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Abstract
It has traditionally beendifficult for PCA
manufacturers to share up-to-date knowledgeof their
processes and capabilities with engineering in a form
that can be readily usable. Current knowledge
sharing techniques, including design guidelines and
capability databases, provide informationthat is either
out-of-date or not rigidly followed~’ engineering.
Engineering, not understanding the limitations and
capabilities of manufacturing,t51~ically develop PCA
designs that are not producibleor require processes
outside of the capabilities of the manufacturer.The
majority of existing CAD/CAM
systems have no
ability to store knowledgeconcerningthe
manufacturing environment, let alone support the
PCAdesign lffecycle.
Systemsare nowavailable that provide for the
capture and utilization of PCAmanufacturing process
and capability knowledge.The subject of this paper is
one such system, the Pre.4mpsystem.This paper ~vill
begin with a brief ovcr~ewof the Pre,4mpresearch
programand follow with an in-depth discussion of the
resulting Pre,/lmp system. The PrcAmpsystem
architecture and howit relates to the capture and
utilization of manufacturingknowledgeis then
detailed. The paper concludes with a discussion of
realized and expected benefits. The paper will focus
on the ManufacturingResource Editor, the Rules
Definition Facility, and the Rules ExecutionFacility
and will include discussions on rule management,
definition, storage, and execution.

Task or Problem Description
The Pre-competitivc AdvancedManufacturing
Processes
(Pre.4mp)programstarted as a 3 year
research programin July 1992. The National
Institute of Standards and Technology’s(NIST)
sponsored the program. The goal of the programwas
to enable concurrent engineering of Printed Circuit
Assemblies(PCAs)for the clectronics industry’. The
programused the STandardfor the Exchangeof
Product modeldata (STEP)to accomplish
information sharing for concurrent engineering. The
purpose of the programwas to improve the PCA
developmentprocess in ways that reduced
developmenttime and costs while improving quality.
The primary’ objectives of the PreA mpProgramwere
to define and demonstratethe technologythat cnablcs:
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¯
Intelligent information-sharing for
concurrent engineering automation in PCAProduct
Design, Product Manufacturing, and Manufacturing
Process Design;
¯
Manufacturing Knowledgecapture and
application; and
¯
Shared database access.
The Pre,4mp programwas to enable the sharing of
information environmentsacross organizational
boundaries (specifically design and manufacturing).
Informationwas to be shared to support just-in-time
production and the early discovery" and resolution of
design and manufacbmngissues. Predmp was to
reduce non-value-addedactivities and to provide
timely information on product and process changes.

Description
CAx
and PreAmp
developed
tools.
From: Application
Proceedings of the
AI and Manufacturing Research Planning Workshop.provides
Copyright access
© 1996, to
AAAI
(www.aaai.org).
All rights reserved.

A data access mechanism
filters informationflowing
to andfromthe database.Figure1 depicts a graphical
representationof the Pre,4mparchitecture.
Thecore of the PreAmp
systemarchitecture is the
PreAmp
database. This STEPrepresented database
management
system (DBMS)
consists of schemasfor
products,issues, designrule checks,rules, processes,
and manufacturingdata. Theproduct schema
is the
STEPprinted circuit assembly(PCA)product
representation application protocol or AP210.The
processschemais the STEPprinted circuit assembly
processplanningapplication protocol or AP220.

Outof the Pre,4mp
researchprogram
a Pre.4mp
concurrentengineeringenvironment
wasdeveloped
by PDESInc. membercompanies.The following
paragraphsdescribe the architecture of PreAmp
and
providean in-depth discussionof the knowledge
capture and executioncomponents.

PreAmpSystemArchitecture
ThePre,4mparchitecture integrates vendorcomputer
aided design (CAD),manufacturing,and test (CAx)
tools with the Pre,4mpdatabase and he.Amp
developedtools. TheSystemUser Interface (SUI)
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PreAmpdatabase. PreAmphas implemented database
access using a STEPData Access Interface (SDAI)
Part 22 implementation. The SDAIconsists of a
series of systemcalls that a CAxtool can execute to
retrieve specific information from the Pw.4mp
database. As vendors develop translators that can
extract data from the Pre.4 mpdatabase (using the
SDAD,newvendor products can ’plug in’ to the
PreAmpframework [2].

The PreAmpand vendor tools layer of the system
architecture includes various CAxtools (e.g.,
schematic capture, parts librarian, PCAlayont and
routing). The vendor tools are predominately from
Mentor Graphics, a PreAmpmembercompany.
PreAmphas developed tools to capture and manage
information about rules, manufacturingresources,
issues, create a macroprocess plan, and provide
design advice. The PreAmpSystem User Interface
(SUI)provides access to tools at this layer.

One of the key goals of the Pre, dmpprogramwas
to enable the sharing of intelligence betweendesign
and manufacturing. To support this goal, all
componentsin the Pre~mpsystem share their
knowledgeby reading and writing STEPcompliant
information files. To support knowledgeacquisition
and sharing, the PreAmpframeworkprovides a
facility for CAD
users to enter, store, and execute
rides against the information in the database. The
rules can contain knowledgeof design for
manufacturability,designfor testability, design for
producibiliV,’, or any design for X(DFx)topic.
It was not the intent of the PreAmpprogramto
necessarily advancethe state-of-art in the knowledge
acquisition area. However,Pre.4 mphas developed
and provides a structured methodologyfor capturing
and defining DFxknowledgein the form of rules.

Figure 2 - Pre.AmpRules Definition Facility, Rule MainPanel
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RulesDefinition
Facility (RDF)
TheRulesDefinitionFacility (RDF)is a database
editor used to capture PCArelated knowledge
in the
formof rules. TheRDFprovidesfunctionality to
create, edit, andremoverules. In addition, rule meta
information(concerningrule approval,origination,
description,justification, etc.) can be defined.The
PreAmp
STEPdatabase stores information defined by
the RulesDefinitionFacility. Arule execution
facility is utilized to executerules definedbythe RDF.

click basedtool. Byclicking on menusand button
icons,the user canalter attributes, create newrules,
changerule status, andsavedata to the database.
TheRDFhas two windowsor panels for the capturing
of PCAdesign and manufacturingrules: the Rule
MainPanel and the RuleEdit Panel. Theintent of
providinga multi-windowed
user interface is to
present the enduser with only the amountof detail
requiredfor his/herspecifictask.

TheRDFfacilitates the capturingof rules in a generic
formthat remce,,essyntaxconsiderationsfromthe rule
definition. Thesyntaxfree rule definition
environmentpmvidosa simpler and moremeaningful
methodology
for users to capture rule components
and
their parameters.Usersdo, however,needa basic
understandingof rule semanticsto developcomplex
knowledgeexpressions.

Invokingthe RulesDefinitionFacility displaysthe
RuleMainPanel. This panelallowsfor the creation
of newandthe modificationof existing rules. The
definition and modificationof rule management
informationor meta-datais the primarypurposeof
the RulesMainPanel. Useof the RuleMainPanel
precludes any knowledgeof rule component
primitivesand/ordatabaseobject attributes. Figure2
depicts the RuleMainPanelwith a rule selected.

Figure 3 - PreAmp
Rules Definition Facility, Rule Edit Panel
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Therule component
or RuleEdit Panelprovidesa
menu-based
environmentto define rule premiseand
conclusion components.Premisecomponents,or if
conditions,definethe actionsrequiredfor a rule to
succeed.Rulesuccessionin turn causesthe execution
of the rule conclusioncomponent.
Theconclusion
component
consists of actionsto take as a result of
meetingall the premiseconditions. Therule premise
is a logical combination(ANDing
or ORing)
premisefunctions. Premisefunctionsare logical
(greater than, less than, etc.), mathematical
(sum,
poger,divisiun,etc.), and/ordatabase(retrieve object
attributes or facts) functions.Therule conclusion
is
logical combination(AN’Ding)
of conclusion
functions. Conclusionfunctions include: storing
temporalinformationinto the database(facts), storing
permanentinformationinto the database(object

formof messagesandissues. Useof the RulcEdit
Panelrequires individualsto havea basic
understandingof role compositionand rule chaining.
Theeliminationof the rule definition syntaxdoesnot
precludethe user fromunderstandingrule semantics
and database schemas.
Figure3 showsthe RuleEdit panel with a rule
selected. Notethat conclusionfunctionsinclude the
storing of facts and/orobjectattributes. Arule
premisemayincludefunctionsthat test facts and/or
object attributes. Thecombination
of these two
capabilitiesallowsrules to chain(haveonerule call
anotherrule). Chainingallowsendusers to capture
the intent of a complex
rule with severalsmaller,
simpler rules. ThePreAmpsystemsupports the
forwardchainingof rules.

Figure 4 - PreAmp
SchemaGlossaryFacility
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PreAmp
Schema
Facility
Understandingand rememberingobjects and
attributesof databaseentities is extremely
difficult.
The PreAmpframeworkprovides a SchemaGlossaw
Facility for this purpose. TheSchema
Glossary
Facility providesa methodology
for traversing the
combinedAP210 (PCAproduct information),
220 (processing planning information), and PrcAmp
(rules, designrule ch~.,k,factozT,andissues
information)O~t~baseschemas.Theapplication also
providesfimctionsfor examiningglossary definitions
of objects andattributes for all schemas.Asearch
functionis providedto allowthe user to locate objects
andattributes.
An Example Rule
Assume
wehavea rule descriptionthat states:
"Eachcomponenton the Printed Circuit Assembly
mustbe less than 2 inches in height basedon the
componentclearance of wavesolder machinesused
at the Seattle andlrving AssemblyFacilities." The

" ".~:.~:.:.’-""~; ...................
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a height greaterthanthis limitationwill require
additionalflow time and manhoursas these parts
mustbe manuallysolderedin place after the PCAhas"
beenwavesolderedwith all other components".

Therule is developedby workingbackward,
buildingthe premisewith the least limiting concept
andthen addingclausesthat further refine the rule.
Part of the descriptionstates "Eachcomponent
on the
PrintedCircuit Assemblymustbe less than 2 inches
in height". Welook at each component
on the PCA
anddetermineif it indeodexceeds2 inchesin height.
Asthe justification states,thesecomponents
would
not pass throughthe wavesolderer with its maximum
clearanceof 2 inches. If the height of a component
exceedsthis restriction wewouldlike to knowabout
it. If alertedin time, the differentpackage
style could
be substituted.
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Figure 5 -- PreAmpManufacturingResource Editor
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The Initial Rule Premise
The premise is written so that any componentthat
is over 2 inches in height will makethe rule succeed.
Whenthe rule succeeds it will execute the conclusion
and report what component(s)failed the test. The
first clause allowsthe rule to iterate over the class of
the packaged components. While the second clause
compares the height of every componenton the PCA
to 2 inches. (Note that the syntax and semantics of
the code is similar to LISPand that it performs
exhaustive back-tracking automatically.)
( InstanceOf, ?packaged_component,
packaged_components )
( GreaterThan, ( GetAttribute,
?l)ackaged_component,height ), 2.00
The GetAttribute function is used to get the
height of a packaged_componentfrom the database.
If the PCAbeing tested has fif~" componentsthe rule
will execute fifty times and will succeedfor every
componentwhose height exceeds 2.00 inches.
The Rule Conclusion
Whenthis rule succeeds we have found a
componentthat exceeds 2.00 inches in height. As a
minimum,ge wouldlike to have its namedisplayed.
The following conclusion can he used for this
purpose:
( CreateMessage, ( GetAttribute,
?packaged_component,reference_designator ),
" - Exceeds2 inches in height, this maycause a
problem for WaveSoldering ! ")
Whenexecuted ?packaged_component is bound to
an instance from the premise and the message"C2 Exceeds 2 inches in height, this maycause a
problem for WaveSoldering !" is displayed
(assumingC2 did indeed exceed 2 inches in height).
The systemwill display a similar messagefor every
componenton the PCAthat exceeds 2.00 inches in
height. Wecan add other functions to the conclusion
to generate issues and store discovered information to
the database.
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To support the design and manufacturing
concurrent engineering goal of the PrcAmpprogram,
a facility to capture and store manufacturingrelated
information g-as added to the Primp framework.
The Manufacturing Resource Editor was developed to
capture all aspects of a PCAassemblyfacility
including: factories, productionlines, cost centers,
clean rooms, generic machinery, production
machinery,
personnel,
and personnel
certifications.
Inaddition,
information
oncost,throughput,
meantime-between-failure,
andproducibility
canbc
caplured. Providing this knowledgeto the/h~mp
database allows the CADusers to write rules to
comparedesign requirements and physical properties
with the equipmentthat gill he assemblingthe PCA.
In the previous rule example,the actual limitations of
specific instances of wavesolder equipmentcould be
encodedinto the rule. Rules can report what
production lines, workcenters, or machinesare best
(or worst) at assemblinga specific PCA.The top
level user interface for the ManufacturingResource
Editor is shownin Figure 5.

Mentor to AP210 Translation
In order to execute rules previously defined by the
Rules Definition Facility, in-depth information
concerningthe physical and electrical characteristics
of the PCAare required. A Mentor to AP210
translator was developedin PreAmp
to extract all of
the information from a PCAdesign (stored in the
MentorGraphics compatible format) and store that
information into the PreAmpdatabase. The translator
provides the database with information on
connectivity, placement, orientation, composition, and
nomenclature for componentsin a specific PCA.This
information, combinedwith the previously captured
manufacturing information provides a powerful
knowledgeresource for rules to be executed against.
Rule Execution
Tocontrol the end user execution of rules a Rules
Exception Facility (REF)was developed. This facility
providesusers the ability to select sets or individuals
rules for execution against the PrcAmp
database.
Theresults of the rules (defined by the conclusionof
the rules) are displayedto the user, written to log
files, and/or submittedas issues against the selected
PCA.The user interface for the REFis shownbelow.

From: Proceedings of the AI and Manufacturing Research Planning Workshop. Copyright © 1996, AAAI (www.aaai.org). All rights reserved.

Figure6 - PreAmp
Rules ExecutionFacility
Application Use and Payoff
ThePre//mpsystemis presently being used by
numerousgovernment
programs,universities, research
institutes and fortune 500 companies.Theamountofuso
andthe payofffor its use has beendifferent for each
entity. For someof the entities, specific dollar savings
can not be reported. Wherepossible savingsin terms of
percentagesand magnitudesare given.
TheARIES
project (a Tfi-Services programtasked at
capturingandclassifying designrules) has beenusing
the RulesDefinitionFacility for about twoyears. ARIES
has capturedover 400 hundreddesign rules and
guidelines using the RDF.ARIES
is presently working
with IEEEto determinehowthe rules will be marketed
anddistributed. Throughthe activities of ARIES,
it was
estimatedthat the meta-datafor a rule couldhe captured
using the RDFin about 6 minutes. The RDFprovided
ARIES
with a user friendly environment
to rapidly create
andedit their designrules. ARIES
estimatedthat the
RDFsaved themalmost an order of magnitudein flow

time in collecting, editing, anddisseminating
their
designrules.
The RASSP
(RapidPrototyping of ApplicationSpecific Signal Processors) ARPA/Tri-Services
program
is tasked to improvethe processby whichembedded
electronic systemsare developedby 4x improvements
in
cycle time, quality, and cost. This programhas been
using the PreAmp
translators and Manufacturing
ResourceEditor. Theresource editor has providedthem
with a capability that waspreviouslyunavailable.
RASSP
has captured the completeresources of Ocala
factory for Lockheed-Martin.
Althoughnot all
attributable to PreAmp
software, RASSP
has documented
a 10× redu~on in design to man~ngcycle-time.
RASSP
will be integrating the PreAmp
rules component
in its nextphase.
TheNavyRAMP
(Rapid Acquisition of Military
Parts) program
has installed all of PreAmp
in its test
facility at SouthCarolinaResearchAuthority. To
supporttheir work,over 50 rules on designfor
Smith
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design for assemblywere created, tested, and executed.
Basedon the rules developed, full rule definition required
an average of 5 I/2 hours (this time includes 2 hours to
search for objects and attributes in the database). The
execution of the rules however,has extracted information
that was previously unobtainable. Information on the
cost of productionlines for a specific product, the
identification of whichproductionlines were best suited
for testing, and the determination of machinerates in a
production line to performline balancing were all
extracted using rules and before PreA mpwere
unobtainable (via automation). RAMP
has long range
plans to install Pre,4 mpat additionalfacilities.
The ARPATIGER(Team Integrated and Electronic
Responseprogramtargeted at collaborative dcsign and
manufacturing of PCAsvia thc Interact) programstarted
using all of Pre,4mpin Octoberof ’95. Their initial use
of PreAmphas already identified rules to be used with
printed circuit beard (PCB)fabrication houses that will
reduce tasks that require hours to rule executionsthat
require minutes. Specific examplesinclude the selection
of drill bits for holes in the PCBand the determinationof
the layer stack up of the PCB.
Rensselaer Polytechnic Institute, University of
Maryland, and Georgia Tech are presently using the
PreAmptool suite. Theyare each focusing their research
on different areas of the system.
Hugheshas installed the PreAmpsuite and is focusing
their attention on producibility. Hughesis attempting to
integrate the RDFwith their existing C-based
producibility advisor. Hugheswouldlike to have end
users to able to define rules and feed themto their
producibility tool. Here again, providing a eapability to
end users that was previously unavailable.
Based on their use of PrcAmp,Rockwellestimates
that based on a .typical $10 million PCAdevelopment
cycle, the PreAmpsystem will save 11.5%on PCA
manufacturing process labor, 5.3% on PCAdesign
rework, 3.4% on PCAdocumentsupport effort, and 2.0%
on PCAdesign concept development efforts. This
savings totals to 22%of the PCAdevelopmentactivity.
Rockwell’sactivity with Pre,4 mpis focusing on the
designfor test area.
At Boeing, as part of the TIGERprogram, engineers
and manufacturing personnel are defining manufacturing
capabilities and producibility rules. So far the systemhas
not producedresults any different from the preducibility
experts. However,by utilizing PreAmpin the
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will be a direct result.
At the end of the PreAmpprograma process
improvementstudy was performed based on actual
printed circuit assemblies and specific manufacturing
resources. The results of the study concludedthat the
PreAmpsystem would improve the development lifccycle
of printed circuit assemblies by reducing the detailed
design effort by 25%and the manufacturingeffort by
24%.The amountof time required for technical
checking of PCArelated data wouldbe significantly
reduced or possibly eliminated. Additionally, the number
of design changesrequired due to violation of
producibili .ty issues wouldalso be significantly reduced.
In June, two companieshave presented plans for
commercializationof Pr~4 mpapplications, lntellicorp,
an object oriented developmenttool company,has plans
to marketthe rules facility with their development
environment.Intellicorp is also workingwith General
Motors, developing a pilot programinvolving the
PreAmpsoftware, and their die manufacturingarea.
Mitron, a ComputerAided Manufacturing company,
plans to include selected Pre,4 mpcomponentsin their
CIMBRIDGE
software.
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