to apply the test was reasonable (e.g., does the test
require special preparation, one or more specimens or the
entire part?); and, 3) whether the resources needed to carry o,,Ac- . . a, , NSO a ....

out the test were available, needed calibration, etc. Even a n.-

simple task, such as checking the inventory of any required ." _ ... ___.....

reagents and alerting the user to those that needed to be -'--__- ---,---
-ld0 s-m 0 . C-06ed nl mar-

resupplied, would be a welcomed labor-saving function. --O . ... s.-

A- ,iess_ .9 u .Active document intelligence can aid ease of use by auto- ,- ...., ... , ......

matically filling in selected data-entry fields. The fields .
will depend, of course, on the particular SOP. User- Domain
specified fields would be validated as data were entered.
Erroneous or suspect entries would trigger the appropriate
warning message(s). Assignment of batch record identifiers to 1 Rtior of T.s.on Tes, u:ts :ASTV D 5544

intermediates or products of a material-transforming process .*, o ..... . ....s ,
is performed automatically by the system. Control panels also -.W_ r*
can be used to access and control instruments interfaced . L" "
through LabVIEW 2TM. LO 0 - ... o ".,o -s

Another behavior of control panels as active documents is the .......

intelligent creation of bar-code-labelled SOP work orders "
and, optionally, bar-coded specimen ID tags. Work orders n- volacacO . , .W: V ,, .....

serve several purposes: they contain stepwise instructions for
performing a test procedure, they provide a means of docu- M -ensi -oIC at rro ure f ,o e ,r

menting what was done, by whom, when, and under what System (Internal)
circumstances. They also provide a consistent format for
capturing test data. Based on its knowledge of a test proce-
dure, the material being tested, and entries made by the user, SOP
the active document intelligence within a control panel SOP
would, for some SOPs, generate a work order containing a soP
syntactically correct sequence of instructions with adjacent
bar-coded data entry points; for others, it would generate a _ _

table or form-like work order. m

When data from the SOP work order are uploaded, the -
control panel object would recognize the identity of the -
incoming data. It then would validate that those data satisfied -
default or user-specified criteria and would alert the user __

automatically to exceptions, omissions or irregularities by System (external)
logging its objections to a message board. Messages are stored
by the system in a log book. Following acknowledgment by

Figure 3. SOPs as Active Documents.
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the user, the control panel object would complete its task by storing the results in the system's
archival database.

Batch Records

As the user specifies a sequence of production and testing procedures in a flow diagram, the system
builds an as-planned master batch record containing slots for each uniquely identifiable material in
the sequence and the SOPs to be applied. Pointers to the E49 material property database are also
established. Once data generated about the material and SOPs enter the system, material property
data are processed and stored in the archival E49 material property database.

Additional slots in the batch record provide a means for documenting the status of objects in the
domain that influence a material's processing and testing history. Much of this metadata (data about
data) is specified by the E49 material property database standard. Metadata which are not already
included, but which may be relevant to the life cycle history of the material, can be appended to the
material's batch record.

One can envision each slot in a batch record containing a "snapshot" of the state of relevant aspects
of the domain at the time data about the material were captured. As materials traverse the domain
(see illustration on the following page), they interact with objects (processing and testing equipment,
other materials, human operators, etc.). Each SOP defines objects within a process which potentially
can influence a material's properties.
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Batch record

NN

* I L

4
* - ".-".

state - Stt 0

...........

Domain space

Objects defined In the domain: etc.

Figure 4. Database Snapshots of the Domain.

Execution of an SOP generates data relevant to a material's unique identity. These data are not
generated by the material but by other objects which interact with the material. Therefore, it makes
sense to record the status of those objects (metadata) in addition to the data they generate about the
material. These batch record snapshots describe selected objects whose state when an SOP was
executed can influence a material's physical properties. Capturing the status of all domain objects in
the material's batch record would unnecessarily result in staggering data storage requirements and
corresponding penalties in system performance.

Rapid Prototyping Methodology

By setting aside notions of absolute predictability and quickly converting an imaginative under-
standing of users' needs into working models, a series of increasingly refined prototypes can drive
the process of discovery, synthesis and innovation. Prototype-driven innovation tends to blur
distinctions between designers, programmers, engineers, managers and end users, and allows these
diverse groups to contribute their unique insights. Prototypes must, therefore, be seen as community
property, not just the property of the developer. Users urst have opportunities to interact with, an
relate to, prototypes as they evolve. Prototyping can then become a common language between
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developers and end users, who evolve a unique design vocabulary as they grapple with new ways
of expressing their points of view.

Rapid prototyping makes it possible to elicit ideas from individuals with diverse needs and perspec-
tives. Users who become deeply involved in the prototype design cycle ultimately shape not only
the product itself, but also the relationship between product and user. Collaboration between users
and developers ensures that fundamental, yet often subtle, issues of functionality, performance,
user-friendliness and completeness are resolved at low cost early in the development of the system.
By imposing a rigorous, ongoing "dress rehearsal" that would be impossible to simulate, prototyp-
ing also provides an inexpensive way to manage development risk.

The traditional software development cycle is useful for static problems, for which an algorithm is
known. Systems designed this way are not usable until they are completed, and if the problem
changes, they must be revised or even scrapped. For an expert system application such as the LCMS,
for which no discrete algorithmic solution exists, the development cycle must be one in which

Problem Identification & Analysis

Traditional software development cycle ObJect-oriented software development cycle

Figure 5. Traditional and ObjFuct-orien ted Development Cycles.

parallel refinement of the requirements, design, and implementation occur in an iterative, incremen-
tal fashion using working prototypes and user feedback to help guide the deelopment.

Prototype Development

Approaching the problem at the outset with no a priori application-specific examples, constraints or
off-the-shelf tools (except Lisp), we needed to define what material traceability meant and should
be handled by the application. As so×on as the design and coding of the flow diagramming interface
began, several issues relating to the manner in which low-level data representations needed to be
handled immediately came to light. This was to be expected: one of the advantages of rapid proto-
typing is that it reveals design and implementation issues early in the development cycle. In the
course of reconciling the design of the user interface with system-level data representations, we

discovered ways to enhance the prototype's functionality.
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User Interface Design Considerations

Our first realization stemmed from conflicting design goals: by presenting on screen the level of
detail needed by the system to establish a comprehensive life cycle history of a material, we realized
that users would be burdened by more detail than ordinarily would be needed or desired. This
prompted us to temporarily redirect our attention to lower-level data representations - and their
relationship to the on-screen behavior of graphics in the user interface - before returning to the
development of a simple flow-diagramming interface. At this stage, we also began to develop a
concept for tying the flow-diagramming interface to shop floor and laboratory documents.

Material Identities

Our concept for complete material traceability did not allow a material to exist outside a process.
Some process, including the state of being ambient, would always be acting on a material. This
requirement ensures that the system always contains a complete, continuous history of an end-
product. To accomplish this, the system would need information describing the environment of all
of the material's ancestors during any interval in their life cycles. Under normal circumstances, users
would not record information on every temporary state of a material; however, if the temporary
state were to become extended, it might become significant. For instance, a material accidentally left
out for 12 hours when it was to be returned to cold storage after 10 minutes would represent an
anomaly that the LCMS should be designed to capture automatically. The rationale at this stage of
the project was that unless we planned to record the existence of all states, we might miss significant
anomalies.

The following screen mock-up illustrates by example the level of detail we believed was necessary
for the system to record, but not necessarily display.

Figure 6. System-level Details for Complete Material Traceability.

Additional Data Types

Our original concept provided for only two data types: materials and processes. We discovered that
only two basic types by themselves were not as useful as they might be for tracking undistinguished
materials. The lowest-level database representation needed to accommodate four data types: mate-
rial batches, storage processes (ambient and controlled), batch-splitting processes and laboratory
processes. Specializations of material and process data types were to be added incrementally during
Phase I, extending the system's understanding of the interactions of particular types of materials and
processes. We believed it would be advantageous to preserve the substrate material and process
capabilities to allow the system to handle generic materials and processes. That capability would
allow new materials and processes to be added and tracked, even in the absence of specific informa-
tion about their material and process classes.
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Storage and Batch-splitting Processes

Please note that in the following discussion, we use the terms "batch," "material" and "material
batch" interchangeably. As was mentioned earlier, we believed that it was important for the system
to track ambient storage as well as cold storage. At this juncture, we assumed that a single ambient
process existed. The ultimate intent was for the program to infer, from the material's location, the
process a material was undergoing. The system would automatically place the material in the
ambient process upon exiting a cold storage process or a process such as layup. In the future, an
entire lab might be instrumented to record temperature and humidity. The system would be able to
infer changes in the material's ambient condition based on changes in its location.

Batch-splitting processes, which are represented by the triangular symbol in the preceding flow
diagram, are quite basic. Most materials must be subdivided at some time. The behavior of this
process was to automatically infer the properties and identities of the resultant batches from the
input batch when a batch-split occurred.

Clearly, a balance needed to be reached between the level of detail tracked by the system and its
intuitiveness and ease of use. In the lower half of the following illustration, we condense the upper
flow diagram, which contains all the process and material blocks the system needs to establish a
complete tracking history of the material, to one that we felt would be more in line with the way
users normally would think about this series of material and process steps. As the prototype
evolved, we planned to use filters to conceal some of this extraneous detail from the user. This
would allow all of the information in the top half of the illustration on the following page to be
tracked, but only the lower half to be displayed. The condensed level of detail would be set as the
system default.

Emy . 00 py
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Available Inventory

At this stage, we modified our concept of generalized inventory, which we began calling "available
inventory." We discovered that subtle distinctions needed to be made between the "as-planned"
and "as-executed" segments of the flow diagram. These distinctions, in turn, had implications for
how material batches were handled internally and presented to the user on screen.

In the sequence of flow diagrams labelled t=O to t=4 in the illustration on the following page, mate-
rial batches we termed "available inventory" are represented by filled-in circles. As we step forward
in time, as-planned segments of the flow diagram are executed and are transformed incrementally
to as-executed segments. The as-planned segments may or might not be executed as indicated;
hence, they remained editable. Once executed, material and process symbols, which contained
information about the materials' history, could no longer be edited, though they could be examined.
As new material batches came into existence, they became available inventory and were denoted as
such by filled-in circles. Available inventory material batches might subsequently enter, and be
consumed by, future as-planned processes.

The system's internal representations of material batches stemmed from a need to distinguish as-
planned and as-executed segments of the flow diagram and to provide the flexibility to create a
flow-diagram containing materials, which, though chemically equivalent, might be from different
lots. When a circle, representing a material, was withdrawn (symbolically) from an inventory stor-
age process and placed in the flow diagram, it was a virtual batch. A unique ID could not assigned
at that time. Its identity was established via a pointer to a template of the material type, epoxy resin,
which was stored in the system's library. When the user "opened" a storage process symbol and
selected the type of epoxy resin to be withdrawn, as for example, from the cold-storage inventory
process, the material represented by the symbol became an unbound batch. The batch was unbound
at that point to accommodate, in part, the likelihood that different lots of that particular type of
epoxy resin might be available for use. When setting up the flow diagram, the user might or might
not wish to specify which lot was to be withdrawn. If the user didn't select a particular lot, the
system needed to be able to recognize that different lots of the same material were equally accept-
able. If instead, the user specified that a particular lot was to be withdrawn, then, when the material
was physically removed and the specific lot number recorded (via bar coding or manually), the
system would confirm that the material's as-planned and as-executed attributes satisfied the criteria
set by the user (any lot of that material type or a specific lot of that material type). At that point, the
system could assign a unique batch identifier to the material based on a confirmed lot number. The
greater specificity of that batch's identifier corresponded to its transformation from an as-planned to
an as-executed batch.
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t0O as-executed

- - as-planned

t=1 as-xecuted

- - - - -. as-planned

t=2

t=3
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Planning and Scheduling

We alluded tearlier to the potential for extending the LCMS to support project planning and resource
and task scheduling. In the following illustration we establish a conceptual recognition of the rela-
tionship between the process/material flow diagram and a conventional CPM chart. When materials
are removed from the diagram, only a sequence of linked processes remains. Like any other objects
in the system, processes can contain attributes of time, which can be viewed in a CPM format.

Layup

Figure 9. Rela tionsh ip of Ma terial/Process Flow and CPM Diagrams.
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Symbolics Lisp Prototypes

Two working prototypes were created using Symbolics' Genera object-oriented development
environment. The first was a simple graphic editor designed to demonstrate an interactive flow-
diagramming user interface. In the second, intelligent behaviors were added to materials and pro-
cesses.

Prototype I: The Box Editor

The first prototype demonstrated to AMTL was a "Box Editor." This interface enabled the user to
create boxes of various shapes and connect them with flow arrows. More than just a graphic draw-
ing tool, the editor "understood" what it meao-t for an arrow to be connected to a box. When the box
moved, arrows connected to it moved with it. When a box was deleted, its arrows were deleted
automatically.

0 '0

. . -.. " - -. . .

Figure 10. Symbolics Prototype J: The Box Editor.

Care was taken during the design of this prototype's underlying structure to enable it to be readily
extended by adding intelligent behaviors to the boxes and arrows. While not actually necessary for
the Box Editor, Connectors were implemented as well. These were small tabs on the perimeter of the
boxes to which lines must be connected. In the Box Editor, an arbitrary number of connectors could
be created on any box, and these could be moved anywhere on the perimeter of the box.
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Prototype 2: The Process/Material Editor

The Process/Material Editor was built on top of the Box Editor. The oval boxes represented materi-
als, rectangular boxes were general processes, square boxes were storage processes, and triangular
boxes were batch-splitting processes. When the user created a material box or a storage box, the box
had one "input" connector and one "output" connector: these could be moved or deleted, and new
connectors could not be added. Any number of connectors could be added to a general-process box
or a batch-splitter box, and these connectors could be moved and deleted. A distinction was made
between materials boxes and all other process boxes: a material could be connected to a process, or
vice versa, but the interface did not permit the user to connect a material to a material, or a p:ocess
to a process.

The oval-shaped material batches could be edited in the lower-left window to change their material
type, lot number, amount, and units. Material type could be chesen from the expandable materials
hierarchy, which the Box Editor displayed in the lower-right window. All windows in both editors
were scrollable.

Process/Material Editor

/
//

C Edit Materia1 MRTERIAL-BOX o9IF A E10mrrr 1 'YO.
/ /-t...

Mater,l Tvoe: KEULAR-29 ,F8/ / r m sb u' 
I 
D

Lot N1umber 125

In-I~.vento.v Yes NM e / frh P I'I -

e aborts, 'N wses thtese vales

,srTr#

Figure 11. Symbolics Prototype 2: The Process/Material Editor.
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Integration of "as planned" and "as executed" structures

The concepts of Unbound Batch and Virtual Batch were briefly introduced and then abandoned in
favor of Bound Batch and Inventory Batch. These merely represented a means by which the "as
planned" and "as executed" structures would be integrated into a single structure.

An oval in Prototype 2 represented the state of a batch at a particular point in time. (From now on,
we will refer to an oval as a Batch Snapshot.) A batch may have any number of batch snapshots, as it
passes into and out of storage, or has pieces removed in a batch-splitting process. A finished com-
posite would have one snapshot for each testing/characterization process through which it passed.

The preceding Figure displayed an as-planned structure. Three ovals near the middle of the window
are labeled 125, 126, and 127; these are the bar code IDs that would be affixed to the material batches
as soon as they came into existence. The ovals at the top and bottom of the window were not yet
identified with a particular batch, but we knew that they would be required to be Kevlar-29 and
Polyester. From this plan, Standard Operating Procedure work orders would be printed with in-
structions and bar-coded data entry points for each batch snapshot. The actual bar-code number of
the two input batches was not important, since it was simply used as a temporary identifier until the
actual batch bar-code number was known.
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In the illustration below, two batches have been retrieved from inventory. The black background of
those ovals represents the fact that the two batches existed at this point in time and were not concep-
tual placeholders, as were the white ovals.

Procss/Material Editor

P Units lbs as n g 9 STE NCOT-FRS... E"Wt

I In-Inventory Yes rio / IT..

QIU aborts, W usee these values T/ ILICON-CRIDE
Finished Editing ftM

:Edit Material MIATERIAL-BON4 A[SS...2

tMunb r 123 1. 11H.IOSET -ILICONE
Anount 01
Units Bibs oz gn kg VESTC.

'I 'n-inventory Yes Nio V

:<MM aberts. 4W uses these values

Fii haEiting

Figure 12. Symbolics Prototype 2: Process/Material Editor.
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In the next illustration, the user has scanned the bar code on each batch and the corresponding
temporary bar code identifier on the Standard Operating Procedure work order. The two input
batch snapshots become bound with batches 123 and 124, respectively. In each case, a temporary
ambient storage process is inserted by the program. The batch snapshots of batches 123 and 124 have
changed to black ovals, representing the fact that the batches have been "aged" by the ambient
storage process.

Process/Material Editor

CIU:49:23 Fran SHINHER: Your request or s/217791 PROX~ G fRBN-0.. Pt
11:43:00 ('Screen Hardccoy') has finished Dri a TE...

CIO-:52:16 Fran SHIIER: Your reauest of 5/11/91 T M W ~ ICOt ,A910

1B:4 -20 (*Screen Wardcopy) has finished pri E

nttan on Dry.] ..
lEdit Material AflTERLRL-BCX -TE"RR 7ITAlUM-311MIK ---- nMRTO-'C-i1J2

laterial Type: COMPOSITE 
TTIX .. , THE...l.-..-- -.. k i4WE

Lotru M ber : 12? .ssIr--RI..LICCC

Units : b x gn kg \ ELSTEe
In-Inven tor Yes No PWV
0111haorts, M uses these values

!Finished Editing

Figure 13. Symbolics Prototype 2: Process/Material Editor.
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This Figure displays the state of the database after the user has scanned the bar code on the Operat-
ing Procedure that represents completion of the splitting processes.

Process/Materlai Editor

1AMP

Q Units lbs oz gn kg =",C 1rE £lNFr5RCfET-Fo'... PRE
In-Invento-y yes No P1, I TE
0M aborts. W uses these values MyZ

inished Editing l/4 :Ms.a

E d i t Mia t e r i a l M R E R I P L - 8i l 
T 1 WUMi r m 1 D - - N M ~ -X -

iatertal Type, POLYESTER 

THEX Y D. -VAN U----I---e

!Lot unb er 126 
't $SI hG - |D . T ' 0E ' . KLIC rnE

:Units lbs ox gn kg
In-nventory Yes P4o

!<BMW aborts, <M uses these values

! Finished Editing

Figure 14. Symbolics Prototype 2: Process/Material Editor.
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Finally, the user has scanned the bar code on the Operating Procedure that represents completion of
the main layup process. At this point, the final composite comes into existence.

Process/Material Editor

pUnits lbs oz gn kg ITE t ~I n-Inwsnto'y. Yes ua M TET
r

<M aborts, E uses these values TZLI:,-CIE

IFinished Editing mR [luq ICWICF PT- ITERIK U1I1

!ASS...

T[ i aterial MATERIAL.-BOX t ,0,--,--CRit0,XC-1n

IMterial Type: POLYESTER \TH5 THOISTIC.. Y IIIED02ME

]Lot .nber :124 = s5,AC-AID.. t- WMt LICVK,A ~nt MMI0

Unite lbs az gn kg VE
zn-znventary Yes Mo A POsY

I11 aborts, Q uses these values

i Finished Editing

Figure 15. Symbolics Prototype 2: Process/Material Editor.

One simplification has been made for purpose of this example: batches 123 and 124 would normally
go straight into an ambient process after each batch-splitting process. Rapid prototyping in Lisp
aided in understanding these low-level data representations, laying the groundwork for the G2-
based generation of prototypes described in the following section.
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G2 Prototype

To achieve the level of functionality required of a full-scale Life Cycle Management System (LCMS),
a commercially available, real-time expert system shell, G2TM, was evaluated and found to be well-
suited not only to the original objectives of Phase I, but also to a much more ambitious set of objec-
tives. The final G2-based prototype incorporated an intelligent, graphical user interface; interactive
flow diagramming for planning, specifying and scheduling project activities; a library of process
templates to aid project planning; automatic creation and management of batch records; automatic
assignment of unique material identifiers; continuous monitoring of prepreg shelf life; message-
board notification of shelf-life expiration; and, interactive control panels for user specification of
Standard Operating Procedures (SOPs). The final prototype also demonstrated the potential for
integrating within the LCMS a modular subsystem for real-time, knowledge-based process control
of press curing and other composites processes.

User Interface for Materials

The following main-menu console appears automatically when the workspace is opened. It pro-
vides a point of departure for this demonstration of the prototype.

Figure 16. G2 Prototype: Main-menu Console.

S, . In this session, the user clicked the
mouse on "RM Inventory," opening
the following window. The main-
menu console remained on screen

during the session to facilitate

navigation to other parts in the
application. The raw material

Swindow contains icons representing
raw inventory objects (resins,

table'- prepregs, reinforcements, fillers,
N release agents, etc.), which are

stored in the prototype's rm-

inventory file.

In a full-scale implementation, the

application would be interfaced to,
and communicate transparently

*., Figure 17. G2 Prototype: Raw

- M aterial Inventory Window.
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with, an archival, relational database. In that configuration, G2 would access inventory and other
data as needed through GSI, G2's communications interface to sensors, controllers, external data-
bases, and other software. The interface for browsing RM inventory could easily be organized by
category, with each raw material category appearing in a separate subworkspace window. Inventory
objects were not labelled in this prototype, but would be in subsequent versions. Names with icons
suggestive of the type of material could be presented.

The user could query items in the prototype's raw material file by clicking on an icon. Doing so
produced the pop-up window in the previous illustration. Clicking on "table" opened the accompa-
nying pop-up table which containing attributes of the raw material. In this example, the user was

logged on as an "operator," which
limited the information presented.
"Supervisor" mode, for example,
might reveal additional details. Other

Batch number 122 user types can be authorized, allowing

Status inventory discretionary control over which
attributes are visible to different types

Material type "Graphite Fiberprepreg' of users.

Mfr tradename 'Hercules, Magnamite Graphite Fibers
Type AS4/3501-6"

Date of mfr 27 Dec 90 10:52:53 p.m.

Po * 'DAAD0589P2396'

Lot number 6149-3

Areal wt 146 GM-PER-MZ

Resin content 32

Shelf life 1 hour

Expiration date 19 Jun 91 2:33:53 p.m.

Figure 18. Table of Material Attributes.
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The accompanying screen shot is a portion of the material hierarchy which underlies this knowledge
base. Normally, the hierarchy would be neither visible nor of interest to typical end users. Assign-
ment of a material to a class is established using an object's attribute table in developer mode.

PTffAIEJI4IIIK se~d~ bEmfl k1rg~~Z.-

F u 19 Cas H ar M at ei dl il. I

Drnthsssin, theP0I? shel life ofdsevrl matrilsexird.WhnPJthi 9 occurrd, allln ico N Twas-T2)
dow.01c~~.04 o Ni

* 9:0 lop O am. Th e sel lif1 oHeus
"eMagl so pkhiedoFib er T [ LAS o 350 -d

CA1 O h epI*dd sJun 91 in am

( iS T9:09|47 am A T e shn f i f-ddie i f CyeanamIdO-lBe

MATais of1oL Ju 91 4 am.-16r Im slT Nmlm~dem IUCONE~ so 6*6"l~
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Figure 19. Class Hierarchy of Materials.

During this session, the shelf life of several materials expired. When this occurred, an icon was
automatically superimposed over that of the expired material in the raw material inventory win-
dow.

d5 t:00:47 .m The shelf life of Hercules, r-
Mgnamite Graphite Fibers Type AS43501-6
lt-number 614-3 wih assigned batch-number122 has expired as of 19 Jun 91 9:00:42 a.m.

#6 g:0g:47 a.m. The shelf life of Cyanamid,

]CyCOM 4102-S5 WR 52-48 lot-number 4193-
v wth assigned batch--number 120 has expired
as of 19 Jun g1 9:09:42 a~m.

Figure 20. Warning of Shelf-life Expiration.

Simultaneously, a pop-up Message-Board appeared, with a text message alerting the user to the
event. The Message Bo~ard would alert the user to this and other events whether the corresponding
window was open or not. This example provided a simple demonstration of G2's real-time expert
system capabilities applied to the firing of shelf-life expiration rules, which were inherited when
designated materials entered the system. Shelf-life is an attribute of a prepreg which can be inher-
ited at the class level.
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'As-Planned' Process Flow Diagram

A "Process Library" was included in the G2 prototype. The accompanying window appeared in
response to clicking on "Process Library" in the main control console.

Rather than require users to painstakingly create process/ material flow diagrams from individual
components when planning a

Til !,11-w: w -w project, we proposed instead that
I~I~ ~ 'jijj~iI ..iij 1111:iiijilusers be able to access a library of

'l' ' II ! 1 templates of process diagrams,

~~l[ ~ most closely to the plannedI~ project. The library would contain
I' I templates for layup and curing,

1~ i'li'Ii '' J Ij I~ i'l1~l jpultrusion, filament winding,

'I RTM, etc., in addition to those for

. tetin procedures. an

The two icons in the portion of the
~ ~II ''I: ~ '~ process library window shown

I~i~iI't~below provided access to sub-
I, I' workspaces containing 2- and 3-

IF*~ ~ omponent-mterial flow dia-
II'~I,~F I I! iii IIgrams. Selecting a template with a

I ;- PIPIRNmouse click produced a pop--up
1;1::;11111I menu with options for either

~O~i~t ijlj inspecting the template or creat-i~ HE ii 1:
ing an instance of it, which

Figure 21. Process Library Window, corresponded to checking out of

the library a fresh copy for the user's project. These 6 flIin.1 'l!iIIrlIl.!il
were intended to demonstrate the process of docu-
menting the production scheme for a composite.j .'

create an instanice 4

ns ic o: creiile a li oflhe i;610i~t

Figure 22. Pop-up Menu for a Process.
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A blank, ready-to-specify, process
flow diagram immediately appeared
in a new workspace window. This
prototype did not include rules which
automatically established connections
between materials and process icons,
although future versions could. Ovals
represent materials, rectangles are
processes and triangles are batch-
splitting operations.

Figure 23. Blank Process Flow Template.

The accompanying window contains a
collection of process flow diagrams P I
which were previously checked out of
the process library by other users and Note: grey signifies that they are unused.

ceThis yellow one has been manually configured. Tocustomized by them for specific automatically configure the others, go to 'process library'
projects. These could be viewed by click on one there and select create-an-instance
process type (transforming, destruc-
tive and nondestructive test), by date,
user, product type, etc.

In G2, connections are objects, which MMO E M E
can be defined hierarchically at the
developer level with the table editor
shown earlier for materials. Their
behaviors also can be controlled with
rules. In this prototype, drawing
connections manually enables us to

demonstrate the intelligent on-screen
behaviors of material and process
icons.

This one is used to demonstrate child-parent
relationships.

Figure 24. Library of Process Instances.
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Here, the user has drawn connections between materials and processes and has selected Kevlar
batch #139 as one of the starting materials. (KevIar was chosen as the only material in this example
to better illustrate the system's parent/child tracking capabilities, which follows later in this section.)
Ovals are materials, rectangles are processes and triangles are batch-splitting operations. The user
could start material selection anywhere. The system reasoned about, and filled in the remaining
nodes.

9This button will force 'checking' of the diagram for
required data, etc. (Note that its currently slow to get
started)

Use this button next. It checks inventory for the
neccessary raw-materials and allows user selection of
them.

Figure 25. Partially Completed Flow Diagram for Processing of a Composite.

Batch numbers and names for the descendants of the parent raw materials were assigned automati-
cally when the user established connections by dragging the cursor between icons. The system
precluded erroneous connections from being made, e.g., between materials. In G2, connections are
objects and can be defined hierarchically at the developer level. Their behaviors also can be con-
trolled with rules. In this prototype, drawing connections manually enabled us to demonstrate the
intelligent on-screen behaviors of material and process icons.

The functions performed by the "?" and "I" buttons were carried out manually in this prototype.
They would be performed automatically in Phase II versions. The "?" button searched for missing
data, placing its icon over empty raw material blocks. The user then clicked on the "1" button to
search available inventory and select the desired materials.
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Materials also could be assigned to the flow
diagram by clicking on a material icon. The
accompanying control panel allowed the user I, I
to inspect the batches of Kevlar in inventory
while altering the user to other batches cur- * Ac0-e-tdrt
rently in use. The table could easily be en-
hanced to show the amounts available. -- r - -

Figure 26. Raw Material Inventory Control Panel.

Material- and process-specific information could be inspected with pop up windows that open
when clicking on icons in the flow diagram. The windows available to this user, who was logged on
as an operator, are abbreviated. They enabled the user to inspect the attributes of a material, the
results of tests performed on it and its lineage. For process blocks, the user could examine SOPs and,
for a simple process like batch splitting, could specify the amount entering the process.

table tble l
edtattributes table Snow sop tbl table

1 move move
hntest results show parental lineage m - -- name

done clone
KrOtOAe ellect rotate/refleet

change size chinge size
163 color color

delete delete
desbic -ditabis

describe dcnbe
show splitting types creae subwoftpace crelte ubiwortspace

edit aftributes perform sp

Show ltCS rMulta show spitting types

Figure 27. Pop-up Windows for Material and Process Icons.
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Developer mode permits additional menu choices, control of object definitions and the ability to
tailor the user interface to satisfy the needs of different categories of users.

These control panels were used in the course of performing a batch-splitting operation, signified by
the triangular icons in the preceding flow diagram. They also serve to demonstrate the implementa-
tion of context-sensitive help and data-entry error trapping, both of which capitalize on G2's rule-
based expert system capabilities. Units in the Material Editor control panel adjust to the type of
material (liquid, powder, fabric, tow, etc.). Depending on the flow diagram selected from the Process
Library, a host of process-specific rules and pre-set parameters could be applied automatically,
alleviating the need for the user to manually specify many of the details.

rF7

Material Type g2 Raw Material Types

MATERIALS. ELp ] t-"Reinforcement-Form
Processing-Aid

Batch Number [L9 Polyester

Amount . Phenolic

Silicone

Olbs Coz 0gm 0kg Bilmalemide

Fj Accept Data Polybenzimidazole

Cancels Polymide

Thermoplastic

Material Type Datat~ Entry______Errors _____

MATERIALS-HELP . . .. m b n ,

Batch Number

Amount 0.0

OQbs Ooz Ogm 0kg
[A Accept Data

Cancel-1

Figure 28. Material Editor and Subordinate Control Panels.
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The user could inspect the test results for a material or specify the details of a test procedure and
append it to the flow diagram and hence, the material's batch record. The interface was configured
as a control panel, which is the on-screen representation of, and basis for, the corresponding printed
SOP work order. Editing the parameters of a test procedure in the control panel would simulta-
neously update the SOP work order document for that test.

[] Report of Tension Test Results (ASTM D 3544)
Fiber 0 Bundle (D Identification: ki'iiar Lot Number 1i22-A

Date of Tests: Ei8:1 Test Machine Serial Nunber 43$8712

Operator TJ.

Number of Tests in this Series Strength: 3 Modulus: 3

Sample Gage Length:

Load 0 Strain (D or Cross-Head Q Rate: 3 mrstee

Cross-Sectional Area, Average of Group 0
Measured on Each Specimen G

Total Number of Values: 3
Area: &.03 mm' max Area: 7,09 nm"2

min Area: 6.76 mm-2

Resin C'intent of Strand Weight 0 Volume ® 6,5 % max

5.7 16, min 6.1 %, avo
#9 0:39:48 awrr Tne test results for material

eTest Procedure KEVLAR 161 has missing or incomplete data
:.Tensile Load at Fracture IJTetPoeue _______________

Figure 29. Control Panel for ASTM Test Procedure and Message Board.

Because one of the parameters violated rules associated with elements in the diagram, another
warning message appeared on the Message-Board.
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A G2 workspace containing a process flow diagram can be extended with a feature known as a
connection post. A pair of TO-BATCH/FROM-BATCH posts can link a batch in one subworkspace
with the same batch in another. The sequence can be continued indefinitely, creating a single, large
material/process flow diagram. Connection posts can be placed anywiLere in a flow diagram. They
can be used to attach test procedures that may not be contained in a particular process library
template.

...........................

FROM-BATCH-115 TO-BATCH-349

.................................... ....................................

FROM-BATCH-349 TO-BATCH-387

Figure 30. Extended Workspace Using Connector Posts.
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Material Tracking

Parent/child relationships were established

automatically by the system as it mor.-tored the Parents of KEVLAR 163
user's activities. Batch numbers were assigned to _ _____ _____

uniquely identifiable materials where necessary. KEVLAR 165 Status: USED-UP
A material's ancestors and descendants and their KEVLAR 139 Status: USED-UP
status could be inspected in a pop-up window. : _KEVLAR_139_Status:_USED-UP

The table automatically extends to include all the
batch's parents and children. In this example,
Kevlar batches 165 and 139 are the parents of
Kevlar 163, which appeared in the earlier flow Children of KEVLAR 163

diagram. Similarly, the children of Kevlar batch KEVLAR 161 Status: IN-USE
163 were assigned batch numbers 161 and 162 by KEVLAR 162 Status: IN-USE
the application. Other methods of presenting
parent/child relationships are with the nested ___. ____________________

hierarchy shown in the accompanying Illustra-
tion and with the expandable network tree. The Figure 31. Parent-Child Table.
latter was demonstrated in an earlier Symbolics
prototype.

Descendants of Kevlar 163

Kevlar 161 Used

of batc~h #1&3
Kevlar 211 In Use i

P of "a Kevlar 184 Inventory

Kevlar 162 Inventory

> Table extends
further for
browsing through
lower levels of
hierachy

Figure 32. Parent-Child Nested Hierarchy.
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To provide a simple demonstration of a user interface for real-time control of press curing, the
prototype was extended with a press curing control panel. After setting the target temperature,
ramp rate and soak time, the user started the press with the control panel. The prototype simulated
data logging from temperature sensors by presenting the incoming data in real time on a scrolling
graph. The icon of Press-1 was animated to provide an indication of the operating status of the
press. The use of G2 for real-time control of composites processing is discussed in greater detail in
the Recommendations section of this report.

i29 Jul 91 4:0287pm.i

PFESS- i o i

100 -

Target Temperature 1150 50.1
l_._J-01 00 -00:30 01:29

Ramp Rate - deg/sec Tress 1 Temperature"

Soak Time - sec

Load Press 1 , Start Press I) Stop Press )1 Un-Load Press 1)

Figure 33. Control Panel for Press Curing.

STATUS OF ACCOMPUSHMENTS

Phase I proof-of-feasibility was established through delivery of the prototypes described in the
Discussion section of this report. The achievement of the technical objectives of Phase I can be
attributed to:

" Ongoing analysis of the requirements throughout Phase I.

This process benefited from site visits to AMTL, from the proactive participation of AMTL
staff in defining their requirements, and from feedback provided by AMTL in response to
the Symbolics and G2 prototypes delivered during Phase I.

" The Lisp-based prototypes demonstrated at mid-project.

These prototypes implemented the concepts of an intelligent, flow-diagramming user
interface and of batch record tracking. They aided in understanding the problem and facili-
tated the transition to the second-generation, G2-based prototypes.

* Selection and application of G2.

Phase I evaluation of G2 was a departure from the original work plan, which called for
prototypes to be programmed de novo in Lisp. It became clear that G2 provided the function-
ality needed to develop and deliver a full-scale LCMS. G2 also makes it possible to extend
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the functionality of the LCMS to real-time, autonomous, expert-system-based process
control for composites processing.

Having established the technical superiority of G2 for development and delivery, full-scale develop-
ment can focus from the outset on substantive issues of knowledge engineering, integration with
external data sources and repositories, user-interface ergonomics, sophisticated data retrieval and
reporting capabilities, and development of knowledge bases for real-time process control of com-
posites processing.

In addition to significantly reducing the development risk and time associated with a de novo pro-
gramming effort, features inherent in G2 also resolved several implementation issues which where
identified during Phase I:

" Portability. G2 has been ported to a variety of popular hardware platforms, ranging from
PC's to mainframes.

* Multi-user access. G2 provides multi-user access through its version of X-Windows when
running under UNIX.

" Interfacing to other applications. Through GSITM, Gensym Corporation's communications
interface for G2, applications developed in G2 can exchange data with external databases,
sensors and controllers, simulation models, etc.

TESTS

Rapid prototyping made possible hands-on evaluations of the applicability and feasibility of impor-
tant design concepts, including elements of the graphical user interface, SOPs, material traceability,
and expert system-based advisory support features. These prototypes were described in the Discus-
sion section of this report. The feasibility of full-scale development and deployment was evaluated
during Phase I and in conjunction with the preparation of a Phase II proposal. A discussion of these
development issues is presented in the Recommendations section of this report.

SUMMARY

The principal technical objective of Phase I was to deliver a fully documented, working prototype of
an integrated bar code database system for composites life-cycle tracking. It was assumed initially
that the LCMS would be modelled on a typical composites production environments. At the outset
however, it was decided instead to attempt to satisfy the requirements of R&D environments such as
AMTL's. The rationale was that a tracking system for R&D-intensive environments would raise
more challenging design issues and could later be readily adapted to more highly structured, high-
volume production environments.

To better understand the implications and scope of life cycle management for system design, life
cycle management was divided into the following steps: planning and scheduling, project execution,
data collection/validation, post mortem data retrieval and reporting, and data analysis. Emphasis
during Phase I was placed on user interaction with the planning interface, which was based on an
intelligent flow diagram-ming paradigm. Materials, processes and other resources were objects
which appeared on-screen as icons. Relationships between objects could be described explicitly,
both logically and graphically, by connecting them with line segments.

The LCMS maintains an inventory of materials, and, at the user's discretion, stores in the material's
batch record associated scanned-in shipping documents, manufacturer's QA certification sheets,
product data sheets, MSDS sheets, cure cycle data and the results of ASTM testing procedures.
Unique serial identifiers maintained by the system can be printed on bar-coded labels for raw
materials, intermediates, composite end items, processing equipment, test equipment and other
resources critical to maintaining high quality standards of production. Forward and backward
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traceability are maintained via system-administered batch records for every uniquely identifiable
raw material, intermediate, test sample and end item.

As a material enters the system, it inherits behaviors characteristic of the material's class. For ex-
ample, all prepregs monitor and accumulate room temperature time and adjust their remaining shelf
lives accordingly. From the user's vantage, these behaviors are controlled by Standard Operating
Procedures (SOPs). SOPs governing shelf-life expiration, for example, generates advisory messages
in anticipation of a material's shelf life expiration. Users can then activate a recertification SOP, or, at
the user's discretion, the system can do so automatically. Materials whose shelf life has expired and
which have not been recertified will be blocked from being selected for use pending successful
completion of the recertification SOP. Other SOPs monitor instrument calibration schedules and
other time-dependent resource requirements.

A crucial requirement of any database system centers on the mechanism(s) by which real-world
data are identified, collected, validated, entered and stored. To minimize time-consuming, adminis-
trative tasks associated with documenting composites processing and testing, expert-system-based
reasoning was applied. Bar-coded work orders generated by the system would serve as the link
between the user's material/process flow diagrams and shop-floor and laboratory execution of SOP
work orders. On-line data from instruments and process sensors would be captured by the system,
validated and stored in a relational material property/batch record database. The expert system
would serve as an intelligent assistant and a graphical front-end to the integrated archival database.

The strategy for applying expert system technology to the manual SOP tracking component of the
LCMS was predicated on saturating users with labor-saving features to win them over to new ways
of planning and organizing their projects, having work assignments executed, recording and report-
ing results. The goal was not to supplant the need for thought, or to absolve users from being intelli-
gent, but to leverage their productivity and that of the resources they used.

On-screen SOP control panels provide a convenient means of specifying the parameters of ASTM-
based test procedures. When a user connected the icon for a particular ASTM test procedure to a
material icon in a process flow diagram, the active-document intelligence of the test procedure
control panel object would validate, among other requirements, 1) whether the test was applicable to
that material type; 2) whether the context in which the ust!r wished to apply the test was reasonable;
and, 3) whether the resources needed to carry out the test were available or needed calibration. As
the user specified a sequence of production and testing procedures in a flow diagram, the LCMS
would create an as-planned master batch record containing slots for each uniquely identifiable
material consumed or created and the applicable SOPs.

Each SOP defines objects within a process which potentially can influence a material's properties.
Once data about the material and the SOPs entered the system, the material property data would be
processed and stored in an integrated archival E49 material property database. Additional slots in
the batch record would provide a means of documenting the status of objects in the domain that
may have some influence a material's processing and testing history. Batch records, therefore,
contain "snapshots" of the state of relevant objects in the domain at the time data about the material
were collected.

The first working prototypes, whose purpose was to elicit user feedback regarding the graphical
flow-diagramming interface and the behaviors of materials and process objects, were created in
Lisp. These prototype revealed that physically connecting material and process icons with lines
could have several logical interpretations and consequences. It became apparent that presenting too
much system-level detail to users would not be advisable. In response, the interface was designed to
hide the complexity of the system-level data representations.

The implication at the midpoint of Phase I was that the LCMS would need a sophisticated awareness
of the context(s) in which the user %vas attempting to connect icons of processes and materials. If the
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system understood the context of the user's actions, it could hide the underlying complexity, while
preserving the logical relationships it required and the user probably intended (but may not have
fully realized).

The search for a more immediate solution led to the evaluation of a commercially available expert
system shell which, among a host of other features, offered the tools needed to build interactive,
intelligent user interfaces. This software development environment, G2T from Gensym Corpora-
tion, is object-oriented, as was the Symbolics Genera M environment used in the initial, Lisp-based
prototypes, which greatly simplified the mid-project transition. Real-time, knowledge-based
reasoning was not considered essential for the LCMS at the outset of Phase I; however, the combina-
tion of object orientation, tools for building graphical user interfaces, knowledge-based expert
system development tools, portability and the ability to reason in real time made G2 an attractive
development shell. As a result, rapid prototyping was continued in the second half of the project
with G2.

The final G2-based prototype incorporated an intelligent, graphical user interface; interactive flow
diagramming for planning, specifying and scheduling project activities; a library of process tem-
plates to simplify project planning; automatic creation and management of batch records; automatic
assignment of unique material identifiers; continuous monitoring of prepreg shelf life; message-
board notification of shelf-life expiration; and, interactive control panels for user specification of
Standard Operating Procedures (SOPs). The final prototype also demonstrated the potential for
integrating within the LCMS a modular subsystem for real-time, knowledge-based process control
of press curing and other composites processes.

CONCLUSION

The prototypes developed with G2 established the technical superiority of G2 for development and
delivery of the LCMS. The choice of G2 also resolved technical uncertainties associated with port-
ability, multi-user access and integration with external databases. The consequences of the shift in
development environments from Lisp to G2 extend well beyond the demonstration of technical
feasibility, however. Development of the LCMS using G2 will make it possible to:

* Deliver a much higher level of functionality and added value via the integration of
material tracking, quality management and real-time process control capabilities in a
single application;

9 More easily capture and incorporate during development the knowledge of collabo-
rating organizations having extensive composites processing expertise;

9 Share and reuse existing knowledge bases to leverage the development of extended
capabilities;

• Field test incremental prototypes of the LCMS using existing computer hardware at
field test sites;

* Simulate process control scenarios within the application before field testing;
e Interface the real-time process control portions of the application to existing sensors

and controllers;
* Dramatically reduce development time and cost despite a much higher overall level

of functionality;
* Begin applying the system's functionality to support the broader objectives of

concurrent engineering and Computer Integrated Manufacturing.

These opportunities for full-scale development were unthinkable at the outset of Phase I and would
remain so in the absence of the evaluation of G2 made during Phase 1.

It should be noted that at the outset of Phase I it was not evident that an expert system-based
approach was appropriate, nor was real-time control of composites processing considered within
the scope of a LCMS. However, in the context of G2's framework for knowledge representation and
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reasoning, the material tracking component of the LCMS now can be viewed as a slower-moving
subset of a more encompassing, real-time, knowledge-based application.

RECOMMENDATIONS

Objectives for Full-Scale Development and Implementation

Full-scale development and implementation are predicated on the following two broad, comple-
mentary technical objectives:

1. Delivery of a unified, user-friendly, knowledge-based advanced composites life cycle
management system that provides comprehensive material traceability and quality manage-
ment support for both R&D-intensive and high-volume production environments;

2. Leveraging the system's knowledge base of materials, their physical and chemical properties
and processing requirements by developing software modules for real-time, autonomous
control of composites processing, specifically, for pultrusion, autoclave curing and compres-
sion press curing.

Distinctive advantages of G2 are its modular, knowledge-based architecture, real-time inferencing
and graphical user interfaces. Full-scale development would capitalize on the synergistic reuse of
one knowledge base to create others, thereby making it possible to extend the system's functionality,
value and cost effectiveness beyond what could be accomplished in separate, uncoordinated devel-
opment efforts. Full-scale development would also benefit from the rapid prototyping approach
employed in Phase I. To gain further advantage from the collaborative advantages of rapid proto-
typing, hands-on field testing at government, academic, institutions and commercial enterprises
should be an integral part of any full-scale development effort. This would ensure satisfaction of
Army and supplier requirements and also would facilitate the transition to broad commercial
deployment.

Functional Requirements

Functional requirements for the LCMS were described in the Discussion section of this report and
are summarized in the illustration on the following page. A full-scale LCMS also would provide a
framework for quality management, supporting contractually required inspection records of prod-
uct acceptance under MIL-Q-9858A and MIL---45208. Documents complying with these quality
management standards are labor intensive to create, use in process analysis, store and retrieve. They
can be lost, damaged and otherwise rendered illegible. The LCMS would satisfy the compelling
need to replace shop-floor paper documents with a flexible, easily maintainable computer-aided
quality management system.
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Guided, Interactive, project planning Monitors compliance with, and
and scheduling documents adherence to. MIL qualitymanagement standards
Status reports, alerts to existing and

potential anomalies Monitors compliance with health,
safety & environmental requirements Replicates and distributes scarce

Monitors status of all available knowledge
resc-rces Logs and validates continuous process

& test data Simplifies acquisition and
Generates project-specific, bar-coded management of quality assurance
SOPs, work orders, laboratory reports, Logs and validates data from and production data
labels bar-coded work orders, laboratory

reports User-friendly, on-line access to
Bar-coded data capture from manual raw data, summary statistics,
operations Real-time advisory support for batch & procedural and heuristic

continuous production processes knowledge
Continuously monitors inventory
levels, shelf life expiration Real-time autonomous control of batch Greater assurance of data integrity

& continuous production processes via multi-pass validations
Manges scanned-in documents Maintains complete audit trails Uninterrupted, unattended

oversight of critical resources &

Real-time Functions & Services operations

Rigorous. unsupervised
confirmation of adherence to
designated procedures

Troubleshooting assistance via
exhaustive audit trail

Processing SOP libraries In-house engineering More efficient use of data, staff.
" manual standards gmaterials and other resources
" semi-automated
• continuous Historical and in-process Reduced manufacturing, QC and

Test & in-Ou batch records aap general administrative costs

libraries (ASTM & in-house) Material property data Reduced waste•manual
* automated Standard & in-process Higher, more-consistent product

product & project costs quality
Material quality, handling

& safety SOPs Sensor & instrument
• Certification documents calibration schedules Results/Benefits
*MSO Sheets R slsB nft

Work schedules,
Inventory resource availability

" Raw materials
" In-process
* End items
" Processing & Critical

testing equipment data bases

Life Cycle Management System

Figure 34. Functional Requirements of Life Cycle Management System.

Overview of Expert Systems

Introduction

Expert systems like G2 use a symbolic computational approach to automating intelligence. Rule-
based expert systems consist of three key parts: an inference engine; a collection of IF.. .THEN...
production rules, called a rule base; and a collection of known facts and beliefs about the world,
called a knowledge base.

The IF.. .THEN... rules provide an expert system with a set of actions to take when the perceived
state of the world matches the conditional clause of the rules. The knowledge base contains the facts
about the world as they are known to the system. Not all facts are absolutely true: most have a belief
or certainty factor associated with them. The inference engine is the heart of the production-rule
system. Its primary task is to match the conditional clauses of the rules with the known state of the
world in the knowledge base. From the collection of matching rules, a single rule is chosen, and the
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system executes that rule. This action probably changes the state of the world, so a new set of match-
ing rules must be developed. The operational cycle of a rule-based system is one of match-select-fire
and not the fetch-execute-store cycle of a conventional procedural program.

LCMS Knowledge Acquisition and Representation

Knowledge acquisition is the process of extracting and formalizing knowledge for use by an expert
system. This knowledge can be acquired from human experts and from published sources. Examples
of knowledge are descriptions of objects, identifications of relationships, and explanations of proce-
dures. A substantial, well-organized body of knowledge about composites testing and characteriza-
tion is already contained in the ASTM D-30
Standards. A list of those which will be
encoded as SOPs in the LCMS appears e Knowledge map
in the Appendix. Another source is
MIL-HDBK-17. These and other
published sources will be used -
to build the LCMS knowledge
base.

Knowledge representation will Human expertise Knowledge base

include the use of production
("IF.. .THEN...") rules and
frames. "IF.. .THEN..." rules ,4-
lend themselves to the represen-
tation of deductive knowledge 4

- situation/action, premise/ Testing
conclusion, antecedent/conse-
quent, and cause/effect knowl-
edge, such as "If the temperature
exceeds 90 degrees Fahrenheit, Figure 35. Iterative Knowledge Engineering Process.
then alert the operator." Frames
are well suited to representing descriptive and relational knowledge that clusters or that conforms
somewhat to stereotypes, such as the behaviors of similar materials. Of these knowledge representa-
tion forms, production rules are the most widely used for commercial applications. In the LCMS,
knowledge would be compartmentalized (for the convenience of users) in larger units called SOPs.

Overview of G2 for Full-scale Development and Delivery

G2 is a software environment for developing real-time expert systems for applications that require
continuous, intelligent monitoring, diagnosis and control. It is designed for, and has been success-
fully applied in, a wide range of real-time applications in process control, manufacturing, aerospace,
robotics, finance, medicine and telecommunications.

G2 makes it possible to:

* Express and make use of complex relationships between objects.
" Represent the permanent and transient aspects of an application.
" Reason about and control events in a continuously changing environment.
" Respond to events when they occur without continuously having to poll sensors.
" Scan an application and focus on key areas when potential problems or opportunities

are detected.
" Apply procedural knowledge and rule-based heuristics.
* Acquire information from any number of local and remote data sources.
" Provide information to, and respond to requests from, local and remote users.
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* Communicate with other applications (e.g., simulation programs, external databases,
and communications programs).

Application development within G2 is simplified through the use of structured, natural language
programming tools and a high-level, intuitive, graphic-oriented environment. These features will
enable a series of prototypes of the LCMS to be developed rapidly, tested by users, and incremen-
tally evolved into a complete system. The following characteristics of G2 are relevant to the develop-
ment of the LCMS.

Knowledge Representation

The object and frame representation of knowledge in G2 is augmented by representation of deep
structure, object interactions and models of behavior. Objects may interact through connectivity or
proximity. Interactions may be analytic or heuristic. Knowledge is represented in generic form and
inherited across classes of objects.

Time

The ability to reason about time is a critical requirement for the LCMS. Human experts naturally
express knowledge in terms of behavior over time. Conventional expert systems do not provide this
reasoning ability. G2 allows heuristics and dynamic models to refer to behavior over time.

Knowledge Building Tools

Knowledge base development in G2 is facilitated by a natural language interface that human experts
can easily understand and use directly.

Knowledge Management

G2 allows knowledge to be organized in workspaces, which can be independently controlled and
secured. A knowledge-base retrieval facility allows browsing through knowledge, editing and other
knowledge management tasks.

Knowledge Debugging

G2 includes facilities for tracing the use of rules and other forms of knowledge at selectable levels of
detail to assist in debugging the knowledge.

Knowledge Validation

When developing complex, real-time applications, it is not practical to wait for an event to occur to
test the correctness of the knowledge base. G2 provides a built-in simulation capability that repre-
sents dynamic behavior and fault conditions, so the knowledge base can be tested and validated
before it is used on-line.

Explanations of Reasoning

As it runs on-line, G2 generates explanatory messages. Rules can provide explanations in natural
language, and the values of variables can be shown in trend plots.

Truth Maintenance

The validity of conclusions must be maintained in large applications with rapidly changing data.
This is accomplished built-in mechanisms that dynamically update the chain of inference, both
backward and forward.

Focus

Humans have the ability to focus on several problems while maintaining general awareness of their
surroundings. G2 mimics this behavior by priority invocation of the knowledge needed to deal with
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a particular set of circumstances-while still monitoring for other situations that may require atten-
tion.

End-user Interface

G2 provides all the tools needed to create interfaces for communicating with end users and control-
ling access to G2. Custom end-user interfaces can display real-time data through graphs, meters,
dials, readout tables and message boxes. Operators can enter information using type-in boxes, check
boxes, action buttons, radio buttons, attribute tables and sliders. In addition, G2 can animate and
change the color of objects dynamically to call attention to changing conditions in the application's
domain.

On-line Data

Through GSI, the G2 Standard Interface, G2 can receive data from and send messages to data acqui-
sition equipment, data bases and other data sources.

Networking

G2, through its Intelligent Communications Protocol, can communicate over conventional networks
to remote terminals running X-Windows. Multiple G2's can be networked as well.

Creating LCMS Knowledge Bases with G2

The first step in developing the LCMS application with G2 will be to define each class (or type) of
object in the application, including its screen icon, its attributes, special characteristics and how
objects of that class will be connected to other objects. Every object in G2 belongs to a class, and all
classes are arranged hierarchically so that subclasses can inherit the attributes and icons of their
superior classes. An example of a class hierarchy for materials was presented in the Discussion
section of this report for the G2 prototype.

The hierarchical arrangement simplifies the task of defining the classes of oojects for a complex
application like the LCMS. Attributes that apply to a number of different classes of objects can be
defined once, in a common parent class. Those attributes will automatically be inherited by the
subclasses. This eliminates the need to repeatedly assign the same attributes or icons to a number of
related classes. Similarly, rules can be applied to classes of items at any level within the hierarchy.
This makes it possible
to write a few power-
ful rules that apply Major Components of a Knowledge Base
across the application Objects Articles of interest in the application

to many different Attribute tables Tables that list the described characteristics of objects.

types of items. Theresults____s__awe___-_connections and other items.
results is a well-
structured knowledge Object definitions Definitions of the classes of objects that exist within the

base that contains knowledge base.

fewer rules than Variables and parameters Objects that have numbers, symbols, text. or truth values as

otherwise might be values.
expected. Connections and relations Representations of the physical, logical, temporal, and other

Having defined classes relationships between items.

of objects, the next task Rules Statements that indicate how to respond and what to conclude
will be to create amodl beo cathe a from conditions in the application.
nent parts of applica- Procedures Sequentially executable sets of statements.

tion by placing objects Functions Arithmetic operations, either built-in or user-defined.

on a workspace and Table 1. Major Components of a Knowledge Base.
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connecting them to show their relationships. The result is a top-level schematic diagram of the
application, much like the flow diagram on the second page of the Introduction. Associated with
each object in the diagram is a table that describes the object. G2 automatically creates this table from
the definition of the object's class. These tables were mentioned in the discussion of the G2 Phase I
prototype.

After constructing the schematic, the source of values for each variable is indicated. Possible data
sources include the G2 real-time inference engine, the G2 simulator, and other data sources such as
real sensors. Those which are valid for limited periods are represented with variables. Data values
which need to remain valid indefinitely are represented with parameters.

Some variables and parameters receive values from G2's real-time inference engine. If... then... rules
tell G2 how to conclude values for those objects. Other rules may indicate how to respond, and what
to conclude, from changing conditions within the application. Rules and all other statements in G2
are entered in structured, natural language using a context-sensitive editor that provides guidance
through each part of writing the statement, making it impossible to write a syntactically incorrect
rule. When the application is running, G2's real-time inference engine uses these rules, together
with data it receives from other data sources, to infer how to respond to conditions. Rules will be as
generic as possible, i.e., so that they apply to a whole class of items, because having one rule that
applies to many items is better than many rules which accomplish the same result.

Many of the objects and relationships in the LCMS will be permanent, while some may be transient,
i.e., they may be created and deleted by actions that G2 executes as it runs. Within rules and proce-
dures, objects can be created, manipulated and deleted. Objects created in this manner are transient
objects because they are not saved as part of the knowledge base; however, they can be worked with
while the knowledge base is running. Actions can also establish or remove relations between items.
G2 can reason about relations in the same way that it can reason based on graphical connections
between objects. Like transient objects, relations are not saved as permanent parts of the knowledge
base.

When the LCMS is running, users must be able to interact with information from the application. A
library of end-user controls, such as check boxes, radio buttons, action buttons, and type-in boxes
will be created for entering values or giving instructions. A number of these interface features were
used in the Phase I G2 prototype. Various displays will also be required, including graphs, dials,
meters and readouts to show the state of the system and its components. Another means of commu-
nicating conforming and non-conforming events is through messages, which will be written to an
on-screen message board and accumulated in the system's log book.

The knowledge base of the LCMS will contain the class definitions, objects, connections, rules,
formulas, procedures, end-user controls, etc. Components of this knowledge base will organized in
subworkspaces. Each ASTM D-30 SOP control panel, for example, will appear in a separate
workspace, called up from a menu tied to a library of all ASTM SOPs in another workspace. Other
objects will be contained in workspace, supporting a hierarchical, modular organization of knowl-
edge.

Development of the LCMS knowledge base can proceed incrementally, with each prototype iteration
adding new components to the knowledge base. Even before the knowledge base is completed,
however, field testing can begin. The application also can be connected through GSI, G2's
communication's interface, with external data sources using off-the-shelf or custom-programmed
data interfaces. Therefore, field testing of the process control subsystems of the LCMS can also
commence early in the full-scale development cycle.
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System Architecture

The architecture of a full-scale LCMS is illustrated on the following page. Note that the design is
modular, yet highly integrated. Key software components are discussed in this section.

A full-scale LCMS would contain the following commercially available software products, which
are described in detail in this section of the report:

Product Vendor Purpose

G2TM Gensym Corporation Real-time expert system shell

GSTM Gensym Corporation Communications interface for G2

G2 Interface Bridges Gensym Corporation Interface to sensors and controllers

Oracle TMRDBMS Oracle Corporation Archival, relational, material property database

Oracle Bridge Gensym Corporation Interface G2 to Oracle

LabVIEW2TM National Instruments Interfacing to laboratory instruments

Table 2. Commercially Available LCMS Software Components.

Announced Release of G2 Version 3.0

Coinciding with the conclusion of Phase I in July, 1991, the Gensym Corporation announced a new
release of G2. Version 3.0 incorporates enhancements which have favorable implications for enhanc-
ing the functionality of the LCMS.

The processing speed of G2 has been increased through use of an incremental compiler. Version 3.0
up to 10 times faster than previous versions. G2-based applications like the LCMS will now be able
to process several thousand rules per second, up from several hundred. This improves the price/
performance ratio for large-scale applications, such as a LCMS deployed enterprise-wide in a high-
volume production environment. The amount of memory needed to run G2 has been reduced. RAM
required to run G2 and its applications on a conventional UNIX workstation has been reduced by
more than 50%. These two enhancements - greater speed and reduced memory size - bode well
for Phase III delivery on low-cost workstations or high-end PC's, thereby making the LCMS even
more accessible and economically acceptable to smaller composites fabricators. Embeddable, run-
time versions were announced as well. These can be made part of other systems, such as process
control systems, robots and other closed-loop control systems. The embeddable version of G2 and a
typical application will fit in 8 megabytes of memory. In the event of a system shutdown caused, for
example, by a power failure, a new "warm boot" facility will restore the run-time environment and
resume operations at the point of shutdown. Without this automatic restoration feature, a LCMS
based on the previous version of G2 would require a costly workaround.

In addition, the user interface has been enhanced with facilities to print reports and hard copy
documents through PostScript"' -compatible files. Bar, column line and scatter charts are also
included in Version 3.0. Tables, a facility for creating compact and highly-configurable data dis-
plays, has been added. Version 3.0 also has more editor controls, enhancements to the inspect
facility, and new tools for searching and modifying knowledge bases.

GSI

GSI, the G2 Standard Interface, is a t(x)lkit for building interfaces between G2 and external data
sources such as a data acquisition or control system, remote databases, or non-G2 operator displays.
GSI allows G2 to:

* Obtain values from external sources;
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" Set values in external applications;
" Send text messages and receive acknowledgments;
" Receive unsolicited input from external data servers;
" Invoke C functions and optionally receive return values;
" Have G2 procedures invoked by a C program.

GSI acts as a data server for variables in G2 like the inference engine or the G2 simulator. It makes it
possible to establish a correspondence between external data points and special G2 variables. When
the value of such a variable is needed, it will be obtained by GSI from the external data point. When
such a variable is set, the value will be sent to the external data point by GSI.

GSI addresses the following issues in a platform-and network-independent manner, without any
need for user involvement:

" synchronizing processing tasks
" interfacing with a network
" recovering from network or node failure
" dealing with multiple data sources
" grouping data
* receiving unsolicited data and messages
" exchanging error messages
• exchanging status reports
" buffering data
" converting data formats
" dealing with variable-length data
" handling system start-up and shut-down
" handling pausing and resuming operation
" handling buffer panics
" allocating resources
" recovering resources
" minimizing processing overload
• detecting failure.

OracleTM r_ dMS

The LCMS includes an E49-compatible relational database system for materials property data and
for meta data contained in batch records. In a relational system, data are stored as rows and columns
in table, which allows rapid access to data in response to query operations that ask for information
about materials having certain properties. Material data can be and are measured in different ways.
Unless the user knows the test method, it is very difficult to know if the data apply to the applica-
tion. The proposed E49 standard provides a format for storing this meta data with the material
property data.

Oracle is a widely used relational database. It is available on a large number of platforms, as is the
case with G2, eliminating portability as a technical impediment to Phase II development and Phase
III deployment. The product contains a relational database management system (rdbms) and other
add-on tools as part of the full development license. Additional tools are also available. Those which
are applicable to the development of a data retrieval and report-writing functionality in the LCMS
have been included in the cost proposal and are summarized in the accompanying figure.

Oracle will be interfaced to G2 and used to store archival batch records and material property data
compatible with the proposed E49 standard. A database containing data -gathered from bar code
scanning of manual SOPs and from on-line production processes and instruments would quickly
exceed G2's internal storage capabilities. Therefore, incorporating an external, archival database in
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the LCMS is imperative. Furthermore, in light of trends toward material property data standardiza-
tion, it is advisable at the outset to integrate a relational, E49-compatible database with the LCMS.
Graphic images will be stored as well as textual and numeric data.

In the past three years there has been a gradual merging of expert systems and database packages.
Databases are beginning to provide AI capabilities and expert system shells now provide links to
databases. G2 is one of the latter. Users of the LCMS will perceive a seamless integration of the
supporting knowledge bases and archival data base. An integrated solution environment is techni-
cally feasible and desirable for tasks that involve configuring the system to capture data, defining
and inspecting as-planned project scenarios or controlling continuous processes. On the other hand,
access to archival material property and batch record data, particularly when nonroutine queries are
involved, is likely to be carried out directly via SQL calls to Oracle. The proposal includes the
appropriate Oracle tools for building query and report-writing user interfaces to the Oracle data
base.

GSI-Oracle Bridge m

The GSI-Oracle Bridge is an off-the-shelf software utility developed by the Gensym Corporation
which allows G2 to act as a front end to Oracle databases and to access existing data. The bridge
makes it possible to store G2-generated batch record and associated material property data for
future retrieval and analysis. Archival storage is a critical requirement of the LCMS. The GSI-Oracle
Bridge has been used on-line since February, 1991 in Biosphere II, where Oracle is used with G2,
which controls the project's environmental systems.

The GSI-Oracle Bridge"' runs as a stand-alone process that allows data exchange between G2 and
an Oracle database. One of the add-on tools supplied with Oracle that does not require a full devel-
opment license is the Oracle Call Interface (OCI). The Oracle Bridge code is based on OCI. Classes of
Oracle-objects can be defined in G2 that match corresponding tables in the rdbms, i.e., attribute
names in G2 match column names in the database. Consequently, selected objects appearing in G2
can be mirrored by an Oracle record. The bridge optionally caches database record cursor definitions
for greater efficiency during repeated fetches to the database.

GSI-Oracle Bridge provides:

" record selection using standard SQL (Standard Query Language) statements;
* selective control for continuous updating;
" additional access to the database via remote procedure calls from G2;
* sample interactive SQL dialog;
" pre-packaged record manipulation procedures;
" connection of multiple G2's to a single bridge.

Bar code scanning

The Videx TimeWand IY is a small, portable, highly programmable bar code scanner. The operation
of the TimeWand II is controlled by programs which are loaded in the wand's RAM, which is used
for both data and program storage. TimeWand II programs are stored in files on the host computer
and are uploaded to the device through a recharger/downloader unit using communications soft-
ware. The scanner is programmable in C, providing complete control over the wand's operation.
Two types of programmability are possible: symbology programs enable the device to read and
store bar codes, including Code 3 of 9, which will be used in the LCMS; and, application programs,
which control the sequence of data entry and the messages that appear on the Time Wand's display.
Cross references, such as a list of material ID numbers and their descriptions, can be included for
point--of-use validation of data input.

When integrated with the LCMS's SOP control panel work order generator, G2 would create display
prompts and a list of the scans expected for the bar-coded manual operations designated in the
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work order. These would then be
downloaded to the scanner when it
was placed in its recharger/
downloader. When one or more SOP
work orders were completed, the user
would return the device to the re-
charger/downloader, where G2,
sensing its presence, would automati-

cally upload scanned-in bar codes and
any data entered via the keypad. G2
would then process validate, store and
report the execution of the work
order. No further documentation of
performance on the work order would
be necessary in most cases. All raw
scanned-in bar codes are automati- , '*-, .w'..
cally time-stamped; therefore, when- A- " - -." " .

ever extremely time-critical opera- - _
tions need to be monitored, G2 can .
determine whether they were carried
out in accord within the prescribed Figure 37. Videx Time Wand II.
amount of time.

This approach extends the expert system's vigilance to the point of use in a unobtrusive, construc-
tive manner, while still allowing users complete freedom of movement to do their jobs. Users can
still make invalid entries, but a combination of a message on the scanner's display and an audio
response will alert them to doing so. For time-dependent procedures, the scanner can also issue
beeps and advisory messages when specific tasks need to be performed. This model can store
approximately 2,000 scans in addition to the device's operating system and application programs.

Real-time Optimization and Control of Composites Processing

Significant economic returns can be realized from the application of real-time, expert-system-based
control of important composites processes such as autoclave curing, RTNI, pultrusion, filament
winding and press curing:

" Mistakes are costly in terms of material cost and lost development time.

" The composites community needs a better understanding of these processes, which are
complex and sensitive to many process parameters. A coherent set of algorithms and heuris-
tics needs to be developed.

" Trial & error is often used to establish a working set of variables.

" Development of an expert system is a process of assembling, validating and codifying
diverse knowledge. The expert system allows that knowledge to be replicated and distrib-
uted cost effectively.

" Sufficient expertise is available to benefit from the development of a real-time expert system.

" Results can be readily evaluated, i.e., the quality of the parts fabricated under expert-system
control can be evaluated unambiguously.

The schematic on the following page appeared earlier in this report. Shading is used to highlight
processes in which a combination of real-time advisory support and/or autonomous optimization
and control either have been demonstrated or can be applied.
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G2 is ideally suited for developing real-time expert systems that require continuous and intelligent
monitoring, diagnosis and control. G2 makes it possible to:

* Express and make use of complex relationships between objects.
* Represent the permanent and transient aspects of an application.
* Reason about and control events in a continuously changing environment.
" Respond to events when they occur without continuously having to poll sensors.
" Scan an application and focus on key areas when potential problems or opportunities

are detected.
* Apply procedural knowledge and rule-based heuristics.
" Acquire information from any number of local and remote data sources.
• Provide information to, and respond to requests from, local and remote users.
" Communicate with other applications (e.g., simulation programs, external databases,

and communications programs).

Requirements of Real-time. Knowledge-based Process Control Applications

They involve objects that can be viewed in a hierarchy. Broad classes can have behaviors associated with
all members of the class, while more specific sub-classes or instances can have behaviors associated
only with the sub-class or instance. This allows greater efficiency in knowledge representation, not
only when expressing rules, but also when expressing dynamic behavior and other analytic knowl-
edge. Rules and dynamic models that refer to broad classes are expressed generically, to apply to all
members of the class, a great efficiency in implemer'ing the system.

Similar types of problems recur. Rules, objects and dynamic models developed for one application
scenario may be adapted to similar problems, enabling existing knowledge to be reused to create a
new solution.

Many applications have fast changing data. G2, because it is designed for real-time applications, greatly
reduces the prototyping time for such applications. G2 allows a simulation to provide values for
prototyping and development, supplanted by sensor-based data at installation. At that time, data
servers can provide interfaces to other systems with a minimum of user work, so the prototype can
evolve into the working application more quickly.

They require knowledge management facilities. Large applications may include thousands of object,
rules, formulas, dynamic models, and other items. The techniques of relational data base retrieval
can be extended to knowledge bases, to allow the user to browse through objects, rules, models and
other forms of knowledge, editing and augmenting them in an interactive manner.

G2's real-time expert system features are well suited to these kinds of applications. G2 makes it
possible to combine analytic modeling and heuristic reasoning in an object-oriented representation
of the problem domain. G2 knowledge bases can be modified and debugged while running, further
speeding up debugging.

Published Example of G2-based Real-time Control of Compression Press Curing

A rule-based expert system implemented in G2 for control of organic matrix composites curing has
demonstrated the ability to process a part according to the specific requirements of a part's materials
and geometry (Manzini and Roehl, 1990), whose work was motivated by earlier research in self-
directed control (Abrams, Lagnese, LeClair and Park, 1987) at Wright-Patterson AFB. These ex-
amples led to the recommendation that a subsystem of process control modules for compression
press curing, pultrusion, and autoclave curing be integrated with the full-scale LCMS. The following
discussion summarizes the article by Manzini and Roehl.

Manufacture of graphite fiber-reinforced organic thermoset composites typically involves the
creation of a part by laminating into a mold resin-impregnated sheets of woven graphite fibers.
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Epoxides are the most commonly used resins in the organic matrix compound. The mold is heated
using a heatable pressure vessel (autoclave) or a compression press. An adjustable force is applied to
vertically opposed heatable platens of the press. Pressure is increased during processing to expel
entrapped air, moisture, excess resin and volatiles, thereby reducing voids. As the temperature
increases, the viscosity of the resin first becomes very low before undergoing an exothermic poly-
merization reaction. After the resin has hardened, the part is cooled, removed from the mold,
trimmed and machined.

The cure state of a part can be inferred during processing from in-situ sensor measurement of
temperature, pressure and resin viscosity. The pressure on a part in a compression press is the result
of a contacting, rather than hydrostatic, force of an autoclave. Vacuum typically is not applied.
Therefore, thermal and resin flows are markedly different from those encountered in autoclave
curing.

Thick laminates develop significant thermal gradients across their thicknesses during heating.
Traditional processing strategies employ ramp-soak periods to compensate for different heat trans-
fer rates between the surface and centerline of the part. Uniform heating is also complicated by the
exothermic reaction of the epoxy resin. Nonuniform curing can result in residual stresses that
adversely affect quality.

As the resin cures, it proceed through a sequence of states. Real-time optimization of these state
transitions implies a need for analysis of sensor values and their derivatives.

Simultaneous goals of a real-time control strategy for press curing are to:

1. Maintain uniform temperature distribution throughout the part.
2. Drive the average part temperature to the target temperature as soon as possible.
3. Reach a final degree of cure consistent with good part quality.
4. Obtain the desired resin-to-fiber ratio.
5. Prevent exotherm-induced overheating.
6. Continue operation in the presence of sensor failures.

The article proceeds to describe the detailed implementation of object hierarchies for materials,
equipment, sensors, and part sites process rules. G2's ability to reason about the on-screen proxim-
ity of objects and connections between objects facilitates adaptation of the knowledge base to various
processing scenarios.

In summary, the object-oriented, hierarchical design of G2 is a natural modeling environment for
mapping the components of the press curing process to an expert-system-based representation. The
sheer variety of processing scenarios faced by a composites production facility makes an object-
oriented expert system very attractive for a process control system. The behavior of sensors and
process equipment and the physical relationships between objects in a production scenario can be
defined explicitly, including the processing requirements of different sites on the same part. As was
demonstrated in a very limited way during Phase I, rules are used to start up, run and shutdown the
process. Other control system rules reason about the states of the objects present in a given process-
ing scenario. Different categories of rules will represent the behavior of process equipment (e.g.
sensors and controllers), resin classes and specific resin types. Conflict resolution rules arbitrate
conflicts arising from the needs of different part sites. The knowledge base for the manual tracking
functions of the LCMS can be reused and extended in the pultrusion and autoclave curing process
control modules, saving development time and cost. Heuristic reasoning would be combined where
appropriate with analytic models.

Autoclave Curing

Autoclave curing is another advanced composites process that would benefit from a real-time
knowledge-based control system flexible enough to accommodate changes in materials and process-
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ing conditions. A process control module for autoclave curing would share knowledge representa-
tions with the core LCMS and other process control modules. Wu and Joseph (1990) have reported
on the feasibility of applying knowledge-based control based on simulations of autoclave curing.

Pultrusion

Of all the commercially viable composite manufacturing methods, pultrusion offers the greatest cost
reduction potential, is the most in need of an advancement of scientific understanding and could
benefit most from the application of knowledge-based systems techniques to maintain consistently
high quality. The goal of this portion of a full-scale development effort would be the creation of a
real-time, knowledge-based subsystem for autonomous control of pultrusion processing. Recogni-
tion of the advantages of this objective have been noted in a recent publication by the Composites
Development Branch of AMTL (Jacklitsch and Bostic, 1991).

Pultrusion is a low cost, high quality, automated manufacturing method for continuously producing
advanced composite material structures. Pultrusion offers the potential to reduce the cost of ad-
vanced composite parts by a factor of 2 to 5 compared to the price of conventionally-autoclaved
composite structures made from prepreg materials. Pultrusion has been receiving increasingly
widespread interest from the defense community because of its ability to satisfy the low cost and
high quality goals of manufacturers and users of advanced structural composites.

The low cost of pultruded composite components can be attributed to a variety of factors. The
process requires little operator input other than to maintain the material supply. Therefore, labor
costs are low compared to other alternatives for moderate production runs. Pultrusion machinery is
relatively inexpensive when compared to other automated composite production hardware, and
tooling costs are also low. Pultrusion generally employs the least costly forms of the constituent
matrix and reinforcing materials, and very little raw material is wasted. Except for pultrusion, all
advanced composite production techniques make components one at a time. The cost of repetitive
operations greatly increases the price of finished components. Only pultrusion produces completely
cured composite parts on a continuous basis. Cured structures of any length may be fabricated at
rates 15 to 40 times faster than alternative methods.

Pultrusion is one of the most challenging candidates for process control and optimization. Rapidly
changing temperatures and pressures and a moving reference point inside the closed die are a few
factors complicating sensing, reasoning, optimization and control of the process. The development
of an intelligent control system for automated process monitoring and control is essential for achiev-
ing the consistent quality required in high performance composite structures. As with the process
control subsystems for compression press curing and autoclave curing, a hybrid system combining
analytic modeling and heuristic reasoning would be required.

Field Testing and Development

As an integral component of full-scale development, field test sites would provide real-world
exposure to production, quality assurance, scl-eduling and related manufacturing issues. They

would contribute expertise in production, testing and characterization processes where real-time,
expert-system-based advisory support and process control would have the most favorable implica-
tions for productivity, quality and cost reduction.

We anticipate that a number of iterations would be necessary when proceeding through the stepwise
approach to field testing described below. Some features would need to await the implementation of
others. Early designs would need to be refined in response to user feedback and as other enhance-
ments were added to the system. G2 supports, and indeed, encourages, this iterative approach.

1. Deploy a rudimentary tracking system as soon as possible in a full-scale development effort.
In addition to the flow-diagramming user interface, the first-generation system would need
to incorporate bar-code printing and scanning, batch record keeping, a batch record query
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facility and the infrastructure of a material/process knowledge base. Field testers would be
asked to organize a small project team to coordinate their in-house use of the prototypes in
part of their operation on a stand-alone, experimental basis. Several iterations of this first-
pass system would be needed to refine the interface and underlying knowledge representa-
tions.

2. Add to the tracking system SOPs for ASTM test and characterization procedures, manual
fabrication procedures and other tasks for which routine documentation is required. At this
stage, SOPs would be represented as on-screen control panels. The technical challenge is
translating ASTM and other procedures into intelligent, ergonomic, active documents,
supported by an expert system rule base. The tracking system also would be interfaced to an
archival, relational database (Oracle Tm ), where material property and batch record data
would be stored. The objectives of step 2 are intuitive ease of use, explanatory features, and
consistency among a growing number of SOPs.

3. Generate bar-coded work orders from control-panel SOPs. Data captured from the shop
floor or the laboratory via bar-coded SOP work order documents would be uploaded,
validated and appended to a materials' batch record. A good deal of overlap is inevitable
between steps 2 & 3 as refinements are made with respect to how these SOPs are handled
internally and externally. Feedback from field test sites would be based on actual or antici-
pated integration of these SOPs in their routine operations. Scheduling and standard costing
modules could be added at this time in response to suggestions by field test sites, as would
routine database query and report-writing features. The knowledge base would continue to
be enhanced in line with the need to support the system's growing complexity.

Steps 1-3 would essentially complete the system's manual information-tracking capabilities. At that
point, all field test sites would, of necessity, be using the same system.

4. Incorporate easily configurable modules for real-time data acquisition and knowledge-
based process control of autoclave curing, pultrusion, and press curing, in addition to
interfaces for real-time acquisition of data from selected laboratory instruments (via
LabVIEW 2). Advisory-level support modules for contrilling composites processing would
be developed initially. These would provide much of the infrastructure needed for the
subsequent extensions to autonomous process control.

Step 4 could be initiated before Steps 2 and 3 are completed. The LCMS would be designed as a
modular system with lower-level sharing of object definitions and behaviors. This will enable any
process control modules developed in the future to be grafted seamlessly to the core application.

Use by the Federal Government

These recommendations are designed to ensure that the LCMS meets the Army's requirements for
an integrated, user-friendly, knowledge-based life cycle management system which can easily
accommodates the continuously changing scenarios for material traceability and quality manage-
ment typified by research-intensive organizations such as AMTL.

The Army is engaged in a variety of applications of advanced polymer composite materials. These
materials are used in air and ground vehicles, bridges, shelters, weapons, missiles, ballistic armor,
etc. Typically, end-item requirements, which may or may not specify the type of material(s) to be
used, are furnished by the government to commercial contractors who develop the engineering
designs. Interaction of government agency and contractor is one means by which material quality
and performance problems are identified. These then become the subject of future Army R&D
efforts. A LCMS would facilitate this and other types of government-contractor interactions. It
would increase R&D productivity, shorten development times, and facilitate R&D planning, project
scheduling and budgeting. One of many desirable services provided by a full-scale LCMS would be

Page 58 The Analytix Group



Innovative Ue Cycle Management Systems for Composites Phase I SBIR Final Report

the ability to retrieve from its database materials used for a specific application and/or environment.
This is of particular interest to the Army because it would facilitate correlations of materials' life-

cycle histories with material properties, processing conditions and other pertinent information.
Real-time process control modules for press curing and autoclave curing could be custom-tailored
for, and interfaced to, existing AMTL processing equipment. AMTL would also benefit from a
generic knowledge-based process control module for pultrusion. In addition to having a practical

solution to composites life cycle management, the LCMS would provide a knowledge-based infra-
structure which could be extended in future Army R&D efforts to develop more sophisticated
process control capabilities for the production of advanced composites.

Commercial Deployment and Other Potential Commercial Applications

Rapid prototyping and extensive field testing at government, academic and commercial sites would
help to identify subtle life cycle management issues and ensure a smooth transition to broad com-
mercial deployment. The new capabilities provided by the system would contribute to lower-cost,
higher-quality procurements of advanced materials by the DoD.

The LCMS described in this report would replicate and distribute scarce knowledge, simplify

acquisition and management of manufacturing and quality assurance data, provide unattended,
uninterrupted oversight of critical resources and operations, ensure high quality, reduce develop-
ment time and manufacturing costs, and increase operational efficiency. Stringent standards for
materials traceability and life cycle management also exist in biotechnology, pharmaceuticals,
medical diagnostics and devices, clinical laboratories, military and commercial aviation and nuclear
power systems.

Knowledge-based Infrastructure

The LCMS would provide a unified software infrastructure for fast delivery and commercial deploy-
ment of technology developed by research centers. The knowledge-based infrastructure of the
LCMS can facilitate the evolutionary development, integration and widespread deployment of
increasingly sophisticated knowledge in the form of new, special-purpose software modules.

Foundation for Concurrent Engineering and CIM

The need to work concurrently in the design, analysis and manufacturing of products using compos-

ite materials is prompting the integration of computerized material property data with CAD, CAM
and CAE systems. The potential exists to integrate the LCMS with design engineering software.

Doing so would represent a bottom-up approach to the creation of a modular concurrent engineer-
ing environment. Subsequent integration with financial accounting and database systems would

lead to a unified system for Computer Integrated Manufacturing (CIM) of composites, as shown in
the following illustration.
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ASTM 030 Standards for Composite Materials
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SBIR Guidance Information

Element 5: Fabrication and Processing
A. Materials procurement and manufacturer's product data

1. Shipping and receiving documents
2. Manufacturer's QA certification sheet
3. Product data sheet
4. Material safety data s' .eet (MSDA)
5. Cure cycle data
6. ASTM testing procedures
7. Materials supplies testing characterization procedures
8. Method and form of computer data input, e.g., manufacturer's bar code info

B. Processing methods
1. Type of processing

a. Autoclave
b. Compression press
c. Oven
d. Hot table
e. Pultrusion
f. Filament winding
g. Resin transfer molding
h. Other

2. Type, description and number of monitoring sensors
a. Vacuum
b. Pressure
c. Time/temp cycle
d. Temperature and humidity data during out-time

3. Data relevant to processing
a. Cure cycle
b. Methods for monitoring or determining state of cure

(1) dielectric techniques
(2) FTIR
(3) acoustic

b. Sensor data records
C. Fabrication of part

1. Types of tooling used
a. Description of tooling

(1) call plate
(2) vacuum bagging materials
(3) geometric configuration of tooling

b. Ancillary release, mold release spray, film
c. Bleeder cloth, surface roughness requirements

2. Raw material QA characterization and testing
a. Determine amount of prepreg required for manufactured part
b. (Prepreg storage log-out)
c. QA for prepreg fiber resin content (see element 6.A.1)

(1) Procedure for specimens sampling and handling
(3) temp/humid tracking record of out-time of prepreg
(5) implement characterization. Selected from element 6)
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e.g.:
(a) Prepreg

[11 chemical
HPLC: High Performance Liquid Chromatography
FTIR: Fourier Transform Infrared,
DSC: Differential Scanning Calorimetry

[2]Tack, acid digestion/resin bum-out
(b) fiber/spool

[1]fiber density, filament/tow strength
3. Staging requirements
4. Implementation; ply lay-up, procedure selected from element 4, B

a. (Prepreg storage log-in) for unused portion of prepreg
5. Processing implementation, selected from element 5, B, C.

a. Selection of cure cycle
b. Recording processing data

6. Post processing procedures
a. Bag tear down
b. Part removal

(1) record part orientation and position in relation to tooling
(2) label part (ID. & Orientation)

c. Tool cleanup
d. Inspection of part; select and implement tests

(1) good-bad criteria based on following tests
(a) thickness magnitude and variability
(b) visual cracks
(c) microhardness
(d) degree of cure test (FFT-IR (Fast Fourier Transform Infrared)) using trim scrap

* 9 * * decision branch * * * * *
(2) if reject then determine cause and remedy (establish Al/ES symptom, cause,

remedy); go to element 5, B, 3
(3) if OK then go to next step (i.e. Element 5, D immediately below)

D. Machining of part (e.g. whole panel or end item) & relabel
1. Safety considerations (MSDA, personal protection requirements)
2. Trim part, establish new part dimensions
3. Machining procedure (e.g. lathe, diamond wheel, routing, drilling, composite

expert system, etc.)
4. Machining prep requirements (type of tool used, special fixtures, wheel dressing,

lubricant)
5. Record of scrap

E. Implement end-item or panel characterization
(Selected characterization methods from element 6, A.) e.g.:
1. Nondestructive testing & evaluation (NDT/NDE):

a. Ultrasonic C-scan
b. Eddy current
c. X-ray
d. Radiography

2. Panel thickness and thickness variability (auto scan with x-y coordinate ID
relatable to thickness.

F. Machining test specimens from panel or end item (see element ,. E)
1. Select from element 5, D for cutting & machining
2. Selected from element 4, B, 3 for cutting orientation requirements
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3. Implement CAD/CAM procedures for mapping and labeling requirements for
test coupons. Mapping must be overlay correlatable with mappings associated
with element 5, E

G. Select types of testing and characterization of coupons from element 6.

Element 6: Menu of Characterization and Testing Methods (partial list)
An expert system could be developed to provide the selection of the most significant or cost effective
set of characterization and testing for a specific application.
A. Quality control methods.

1. Prepreg
a. Fiber content,

(1) acid digestion
(2) resin burn-out

b. Primary chemical composition analysis methods.
(1) High performance liquid chromatography (HPLC)
(2) infrared spectroscopy: FTIR

c. Primary methods related to resin processability
(1) thermal analysis:

(a) DSC: Differential Scanning Calorimetry
(b) TGA: Thermal Gravimetric Analysis
(c) DTA: Differential Thermal Analysis
(d) TMA: Thermal Mechanical Analysis
(e) DMA: Dynamic Mechanical Analysis

(2) tack
2. Polymer matrix, batch quantities, (resin, epoxy etc.)

(1) HPLC: High Performance Liquid Chromatography
(2) FTIR: Fourier Transform Infrared
(3) thermal analysis (same as c. (1) immediately above)

3. Fiber/spool (continuous or chopped)
a. Fiber density,
b. Filament strength
c. Yarn tow strength

4. Cured laminate test coupons
a. Fiber and % fiber content (acid digestion or resin burn-out)
b. Degree of cure,

(1) Fourier Transform Infrared (FTIR)
(2) Differential Scanning Calorimetry (DSC)
(3) Dynamic Mechanical Analysis (DMA)

e. Composite density
f. Composite thickness
g. Microhardness

5. End item or panel characterization
a. NDE; C-scan
b. Eddy current
c. X-ray
d. Radiography
e. Panel thickness and thickness variability (auto scan with x-y coordinate ID
correlatable to thickness).

B. Test and characterization related to engineering application properties
The selection of the types of tests, characterizations, and conditions are dependent on the
design application
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1. Mechanical testing (e.g.)
(Filament, neat polymer, composite)
a. Tensile, 00, 900, ± 450, 50 off axis
b. Compression, specify orientation
c. Short beam shear, impact, fatigue

tension/torsion
d. ASTM, MIL Handbook 17, standards
e. Other test methods (next menu)

2. Test monitoring methods
a. Acoustic emission
b. Thermography

3. Mechanical environmental test conditions (MIL-17, S.O.P.)
a. Wet/dry
b. Humidity/temperature

4. Environmental exposure (S.O.P.)
a. Weathering (temp/humidity/biological)
b. Abrasion

C. Other testing of end item or panel (S.O.P.)
1. Weathering
2. Ballistic
3. Wear
4. Field evaluation

D. Test specimen sample preparation and handling methods (S.O.P.)
1. Fiber (filaments & tows)
2. Prepreg
3. Coupons
4. Laminate panels
5. Filament wounded
6. Prototype

E. Specimen cutting procedures
1. Coupon dimensions (ASTM/MIL-Handbook 17 standards)
2. Panel mapping for test coupons

(a) statistical design, number of test specimens per type of characterization
(trimmed panel size requirement

(b) CAD/CAM lay-out for all types of specimens with labeling
(c)labeling info: panel I.D., CAD code for coupon orientation and position

relative to panel.

Element 7: Data Analysis
A. Material labeling and recording system

1. Types of labeling (internal/external to AMTL routing, tracking and computer
input procedures)
a. Auto label

(1) bar coding, compatible with SACMA
(2) alphanumeric (scanner)
(3) rf coding

b. Manual/audio
(1) keyboard
(2) vocal

2. Utilization of label information
a. Database storage and retrieval
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b. Tracking and routing (characterization, testing, in/out storage data)
c. Labeling information requirements for documents, raw materials, laminate

panels, test coupons.
d. Need to relate to one or more documents or databases

B. Statistical design
1. Sample size
2. Model

Element 8: Field Evaluation
A. In-service use field report

1. History tracking
a. Record performance

(1) down time
(2) failure record (symptom, cause, remedy)
(3) environment record
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Use of G2 for Real-Time Control of Composite Press Curing

FLEX[BLE CONTROL OF AN ORGANIC MATRIX
COMPOSITE CURE PROCESS USING OBJECT-ORIENTED

CONTROL CONCEPTS

Richard A. Manzini* and Edwin A. Roehl**

Process Control and Manufacturing Technology Division*
Applied Mathematics and Computer Technology Division*

Alcoa Laboratories, Alcoa Center, PA 15069

ABSTRACT Pressure is increased during processing to reduce the
amount of voids present in the final part and to expressRule-based expert systems for controlling the curing of excess resin in order to obtain a resin to fiber ratioorganic matrix composites have demonstrated the needed to achieve the desired part characterisutcs. Gasesability to process a part according to the specific present due to entrapped air. moisture. or a resin'srequirements of a part's materials and geometry. This volitile components. are the major causes of voids. In

paper describes an extension to this methodology using an atoclave. hydrostatic pressure reduces gas emissionan object-oriented approach to develop a highly flexible, and compresses voids. Resin flow disperses or expels
on-line control strategy which can be quickly configured voids.
to accommodate a variety of production loads.

The cure state of a given part can be inferred from
IN'RODUCTION sensor measurements made in-situ during processing.

The critical measured paramctcrs are temperature.Real-time knowledge-based systems have been applied pressure, and resin viscosity. Part temperature isto a broad spectrum of command and decision systems measured by thermocouple, and pressure on the press isproblems, but their use in traditional manufacturing supplied by a load cell. Unlike an autoclave, the load
process control applications has been more limited, on a part in a press is a contacting rather than
The Qualitative Process Automation (QPA) prograu at hydrostatic force and vacuum is typically not applied.
the Air Force Aeronautical Laboratory (1,2) (AFWAL) The part in a press is in physical contact with the heathas attempted to demonstrate the viability of this source that controls curing. Therefore. the thermal and
approach for materials manufacturing applications resin flow behaviors of press processing arc markedly
which are either newly emerging or have resisted different from that of an autoclave.
raditional approaches to process automation. The work
described in this paper builds upon this experience by Viscosity, being a mechanical property, cannot bebringing to bear improved software techniques which measured in-situ but can be inferred from in-situresult in a control system that is architecturally simple, measurements of a resin's dielectric properties [2.5].
readily extensible, and very flexible in the processing These properties are obtained using microdielectric
scenarios that it can accommodate, analysis (MDA). Information that is inferred about

viscosity from resin ionic conductivity is adequate for
THE COMPOSITES CURING APPLICATION controlling the process (4,51. The idealized curves ir

Figure I depict a graphite-epoxy laminate undergoingThe manufacture of graphite fiber reinforced organic changes in chemical structure upon heating. Initially.
t'rmosz' composites typically involves the creation of as the temperature rises, the resin viscosity decreasesa part by -tting and laminating into a mold resin (viscosity is roughly inversely propcrtlcn-. to the inicimpregnatec sheets (plies) of woven graphite fibers. conductivity). At some point the resin begins cross-Various types of epoxies are the most commonly used linking and the viscosity rises until reaching a
resins in the organic matrix compound. The mold is maximum final viscosity, whereupon the curing is
then heated using either a heatable pressure vessel called complete.
an autoclave, or a press. A press is comprised of twovertically opposed heatable platens with an adjustable During heating, thick laminates (-256 plies) willfocme applied between the platens. As the part is heated, develop significant thermal gradients across theirthe resin undergoes a chemical reaction (curing) in thicknesses. This is due to lower heat transfer rateswhich its viscosity will for a time become very low between a pan's surface and centerline than between the
before ultimtely hardening. After the pan is fully press platen and part surface. Consequently. a resin
cirmed, it is cooled, removed from the mold, and such as an epoxy tha, undergoes an exothermic reactionundergoes final trimming and machining. Press tends to contain the heat generated within the part.processing is the subject process for the work described Conversely. while increases in platen temperature are
in this paper. quickly matched at the surface of a pan. the thermal

mass of the part causes the center to lag behind.

The Analytix Group Page 69



Innovative Life Cycle Management Systems for Composites Phase I SBIR Final Report

Traditional open.loop processing strategies employ The use of a knowledge-based system approach inramp-soak periods to compensate for the lag. combination with a sensored p t has been shown to be
Nonuniform curing can result in residual stresses that an economical mechanism for generating cure cycles
adversely affect quality. tailored to a given situation (2]. The expert system is a

collection of disparate forms of expertise, such asAs a resin cures, it transits through a sequence of states models, data and heuristics, which collectively applies a
that correspond to regions in which the cur control general solution method to a very specific set of,
strategy evolves. Figure I depicts these process states circumstances.
in terms of idealized sensor data. Clearly, detecting
state transitions requires analyzing not only sensor Object-oriented design (OOD) provides a natural way for
values, but also their derivatives, representing physical situations in data structures that

descnbe the characteristics of the entities (objects) of
interest [6.71. A given part may have a variety of

conductivity features.i.e..thickandthinscctions(partsites), which
have diffeent processing requirements. Each part site is
represented as an instance of a prototype part site object
that. during processing, has thc ability to evaluate its

progress and recommend changes to the process
U . tm~erturesetpoints. Analogously, a given piece of process

equipment may have a production load consisting of
more than one part. Each part and its needs are denoted
by the pan sites which comprise it.

CLE The sheer variety in processing scenarios faced by a

Time composites production facility makes OOD very
attractive for a control system. Objects are used to

e 7  <----cross lnking-,--* describe not only parts and the status of their
uing comPaction coaconstituent part sites. but also the process requirements

down and behaviors of resin systems. The object-oriented
metaphor can also be used to explicitly define the

Figure 1: Idealized Process States behavior of sensors and process equipment and the
of An Epoxy Cure Cycle physical relationships between the objects that represent

a specific production scenario, e.g., whichIn summary, the goals of a control strategy for curing a thermocouple is located at a given pan site's centerline.
part are A working object hierarchy for a composite's cure

control system is depicted in Figures 2 through 6. TheI. Maintain a uniform temperature distribution fundamental object types are process equipment.
throughout the part while driving the average part conaections. sensors. resins, and part sites. Generic
temperature to the target processing temperature in objects ate depicted in boxes and specific instances of an
minimum time. object are shown in balloons. A lower level object
2. Reach a final degree of cure that insures good (child) inherits the attributes (listed below the object
quality. name) of the higher level obiecv. (parents) from which
3. Minimize the number and size of voids, it descends, e.g.. a MPT-24 press has both a load
4. Obtain the desired resin to fiber ratio. setpoint inherited from PRESS and a Pressure setpointS. Prevent performance degradation by exothermic inherited from PROCESS EQUIPN"EN (Figure 2).
reaction induced overheaing.
6. Coni. ,se operation in the presence of sensor
failures.

SOFTWARE DESIGN

Much work has been done to develop composite cure
process models, but a continued dependence on
cons.ervative approaches to processing (long cure cycles)
exists. With an infinite number of combinations of
part shapes, process equipment and resin characterisucs.
'he models that are currentJy available do not possess
the generality and accessibility needed for production
use.
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OOCasS EQUIPMENT from another connected part site to obtain an

f- *. ' -

sawnng aTrbt Sit 3h1 mano/ofsico h
mpi o l Figure 3: How Connection Objects are Used.

Connections are Shown With Heavy Lines
Figure 2: Partial Object Hierarchy for Composites

Curing Process Equipment a ".0i0es

Thc equipment status auribute of process equipment
objects is used to signal when equipment problems
arise during a process run, e.g.. large temperature
variations in the press platen zones. The process
running attribute is the main on/oft switch of the
control system. It is used to automatically invoke shut are used as a rc
down procedures when the control system is unable to sensi an ea se pcs ie
accommodate 2 detected equipment problem or at the a.so hvo
completion of a normal cycle. The connection port
definition pemits process equipment to be interactively bus 10a I N. w
connected to part sites so that when operating. the
control system knows which equipment and part sites
are to be monitored and controlied. Process equipment Figure 4: o bject Hierarchy for Sensors
instances not connected to a part site am ignored.

The sensor objects depicted in Figure 4 show that the
Figure 3 illustrates the usefulness of connections, authors have experimented with three types of
depicted by the heavy black lines. Part Sites 1-3 are Micromet MDA devices of varying sensitivities. Idex
connected to each other and to Press 2. The part sites are used as a reasonable compromise between
can have varying ply thickness which can significantly sesitivity and reliability. Like process equipment
influence the cue cycle that is generated by the control objects, sensors also have a connection port to allow
system. When the control system is configured prior t connections to part sites. Procedures (methods) used to
a run. information about the part, such as resin system obtain values from sensors are given as aributes of the
type and plan area need only be input into the primary m that represent them.
pan site's (designated by P) attributes. The non-
primary part sites conneected to the primary part site Figure 5 shows the hierarchy for resin objects. The
will inherit the attribute values required for control cnrlsse sdsge ob edl xesbet

decontrol sve coiro desitem ton beo reail extensibmets

system operation. In addition, the press can examine accommodate new resin types. Basic process objectivesconnected part sites to determine information that it for target pressures and temperatures will vary for each~
needs. e.g.. calculating a load serpoint from a target instance of a resin. A resin instance such as Hercules
process pressure and pla 3m50 1-6 descends from a general resin class like epoxy.

Connctins ae aso ued o lik snsormeauremntsMost epoxy resins exhibit the same general therrno.
Connctins re lsouse to inksenor easremntschernizal behavior during processing. which is markedlyto part site attribute values. For example, the different from that of bismaleimides; and polvimides:

centerline temperature of Part Site 3 is the measure of however, actual process parameters wiUl vary among the
the thermocouple, TC 2, located at its right center many different epoxies from which composites are
sensor connection site. In addition, if a sensor failure is made.
detected, the control system can look at measurements
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Resins transit through several states dunng curing that recommendations of all pant sites and actions are taken
can be distinguished using sensor data. A primary goal according to results obtained from the applicauon of
of the control system is to recognize transitions conflict resolution rules.
between cure states so that the appropriate control
actions can be taken. The conro system uses rules to reason about the states

of the objects present in a given production scenario.
Rules am written to be as generic as possible so that a

WW - P, •, ).. ] T single rule may be applied repetitively to many different
object instances, e.g.. the rules used to process epoxy
resins can be applied to any epoxy part site, however.
rules specific to Hercules 3501-6 are only applied to

Ipart sites with that specific resin.

The three categories of rules used to start up, run and
shutdown the process are process equipment rules. resin
class rules and resin type rules. Process equipment
rules are employed for any process configuration (any
combination of part sites and resin types) on a given

Figure 5: Partial Object Hierarchy for Resin Systems piece of process equipment, and are used principally to
Used in Composites Manufacture sequence startup and shutdown procedures, and monitor

equipment status. An example process equipment rule
A collection of connected part site objects (Figure 6) is:
describe the processing requirements of the production
load to the control system. The production load can be FOR any MPT-24 press P.
composed of one or more parts, each having one or IF the hearing :ones of the press platens vary by marc
more part sites. The description includes the plan area, than 15SF
values of sensors connected to constituent part sites. THEN set the equipment status of P to not OK and
and the type of rsin/resins used. To the control notify the operator that P is not OK.

system, a production load comprised of three parts. each
having a single part site. is logically equivalent to a For a given resin class. i.e.. epoxy, resin class rules are
production load with one part having three part sites. applied to each epoxy part site to evaluate its status and
Understandably. when different resin systems are make recommended setpoint changes. Also included in

employed in a production load. it is necessary that they this category are the conflict resolution rules which

have similar processing requirements, determine what control actions are to be taken when a
poll of the part sites shows that their needs are in

PANT SITE conflict. An example resin class rule is:

dT'uA Ta & ahesfi Ta For any part site S.
duMhyte Values IF the general type of the resin of S is epozy AND

Owrom to the exotherm status of S is evident AND
resin .typethe centerline temperature ofS is >= the target

process temperature
PRIMARY MON-PnIMARY THEN set the recommended .*mperature setpoint status

PANT SITIE PANT SITE of S to decrease.

c Dn S.W 1 Pan S~IR 3 Pan 5..For a specific resin type, such as Hercules 3501-6. resin
type rules ate typically used to establish control system

Figure 6: Parual Object Hierarchy for Part Sites targets prior to initiation of process stanup. An

Process Rules and Conflict Resolution example resin type rule is:

For any part site ,
The resin type atribute of a part site is occupied by a IF the specific type of the resin o S is Hercules 3501 -6
resin instance that brings with it all of the information THEN set the target process temperature of the resin of
required by the control system. During processing, the S to 330*F.
appropriate control rules are applied to each part site by
identifying the resin type. Each part site is examined Due to variations in curing rates. conflicting seipoint
independently of all others and its specific control needs recommendations occur regularly when processing
are ascertained by rule inferences and poed d to the muluple part sites simultaneously. In a sense, one pan
recommended-serpoint attributes of its resin type. site is competing with all others to have process
Periodically, a poll is taken of the setpoint equipment selpoints adjusted to meet its needs.
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Conflict resoluuon rules are employed to evaluate the The sample period for the current application is 60 sec.
recommendatons posted by all pan sites and determine The basic control cycle followed at each sample period
which actions. if any. to take. They must determine if is:
a control variable is to increase, decrease, or remain I. Output inferred control adjustments from previous
unchanged, and how large the change should be. cycle to the temperature and pressure setpoints.

2. Acquire the respective input variables from the
IMPLEMENTATION press. data acquisition system, and microdielecutometer.

These values are stored within the corresponding
A block diagram of the equipment configuration is object's instance variables. Log process variables to
shown in Figure 7. disk.

3. Begin the new inferencing cycle. Since the system
is data-driven, the process of acquiring the newly

*updated input variables causes the automatic
commencing of the inference process.

The operator interacts with the system through various
,. buttons, gauges, dials, and sliders that are displayed in

the main process window. Icons are provided which
when activated open windows containing various
process variable trend plots. During the curing process
messages about the current state of -he process and any

... 1" 1 control actions taken arc posted to a message board"
S - [ "thus keeping the operator informed. Upon end of cure

the system proceeds through a cool-down cycle and then
opens the press platens.

- - - -- ---INITIAL RESULTS

* Preliminary results to date have been successful with
. . .processing time savings an average of 30% over

* conventional open-loop strategics. To be reported are
the mechanical and compositional properties from 32.
64. 128 and 256 ply test panels having both single and

Figure 7: Control System Configuration variable thickness profdes.

The current control system is implemented as follows: SUMMARY
Control Computer: Apple Macintosh II with 8 Mbytes
memory. In summary, the object-oriented metaphor applied to
Process Data Acquisition Equipment: Hewlett-Packard control system design and implementation has provided
HP38!ZA provides part ternpermures via MEE.-488 bus. a development environment that makes it easy to createMicrodielectrometer: Micromet Eumeric II with and modify complex control systems for composites
communication via RS232 at 9600 Baud. processing. The knowledge base of the system can be
Lamination Press: Tetrahedron M'TP-24 with remote readily modified to accommodate various load
operation via RS232 at 1200 Baud. The MTP.24 press configurations while the extensibility of the knowledge
functions as the level I loop controller for platen base permits the easy inclusion of new resin types.
pressure and temperature. Additionally, the press sensors, process equipment, and processing rules. Pa-i.
provides temperature data for each of its four zones and sites localize the sensing and inferencing of process
the applied platen force, state to those regions that are deemed critical to overaE
Software: G2 from Gensym Corp.. a real-time, large pan quality. The polling and conflict resolution
scale expert s stem package that contains many fcaures strategies evaluate the competitive requests for control
essential for real-time use. resources and decide which of those requests satisfy the
All low level data acquisition and i/o driver rouunes anm process constraints and will also guide the pan to its
written in 'C' and are linked into the shell as foreign final cure state in the least amount of Lime. Thus.
functions. Rules and functions can invoke these control is viewed as an atempt to satisfy the processing
routines during inferencing to input the necessary needs of individual pan sites without compromising theprocess variables and to output load and temperature processing requirements of other competing pan sites.
setpotnts.
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