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PREFACE

DRUGFIREis a programinitiatedby the FederalBureau of Investigation

(FBI). The program'sobjectiveis to establisha limitedregionalnetworkof

databaseswhich would expeditecomparisonand matchingof spent bulletsand

cartridgecases found at the scenesof drug-relatedcrimes. Bulletsand cases

would be compared both among those suspectedof being fired from the same

weapon and with the extensiveFBI collection. The intent is to associate

crimes in which the same weaponswere used, thus increasingthe amount of

informationrelatedto a specificcrime, and potentiallyincreasingthe

probabilityof identifyingsuspects. A relatedbenefitis that bullets and

cases within the collectioncan be screenedto identifythose which might have

been fired from the same weapon, thus associatingcrimespreviouslynot known

to be connected.
f

In January, 1991, the FBI publishedFBISS#1,FBISS#2,and FBISS#3,

requestsfor information,in the CommerceBusinessDaily. These were for

informationfrom vendorshaving capabilitiesrelatedto the needs of the FBI's

DRUGFIREProgram. FBISS#1focusedon technologiescapableof image

acquisitionand comparison,and FBISS#2focusedon surfacetopography

characterization.Automatedcomparisonof bulletsand cartridgecases for

fast screeningof large numbersof sampleswas the ultimategoal of both.

The Departmentof Energy'sPacificNorthwestLaboratory(DOE/PNL)

offered,as a sister agency,to assistthe FBI in evaluatingthe nearly80

vendor packages receivedby providingthe automatedinstrumentationexpertise

needed to comparetechnologies. The Electro-OpticalSystemsGroup of PNL's

Automationand MeasurementSciencesDepartmentwas taskedto supportthe FBI

in evaluatingand rankingtechnologiescapable of meetingthe FBI's need for a

surfacetopologycomparisonsystem.

This documentdescribesthe technologiesinvestigated,the sourcesof

informationused to supportthe evaluation,the method followed in evaluating

the technologies,and the resultsand recommendations.

iii
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SUMMARY

The PacificNorthwestLaboratorywas tasked by the U. S. Departmentof

Energyto providetechnicalassistanceto the FederalBureauof Investigation

in evaluatingand rankingtechnologiespotentiallyuseful in high-speed

comparisonof unique spent bullet and cartridgecase surfacesignatures.

Informationsourcesincludedvendor input,currentrelevantliterature,vendor

phone contacts,other FBI resources,relevantPNL reports,and personall

contactwith numerousPNL technicalstaff.

A comprehensivelist of technologieswas reducedto a list of 38 by

groupingvery similarmethodologies,and furtherreducedto a short list of

six by applyinga set of five minimumfunctionalrequirements. A total of 14

primarycriteria,many having secondarycriteria,were subsequentlyused to

evaluateeach technology.

The ranked short list resultsare reportedand supportedin this

document,and their scoresnormalizedto a hypotheticalideal system are as

follows"

(I) confocalmicroscopy 82.13

(2) laser dynamicfocusing 72.04

(3)moire interferometry 70.94

(4) fringe field capacitance 68.39

(5) laser triangulation 66.18

(6) structured/sectionedlight 65.55

(7) contactstylusmethods (FAILEDMINIMUM) 54.81

Contactstylus surfacecontouring,the seventhrankedtechnology,was included

since it providesa well-knownbaseline,even though it failed two minimum

criteria,includingthe requirementthat the technologybe non-contacting.

Informationavailablewithin the time/budgetconstraintswhich was used

for the evaluationand rankingwas not sufficientlydetailedto evaluate

specificimplementationsof the technologies. Each of the technologiesin the

short list was judged potentiallycapableof meetingthe minimumrequirements.

V



Clever, novel engineeringsolutionsresultingin a more cost-effectivesystem,

or a closer fit to the "ideal system,"could result in a reorderingof the

short list when actualtechnicalproposalsare evaluated. Therefore,it is

recommendedthat a Requestfor Proposalnot be limitedto only the highest

ranked technology,but includeall six technologiesin the short list.

vi
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INTRODUCTION

DRUGFIREis a program initiated by the Federal Bureau of Investigation

(FBI). The program's objective is to establish a limited regional network of

databases and characterization capability which would expedite high-speed

comparison and matching of spent bullets and cartridge cases found at the

scenes of drug-related crimes. Bullets and cases would be compared both among

those suspected of being fired from the sameweapon and with the extensive FBI

collection. The intent is to associate crimes in which the same weapons were

used, thus increasing the amount of information related to a specific crime,

and potentially increasing the probability of identifying suspects. A related

benefit is that bullets and cases within the collection can be screened to

identify those which might have been fired from the same weapon, thus

associating crimes previously not known to be connected.

Pacific Northwest Laboratory was tasked by the U. S. Department of Energy

to provide technical assistance to the FBI in evaluating and ranking

technologies potentially useful in high-speed comparison of unique spent

bullet and cartridge case surface signatures. The scope was specifically

limited to comparing technologies rather than specific implementations, with

the emphasis on those technologies capable of high-precision surface

topography characterization.

The work was conducted by staff in the Electro-Optical Systems Group and

the Electronics and Instrumentation Group, within the Automation and

Measurement Sciences Department.

This document describes the technologies investigated, the sources of

information used to support the evaluation, the method followed in evaluating

the technologies, results, and recommendations.



CONCLUSIONS

A comprehensivelist of technologieswas reducedto a short list of six,

which were ranked using a set of 14 primarycriteria,many having secondary

criteria.

The ranked short list results(highestto lowest)are as follows:

(I) confocalmicroscopy

(2) Iaser dynamicfocusing

(3) moire interferometry

(4) fringe field capacitance

(5) laser triangulation

(6) structured/sect.ionedlight

Informationused for the evaluationand rankingwas not sufficiently

detailed to evaluate specificimplementationsof the technologies. Each of

the technologiesin the short list was judged potentiallycapableof meeting

the minimum requirements. Clever,novel engineeringsolutionsresultingin a

more cost-effectivesystem,or a closer fit to the "ideal system",could

result in a reorderingof the short list when actual proposedimplementations

are evaluated.
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DISCUSSION

OBJECTIVE

The objectiveof this study was to evaluateand rank a set of

technologiesidentifiedby nearly eighty vendorsin responseto an FBI Sources

Sought request. Vendorsprovidedinformationon image acquisitionand surface

topographicalcharacterizationfor comparisonof spent bulletsand cartridge

cases, in supportof the DRUGFIREProgram. The evaluationand ranking

includedadditionaltechnologiesidentifiedby PNL staff from other FBI

resourcesand PNL's own resources.

SYSTEM REQUIREMENTS

Traditionally,bulletmark comparisonconsistsof visuallymatchingmarks

on one bullet againstthose on anotherusing a comparisonmicroscope. The FBI

providedPNL with technicalinformationon this traditionalmethod, including

informationon the most importantcharacteristics,and a variety of technical

papersdescribingproposedmethodsof automatingand/or improvingcomparison.

The FBI also provideddetailedcharacterizationinformationincluding

dimensionaland other requirements. Other requirementsincludeddescriptions

of the physicalgeometryof spent bulletsand cases, operator issues,system

implementationcost issues,functionalobjectivesfor the system,overall

system information,and more.

From this information,PNL deriveda set of minimumessential

requirementsand an additionalset of criteria. The minimum requirementswere

used to reduce the comprehensivelist of technologiesto a short list of six.

The entire set of criteria,includingthe minimumrequirements,were then used

to evaluate and rank the short list. The softwareused for evaluationand

rankingprovideda means for applyingrelativeweightsto the criteria.

AppendixA is a completelistingof all criteriawith their relativeweights.

Minimum Requirement_

The five minimumrequirementsused to reducethe comprehensivelist to a

short list of six are shown in Table I.
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MINIMUM REQUIREMENTS

• Lateral Resolution _ 5 pm
• _ Vertical Resolution < 5 pm

• Depth of Field z 150 pm
o Nondestructive
• Data Rate > 500 points/sec

TABLE I. MinimumRequirements

LateralResolution

Based on informationprovidedby the FBI on characteristicsof marks

impartedto bulletsand cases when fired, we determinedthat minimum lateral

and depth resolutionneeded to be no worse than 5 vm. In evaluatingthe short

list technologiesfor resolution,each was evaluatedrelativeto an "ideal"

range of I vm to 5 vm. Resolutionpoorerthan 5 vm was not acceptable,and

resolutionmuch finer than I vm is to be avoidedfor a varietyof reasons

includingincreasedsignal-to-noiseratio, artifacts,increasedamount of

data, increasedscanningtime, greatersystem complexity,greater sensitivity

to externalnoise, and others.

VerticalResolution

As with lateralresolution,the surfacefeaturesof interestrequirea

resolutionof 5 vm or better. Like lateralresolution,a window of i vm to

5 vm is preferred,for the same reasonsas statedabove.

Depth-of-Field

The step depth-of-fieldcriterionis aimed at maintainingadequatefocus

for the sensor passingover a 150 vm step. This might be a crack, scratch,

etc. In detailedevaluation,each technologywas evaluatedrelativeto a

total depth of 2.5 mm. Backgroundinformationsuggeststhat this is a safe,

but reasonable,maximumfor featureson the case head, in the vicinityof the

primer,where most of the characteristicsignatureis expected.



Non-Destructive_

The requirementfor a non-destructivemethod needs no furtherexplanation

as a minimumrequirement. In detailedevaluation,each technologywas

evaluatedaccordingto whetherdamage is certain,uncertain,or there is

effectivelyno probabilityfor damage.

Data AcquisitionRate.

A minimumdata acquisitionrate was based on resolutionrequiredand a

reasonabletime to scan the head of a shotshellcase. A data acquisitionrate

of 500 data points per second is very slow for this application,and thus this

is not a very stringentminimumrequirement. However,it applieda necessary

test at a level which would not eliminatea technologythat couldn'tbe

significantlyimprovedby cleverengineering.

AdditionalCriteriafor Evaluatioq

The additionalcriteriaused to evaluatethe short list of six

technologiesis shown in Table 2. Most of the criteriaare readilyunderstood

by those in the surfacetopographyand/or inspectioncommunity. A few require

additionalexplanation. The followingdiscussionbrieflydescribeseach

criterion,and AppendixA containsa listingof all criteriawith the scale

used to evaluateeach technologyaccordingto that criterion. In some cases,

criteriacan be appliednumerically,for example, initialpurchaseprice. In

others,the evaluationis more subjective,for example,ease of operation. In

a later sectionof this report,the softwaretool used for comparisonand

rankingwill be described. This tool facilitatedestablishinguser-defined

scaleswhich could accommodateeithernumericalor subjectiveverbal ratings.

Life-CycleCost - InitialPurchasePrice

Since the networkedsystemis intendedfor use by regional

municipalities,most having limitedbudgets,purchaseprice could exclude some

municipalitiesfrom participation. Low cost is better.

Life-CycleCost - GeneralEase of Operation.

This subjectivefactor includesmany c(,nsiderations.Positivefactors

includeoperationby a relativelylow-costtechnicianversus a highlyeducated
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ADDITIONAL CRITERIA FOR EVALUATION OF SHORT LIST

• Life Cycle Cost • Inherent Sources of Error

Initial Purchase Price 2n Depth Ambiguities

General Ease of Operation Cumulative Errors

• Robustness Reference Surface Errors

Sensitivity to Changing Room Light Repeatability

Sensitivity toAir Currents or Alignment/Leveling/Translation Errors

Temperature • Ease of Use

Sensitivity to Humidity Ease of Calibration

Sensitivity to Vibration Frequency of Calibration

• Applicable to Side of Case/Bullet Reliability

150 pm Step Sensor Ruggedness

80mm FOV/Scan Standoff Distance

• Applicable to End of Case • Flexibility

2.5 mm Step Shape of Scan

View/Scan 19 mm Circular Case End Adjustability of Parameters

Occlusion Angle (from normal) e. Acceptability

Sensitivity to Marking Orientation'or Commercial Availability

Distribution Correlation with Other Methods

e. Applicable to Material, AspectRatio

Sensitivity to Conductivity Bytes per 3-D Data Point

Sensitivity to Reflectivity Contact Versus Non-Contact

Sensitivity to Changes, in Conductivity Simplicity of Design

or Reflectivity

TABLE 2. AdditionalCriteriafor Evaluationof the Short List

professional,gracefulversus catastrophicfailure,ease of maintenanceby

local techniciansversus vendor technicians,and others.

Robustness- Sensitivityto ChanginqRoom Liqht

This is the first of severaloperatingenvironmentsensitivityfactors.

Many opticaltechnologiescould be affectedby varyingambientlight

conditions. Some may be compensatable,some not.

Robustness- Sensitivityto Air Currentsor Temperature

Some very high sensitivitytechnologiesare less stable in the presence

of air currentswhich can induce vibrationor changingtemperatures,.Some



technologies require a carefully controlled temperature and shielding from air

currents.

Robustness - Sensitivit.y to Humidity

Humidity can affect some technologies, for example those relying on

conductivity.

Robustness - Sensitivity to Vibration

At the resolution of interest, many technologies are sensitive to

vibration, however, many can be compensated or d,_mped.

-Applicable to Side of Case/Bullet - 150 vm Ste_

In topographic mapping of the side of the case or bullet, radius of

curvature is an important consideration. This criterion relates to the

technology's ability to accommodate a step change of 150 vm.

Applicable to Side of Case/Bullet - 80 mmField of View/Scan

i Since the systemwill be appliedto a wide range of samples,from .22

caliber (possiblysmaller)to large caliber, includingshotshellcases,80 mm

i is a comfortableupper end of the length range.

Applicableto End of Case - 2.5 mm Step

Since the end of the case is nominallyflat, one would expect a reduced

requirementcomparedto the case/bulletside. However,most of the

microstructureof interestis in the vicinityof the primer,or in the case of

rimfirecases, at the locationof the firing pin impact. A 2.5 mm maximum

' criterionensuressome latitude.

Applicableto End of Case - View/Scan19 mm CircularCase End

This criteriawas aimed at an abilityto scan or image the end of a 12

gauge shotguncase. In retrospect,this is probablyextreme, and was reduced

from a minimumrequirementto a less importantcriteriondue to most of the

detail of interestbeing in the immediatevicinityof the primer and/or firing

pin mark.



Applicableto End of Case - OcclusionAnqle from Normal

This criterionwas includedto favor those technologieswhich could

accommodatenot only pristinecases (and bullets),but also those which may

have been damaged and badly deformed. For example,a case may have been

ejectedalong a paved highwayand subsequentlydamagedby vehicles.

Applicableto End of Case - Sensitivityto MarkinqOrientationof
Distribution

This criterionis intendedto favor those technologieswhich can

accommodatearbitraryorientationand distributionof eithermanufacturing

marks (manufacturer'shead stamps)or featuresof interest(rimfirefiring pin

depressions). Technologieswhich cannot accommodatearbitraryalignmentor

distributionwould result in an increasedamountof sample preparationand/or

mounting/alignment.

Applicableto Material- Sensitivityto Conductivity

Some technologiescan accommodateconductivematerials,but have problems

with non-conductivematerials,or with non-uniformconductivity.

Applicableto Material - Sensitivityto.Reflectivity

Some optical technologiesare very sensitiveto opticalreflectivity.

Some work well with diffusesurfaces (bullets)but requiresurfacepreparation

(dusting)for specularreflectivesurfaces(cases). .Somerequirestrong

reflectionsfavoringlight colorswhile others can toleratelower

reflectivity.

Applicableto Material- Sensitivityto Chanqesin Conductivityor
Reflectivity

This criterionfavors those technologieswhich do not requireuniform

conductivityor reflectivity. Samplescannot be expectedto be uniform in any

way since they have not necessarilybeen pamperedas could be the case with

bulletsfired in a controlledlab situation. Bulletsmay have traces of

tissue,blood, fabric,or other materialclingingto them which may need to

remain intact,but shouldnot precludesurfacecharacterization.
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Inherent,Sourcesof Error - 2_ Depth Ambiquities

These errors are typicalof the variousforms of interferometry. Some

technologies(or implementations)may accommodatecompensation,others not.

Inherent.Sourcesof Error - CumulativeErrors

All systemsare expectedto have some sensitivityto cumulativeerrors.

This criterionfavors those less susceptible,which are typicallyless complex

systems.

Inherent.Sourcesof Error - ReferenceSurfaceErrors

This criterionfavors those technologieswhich do not requirea reference

surface,or which requirea referencesurface,but for which significant

errors introducedby that surfaceare compensated. While it is recoo:lized

that a differentialmeasurementin which a referenceis used can providemuch

greaterprecision(due to reduced'dynamicrange, resolution)and accuracy,

this additionalsource of error must be controlledto ensure a net, useful

gain.

InherentSources of Error - Repeatability

Repeatabilityis essentialfor comparingsamplesover long periodsof

time and among multiplenodes of the network.

InherentSourcesof Error - Alignment/Levelinq/translationErrors

This criterionrecognizesthe great varietywhich is inevitableamong

numeroustechnologiesin samplehandling. Some technologieslend themselves

to high resolutionover a wide field of view (FOV),eliminatingthe need for

scanning (translation).Others requiremechanicalor opto-electronic

scanning. All requireprecisionalignmentto ensure that FOVs being compared

are relevantand in registration. Some requirecarefullevelingto ensure

precisionmechanicalhandling.

Ease of Use - Ease of Calibration

This subjectivecriterionfavors technologiesnot needingcomplicated,

National Instituteof Standardsand Technology(NIST)-traceablecalibration.

Since the objectiveis high-speed,reliablescreening,ratherthan detailed

and precisefeaturematching,extensivecalibrationis not a positive factor.

11



Ease of Use - Frequencyof Calibration

The same descriptionappliesas for Ease of Calibration,above.

Ease of Use - Reliability

This subjectivecriterionrelatesto the potentialfor systemmalfunction

and the resultingoperatortrainingrequirementsfor minimizingmalfunction,

and for systemtroubleshootingand repair.

Ease of Use - Sensor Rugqedness

This criterionfavors technologiesrequiringsensorswhich are

electronically,mechanically,thermally,optically,or otherwisefragile.

Since the system is intendedfor operationby relativelylow-level

technicians,fragilesensors inviteexcessive,costly downtimeand repair.

Ease of Use - StandoffDistance

This criterionfavors those technologiesin which the sample is

relativelyaccessible. Scanningelectronmicroscopywould be at a

disadvantagedue to the requiredvacuum chamber,but some contactor near

contacttechnologies(mechanicalstylus,eddy current,etc.) might also

precludeeasy access to the sampledue to the probe proximity. These might

also increasethe probabilityof sampledamage.

Flexibility- Shape of Scan

The shape of the scan can favor selectedfeaturegeometries. A long,

narrow detectorfootprintmight give excellentresolutionin one direction,

but poor resolutionin the other.

Flexibility- Ad.iustabilit.yof Parameters

This criterionemphasizesthat this is not a developmentsystem,but a

"production-like"system. Adjustabilityadds to operationalcomplexity,

potentialsourcesof error, and operatortrainingrequirements. Technologies

offeringflexibilitycould be useful if their normal operationlocks out

parameterchange functions. However,those requiringchangesto accommodate

the range of sampleswould rate lower than those not requiringsuch

flexibility.

12



Acceptability

This set of criteria is a catchall for subjectivecriteria,as well as

some less subjective, lt providesa way to accommodate"intuitivefeel" of

the evaluators,based on their experienceand judgement.

Acceptability- CommercialAvailability

This criterionstronglyfavorssystemswhich are commerciallyavailable,

or which can be readilyadaptedfrom commerciallyavailableproducts.

DRUGFIRE is not a hardwaredevelopmentprogram,but rather a methodology

developmentprogram implementedby hardware and softwareintegration,with the

emphasison cost effectivenessof commerciallyavailablesubsystems.

Acceptabilit_- Correlationwith Other Methods

While this methodologyis not intendedfor highlycalibrated,absolute

measurements,a feelingof confidencewill be inspiredwithin the communityif

resultscan be "certified"by positivecorrelationwith accepted,traditional

methodologies.

Acceptabi]it.y- Aspect Ratio

This numericalcriterionfavorstechnologieswhose detector footprinthas

an aspectratio of 1.00. For variousreasonsalludedto above, elongated

footprintscomplicatecomparison,particularlywhen the comparisonis overseen

and checkedvisually.

Acceptability_ Bytes per 3-D Data Point

This criterionfavorstechnologieswhich requirereasonableamountsof

data storage. While data compressionis acceptable,its impacton data

acquisitionrate may impact its acceptability.

Acceptability- ContactVersus Non-Contact

This criteriongoes a step beyond a non-destructiverequirementin

favoringtechnologieswhich do not contactthe surface,therebyensuring

freedomfrom damage to the sample,as well as eliminatinglong-termchanges

due to mechanicalwear.

13



Acceptability- Simplicityof Desian

This subjective,catchallcriterionfavors systemswhich are

intrinsicallysimple. Positivefactorsare reliability,operator training,

life cycle costs, communityacceptance,and many more which are more difficult

to apply separately.

Globaland Other.DRUGFIRESystem Requirements

Taken in the contextof the entireDRUGFIRE Program,there are many

additionalrequirementsrelatingto (I) interfacingwith the computersystem,

database,and expert/knowledge-basedsystem,and (2) analysis,evaluation,

interpretation,and reportingof the surfacecharacteristicsdata (i.e.,

correlationalgorithms). In initiallystudyingthe vendor packages,it was

clear that the packagesdividedinto severalcategoriesas follows:

• Two-Dimensional(2-D)video imagingtechnology

• Three-Dimensional(3-D) surfacetopographytechnologies

• image processing(in supportof 2-D video technologies)

• expert/knowledge-basedsystems

• databasemanagementsystems

• generalcapabilities(systemsintegration,R&D, ballistics,forensics,
etc..)

Given the overallmagnitudeof the DRUGFIREsystemdevelopment,PNL focused

only on the 3-D surfacetopographyevaluation. The reasonsfor doing so

relativeto the two sets of requirementsand the contentof vendor packages

describedabove are addressedin the followingparagraphs.

Further,given the diversityof technologiesand the limitedamount of

detailed informationprovidedby the vendorsregardingspecific

implementationsof the technologies,it was impossibleto evaluate issues

involvingcompatibilitywith other DRUGFIREcomputerand databasesubsystems.

Rather,the technologieswere evaluatedindependentof compatibilityissues,

under the assumptionthat a Requestfor Proposal(RFP) for a surface

topographysystemwould includecompatibilityrequirements, lt would then be

14
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the responsibilityof the bidder to addresscompatibilityissues in the

contextof his unique implementation.

Perusalof the vendor packagesuggestedthat 2-D video imagingsolutions

proposed involvedno new technologythat wouldn't be includedin evaluating

surfacetopographytechnologies. An RFP for a video comparisonmicroscope

system for comparisonimagingwould primarilyfocus on the user interface,

cost, hardwareand file compatibilitywith the system computerand database,

and other issuesthat will only be detailedby proposingvendorsrespondingto

an RFP. That RFP will necessarilyincludesystem compatibilityrequirements

relative to which vendor proposalswill be evaluated.

Image processingwas judged to be too broad a categoryto be evaluatedat

this point, lt logicallyappliesto 2-D video issues so that it cannot be

evaluatedindependentof 2-D video imagingproposals. The nature and degree

of video image enhancementcould be consideredprior to writingan RFP.

However,becauseof implementationvariationslikely to be proposedby

vendors,allowingthem the freedomto proposetheir strongestcombinationof

hardware and softwareshould result in the best field of candidatesfrom which

to select.

There are some 3-D technologiesfor which image processingwould be

essential,for example, stereomicrovideography.However,the algorithmsin

these cases are relativelyuniqueto the technologyso that procuringgeneral-

purposevideo image processingcapabilityfrom anothervendor would be

counterproductive.

Correlationalgorithmsand softwarewill be essential,whether appliedto

video imagesor surfacetopographydata. lt may be more productiveto acquire

this capabilityfrom a vendor having strongstatisticalsoftwarecapability

since video and surfacetopographytechnologyvendorsare not likelyto have

first-rateexpertisein this area, and since it is less dependenton the exact

sourceof the data to be correlated. However,defining the requirementsfor

correlationcapabilitywill be heavilydependenton data set sizes,

acquisitionand processingrates, and other characteristicsof the overall

system.

15
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Developersof broad categoriesof algorithms,databasemanagement

systems,expert/knowledge-basedsystems,and vendorsprovidingpackages

illustratinggeneralR&D or systemsintegrationcapabilitythat did not focus

on the specificsurfacecomparisonfunctionwere consideredto be outsidethe

scope of this study.

TECHNOLOGYCOMPARISON

Data Sources

The primary sourceof data was a set of 74 vendor-providedinformation

packages in responseto the FBI's requestpublishedin the CommerceBusiness

Daily. These are listed in Appendix B in three categories: (I) applicable,

(2) possiblyapplicable,and (3) not applicable. This preliminarysortingwas

performedalong the lines of the discussionin the previoussection.

A second source of data was a set of papers,vendor informationcollected

over a period of years, and other documentationprovidedby the FBI from their

own referencefiles on the subject. These are numbered and listed in Appendix

C.

The two-volumeDRUGFIREComputerSystem specificationdocumentwas also

providedby the FBI as a supplementaldocument;althoughgiven the philosophy

described in the previoussectionregardingcompatibilityissues,this

documentprimarilyprovidedbackgroundand a contextfor the surface

topographyrequirements.

A number of additionalsourceswere used includingPNL technicalpapers

and documents,discussionswith a numberof PNL staff, and telephonecontact

with vendorswho submittedrelevantpackages. These are includedin the

bibliography.

A summaryof the data sourcesfor each technologyand the data used for

scoringis includedin AppendixD.

Method

PreliminarxSort

As mentionedabove,the initialset of 74 vendor packageswas first

sorted relativeto whether they were applicable,possiblyapplicable,or not

16
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applicable. This resulted in 32, 16, and 24 vendorsin those categories,

respectively,plus one other, Battelle (ColumbusDivision),which was not

includedin the evaluation. PNL is operatedby BattelleMemorial Instituteas

a part of its PacificNorthwestDivision. BattelleColumbusDivision is a

sisterdivision. In spite of the fact that the scope of this study involves

evaluatingand rankingtechnologies,not vendors,includingthe information

packagefrom BattelleColumbusDivision in the comparisoncould be viewed as

inappropriate, lt was anticipatedthat the technologiesidentifiedby

BattelleColumbusDivisionwould be well representedby others. If those

technologieswere ranked high enoughto be includedin an RFP, Battellewould

not be excluded from an opportunityto proposeits unique implementationof

the technology.

Compilationof a ComprehensiveList

Many technologieswere identifiedby more than one vendorresultingin

fewer technologiesthan the number of vendorshavingrelevanttechnologyto

offer. In addition,technologieswere added to the list as they were

identifiedfrom literaturesearches,additionalFBI or PNL documents,or From

discussionswith PNL staff. Many identifiedtechnologieswere membersof

familiesof specificvariationsof a generaltechnologycategory. These were

groupedwhen it was possibleto do so withoutlosing viabilityof a

technology. An exampleis that severalvariationsof interferometryhaving

similarcharacteristicsand limitations,but differingin physical

configuration,were groupedto simplifythe evaluationmatrix. As a result,a

total of 38 technologieswere compiledinto a comprehensivelist which would

then be evaluatedin greaterdetail.

First Cut Sort - MinimumRequirements

Collectinga completelyequivalent,comparableset of data on an

extensiveset of criteriafor 38 technologieswas expectedto be effectively

impossiblewithin the cost and scheduleconstraints. Therefore,the list of

38 technologieswas reducedto a short list by a first cut sort which applied

a set of minimum requirementson a pass/failbasis. These were describedin a

previoussection. Applyingthese criteriareducedthe candidatetechnology

list to six.

17
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Final Rankinq

The final rankingwas done by scoringeach of the six technologieson the

short list, plus an "idealsystem,"using each of the criteriadescribed

earlierand shown in Tables I and 2. Table 3 shows the entire,combined

decision tree appliedin the final ranking. The combinedlist of criteria and

sub-criteriais also shown in AppendixA, with the weighing factor and scoring

scale used for each criterion.

Each criterionwas weightedto reflectits importancewithin the overall

context. Weighingfactorsshown in AppendixA are relativeto other sub-

criteriawithin the same primarycriterion. This means that a weight of 1.00

for a secondarycriteriondoes not carry the same ultimateweight as a weight

of 1.00 for a primarycriterion. A softwaretool, to be describedin the next

section,was used to implementthis rankingprocess.

CRITERIUMTM - A SoftwareTool for Evaluation

CRITERIUMTM is a softwareapplicationpublishedby Sygenex (Redmond,

Washington)that provides an organizedstructurefor comparing,evaluating,

and rankinglarge sets of alternatives,using potentiallylarge, varied and

complexcriteria, lt was selectedas a tool for this study because it allows

scoringusing numericalor verbaluser-definedscoringscales,providesfor

user-definedrules which are used as pass-failcriteria,provides a

comprehensiveset of reportingformats,incorporatesa capabilityfor

evaluatingmodel result sensitivityto changes in criteriascoring,

facilitates"what if" testingto allow varyingweighingfactors,and generally

lends itselfto the nature of this rankingtask.

A model resultsfrom developinga hierarchyas shown in Table 3,

consistingof a goal, followedby multiple levelsof criteria. Every primary

criterionis weightedrelativeto every other primarycriterion. Every

secondarycriterionis weightedagainstevery secondarycriterionwithin its

own primarycriterion.

Finally,every alternativeis scoredusing a user-definablescale,

relativeto every secondarycriterion,or every primarycriterionwhich has no

secondarycriteria under it. A scale could be numericaldata like initial

systemcost, in which score increaseslinearlywith decreasingcost. A scale

18



Goal Primary Criteria Secondary Criteria
3D TECHNOLOGY- +MINIMUM LATERAL RESOLUTION

I
+ MINIMUM VERTICAL RESOLUTION
I
+MAXIMUM DEPTH OF FIELD
I
+ LIFE CYCLE COST

+MINIMUM PURCHASE PRICE

I + GENERAL EASE OF OPERATION
+ SPEED OF DATA EXTRACTION

L NON.DESTRUCTIVE ?
I
+ ROBUSTNESS

+ SENS, TO CHANGING ROOM LIGHT

I + SENS. TO AIR CURRENTS OR TEMPERATURE

+ SENS. TO HUMIDITY
+ SENS, TO VIBRATION

+ GOOD FOR SIDE OF CARTRIDGE + 1B0um STEP POSSIBLE

I + 80mm F.O.V.ISCAN POSSIBLE

+ GOOD FOREND OF CARTRIDGE + 2.Smm STEP POSSIBLE

I + ABILITY TO VIEW/SCAN

+ OCCLUSION ANGLE (FROM NORMAL)
' + SENSITIVITY TO MARKING ORIENTATION OR

DISTRIBUTION

I+GOOD FOR CARTRIDGE MATERIAL
+ 8EN8. TO CONDUCTIVITY

I + 8ENS. TO REFLECTIVITY+SENS. TO CHANGES IN CONDUCTIVITY OR
REFLECTIVITY

L INHERENT SOURCES OF ERROR
+ 2-PI DEPTH AMBIGUITY
+ CUM ULATIVE ERRORS
+ REFERENCE SURFACE ERRORS
+ REPEATABILITY
+ALIGNMENT/LEVELING/TRANSLATION ERRORS

+ EASE OF USE + EASE OF CALIBRATION

_ + FREQUENCYOF CALIBRATION

+.RELIABILITY
+ SENSOR RUGGEDNESS
+ STANDOFF

+ FLEXIBILITY + SHAPE OF SCAN

i + ADJUSTABILITY OF PARAMETERS
+ ACCEPTABILITY

+.COMMERCIAL AVAILABLE
+ CORRELATION WITH OTHER METHODS
+ASPECT RATIO
+ BYTES PER3D DATA POINT
+ CONTACT VS. NON-CONTACT
+ SIMPUCITY OF CONCEPT

TABLE 3. Final RankingDecisionTree
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could be a subjectivescale like rating,on a scale of I to 5, ease of use or

conceptcomplexity. A scale could be a verbal rating like yes/maybe/no,or,

low sensitivity/moderatesensitivitybut compensated/highsensitivityrelative

to some environmentalfactor. Numericalvalues are assignedto verbal scales

accordingto the number of possiblechoicesfor final integrationof all

scores. CRITERIUMm maintainsthe recordsof individualscores and combines

and weights them to providefinal scores.

In this case, a set of rules (pass/failcriteria)were used, as described

earlier, to reduce the 38 alternativesto six. The first cut was done using

all 38 technologies,but scoringthem on only the five minimum -_quirements.

Followingthis process,the model was revisedto includeonly the six

technologiesin the short list, plus the "idealsystem,"and these were scored

on all criteria.

CRITERIUMW was used to generate a varietyof reportswhich were used in

peer reviewingthe findingsand as a basis for drawingconclusions. The final

results shown in this documentare slightlymodifiedfrom the actual

CRITERZUMm reports in that final scoreswere normalizedto aid in

interpretation,and a final rankingbar chart was generatedusing a graphic

applicationratherthan the character-basedbar chart used by CRITERIUMm.

Peer Review

A peer reviewof the resultswas conductedat PNL, followinga

preliminaryanalysisusing CRITERIUMm. The reviewconsistedof PNL staff

J. S. Hartman (Electro-OpticalSystemsGroup Leader)and B. B. Brenden(Staff

Scientist),in additionto C. R. Batishko (StaffScientist). The reviewers

are all senior scientificstaff in a technicalgroup which has developedand

deliveredunique,often automatedelectro-opticalmeasurementsystemsto a

wide varietyof governmentand privateclientsfor many years. Their

cumulative,relevantexperienceis over 50 man-years.

Since Batishkodirectedwork done by B. J. Hickmanwho developedthe

model and compiledthe data and F. M. Cuta who assisted in collectingdata, he

was an appropriate,unbiasedreviewer.

The reviewersagreed fully with the resultingranking. Their primary

suggestionsfor improvingthe studywere limitedto means of improvingclarity
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in communicatingresults. The only significantchange followingthe peer

reviewwas to eliminatethe shotgunshell head diameterscan requirement.

This was based on the FBI's feedbackthat the primaryarea of interest is the

primer area, requiringa much smallerscan. This change resultedin the

highestscoringtechnology,CONFOCALMICROSCOPY,passingthe minimum

requirementtests, rather than failing.

RESULTS

The resultsof the rankingprocessare illustratedin Figure I. The

figure includesthe top seven ranked technologiesplus an "ideal"system to

normalizescores. Among the six technologieswhich passed the minimum

requirementtests, CONFOCALMICROSCOPYreceivedtop scoresby a wider margin

(-10%)than that which separatesthe remainingfive technologies(-6_%).

CONTACTSTYLUSwas includedas the highestrankingof the remaining

technologieswhich failed the mini_lumrequirementtests,primarilyto expedite

comparisonto a well-knowntechnologywhich is traditionallyused for surface

topology. The CONTACTSTYLUS score is clearlybelow (-11%)the lowest scow'ing

of the technologieswhich passed the minimum requirementstest.

CONCLUSIONS

A comprehensivelist of technologieswas reducedto a short list of six,

which were ranked using a set of 14 primarycriteria,many having secondary

criteria.

The ranked short list results (highestto lowest)are as follows:

(I) confocalmicroscopy

(2) laser dynamicfocusing

(3) moire interferometry

(4) fringe field capacitance

(5) laser triangulation

(6) structured/sectionedlight

21
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FIGUREI. Summaryof RankingResults
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Informationused for the evaluationand rankingwas not sufficiently

detailedto evaluatespecificimplementationsof the technologies. Each of

the technologieslisted in the short list was judged potentiallycapableof

meeting the minimum requirements. Clever,novel engineeringsolutions

resultingin a more cost effectivesystem,or a closer fit to the "ideal

system",could result in a reorderingof the short list when actual proposed

implementationsare evaluated.

23
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APPENDIXA

CRITERIAAND SUB-CRITERIAWITH RELATIVEWEIGHTS

SAMPLE CRITERION (weighfactor relativeto others under the same primary
criterion)

[ratingscale]

Minimum LateralResolution(1.00)
[I-5_m,<<Ipm, >5pm]

Minimum VerticalResolution(0.75)
[I-5_m,<<Ipm, >Spm]

Maximum [Step]Depth-of-Field(0.75)
[>=150pm,<150pm]

Life Cycle Cost (1.00)
[critical,very important,important,unimportant,trivial]

MinimumPurchasePrice ((1.00)
[<=$I0k,$10k-$5Ok,$50k-$1OOk,$100k-$150k,$150k-$200k,>$200k]

GeneralEase of Operation (0.50)
[maximum,high, moderate,low, minimum]

Speed of Data Acquisition(0.75)
[>50k/s,20k-50k/s,10k-2Ok,5k-1Ok,Ik-Sk,O.Sk-lk,<O.Sk]

Non-Destructive(1.00)
[yes, no, maybe]

Robustness(0.5)
[critical,very important,important,unimportant,trivial]

Sensitivityto Changing Room Light (1.00)
[insensitive,sensitivebut compensated,somewhatsensitive,very
sensitive]

Sensitivityto Air Currentsor Temperature(0.67)
[insensitive,sensitivebut compensated,somewhatsensitive,very
sensitive]

Sensitivityto Humidity (0.0)
[insensitive,sensitivebut compensated,somewhatsensitive,very
sensitive]

Sensitivityto Vibration(1.0)
[insensitive,sensitivebut compensated,somewhatsensitive,very
sensitive]
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Side of CartridgeCapability(0.75)
[critical,very important,important,unimportant,trivial]

150 _m step (1.00)
[yes, no, maybe]

80 mm Field-ofView/ScanPossible (0.25)
[yes, no, maybe]

End (Head)of CartridgeCase Capability(1.00)
[critical,very important,important,unimportant,trivial]

2.5 mm Step Possible?(1.00)
[yes, no, maybe]

View/Scan 19 mm CircularObject (1.00)
[yes,no, maybe]

OcclusionAngle from Vertical (0.75)
[45° - 0° from zero]

Sensitivityto Markings/Orientation(0.75)
[insensitive,sensitivebut compensated,somewhatsensitive,very
sensitive]

CartridgeMaterialCompatibilityi0.75)
[critical,very important,important,unimportant,trivial]

Sensitivityto Conductivity(0.75)
[insensitive,sensitivebut compensated,somewhatsensitive,very
sensitive]

Sensitivityto Reflectivity(1.00)
[insensitive,sensitivebut compensated,somewhatsensitive,very
sensitive]

Sensitivityto Changes in Conductivity/Reflectivity(0.75)
[insensitive,sensitivebut compensated,somewhatsensitive,very
sensitive]

InherentSourcesof Error (0.25)
[critical,very important,important,unimportant,trivial]

2_ Depth Ambiguity(0.75)
[not applicable,possible]

CumulativeErrors (0.75)
[not applicable,possible]

ReferenceSurfaceErrors (0.50)
[not applicable,possible]

Repeatability(1.00)
[scale,2%- 0%]

Alignment/Leveling/TranslationErrors (0.5)
[insensitive,sensitivebut compensated,somewhatsensitive,very
sensitive]
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Ease of Use (0.5)
[critical,very important,important,unimportant,trivial]

Ease of Calibration(0.50)
[maximum,high, moderate,low, minimum]

Frequencyof Calibration(0.75)
[never,rarely,sometimes,often,veryoften]

Reliability(1.00)
[maximum,high, moderate,low, minimum]

Sensor Ruggedness(0.5)
[maximum,high, moderate,low, minimum]

Standoff (0.0)
[scale,0-100 mm]

Flexibility(0.0)
[critical,very important,important,unimportant,trivial]

Shape of Scan (1.00)
[point,line, section,full field]

Adjustabilityof Parameters(0.67)
[maximum,high, moderate,low, minimum]

AcceptabiIity (0.25)
[critical,very important,important,unimportant,trivial]

CommercialAvailability(I.00)
[maximum,high, moderate,low, minimum]

Correlationwith Other Methods (0.50)
[maximum,high, moderate,low, minimum]

Aspect Ratio (0.25)
[scale,1-5000]

Bytes per 3-D Data Point (0.75)
[scale,1-12]

Contactvs Non-Contact(1.00)
[none,non-damaging,possiblydamaging]

Simplicityof Concept (0.0)
[maximum,high, moderate,low, minimum]

A.3



APPENDIXB

LISTINGSOF VENDOR PROPOSALSBY APPLICABILITYTO 3D IMAGING



APPENDIXB

LISTINGOF VENDOR PROPOSALSBY APPLICABILITYTO 3D IMAGING

,. , , ,, , ,, ,

APPLICABLE POSSIBLYAPPLICABLE NOT APPLICABLE
. ,,,. ,,, . ,

I IVendor No. Vendor No. Vendor No.
' " "I' i'1 ' i "' i al i ' ii i

BDM 1 TREC 4 HGO 2
, , , .i L

Phoenix 7 Babcock& Wilcox, 12 SAIC 3
Technology_....Inc. McDermott, Inc. .

Dynetics,Inc. 8 GTE 14 Diversified 6
Technical
Consultants,
Ltd.

, .,, ,, ,,,,,,.

IITRI 9 Hughe_ Electro- 33 SysconCorp. 16
Optical and Data
Systems Group ..

Hughes Aircraft 10 Voyager Systems, 39 Technology 21
Co. Inc. Applications, ,,.

TASC 11 Walsh Automation 43 Consultantsfor 23
Mgmt. Decisions,
Inc.

MSI Services, 13 CharlesStark 44 Digital 25
Inc. . Draper Laboratory.....

Westinghouse 15 ComputerScience 46 Fusion Systems 27
Innovations,Inc.

Hilton Systems, 18 SyneticsCorp. 53 Phototelesis 28
Inc.

, ,.. ,, ,. ,

ERIM 19 BDS Systems,Inc. 54 DimensionsTech. 29
Inc.

,, , , . , ,,,

Gaylord,Morgan & 20 Mission Research S5 XImage Corp. 30
Dunn .... Corp.

Wyco Corp. 22 EktronApplied 62 Universityof 35
Imagin.9 Nevada

CyberOptics 24 Spectrum 63 Becan 41
ManagementGroup Engineering
(SMG)
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APPLICABLE POSSIBLYAPPLICABLE NOT APPLICABLE _

Vendor o. Vendor o. Vendor Io_

Control Data !6 Corabi 56 Institutefor 42
Systems
Analysis,Inc. __

CenturyComputing 31 American 73 Synetics 45
Electronics,Inc. ----

Riverside 32 LNK Corporation 74 Honeywell 48
Research Inst. ----

EugeneWalushka 34 Intermetrics, 50Inc.

Xerox Advanced 51
Mechanical 36 Information
Technology,Inc. Technolo,

S M Systems and 57
PAR Government 37 . ResearchGrou
,stems

aVision 38 AI Cor . 5___8_8

Quest Integrated, 40 TAMSCO 61
Inc. ----

CSCI 67
Arvin Calspan 47 Communications

Lockheed 68
G.E. Aerospace 49 Missiles & Space

Co., Inc.,
Research&
Development
Division

ESL, Inc. 52 SBD Associates 7_._.2.2

Autometric,Inc. 56 -----

Southwest 59
Research
Institute -----

TAU Corporation 61 ----

G.E. Advanced
Technolo, Labs _ ----

LockheedMissiles 6!
& Space Co., Inc.
Simple Image
Processin.__Lab.
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APPLICABLE POSSIBLYAPPLICABLE NOTAPPLICABLE

I I ' iVendor L No. Vendor I No. Vendor No.
l ' 'i i mill i ' " " ' ' ill i

Chapman 69
Instruments..... ,,

David Sarnoff 70
ResearchCenter

, ., ,. , ,.

Air,GageCompany 71 ,,
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APPENDIXC

SUPPLEMENTALINFORMATIONPROVIDEDBY THE FBI

I. CRIMINALTECHNICALINFORMATION,BulletinNo. 6
by Wiesbaden,April 1989.

2. PROCEEDINGS,"In ProcessOpticalMetrologyfor PrecisionMachining",SPIE
Volume 802
by R. Brodmann,W. Smilga

3. RODENSTOCKRM 600 LASER STYLUS

4. COMPARISONOF TECHNIQUESFOR THE MEASUREMENTOF 3-DIMENSIONALSURFACE
MICROTOPOGRAPHY
by M. Fairlie,J. Akkerman,D. Smith and R. Timsit

5. QUANTITATIVEDEPTH PROFILINGIN SURFACEANALYSIS: A REVIEW
by S. Hofman

6. COMPARISONOF OPTICALAND MECHANICALMEASUREMENTSOF SURFACEFINISH
by E. L. Church

7. HIGH RESOLUTIONOPTICALSURFACEMICROTOPOGRAPHY
by D. Wagner

8. A COMPUTER-AIDEDSYSTEM FOR TOPOGRAPHICALANALYSIS IN THE SEM
by D. M. Holburnand K. C. A. Smith

g. EVALUATIONOF A COMMERCIALMICROTOPOGRAPHYSENSOR
by R. Brodmannand W. Smilga

10. IN-PROCESSOPTICALMETROLOGYFOR PRECISIONMACHINING
by RudigerHaberland

11. A NEW OPTICALSURFACEMICROPROFILINGINSTRUMENT
by Jay M. Eastmanand James M. Zavislan

12. OPTISCHEMIKROPROFILOMETICUND RAUHEITSMESSUNG
(OPTICALMICROPROFILMETRYAND ROUGHNESSMEASUREMENT)
by K. Leonhardt,K. H. Rippertand H. J. Tiziani

13. THREE-DIMENSIONALSTYLUS PROFILOMETRY
by E. ClaytonTeague,FredricE. Scire,Saul M. Baker and StephenW.
Jensen

14. CONFOCALSCANNINGOPTICALMICROSCOPY
by Gordon S. Kino and TimothyR. Corle
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15. CONFOCAL LIGHT MICROSCOPES: NEW IMAGINGCHALLENGE
by Bob Compton and Bart Yatchmenoff

16. FLUORESCENCEAND CONFOCAL LASER SCANNINGMICROSCOPY: APPLICATIONSIN
LIFE SCIENCES
by Barbara Foster and William I. Miller, III

17. PHOIBOS1000: CONFOCALLASER SCANNINGMICROSCOPE

18. AFTE CRITERIAFOR IDENTIFICATIONCOMMITTEE

19. ATFA-77: ADVANCEDTECHNIQUESIN FAILUREANALYSIS
27-29 September1977

20. SURFACEMICRO-TOPOGRAPHYBY AUTOMATICPROCESSINGOF PROJECTED
INTERFERENCEFRINGES
by R. W. Wygant, S. P. Almeidaand O. D. D. Soares

21. SURFACEROUGHNESSEVALUATIONBY IMAGE ANALYSISIN NOMARSKI DIC MICROSCOPY
by M. J. Fairlie,J. G. Akkerman,R. S. Timsit

22. ON-MACHINEMEASUREMENTOF SUR'FACETEXTUREPARAMETERS
by Lionel R. Baker

23. TESTING REFLECTIVEOPTICAL SURFACESWITH A NON-CONTACTINGPROBE
by Gi Molesini,F. Quercioli,B. Tiribilliand M. Trivi

24. PHOTON TUNNELINGMICROSCOPY
by John M. Guerra

25. CHROMATICPROBE FOR SURFACEMICROTOPOGRAPHYINSPECTIONAND ANALYSIS
by G. Molesini,F. Quercioliand M. Trivi

26. SCANNINGTUNNELINGMICROSCOPYOF PLATINUMELECTRODESURFACESWITH
DIFFERENTPREFERREDCRYSTALLOGRAPHICORIENTATIONS
by L. Vazquez,J. M. Gomez Rodgriguez,J. Gomez Herrero,A. M. Baro, N.
Garcia

27. SCANNINGTUNNELINGMICROSCOPYOF ELECTROCHEMICALLYACTIVATEDPLATINUM
SURFACES. A DIRECT EX-SITUDETERMINATIONOF THE ELECTRODENANOTOPOGRAPHY
by L. Vazquez,J. Gomez,A. M. Baro, N. Garcia,M. L. Marcos,J. Gonzalez
Velasco,J. M. Vara, A. J. Arvia, J. Presa,A. Garcia,and M. Aguilar

28. AUTOMATICCOMPARISONMODEL OF LAND IMPRESSIONS
by Tsuneo Uchiyama

29. RIFLE MARKINGSOF TITAN 25 CALIBERSEMI-AUTOMATICPISTOLS
by Tsuneo Uchiyamaand MiyoshiNagai

30. SIMILARITYAMONG BREECH FACE MARKS FIRED FROM GUNS WITH CLOSE SERIAL
NUMBERS
by Tsuneo Uchiyama
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31. CHANGEOF RIFLINGMARKS OF THE BULLETSFIRED FROM A REVOLVER
by Tsuneo Uchiyama,MiyoshiNagai, and Yaaki Sakata

32. NON-FIRINGMARKINGSON PRIMEROF REMINGTONCARTRIDGES
by Tsuneo Uchiyamaand Osamu Nota

33. A CRITERIONFOR LAND MARK IDENTIFICATIONUSING RARE MARKS
by Tsuneo Uchiyama

34. AUTOMATICCOMPARISONMODEL OF LAND MARKS
by Tsuneo Uchiyama

35. A CRITERIONFOR LAND MARK IDENTIFICATION
by Tsuneo Uchiyama

36. THE FREQUENCYOF OCCURRENCEOF INDIVIDUALCHARACTERISTICSOF FIREARMSON
FIRED BULLETSAND CARTRIDGECASES
by Tsuneo Uchiyama,Naoaki Igarasiand MiyoshiNagi

37. THE MICROCHIPAND THE BULLET: A VISIONOF THE FUTURE
by MichaelR. Barrett,Walsh AutomationInc.

38. "CRITERIAFOR IDENTIFICATION"OR "STATEOF THE ART" OF FIREARMAND
TOOLMARK IDENTIFICATION
by Alfred A. Biasotti and John Murdock

39. CRITERIAFOR IDENTIFICATIONIN STRIATIONMATCHING
by A. A. Biasotti

40. STUDIESOF MODELS OF STRIATEDMARKS GENERATEDBY RANDOM PROCESSES

41. RIFLINGMETHODS - A REVIEWAND ASSESSMENTOF THE INDIVIDUAL
CHARACTERISTICSPRODUCED
by A. A. Biasotti

42. COMPUTER IDENTIFICATIONOF BULLETS
by GeoffreyY. Gardner

43. COMPUTER IDENTIFICATIONAND CLASSIFICATIONOF BULLETS
by GeoffreyYvelin Gar6ner

44. NATIONALAERONAUTICSAND SPACE ADMINISTRATIONAUTOMATEDFIREARMS
IDENTIFICATIONSYSTEM (AFIDS)
R. J. Blackwell,Task Team Leader

45. A STATISTICALSTUDY OF THE INDIVIDUALCHARACTERISTICSOF FIRED BULLETS
by Alfred A. Biasotti

46. HOW'S YOUR SURFACE? Part I
John J. Kendrick,Associateeditor
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47. COMPARISONOF 900 CONSECUTIVELYFIRED BULLETSAND CARTRIDGECASES FROM A
455 CALIBERS & W REVOLVER
by Shane J. Kirby

48. COMPARISONOF 5000 CONSECUTIVELYFIRED BULLETSAND CARTRIDGECASES FROM A
45 CALIBERM1911AI PISTOL .,.
by YoshimitsuOgihara,MitsumasaKu_ota,MunekichiSanada,Kazuo Fukuda,
Tsuneo Uchiyama,James Hamby

49. BULLET COMPARISON,A STUDY OF FIRED BULLETS,STATISTICALLYANALYZED
by Alfred H. Biasotti

50. AUTOMATEDFIREARMS IDENTIFICATIONSYSTEM (AFIDS): PHASE I
by R. J. Blackwelland E. P. Framan

51. AFTE TRAININGSEMINAR,HOUSTON,TEXAS 6/12/91
by Robert W. Sibert

52. RESEARCH PROPOSAL,OCTOBER21, 1983
by Biasotti

53. COMPUTER IDENTIFICATIONOF BU'LLETS
by GeoffreyY. Gardner

54. BULLETPROOFPAMPHLET

55. SURFACEFINISH METROLOGYTUTORIAL
by T. V. Vorburgerand J. Raja

56. NAVY METROLOGY
by Departmentof the Navy MetrologyEngineeringCenter

57. COMPUTER IDENTIFICATIONOF BULLETS
by GeoffreyY. Gardner

58. FRACTALSURFACESAS MODELS OF PHYSICALMATCHES
by John I. Thornton

59. THE SNOWFLAKEPARADIGM

60. ON IDENTIFICATIONBY PROBABILITY

61. USE OF PROBABILITYTHEORY IN MAKING IDENTIFICATIONSTHROUGHCOMMON
CHARACTERISTICS(OR, A LESSON FOR BEGINNERSIN HOW TO BE WRONG WITH
GREATERPRECISION)

62. CONSECUTIVELYMANUFACTUREDKNIFE BLADES

63. GENERALDESIGN INC., HISTORY

64. FEASIBILITYSTUDY AND EVALUATIONOF COMPUTERBASED BALLISTIC
IDENTIFICATIONSYSTEM
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65. ELI COMPUTERSYSTEMSINCORPORATED

66. COMPUTERIZEDBALLISTICSIDENTIFICATIONSYSTEM
by Eli ComputerSystems, Inc.

67. LITERATUREPERTAININGTO UBIQUITOUSSPECTRUMANALYZERS,UA-IO PRELIMINARY
SPECIFICATION

68. STUDIESOF MODELS OF STRIATEDMARKS GENERATEDBY RANDOM PROCESSES

6g. APPARATUSFOR SCANNINGTHE SURFACEOF A CYLINDRICALBODY

70. PROJECTILEENGRAVINGMUTATIONSAND THEIR RELATIONSHIPSTO ACCURACYOF THE_

MI6AI RIFLE:
distributedby NationalTechnicalInformationService

71, BALLISTICSCOMPARISONTECHNIQUES

. 72. COMPUTINGTECHNOLOGYINCORPORATED

73. CONFOCALMICROSCOPESYSTEM
Demo at Univ of Maryland6/22/90

74. AFTE CFIC 11-06-89
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APPENDIXD

TECHNOLOGYINFORMATIONAND EVALUATIONSUMMARY

[ Vendor proposal numbers refer toAppendix B. Technical paper numbers refer to FBI-
provided mater/als tabulated in Appendix C. ]

AREALCAPACITANCE CONFOCALMICROSCOPY

FBIReferences: FBIReferences:

Vendor Proposal36 Vendor Proposals64,70
Technical Papers10, 55, 56 TechnicalPapers 14, 15, 16, 17, 51, 73

VendorsContacted: VendorsContacted:
MTI (Vendor36) MolecularDynamics (formerlySarastro)
(518) 785-2505 1-800-333-5703
Contact: BrianFox Contacts: KathyPadgett, Steve Nelson

TracorNorthern
Rrst Cut Criteria: (608) 831-6511

Minimum LateralResolution- 3mm Contact:Wlllie Hausner
Minim.urnve,rtica!Re,solution. 1-10nra
Depth of Reid/Vertical Range. < 100/Jm ' Vendor ReferencesContacted:
Ufe Cvole(_,;ost- Dr. Duane Kreuger(forMolecularDynamics)

1. PurchasePrice- $10K DowChemical
2. General Easeof Use. Very mature (507) 636-6549

technology. Rating:high. Rob Gutlerrez(forMolecularDynamics)
_;peedof Da,ta Extraction. 5000 pointsper second. EastmanKodak
Destructivenessof Metho..dd- non-destructive. (716) 722-3390

Rrst Cut Criteria:
Minimum LateralResolution- Diffraction-limitedby

(_QN(_ENTRIQBEAMINTERFEROMETRY optics (1/Jmspot) for laser-basedsystems.
Monochromaticlightsourcesrequiredfor best

FBIReferences: quantitativemeasurements(Source:Paper #14),
TechnicalPaper 55 .MinimumVerticalResolution. Adjustablestep height.

Minimum slice is approximately0.Spin (Source:
AdditionalReferences: Technicalpapers#14 and #15).

PrecisionEngineering,Vol. 7, No. 4, Oct. 1985,p. 211 Depth of Reid/Vertical Range - 2mm is standard,but
can extend to 9.2mm withspecial 10Xobjective

FirstCut Criteria: (Source:Molecular Dynamics).
MinimumLateralResolution- 0.5/Jm .Life(;)ycleP.,ost-
MinimumVerticalResolution. 0.1nm 1. PurchasePrice- $135K with automated
Del_thof Reid/Vertical Range. 16nm stage for laser.basedsystem (Source:
Ufe (_cle C_st - MolecularDynamics). $70K for white light

1. PurchasePrice. Not commercial, unknown, system (Source:TracorNorthern).
2. GeneralEase of Use. The advantagesof 2. Genera_Ease of Use - Not fully automated;

this instrumentis that it requiresno have to manuallyset beginningof scan,
referencesurfaceand is very insensitiveto Have to be somewhatfamiliarwith
vibrationand reflectance,makingit microscopes,but easier than electron
somewhat easierto use thanother microscopes.Rating:moderate.
interferometers. Rating:moderate. _;peedof Data Extraction- 2.5 secondsfor 16,000

_;peedof DataExtraction- Unknown. Referencesuse points,20 secondsfor 1,000,000points (Onefield of
analog signal, view, Source: MolecularDynamics),
Destructivenessof Method - Non.destructive. Destructivenessof Method. Non-destructive.
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SecondCut Criteria: 3. Reliability- Assumehigh because
Robustness- customersneverneed to calibrate.

1. Sensitivityto ChangingRoom Ught. Can 4. SensorRuggedness- Assumemoderate
be laser orwhite lightbased, but neitheris since it is not a high- productioninstrument.
sensitiveto room lightingbecause of limited 5. Standoff- Maximum of 9.2mm (Source:
field of view (Source:MolecularDynamics, MolecularDynamics).
Tracer Northern). Rexibilitv.

2. Sensitivityto Air Currents- Insensitive 1. Shape of Scan - Section,1024 x 1280 pixels
(Source:MolecularDynamics). (Source:MolecularDynamics).

3. Sensitivityto Humidity - Insensitive(Source: 2. Adjustabilityof MeasurementParameters -
MolecularDynamics). Can easilyadjustverticalstep. Have to

4. Sensitivityto Vibration. Sensitive,but change out objectiveto changedepth of
vibrationisolationprovided (Source: field or lateralresolution. Rating:moderate.
MolecularDynamics). Acceptability-

Su!t.abilityfo.rI.maclincICartridgeSide - 1. CommercialAvailability. Availablefrom at
1. Abilityto Achieve 15QumVertical Step. Yes, least 4 manufacturers. Rating:moderate.

can handle up to 9.2mm stepwith special 2. CorrelationwithOther ProfilingMethods-
lens (Source:MolecularDynamics). unknown.

2. Abilityto Achieve80mm Field of View (or 3. Minimum AspectRatio- 2 (Minimum lateral
Scan Length)- No, field of view is limited resolutionis 1pm; minimumverticalstepis
by opticsand CCD sizeto 2mm x 2mm, 0.5pm; both are adjustable).
given5/Jm lateralresolution. Instrumentnot 4. Bytes per 3D Data Point - 8-bitgrey scale
set up to scanin horizontaldirection used x number of pixels infield of view
(Source:MolecularDynamics,Tracor (Source:MolecularDynamics). Thus,one
Northern). byte per data point.

Suitabilityfor ImaQinclCartridcleEnd - ' 5. Contact vs. Non-contact- Non-contact.
1. Ability to Achieve2.Smm VerticalStep. Yes, 6. Simplicityof Concept - Creates3D image

can handle up to 9.2mm step with special much liketopographicmap (linesof
lens(Source:MolecularDynamics). constantelevation). Rating:high.

2. Abilityto View or Scan 19mm circularobject
- No, limitedto 2mm field of view.

3. Minimum OcclusionAngle. 0° (Source:
MolecularDynamics), CONTACTSTYLUS

4. Sensitivityto Marking Orientationor
Distribution- Insensitive(Source:Molecular FBIReferences:
Dynamics). VendorProposalg

Suitabilityfor Cartridge Material- TechnicalPapers 13, 51, 55, 56
1. Sensitivityto SampleConductivity.

Insensitive;optical method. VendorsContacted:
2. Sensitivityto Sample Reflectivity. Sensitive, Tokyo SeimitsuAmerica

but can be compensated(Source: (313) 353-3888
MolecularDynamics). Contact: PeterAkroyd

3. Sensitivityto Changesin Sample
Conductivityor Reflectivity. Somewhat CustomerReferences:
(Source:MolecularDynamics). John Hughes

Inherent,_ourcesof Error(independentof Canadian EnergyDepartment
environment). (wouldn'tgive phonenumber)

1. 2_rDepth Ambiguities- Not applicable.
2. CumulativeErrors. Not applicable. FirstCut Criteria:
3. ReferenceSurfaceErrors. Not applicable. MinimumLateralResolution- 0.45/Jm(Source:
4. Repeatability- 10-20%of a pixel (Source: Technical Paper#56). More common 1.2/Jm.

MolecularDynamics). MinimumVerticalResolution- 0.1nra (Source:
5. Alignment/LevelingErrors- Possible Technical Paper#55).

becausehave to manuallyset up beginning Depth of Field/VerticalRan,qe- 1mm standard,2mm
of scan (Source:MolecularDynamics). specialorder for 3D system (Source:Tokyo Seimitsu).
Rating:Somewhatsensitive.

Ease of Use (secondcut) - LifeCycle Cost -
1. Ease of calibration. Calibrationnot required 1. PurchasePrice- $100K for 3D system

(Source:MolecularDynamics), Rating: (Source:Tokyo Seimitsu).
Minimum. 2. General Easeof Use - Alignmentand

2. Frequencyof calibration. Never (both levelingimportant,fragile (Source:
vendors). TechnicalPaper#55). Verymature
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technology(50 years),standardto which interferometerfor vertical (Source:Technical
everythingis compared(Source:Technical Paper #56). Usingstepscan be fully
Paper#56). Rating: High. automated,but veryslow (Source:Tokyo

Speedof Data Extraction. 30 pointsper second Seimitsu). Rating: high.
(limitedto slowscan speed to avoid flight, Source: 2. Frequencyof calibration- Rarely(Source:
TokyoSeimitsuAmerica). John Hughes).
Destructivenessof Method. Mightbe destructive, 3. Reliability- Maximum reliability(Sources:
dependingon stylus speed, force, stylussize,sample John Hughes,Vendor Proposal#g)
hardness,etc (Source:TechnicalPaper56). 4. SensorRuggedness- Can be fragile

(Source:TechnicalPaper#55). Rating:low.
SecondCut Criteria: 5. Standoff- None; contactmethod.

Robustness- Rexibi.!ity-
1. Sensitivityto ChangingRoom Ught - 1. Shapeof Scan - seriesof points.

Insensitive. 2. Adjustabilityof MeasurementParameters-
2. Sensitivityto AirCurrents- Insensitive. Can adjustsensitivityof vertical
3. Sensitivityto Humidity - Insensitive. measurementwithfilters. Canadjust lateral
4. Sensitivityto Vibration. Sensitive,but resolutionwith software. Cannotadjust

vibrationisolationprovided, depth of field. Not much adjustmentof
Suitabilitvfor Imagina CartridqeSide - speed. Can adjustscan lengthbut not

1. Abilityto Achieve150/JmVerticalStep - No, continuously(Source:Tokyo Seimitsu
althoughdepth of field might be enough America). Rating: high.
(2mm specialorder),it is not suitablefor Acceptability-
abruptchangesin elevation(source: 1. Commercial Availability- Very mature
TechnicalPaper #56). technology,but not as prevalentas

2. Ability to Achieve80mm Field of View (or coordinatemeasuringmachines. Rating:
Scan Length). Yes, althoughvendor ' high.
informationis unclear,scanlength is not 2. Correlationwith Other ProfilingMethods.
usuallya problem (source: TechnicalPaper Maximum, thisis the standardto which
#56). everythingelse is measured.

Suitabllitvfor Imagtna CartridQeEnd.- 3. AspectRatio- 4600 (Minimum lateral
1. Abilityto Achieve 2.5mm VerticalStep * No resolutionis 0.46/Jm;minimum vertical

(Source:TechnicalPaper #56). resolutionis 0.1nra; bothare adjustable).
2. Ability to View or Scan 19mm circularobject 4. Bytesper 3D Data Point- assume at least6.

- No, not suitablefor makingautomatically 5. Contactvs. Non-contact. Can brazesurface
varyingscan lengths(Source:Tokyo and changeappearance (Source:Tokyo
SeimitsuAmerica). Selmitsu). Rating: Possiblydamaging.

3. MinimumOcclusionAngle - 30° to 45° 6. Simplicityof Concept - Outputis directly
(source: TechnicalPaper#56). proportionalto undulationsin surface.

4. Sensitivityto Marking Orientationor Rating:maximum.
Distribution- very sensitive(Source:Tokyo
SeimitsuAmerica).

SuitabiJityfor Ca_ridge Material.
1. Sensitivityto Sample Conductivity- COORDINATEMEAS.URINGMACHINE (CMM) - CONTACT.

Insensitive.

2. Sensitivityto Sample Reflectivity- FBI References:
Insensitive. None.

3. Sensitivityto Changes in Sample
Conductivityor Reflectivity- Insensitive. VendorsContacted:

InherentSourcesof Error(indeloendentof Brownand Sharpe
environment)- (206) 431-8203

1. 2n Depth Ambiguities- Not applicable. Contact:DaveTackes
2. Cumulative Errors. Not applicable.
3. ReferenceSurface Errors. Skiderrors ReferencesContacted:

possible(Source:TechnicalPaper#55). ArtDeyo
4. Repeatability- 1% for required lateraland Datum, Inc.

verticalresolution(Source:TokyoSelmitsu). (602) 437-5760
5. Alignment/LevelingErrors- Levelingerrors

cited as weakness(source: TechnicalPaper Rrst Cut Criteria:
#55). Rating:very sensitive. Minimum LateralResolution- 2-3/Jm (Source:Brown

Easeof Use (secondcut) - and Sharpe).
1. Ease of calibration- Use calibration MinimumVerticalResolution- 2-3/Jm (Source:Brown

standard withstepsfor lateral,use and Sharpe).

D.3



Depthof.Reld/Vert!cal Range- Unlimited(Source: MinimumVerticalResolution- Limitedto 1mm by
Brownand Sharps). gratingspacing.
LifeCycle _st - Depth of Reid/VerticalRange - Unknown,but

1. PurchasePrice - $60K for automated3D probablygreaterthan 150/Jm.
system (Source:Brownand Sharpe). Ufe (_.¢le C,,q.st-

2. General Ease of Use - Fullyautomatedand 1. PurchasePrice - Not commercial, unknown.
programmable. Verydevelopedtechnology. 2. GeneralEase of Use - If technologywas
Rating:maximum, mature,would be similar to LIDAR. Rating:

Speedof Data.Extraction- 80 pointsper minute (1.33 High.
pointsper second). _peed of Data Extraction- Unknown.
Destructivenessof ..Method- Only touchessample,and Destructivenessof Method - Non-destructive.
raisesbetweeneach sample point (stitchmode); does
not "drag"acrosssurfacelike stylus.

FR!.NGE.FIELDCAPACITANCE

COORDINATEMEASURINGMA(_HINE(CMM) - (VIDEO) FBIReferences:
TechnicalPaper55

FBIReferences:
None. VendorsContacted:

ExtrudeHone

VendorsContacted: (412) 863-5900
FredV. FowlerCD., Inc. Contact: RalphResnick
(617) 332-7004
Contact: MonticelloAbrams VendorReferencesContacted:

Note:The vendor indicatedthat this productwas not really Dr.J. L Garbini (inventor)
suitablefor detectingof small flaws,despite the Universityof Washington
specifications,lt is highly dependent on lighting (206) 543-5399
conditions,and is more suitablefor imaging printedcircuit Dr. RobertHocken
boards,etc. The referencefor Touch.typeCMM's saidthat Universityof North Carolina
he would alwaysuse a contact type overa video type (704) 547-4863
becausevideowas so unreliabledue to lightingproblems. Tim Tuttis

CarrierCorporation
FirstCut Criteria: (315) 432-6090

MinimumLateralResolution- 2.pm
MinimumVerticalResolution. ?.pm FirstCut Criteria:
Depth of Field/Vertical Range. lOOmm Minimum LateralResolution- 0.1/Jm theoretical,6/Jm
Life_.ycleCost - presently(source: ExtrudeHone). Garbinisays that

1. PurchasePrice- $60K for automated3D thisresolutionis only good in the scan direction,
system, whichlimits its useto sampleswith predominantly

2. General Easeof Use- Fullyautomatedand one-dimensionalsurface markings.
programmable.Verydevelopedtechnology. MinimumVerticalResolution- 0.1/Jm (Source:Extrude
Rating:maximum. Hone)

Speedof Data Extraction- 60 pointsper minute (1 Depth of Field/VerticalRan_qe- Vertical range is quite
point per second), large (500-600/Jm),but sincethe sensorridesinside
Destructivenessof Method. Non-destructive. ruby ball,and ruby ball is 1/8" in diameter, theball

acts as a skidand cannotgo down into narrowcracks.
ff the skidcannotenterthe depression,the deepest
crack that it can sense is 2mm (Source:Extrude

DIFFRACTIVERANGING Hone).
Ufe CycleCost -

FBIReference: 1. PurchasePrice - $50K for turnkeysystem
None. (Source:ExtrudeHone).

2. GeneralEase of Use - Much like stylus,but
AdditionalReferences: faster. Rating:High.

SPIE Vol.754, Optical and DigitalPatternRecognition, Speedof Data Extraction- Garbini saysthat speedof
1987,p. 55 data acquisitioncouldbe 40,000 pointsper second,

but ExtrudeHonesays electronicsare limiting to 2000
FirstCut Criteria: pointsper second.

Minimum LateralResolution- Dependson beam
spread;probablygreater than 5/Jm.
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Destructivenessof Method - ExtrudeHone says that slender). (Source:Tim Tuttle). Rating:
diameterof ruby ball is 1"on bottom, so it is almost moderate.
flat. Thus, lt cannotscratchthe surface. Rating: 4. SensorRuggedness- probefragile (Source:
Maybe. Tlm Tuttle). Rating:minimum.

5. Standoff- contactmethod.
SecondCut Criteria: Rexibility -

Robustness- 1. Shapeof Scan- seriesof points.
1. Sensitivityto ChangingRoom Ught - 2. Adjustabilityof MeasurementParameters-

Insensitive. Can adjustverticaland horizontalresolution
2. Sensitivityto AirCurrents- Sensitiveto air with software. Cannotadjustvertical range.

temperaturechanges,but is compensated Can adjustscan length. Rating:moderate.
withtemperaturesensorand software. Acceptabi!ib/-

3. Sensitivityto Humidity- ExtrudeHone says 1. CommercialAvailability- onlyone
they havedone testingand found that there manufacturerin the world (Source:Extrude
is no detectableeffect. Hone).

4. Sensitivityto Vibration. Insensitive;ruby 2. CorrelationwithOther ProfilingMethods -
ball acts as damping device. Garbinisays that there is someattenuation

Suitabilityfor Imaging CartridgeSide - of higher frequencies. Rating:moderate.
1. Abilityto Achieve150/JmVerticalStep - Yes 3. Aspect Ratio - 60 (Minimum lateral

(Source:Extrude Hone). resolutionis 6/Jm,minimum vertical
2. Ability to Achieve80mm Field of View (or resolutionis 0.1/Jm;bothare adjustable).

ScanLength)- Yes (source: ExtrudeHone). 4. Bytes per 3D Data Point- 1-32bit word per
Suitabilityfor Imaging CartridgeEnd- axis plus 1-16 bit word for sensorreading =

1. Ability to Achieve2.5mm Vertical Step - No, 14bytes total.
can make step but can't resolvebottom of 5. Contact vs. Non-contact- contact,but non-
crack (Source:ExtrudeHone). ' damaging.

2. Ability to View or Scan 19mm circularobject 6. Simplicityof Concept - Fairlysimpleto
- Yes, scanlength is adjustableand visualize. Rating: High.
programmable(Source:Extrude Hone).

3. MinimumOcclusionAngle- 0°
4. Sensitivityto Marking Orientationor

Distribution- Verysensitive. Has much GRADIENTFILTERPROFILING
greatersensitivityin directionof scan.

SuitabilitYfor Cartrid,qeMaterial- FBIReferences:
1. Sensitivityto Sample Conductivity. very None.

sensitive(Source:Extrude Hone)
2. Sensitivityto Sample Reflectivity- AdditionalReferences:

insensitive. Tim Peters
3. Sensitivityto Changes in Sample PacificNorthwestLaboratory

Conductivityor Reflectivity- very sensitive (509) 375-2101
(Source:ExtrudeHone)

Inherent,Sourcesof Error (independentof FirstCut Criteria:
environment)- Minimum LateralResolution- 50/Jm

1. 2_rDepth Ambiguities- not applicable. MinimumVertical Resolution- 200/Jm
2. CumulativeErrors. not applicable. Depth of Reid/Vertical Range - 6mm
3. ReferenceSurfaceErrors- possible,but LifeCycle Cost -

compensatedin software(source: Extrude 1. PurchasePrice- Not commercial,unknown.
Hone). 2. General Easeof Use - Conceptsomewhat

4. Repeatability- 1.32% (Source:Extrude similarto lightsectioning. Rating:high.
Hone). Speed of Data Extraction- 200,000 pointsper second,

5. Alignment/LevelingErrors- very sensitive. Destructivenessof Method- Non-destructive.
Ease of Use (secondcut)-

1. Easeof calibration- Fullyautomated using
calibratedstep. Rating:high.

2. Frequencyof calibration- not required HOLOGRAPHIC/SPECKLEINTERFEROMETRY
betweensamplesas longas there is no film
on sample. Only sensitiveto capacitanceof FBIReferences:
air betweensample and probe. (Source: None.
Tim "ruttle). Rating:sometimes.

3. Reliability. doesn't givereliablereadings AdditionalReferences:
sometimesbecause of vibrations AutomatedVisualInspection(BattelleFrankfort
experiencedin probe (too longand document)
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VendorsContacted: MinimumVerticalResr iution - 10.6 nm.
EaUngElectro-Optics Depthof Reld/Vertic_l Ran_cle- limited to step of 2.65
(508) 429-8370 pm.

FirstCut Criteria: 1. PurchasePrice - $127K
MinimumLateral Resolution- 1pm 2. General Ease of Use - Similarto other
MinimumVerticalResolutioD- nanometer-range, commercial interferometers.Rating:
Depth of Reid/Vertical Range - 2-4 cm., but not as a moderate.
step. Umited to 0.7pm step. _peed of Data Extraction- 4923 pointsper second.
LifeCycle Cost - Destructivenessof Method - Non.destructive.

1. PurchasePrice- $75K
2. General Easeof Use - Similarto other

commercialinterferometers. Rating: LA,_ERDYNAMIC FOCUSING
moderate.

Speedof Data Extraction- 2913 pointsper second. FBIReferences:
Destructivenessof Method- Non-destructive. VendorProposals9, 19, 36

TechnicalPapers 1, 2, 3, 7, 9, 10,51, 55

VendorsContacted:
RodenstockPrecisionOptics

HOLOGRAPHY
(815) 874-6374

FBIReferences: Contact: Dan Nagle
Vendor Proposal8 UBMCorporation

(908) 241-8652
Contact: Leigh MummeryVendorsContacted:

Newport
1-800-222-6440 Vendor ReferencesContacted:

DanCotter (Rodenstock)
Contact:Warren Booth GTE Labs

FirstCut Criteria: (617) 890-8460
Minimum LateralResolution- 3/Jm. Primo Gugnoni (Rodenstock)
Minimum VerticalResolution- 3/Jm. TorringtonCo.
Depth of Reid/Vertical Range- 6 feet (1.83m). (203) 482-9511
Ufe Cycle Cos_t- Matt Pennings(Rodenstock)

1. PurchasePrice- $47K Semitech
2. General Ease of Use - Some alignment and (408) 732-9697

vibrationisolationrequired,but otherwise Dino Ciarlo

easy to use. Rating:High. LawrenceLivermore Laboratory
Speed of Data Extraction- 0 pointsper second. (510) 422-8872
Unable to find any sourcesdoing 3D data extraction RussZlebel
from holography. Cray Research
Destructivenessof Method- Non-destructive. (715) 726-1291

Rrst Cut Criteria:
Minimum LateralResolution- 1pm spot (both

!RPHASE SHIFTINGINTERFEROMETRY('i'WYMAN- vendors).MinimumVerticalResolution_- 0.1/Jmfor Rodenstock,

GREEN). O.06/Jmfor UBM (forgreatestverticalrange).

FBI References: Depth of Field/VerticalRan_qe-_+500pmfor UBM,
Phase Shifting Interferometry- VendorProposal 22, +_.300/Jmfor Rodenstock.
TechnicalPaper6 _"
Twyman-Green Interferometry- TechnicalPapers55, 1. PurchasePrice- $100Kfor Rodenstock,$55K for UBM (probablynotas inclusiveof
56 optionsas Rodenstockprice).

VendorsContacted: 2. General Ease of Use- Basedon simplicity
of principleand commercialavailability,

Wyko assume ease of use is high.

(602) 741-1044 Speedof Data Extraction- Bothvendorssay it varies,
Contact: Usa Merrill dependingon verticalrange, from 120 pointsper

FirstCut Criteria: second(heightchanges • 300pm) to 2000 pointsper
MinimumLateralResolution- lO.6/Jm(due to lR second (heightchanges < lO/Jm). Assumingthat
wavelength).
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mostimpressionswon't be verydeep, speed should ,Easeof Use (secondcut) -
be around 1200 pointsper second (Source:UBM). 1. Easeof calibration- Only takes 5 minutes
Destructivenessof Method- non-contact, and Is fullyautomated (Source:UBM).

Haveto sand backto factory for
SecondCut Criteria: Rodenstockfor 8 weeks (Source:

Robustness- Rodenstock). Rating:moderate.
1. Sensitivityto Changing Room Light- Both 2. Frequencyof calibration - Never (ali

vendorssay that it is insensitiveto room references).
lighting. 3. Reliability- Over all,very reliable (ali

2. Sensitivityto Air Currents- Insensitive. references),some limit- switchbugsat first
3. Sensitivityto Humidity- Insensitive. (Source:Pennings). Some softwarebugsat
4. Sensitivityto Vibration- Vibrationisolation first (Source:Ciarlo). Rating:high.

provided. 4. SensorRuggedness- Noneof the
Suitabilityfor ImaginQCartridgeSide - referenceshave hadto replaceany

1. Abilityto Achieve 150pmVerticalStep - Yes componentsye*; some have had their
(bothvendors), systemsfor 2 years, Rating:high.

2. Ability to Achieve 80mm Field of View (or 5. Standoff- standardis 2mm for UBM, 1Omre
Scan Length)- Yes (bothvendors), for Rodenstock.
Rodenstockcan do lOOmm0UBMcan do Flexibilitv-
300mm. 1. Shape of Scan - seriesof points.

Suitabilityfor Imaging Cartrid.qeHnd- 2. Adjustabilityof MeasurementParameters-
1. Ability to Achieve2.5mm VerticalStep - No scan length,scanwidth, resolutionsin ali

(bothvendors), dimensions(Source:both vendors).
2. Ability to Viewor Scan 19mm circularobject Standoffnot adjustable.

- Yes (bothvendors). Acc.eptab!lity-
3. Minimum OcclusionAt_gle. 0°, but llmit'on 1. CommercialAvailability- Only three vendors

slopeof object itself is 13°. known(Rodenstock,UBM, and Olympus),
4, Sensitivityto MarkingOrientationor Rating:low.

Distribution- Rodenstocksays no, UBM 2. Correlationwith Other ProfilingMethods-
say slightly. Rating:sensitive,but Gugnonisays that he has very poor luck
compensated, getting hisreadingsto correlatewith stylus

Suitabilityfor CartridcleMaterial- readings,primarilywith large amountsof
1. Sensitivityto Sample Conductivity- surfaceroughness. He says that he feels

insensitive, that he has not had the system long
2. Sensitivityto Sample Reflectivity- Can enoughto learn it adequatelyyet or

handle from 2% to 95% reflectivity(both interpretthe results(he has had the system
vendors). Cotter saidthat tolerancefor undera year), but he still like the system
reflectivityis the reasonthat he selectedthis very much. Other sourcesindicategood
technologyoverothers(he images ceramics correlation(Ciarlo). Rating:moderate.
and metalswith highdegreesof reflectivity). 3. A._pectRatio - 17 (minimumlateral
Ciarlosays that he has troublewith steep resolution1/Jm;minimum verticalresolution
slopesand edges becauseof the reflectivity 0.06/Jm;both adjustable)
issue. He has had to manuallyadjustthe 4. Bytesper 3D Data Point - 8 bytes for UBM,
laserpower to get aroundtheseproblems. 4 bytes for Rodenstock.
Rating:Somewhatsensitive. 5. Contact vs. Non-contact- non-contact,

3. Sensitivityto Changes in Sample 6. Simplicityof Concept - Fairlysimple
Conductivityor Reflectivity- Rodenstock concept. Rating:high.
says that a step of 2% to 95%wouldcause
the instrumentto lose itsfocus. UBM says
that they have an algorithmto compensate
for thisproblem. Rating:somewhat LASERRADAR/SAR/ISAR
sensitive.

InherentSourcesof Error(independentof FBIReferences:
environment}- Vendor Proposals8, 32, 56

1. 2_rDepth Ambiguities. Not applicable.
2. CumulativeErrors- Not applicable. VendorsContacted:
3. ReferenceSurface Errors- Not applicable. AzimuthCorp.
4. Repeatability- 0.3% (Source:Rodenstock). (508) 692-8500
5. Alignment/LevelingErrors- Possiblestage Contact: RortRoth

translationerrors(UBM). Rodenstock
requirescoarsealignment. Somewhat
sensitive.
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FirstCut Criteria: Second Cut Criteria:
MinimumLateralResolution,.0.5 to 2 mllliradlans Robustness-
beamwidth (at requiredrange, this is much greater 1. Sensitivityto ChangingRoom Light.
than 1/Jm). Insensitive(bothvendors).
MinimumVerticalResolution- 5 cm. 2. Sensitivityto Air Currents- Insensitive(both
Depthof Fie.ld/Vertle.alRange. few metersto 3 vendors).
kilometers. Obviouslymore applicableto longrange 3. Sensitivityto Humidity - Insensitive(both
measurements, vendors).
LifeCvcle Cost - 4. Sensitivityto Vibration. Vibrationisolation

1. PurchasePrice- $160K - $210K. provided (bothvendors).
2. General Ease of Use. Basedon maturity of Suitabilitvfor Imaaing CartridgeSide -

technologyand simplicity of concept, rate 1. Ability to Achieve150pm VerticalStep- Yes
as High. (bothvendors).

2. Ability to Achieve80mm Field of View (or
Speedof Data Extraction- 2000 pointsper second. ScanLength)Yes (bothvendors).
Destructivenessof Method- Non-destructive. 8uitabilitvfor Imaain¢lCartrid_qeEnd -

1. Abilityto Achieve 2.5mm VerticalStep -
Maybe; CyberOpticssay they can not, and
Chesapeakesaysthey can withouta

LASERTRIANGULATION sacrificein resolution.
2. Abilityto View or Scan 19mm circularobject

FBIReferences: - Yes (bothvendors).
Vendor Proposals1, 20, 24, 40, 59 3. MinimumOcclusionAngle ° Sensoris

normalto surface,receiver is at 30° for
Vendors Contacted: Chesapeakeand 45° for CyberOptics.

ChesapeakeLaserSystems ' 4. Sensitivityto MarkingOrientationor
(301) 459-7977 Distribution- yes (bothvendors).
Contact:BillShade Suitabilitvfor CartridqeMaterial-
CyberOptice 1. Sensitivityto Sample Conductivity.
(612) 331-5702 Insensitive.
Contact:Martha (no last name given) 2. Sensitivityto Sample Reflectivity- very

sensitive,worksbetterwith diffusesamples
ReferencesContacted: (bothvendors). Anotherreference(see

ClarkFortney (forCyberOptics) LaserDynamic Focusingreferences)said
BattelleColumbus that triangulationwas very bad for shiny
(614) 424-3706 metals and ceramics.
RichardLong (for CyberOptics) 3. Sensitivityto Changesin Sample
DigitalEquipmentCorp. Conductivityor Reflectivity- sensitive,but
(508) 493-4330 compensated (bothvendors). Fortneysays
BoydEldridge(for Chesapeake) that changesin surface reflectivityreally
AdolphCoors slowthe systemdown; he has had the
(303) 277-3901 system actuallyslow downto 10 pointsper
Dr. BrianLang (for Chesapeake) secondl
Michigan Schoolof Dentistry InherentSourcesof Error(ind.ependentof
(313)763-5280 environment)-

1. 2n'Depth Ambiguities- not applicable.
FirstCut Criteria: 2. CumulativeErrors- not applicable.

Minimum LateralResolution- 3/Jm (Source: 3. ReferenceSurface Errors- not applicable.
CyberOptice). This numberis suspectbecauseof 4. Repeatability- _+2times the resolutionfor
allusionsto lO/Jmspotsize. CyberOptics,_+1 times the resolutionfor
MinimumVerticalResolution- 1/Jm(Source: Chesapeake. Equal to a 512 unit with
CyberOptics). 0.78% repeatability.
Depth of Field/Vertical Ran.qe. at least 150/Jm 5. Alignment/LevelingErrors. somewhat
(Source:CyberOptlcs). sensitive.
Life Cycle Cost- Easeof Use (secondcut) -

1. PurchasePrice - $37.5K (Source: 1. Ease of calibration- User cannotcalibrate
Chesapeake). sensor,justtable (bothvendors).

2. General Ease of Use - High, basedof 2. Frequencyof calibration- shouldnever
maturityof technologyand commercial need it unlessdropped (Source:
availability. CyberOptics).

Speedof Data Extraction- 1000 pointsper second. 3. Reliability- Referencesali say veryreliable
Destructivenessof Method - Non-destructive. for severalyears;one vendor of touch-type
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coordinatemeasuring machines said that MASKCAMERA
he had manyproblems with using
triangulationprobeson hismachines FBIReferences:
becauseof sensorfragility. Rating:high. None.

4. Sensor Ruggedness- some disagreement
(seeabove). Rating:low. AdditionalReferences:

5. Standoff. CyberOpticssays 18.9mm for Opticsand Lasersin Engineering,Vol. 10, 1989, P.
requiredresolution,Chesapeakesays 4.5" 227
(highlysuspect number). Tim Peters

Rexibilitv. PacificNorthwestLaboratory
1. Shapeof Scan - seriesof points. (509) 375-2101
2. Adjustabilityof MeasurementParameters.

lateral resolutioncontrolledby translation Rrst Cut Criteria:
and adjustable. Verticalresolutionand MinimumLateralResolution. 1-2,urn
standoffare interrelatedand cannotbe MinimumVerticalResolution- 100pm
independentlyadjusted. Depthof .Reid/VerticalRange - Verylarge; much

Acceptability- greaterthan 1,50pm.
1. CommercialAvailability- Very common, but Ufe Cycle Cost -

not quite ascommon as coordinate 1. PurchasePrice- Not commercial,unknown.
measuringmachines. Rating:high. 2. General Easeof Use - Similarto using

2. CorrelationwithOther ProfilingMethods - video. Rating:maximum.
Fortneyhas checkedit againsta power Speedof. Data Extraction. 13,400pointsper second.
microscopeand found it to correlateweil. Destructivenessof Method- Non-destructive.
Rating:high.

3. Aspect Ratio - 3 (minimum lateralresolution
3/Jm;minimum verticalresolution1/Jm)'

4. Bytes per 3D Data Point. 16 bitsfor z, 24 MOIRE (PROJECTION)INTERFEROMETRY
bits for x and y (Source:CyberOptics).
Arrayof 25-characterASCIIwordsfor FBIReferences:
Chesapeake (equatesto a minimum of 7 Vendor Proposal71
bits per character). TechnicalPaper 20

5. Contact vs. Non-contact- non-contact.

6. Simplicityof Concept - somewhatdifficultto VendorsContacted:
u'lderstand for the layperson. Rating: low. Wyko (Note: they droppedthe Moireinstrumentfrom

their line of productsbecauseof lack of sales)
Air Gage
(313) 591-0434

L..IGHTSCATTERING Contact:LeonardBieman
EOIS

FBI References: (213) 451-8566
Vendor Proposals32, 36 Contact:JohnFitts
TechnicalPapers 1, 10, 13, 22, 23, 25, 51, 56

VendorReferencesContacted:
VendorsContacted: Bill Maurey(for EOIS)

MTI (Vendor36) Chem-Tronics
(518) 785-2505 (619) 258-5113
Contact'.BrianFox KevlnHarding (forAir Gage)

IndustrialTechnologyInstitute
FirstCut Criteria: (313) 769-4195

Minimum LateralResolution- lOpm (paper22) to
500pm (MTI). FirstCut Criteria:
Minimum VerticalResolution- 0.1pm (paper 22) to Minimum LateralResolution. 1.78pm (Source:Air
25/Jm (MTI). Gage).
Depth of Reid/Vertical Range- 500pm (paper 23). MinimumVerticalResolution- 1.02/Jm(Source:Air
Ufe Cycle Cost- Gage).

1. PurchasePrice - $3K to $10K Depth .ofFie.ld/Ve_!calRange. 127mm (Source:Air
2. GeneralEase of Use - Very mature Gage), lOOmm (Source:EOIS).

technologyand simple. Rating:maximum. Ufe Cycle Cost-
Speed of Data Extraction- 200,000 pointsper second. 1. PurchasePrice. $80K-$1OOKfor Air Gage.
Destructivenessof Method. Non-destructive. $150K-$200Kfor EOIS.

2. General Ease of Use- Seems cumbersome,
especiallyas sensitiveas it is to air currents,
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vibration,etc. Still easierto use than 4. Repeatability. 2% (Source:EelS).
developmentitems. Rating:moderate. 5. Alignment/LevelingErrors- Verysensitive

Speed ,ofData F__xtraction- 13,000 pointsper second (Source:EelS).
for Eels system. 50,000 pointsper secondfor Air E.aseof Use (secondc.ut).
Gage. 1. Ease of calibration- Totally automated
Destructivenessof_M.et.h..od.Non-destructive. (bothvendors). Rating:maximum.

2, Frequencyof calibration- Very often. Both
SecondCut Criteria: vendorssaid once a day. MaureycaUbrstes

Rqbustne_ - once every two hourst
1. Sensitivityto ChangingRoom Light- Eels 3, Reliability- Technologytoo newto

systemis laser-basedand is not as determine, Both referenceshad some
sensitiveto room lighting. AJrGagesystem setup problems,both hardwareand
is white-lightbasedand sensitive. Rating: software. Rating:moderate.
very sensitive. 4. SensorRuggedness. Maureysays system

2. Sensitivityto AirCurrents- yes (both is appropriatefor use on factory floor.
vendors). Rating:high.

3. Sensitivityto Humidity - no (Source:Afr 5. Standoff- 100mm (Source:Eels).
Gage). Flexibility-

4. Sensitivityto Vibration- yes, vibration 1. Shapeof Scan. full field,
isolationprovided(bothvendors). 2. Adjustabilityof MeasurementParameters-

Suita.bllityfo.rImagine Cartddae Side - can adjust depth resolution,field of view,
1. Abilityto Achieve150/JmVerticalStep - yes standoff,and illuminationangle (Source:

(bothvendors). EelS). Rating:maximum.
2. Ability to Achieve 80mm Field of View (or Acceotabilitv-

ScanLength)- maybe, largestfield of view 1. Commercial Availability- At leasttwo
is 2.5mm for 5/Jmlateral resolution,but ' vendors;used to be three (Wyko
coulduse scanningtechniques(Source: discontinuedproduct). Rating:low.
EelS). Rating:maybe. 2. Correlationwith Other ProfilingMethods-

Suitabilityfor ImaalnclCartridgeEnd - unknown,but is calibratedwithNBSstep
1. Abilityto Achieve2.5mm VerticalStep - yes standard. Rating:moderate.

(bothvendors). 3. Aspect Ratio - 1.75 (lateralresolution
2. Ability to Viewor Scan 19mm circularobject 1.78_Jm;vertical resolution1.02pm; Source:

- maybe, limitedto 2.5mm field of view, but AirGage)
could use scanningtechniques(both 4. Bytesper 3D Data Point- 2 bytesx 512 x
vendors). 512 plxels (Source:Air Gage). 6 bytes (2

3. Minimum OcclusionAngle- 20° standardfor bytes per dimension,floatingpointdata) for
AirGage, 30° standardfor EelS. EelS.

4. Sensitivityto MarkingOrientationor 5. Contactvs. Non-contact- non-contact.
Distribution.somewhatsensitive,but can 6. Simplicity of Concept - Notvery simpleto
manually adjustgratingsto compensate the layman.
(Source:Air Gage).

Suitability.for Cartridge Material-
1. Sensitivityto Sample Conductivity.

Insensitive. MULTIPLEBEAM (> 2) INTERFEROMETRY
2. Sensitivityto Sample Reflectivity-Yes; not

good for highly reflectivesurfaces(both FBIReferences:
vendors). Eels actuallyhas two systems; TolanskyInterferometry. TechnicalPaper 55
onefor diffuseand onefor specular
surfaces. Bill Maureysaidthat his system AdditionalReferences:
gave him sometroublewith reflectivity;he TolanskyInterferometry- SPIEVol. 342, Integrated
usesit to imagetitaniumfan blades. CircuitMetrology,1982,p. 92

3. Sensitivityto Changes in Sample FECO Interferometry. AppliedOptics,Vol. 15, No. 11,
Conductivityor Reflectivity- Somewhat Nov. 1976
(Source:AirGage).

InherentSourcesof Error (independentof FirstCut Criteria:
environment_- MinimumLateral Resolution- 2,urn.

1. 2n"Depth Ambiguities. Possible,but well MinimumVerticalResolution- 0.8nra.
compensatedwith software. One system Depth of Field/VerticalRan.qe- Slopes given in A per
can handle as manyas 24 fringesin a pm, so very limited depth of field. Assumelessthan
singlestep (AirGage). 150/Jm. Use primarilyfor measuringflatnessof hard

2. CumulativeErrors- Not applicable, disks.
3. ReferenceSurfaceErrors- possible.
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Life (_vcleCost- .NOMARSKIDIFFERENTIALINTERFERO.MET.RY
1. PurchasePrice - Unable to find commercial

source. FBIReferences'.
2. General Ease of Use. Similarto other Vendor Proposal6g

interferometers. Rating:moderate.
Soeedof Dat;aExtractio,q- 15,000 pointsper second. AdditionalReferences:
Destructivenessof Method - Journalof the Optical Societyof America, Vol 69, No.

2, Feb 1979,p. 357
AppliedOptics,Vol. 19, No. 17,Sep. 1980,p. 2996

NEARFIELDOP..T!(_ALSCANNING MICROSCOPY VendorsContacted:
Chapman Instruments(Vendor691

FBIReferences: (716) 461-1950
TechnicalPaper 14 Tom Brlstow

AdditionalReferences: Rrst Cut Criteria:
Applied PhysicsLetters,Vol. 44, No.7, April 1984,p. Minimum LateralResolution- I/Jm.
651 MinimumVertlca!Resolution. 0.1nra.
Applied Optics,Vol. 25, No. 12,June 1986,p. 1890 .Depthof Reld/Vertlcal Range - Slope limitationsof

lessthan 20=;instrumentdesigned to use on smooth
FirstCut Criteria: surfaces. Could not handle step of 150_m.

Minimu.rnLateralResolutlon- Designedto achieve Life (_ole. _,ost -
resolutionbelow the dlffractlonlimit (much lessthan I I. PurchasePrice- $85K-$100K
/Jm). 2. General Easeof Use - Similarto other
MinimumVerticalResolution- Much lessthan 1_um. interferometers.Rating:moderate.
Depth qf Reid/Vertical Rencle. 0.2pm. ' Speedof Data Extraction- 740 pointsper second.
Ufe Cycle Cost - Destructivenessof Method - Non-destructive.

1. PurchasePrice - Not commercial;unknown.
2. GeneralEase of Use - Similarto other

developmentalmicroscopes. Rating: QpTI_AL HETERODYNEINTERFEROME]'RY
minimum.

Speedof Data Extraction- Unknown. FBI References:
Destructivenessof Method. Non-destructive. TechnicalPapers55, 56

AdditionalReferences:
Applied Optics,Vol. 20, No. 4, Feb. 1981, p. 610

NEAR,FIELDT,HERMQCOUPLEMICROSCOPY
VendorsContacted:

FBIReferences: Zygo .
TechnicalPaper 14 (203) 347-8506

Contact: PeterRuke
AdditionalReferences:

Applied PhysicsLetters,Vol. 49, No. 23, Dec. 1986,p. FirstCut Criteria:
1587 Minimum LateralRes,.olutiqn-0.5-2,urn.

MinimumVerticalResolution- 0.1nra.
FirstCut Criteria: Depth of Reid/Vertical Range - Instrumentdesigned

MinimumLateralResolution. 0.1/_m. for very smoothsurfaces. 22pm depth of field
MinimumVerticalResolution. 3nra. maximum.

Depth of Reid/Vertical Range- 100pm. Ufe Cycle Cost-
U.feCycle Cost - 1. PurchasePrice- $100K

1. PurchasePrice - Not commercial;unknown. 2. General Ease of Use - Similarto other
2. General Ease of Use - Similarto other interferometers. Rating:moderate,

developmentalmicroscopes. Rating: SPeedof Data Extraction- Lessthan one sample per
minimum, second(15 secondsper sample).

Speedof Data Extraction- Scanningsignalmodulated Destructivenessof Method - Non-destructive.
at 1000 Hz, thussampling speed wouldprobablybe
lessthan 500 Hz.
De.';tructivenessof Method- Non-destructive.
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pHOTON TUNNELIN(_MICROSCOPY Rrst Cut Criteria:
MinimLJm LateralResolution- Atomic scale, much less

FBIReferences: than Ipm.
TechnicalPaper24 M!nim.umvertical Resolution- Atomicscale,much less

than Ipm.
FirstCut Criteria: Deoth of R.eld/VertlcalRange - Very limited.

M!n!mqmLateral.Re.solution.0.4/Jm. Instrumentdesignedfor ultra-smoothsurfaces. Much
M!n!,rnumV.eq!calResolution- 1nra. less than 150pm.
I_pth of Reid/Vertical Range- 10nm. 1pm. Ufe CycleCost -
Ufe Cycle Cost- 1. PurchasePrice. Not commercial,unknown.

1. PurchasePrice- Not commercial;unknown. 2. General Ease of Use - Very sensitiveand
2. General Ease of Use - Verysensitiveand tedious. Rating:minimum.

tedious. Rating:minimal.
Speedof Data Extra,ction- Unknown. Soeedof Data Extraction. Unknown.
Destructivenessof Method. Requiresthat metal Destructivenessof Method - Non-destructive.
surfacesbe replicatedwitha dielectricmedium.
Mightdamage sample in the process.

SCANNINGACOUSTICMICROSCOPY

PNEUMATIC/HYDRAULICSENSORS FBI References:
TechnicalPaper 14, 51

FBIReferences:

TechnicalPaper56 AdditionalReferences:
Vendor36 (technologynot includedin proposal) PhysicsToday, August1985, p. 34

i

AdditionalReferences: VendorsContacted:
Journalof PhysicsE: Scientific Instruments,Vol. 13, Olympus
1980,p. 593 (516) 488.3880

MichaelTesta
VendorsContacted:

Air Gage (Vendor36) Rrst Cut Criteria:
(313) 591-0434 Minimum.LateralResolution- 1.3/Jmat 800 MHz
Contact:Wayne Bending Min!m..umVerticalRe.solutio.n- 1.3pm at 800 MHz

Depth of Reld/Vertic.a!Range- 1/10 wavelength (in
FirstCut Criteria: water),which is I_s than 150pm.

Minimum LateralResolution- Very poor. This life (_cle _ost.
Instrumentis exclusivelydesignedto do gaging In one 1. PurchasePrice- $150K to $330K
dimensiononly, 2. GeneralEase of Use - Similarto other
MinimumVerticalResolution-0.16-5.69pm. commercialmicroscopes. Rating:low.
Commercialinstrumentis not used for profiling Speed of Data Extraction- unknown.
becausethe relationshipbetweenback pressureand Destructiveness,of Method- Water or someother fluid
verticaldistanceis not linear,and thusgeometry must wouldhave to be used. Could alter the appearanceof
be knownahead of time. sample.
Depth of Reid/Vertical Range. 100pm
life CycleCost o

1. PurchasePrice. unknown.

2. General Ease of Use- Maturetechnology. SCANNINGELECTRONMICROSCOPY
Rating:moderate for intendeduse.

Speedof Data Ex.t.raction.Does notdo data FBIReferences:
extraction,only gages. Technical Papers8, 10, 11, 14, 19,42, 43, 51, 56
Destructivenessof Method - Gaging withother than
watercan resultin altering the sample. VendorsContacted:

CarlZeiss
(914) 747-1800

REFLEC.TIONELECTRONMICROSCOPY Rrst Cut Criteria:
Minimum LateralResolution- 0.1/Jm

FBI References: MinimumVertical Resolution- 50nra

TechnicalPaper56 Depth of Reid/Vertical R.an_qe- 1/Jm
Life (_cle Cost"

1. PurchasePrice. $180K
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2. General Ease of Usa- Similarto other SCHLIERENMICROSCOPy
commercialmicroscopes. Rating:low.

Speed of Data Extraction. 5-10 minutesper field of FBIReferences:
view (28,000 pointsper second). TechnicalPaper 10
Destructivgneu of Method - Some disagreement
among references,but Paper 14 saysthat sample AdditionalReferences:
preparationis destructive. AppliedOptics, Vol24, No. 6, Mar. 1985,p. 816

Optical Engineering,Vol. 27, No. 10, Oct. 1988,p. 878

RrstCut Cdteda:
SCANNINGFORCE MICROSCOPY Minimum LalieralResolution- 1mm

Minimum veqlcal Resolution. 0.1pm
FBIReferences: Depth of Reid/Vertical Range - Verysensitiveto slope;

Technical Papers 14,55 depth of field le much lessthan 150/Jm.
Ufe CycleC,,ost.

VendorsContacted: 1, PurchasePrice- Unableto find commercial
Wyko source.
(602) 741-1044 2. General Ease of Use- Shouldbe somewhat
Contact: Usa Merrill easierthancommercial microscopes.

P_ting:moderate.
Rrst Cut Criteria: So)sodof Data Extraction,- Unknown.

.Mi.n.lmumI_ataralResolution- few _ Destructive.hessof Method - Non-destructive.
MinimumVe_cel Resolution- few A
Depth of Reld/Vertlca! Range- 12pm
life (_'vcleCost-

1. PurchasePrice. $85K ' SPECKLE
2, General Ease of Use. Similarto other

commercial microscopes. Rating:low. FBIReferences:
S¢)eedof Data Extraction. 10pm squarefield of view TechnicalPapers 13, 56
in 1 minute;approximately16,000pointsper second.
Destructivenessof Method. Probetouchessurface, AdditionalReferences:
but very lightly, Non-destructive. OptJP.JklEngineering,Vol. 24, No. 3, June 1985, p. 423

RrstCut Criteria:
Min!mumLateral Resolution- 100 pm

SCANNINGTUNNELINGMICROSCOPY M!.nimumvertiqalResolution- O.06-10/Jm
Depth of Reid/Vertical Range - Only good for very

FBIReferences: even, Gaussiansurfaces. Cannot handle 150pm
TechnicalPapers 14, 26, 27, 55, 56 steps.

Life Cycle Cost.
VendorsContacted: 1. PurchasePrice- Not commercial,unknown.

Wyko 2. General Easeof Use - Similarto other light
(602) 741-1044 scatteringmethods. Rating:high.
Contact:LisaMerrill _peed of ,DataExtract!on- Scanspeedof 0.Sm per

second. At 100pm resolution,that equatesto 5000
FirstCut Criteria: pointsper second.

Minimum I_teral Resolution. few _ DestructivenesFof Method. Non-destructive.
MinimumV.e..rti_lRes01u.tion.few
Depth of Reld/VertlcAdRenQe- 12pm
llfe C_le Cost -

1. PurchasePrice - $85K SPUTTERING (ION MICROSCOPY)
2. GeneralEase of Use - Similar to other

commercial microscopes. Rating:low. FBIReferences:
_;peedof Data Extraction- 16,000 (Commercial TechnicalPaper5
instrumentis virtuallythe same as the ScanningForce
Microscope;only a changein probe is needed). Rrst Cut Criteria:
Destructivenessof Method. Non-destructive. ..MinimumLateralResolution- Lessthan 1/Jm.

Minimu.m.VerticalResolution. 10nra
Del_thof Field/VerticalRancle- Lessthan 150/Jm.
Ufe(_ycle C,,ost-

1. PurchasePrice- Not commercial,unknown.
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2. General Ease of Use - Mosttedious and AdditionalReferences:
slow. Rating:minimum. AppliedOptics,Vol. 27, No. 24, Dec. 1988,p. 5165

Sl)eed of Data Extraction. Unknown.
Destructivenessof Method. Destructive;haveto cross. VendorsContacted:
section sample. MVS ModularVision Systems

(514) 333-0140
Contact: PeterWalker

_TEREO MI(_RO-PHOTO(_RAMMETRY GardnerMfg. Services
(2o6)_2-o13s

FBI References: Contact: FrankGardner
Vendor Proposals?, 10, 11, 13, 18,26, 31, 37, 52, 59, Hymarc, Ltd.
64,65 (613)727-1584
TechnicaJPapers51, 57 Contact: ForrsstUvingstone

MTI
VendorsContacted: (518) 785-2800

Geo Spectra Contact: John Wagoner
(313) 994-3450
Contact: Bob Vincent VendorReferencesContacted:
JFK, inc. (consultant) Alalne Coulombs (for MVS)
(407) 725-2715 IBM
Contact: John Ksnnifflc (514) 534-6329
Galileo Syscam
(914) 669-8405 Rrst Cut Criteria:
Contact: JohnHeshcock MinimumLateralResolution- MVS commercialsystem
3M Comtol was 20/Jm,Gardnercommercial systemwas 10pm (he
(213) 726.6439 ' said that 5/Jmwould be pushingthe limit of the
Contact: BenWooldridge technology),Hymarccommercialsystemwas 25/Jm,
DimensionalTechnology MTI semi-customsystem was 1 part in 2000 of field of
(716) 442-7450 view (quoted6pm for 20mm x 15mm field of view).

Theoreticallypossibleto go lower (see above
Rrst Cut Criteria: AdditionalReference),but doesn'tseem to be

Note:Although1pm resolutioniswell withinthe commerciallyavailable.
abilitiesof stereophotogrammetry,the only MinimumVerticalResolution* At an angle of 45°,
manufacturerwho was actuallyautomating3D data lateraland depth resolutionare equal. See above.
extraction (Geo Spectra)could only provide12.5_m Del_thof Reld/Verticel Ranqe - 5mm for MVSsystem,
resolution. The informationbelowis basedon that 6mm for MTI system.
system,with the understandingthat the resolution .LifeCycle(_ost-
couldpossiblybe improvedwith somedevelopment. 1. PurchasePrice- MTI says $500K for fully
Minimum LateralResolution,.12.5pm automatedsystem.
Minimum VerticalResolutio.n- 20/Jm 2. General Ease of Use - Similarto
Depth of Reid/Vertical Range. Greaterthan 150fJm. triangulation. Rating:high.
Life Cycle Cost - Speedof Data Extraction- 10,000 pointsper second

I. PurchasePrice- $200K for Hymarc.
2. General Easeof Use - Very simple,some Destructivenessof Method - Non-destructive.

scanninginvolvedto increasefield of view.
Rating:maximum. Second Cut Criteria:

Speedof Data F_xtr.action- The systemdoes not run Robustness-
on a standard PC because it is too computationally 1. Sensitivityto ChangingRoom Light-
expensive, lt runson a SPARCstationat 9000 points Sensitive,but compensated(Source:MVS).
per second,but this wouldnot be an appropriate 2. Sensitivityto AirCurrents- Requires
comparisonto the other technologiesinthis study. If temperatureregulation(Source:MTI).
it is too slow to runon a PC, then its speed must be 3. Sensitivityto Humidity. Insensitive.
below 500 pointsper second. 4. Sensitivityto Vibration- V_brationisolation
Destructivenessof Method- Non-destructive. provided (Sources:MTI, MVS).

Suitabilityfor ImaginQCartridQeSide.-
1. Ability to Achieve150pmVertical Step- Yes,

can handle full range of depth of field in
STRUCTURED/SECTIONEDLK_HT onestep (Source: MTI, MVS).

2. Ability to Achieve80mm Field of View (or
FBI References: ScanLength) - Sincescanis a line rather

Vendor Proposals15, 36, 64 than a point, it has a variable field of view in
TechnicalPaper 55
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one dimension. Scan length is unlimited; 4. Bytes per 3D DataPoint - 16 bit greyscale
scanwidth is 5-8mm (Source:MTI, MVS). for depth, 8 bitsapiece for x and y. Total 4

Suitabilitvfor Imaaina Cartridae End- bits (Source: MVS).
1. Abilityto Achieve2.5mm VerticalStep - Yes, 5. Contact vs. Non-contact- Non-contact.

can handle full range of depth of field in 6. Simplicityof Concept - Similarto
one step (Source:MTI, MVS). triangulation. Rating:low.

2. Ability to View or Scan 1grom circularobject
• Maybe, by making multiplescans.

3. MinimumOcclusionAngle- 45" (canget TFLat..NSMIS$10NELE(_TRONMICROSCOPY
lower,but makesvertical resolutionworse,
Source:AdditionalReferencecited above). FBI References:

4. Sensitivityto Marking Orientationor TechnicalPapers55, 56
Distribution.Very sensitive(source: MVS,
MTi). VendorsContacted:

Suita.bilityfor (_adridgeMaterial - Carl Zeiss
1. Sensitivityto Sample Conductivity- (914) 747-1800

Insensitive.
2. Sensitivityto Sample Reflectivity. Very Rr_tCut Criteria:

sensitive(Sources:MTI, MVS). MinimumLateralResolution- Atomic,much lessthan
3. Sensitivityto Changes in Sample 1/Jm

Conductivityor Reflectivity- Aslong as MinimumVerticalResolution- Atomic,much lessthan
reflectivityis withinrange, no problem 1/Jm
(Source:MVS). .Depthof .Field/VerticalRange - 1pm

InherentSourcesof Error(independentof LifeCycle Cost-
environment)- 1. PurchasePrice. $250K- $275K

1. 2_rDepth Ambiguities. Notapplicable. ' 2. General Ease of Use - Similarto other
2. CumulativeErrors. Not applicable, commercialmicroscopes. Rating:low.
3. ReferenceSurface Errors- Not applicable. Speedof Data Extraction,.5-10 minutes for field of
4. Repeatabilib,,- Can be as good as 1 part in view;28,000 pointsper second.

25,000 for a field of viewif surfaceis not Destructivenessof Method- Has potentialto be
shiny (lessthan0.01%). Assume 1% destructive.
because of cartridge material.

5. Alignment/LevelingErrors- stage
translationerrorspossible. Rating:
somewhatsensitive. ULTRASOUND

Ease of Use (secondcut).
1. Ease of calibration- Rating:moderate. FBI Sources:
2. Frequencyof calibration- If temperature VendorProposals32, 49

varieswidely, need to recalibrateoften TechnicalPaper 55
(Source: MTI).

3. Reliability. Coulombe has not had system VendorsContacted:
longenoughto assess. Shouldbe roughly UltrasonicArrays
the same as triangulation. Rating:high. (206) 481-6611

4. Sensor Ruggedness- Shouldbe similarto
triangulation. Rating: low. F3rstCut Criteria:

5. Standoff- 100mm (Source:MTI). MinimumLateralResolution- 21.6mm
Rexibility- MinimumVerticalResolution- 21.6mm

1. Shape of Scan - line. Depthof Reid/Vertical Range - Greater than 150/Jm.
2. Adjustabilityof MeasurementParameters- Ufe Cvcle Cost-

Similarto triangulation. Rating:low. 1. PurchasePrice- $7K
Accel_tabilitv- 2. General Easeof Use. Relativelysimple.

1. Commercial Availability- Althoughseveral Rating:moderate.
manufacturerswere contacted,very few Speedof Data Extraction- 125 pointsper second.
dealt with highresolutionapplications. Destructivenessof Method - Must put sample in water.
Rating:low. Could alterappearanceof sample.

2. Correlationwith Other ProfilingMethods-
unknown,similarto triangulation,except
that MTI says that there are many non-
linearitiesto watch out for. Rating: VISIBLEPHASESHIFTINGINTERFEROMETRY
Moderate. (IncludesMirau, Michelsonand I_innikinterferometersas

3. Aspect Ratio - 1 (at 45°, lateral and vertical commercial instruments)
resolutionare the same).
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FBI References:
Vendor Proposal22
TechnicalPapers6, 55, 56

VendorsContacted:

Wyko
(602) 741-1044
Contact: Usa Merrill

FirstCut Criteria:
Minimum LateralRe,,_olutio_n- Ranges from 0.6/Jm
_linimum VertlcalResolution- Rangesfrom 0.3nm
I_pth of Field/VerticalRanae - Ranges to 42.3_Jm

1. PurchasePrice- $100K - $110K
2. General Ease of Use - Similarto other

interferometers.Rating: moderate.

_oeed of Data Extraction.- 4923 pointsper second.
Destructivenessof Method- Non-destructive.
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APPENDIXE

RATINGSDESCRIPTION

Ratings for 30 TECHNOLOGY on a scale measuring Ratings for ...MAXIMUMDEPTHOF FIELD (STEP)on a scale
Importance,using direct verbalratingsand rangingfrom measuringDEPTHOF RELD, usingdirect verbalratings
Trivialto Critical and rangingfrom < 150 um to > = 150 um

Brock _ B=oc._._WW

Critical MINIMUM LATERALRESOLUTION > = 150 um Contact Stylus
Very Important MINIMUM VERTICALRESOLUTION > = 150 um LaserTriangulation
Very Important MAXIMUMDEPTHOF FIELD(STEP) > = 150 um Laser Dynamic Focusing
Critical LIFE CYCLECOST > = 150um Structured/SectionedLight
Very Important SPEEDOF DATAEXTR. > = 150um Moire (Projection)Interferometry
Critical NON-DESTRUCTIVE? > = 150um FringeField Capacitance
Important ROBUSTNESS > = 150um Confocal Microscopy
Very Important GOOD FOR SIDE OF CARTRIDGE? > = 150 um IDEALSYSTEM
Critical GOOD FOR END OF CARTRIDGE?

Very Important GOOD FOR CARTRIDGEMATERIAL?
Unimportant INHERENTSOURCESOF ERROR Ratingsfor LIFE (_yCLE COST on a scale measuring
Important EASEOF USE , Importance, usingdirect verbal ratingsand rangingfrom
Trivial FLEXIBILITY Trivialto Critical

Unimportant ACCEPTABILITY
Bloc_..__k

Critical MINIMUMPURCHASEPRICE
Ratingsfor MINIMUM LATERALRE_OLUTIONon a scale Important GENERALEASE OF OPERATION(1st
measuringCLOSEST TO OPTIMUM,usingdirectverbal cut)
ratingsand rangingfrom > 5.0 um to about 1.0-5.0um

Bloc__...kk Ratingsfor MINIMUM PURCHASEPRICE on a scale
measuringCost,usingdirectverbal ratingsand ranging

about 1.0-5.0um IDEAL SYSTEM from cost > $200Kto < = $10K
about 1.0-5,0um ContactStylus
about 1.0-5.0um LaserTriangulation Ratina Bloc.._...kk
about 1.0-5.0um LaserDynamicFocusing
about 1.0-5.0um Structured/SectionedUght $50K < cost < = $100K Contact Stylus
about 1.0-5.0um Moire (Projection)Interferometry $10K < cost < = $50K LaserTriangulation
about 1.0-5.0um FringeField Capacitance $50K < cost < = $100K Laser DynamicFocusing
about 1.0-5.0um Confocal Microscopy cost > $200K Structured/SectionedUght

$50K < cost < = $100K Moire (Projection)Interferometry
$10K < cost < = $50K FringeField Capacitance

Ratingsfor MINIMUM..VERTICAL..,RESOLUTIONon a scale $50K < cost < = $100K ConfocalMicroscopy
measuringCLOSEST TO OPTIMUM, usingdirectverbal < = $10K IDEALSYSTEM
ratingsand rangingfrom • 5.0 umto about 1.0-5.0um

BIoc.__.kW

< < 1 um Contact Stylus
about 1,0-5,0um LaserTriangulation
< < 1 um LaserDynamic Focusing
about 1,0-5,0um Structured/SectionedLight
about 1.0-5,0um Moire (Projection)Interferometry
about 1.0-5,0um FringeField Capacitance
about 1.0-5.0um Confocal Microscopy
about 1.0-5.0um IDEALSYSTEM
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Ratings for GENERALEASE OF OPERATION(let cut) on a Ratingsfor SEN$. TO CHANGING ROOM LIGHTon a scale
scalemeasuringDegree, usingdirect verbalratingsand measuringSENSITIVITY,usingdirectverbal ratingsand
rangingfrom Minimumto Maximum rangingfrom VERY SENSITIVEto INSENSITIVE

Rat._ Bloc..._.._k Rating Bloc____k

High ContactStylus INSENSITIVE Contact Stylus
High LaserTriangulation INSENSITIVE ConfocalMicroscopy
High LaserDynamic Focusing INSENSITIVE FringeField Capacitance
High Structured/SectionedUght VERY SENSITIVE Moire (Projection)
Moderate Moire (Projection)Interferometry Interferometry
High Fringe Reid Capacitance SENSITIVEBUT COMPEN Structured/Sectioned
Moderate ConfocalMicroscopy Light
Maximum IDEALSYSTEM INSENSITIVE LaserDynamicFocusing

INSENSITIVE LaserTriangulation
INSENSITIVE IDEALSYSTEM

Ratingsfor ,SPEED..0F DATAEXTR.on a sP.alemeasuring
POINTS PERSECOND, usingdirect verbal ratingsand
rangingfrom lessthan 500 to greaterthan 50,000 Ratingsfor SENS. TO AIR (_URRENTSORTEMPERATURE

on a scalemeasuringSENSITIVITY,usingdirect verbal
Rating Bloc._k ratingsand rangingfrom VERY SENSITIVEto INSENSITIVE

lessthan 500 Contact Stylus
500 to 1000 LaserTriangulation Ratina Block
1000 to 5000 LaserDynamic Focusing
10,000 to 20,000 Structured/SectionedUght ' INSENSITIVE Contact Stylus
20,000 to 50,000 Moire (Projection)Interferometry INSENSITIVE ConfocalMicroscopy
1000 to 5000 FringeReid Capacitance SENSITIVEBUT COMPEN Fringe Reid Capacitance
20,000 to 50,000 Confocal Microscopy VERY SENSITIVE Moire (Projection)
greaterthan 50,000 IDEALSYSTEM Interferometry

SENSITIVEBUT COMPEN Structured/Sectioned
Ught

Ratingsfor NON-DESTR.UCTIVE?on a scalemeasuring INSENSITIVE LaserDynamicFocusing
Yes/No, usingdirect verbalratings and rangingfrom No to INSENSITIVE LaserTriangulation
Yes INSENSITIVE IDEALSYSTEM

Ratinq Bloc____kk
Ratingsfor SENS.TO HUMIDITYon a scalemeasuring

Maybe Contact Stylus SENSITIVITY,usingdirect verbal ratingsand rangingfrom
Yes LaserTriangulation VERY SENSITIVEto INSENSITIVE
Yes LaserDynamic Focusing
Yes Structured/SectionedLight Rating Bloc_.__k.k
Yes Moire (Projection)Interferometry
Maybe Fringe Reid Capacitance INSENSITIVE ContactStylus
Yes Confocal Microscopy INSENSITIVE ConfocalMicroscopy
Yes IDEALSYSTEM INSENSITIVE FringeReid Capacitance

INSENSITIVE Moire (Projection)Interferometry
INSENSITIVE Structured/SectionedLight

Ratingsfor ROBU$TNE._$on a scale measuring INSENSITIVE LaserDynamicFocusing
Importance,usingdirect verbal ratings and rangingfrom INSENSITIVE LaserTriangulation
Trivialto Critical INSENSITIVE IDEALSYSTEM

Ratinq BIoc___k

Very Important SENS.TO CHANGING ROOM LIGHT
Important SENS.TO AIR CURRENTSOR

TEMPERATURE
Trivial SENS.TO HUMIDITY
VeryImportant SENS.TO VIBRATION
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Ratingsfor SEN& TO VIBRATIONon a scalemeasuring Ratingsfor GOOD FOREND OF CARTRIDGE?on a scale
SENSITIVITY,using directverbal ratingsand rangingfrom measuringImportance,using directverbal ratingsand
VERY SENSITIVEto INSENSITIVE rangingfrom Trivialto Critical

Rating Bloc__.._k _ Block

SENSITIVEBUT COMPEN Contact Stylus Critical 2,5mm STEPPOSSIBLE?
SENSITIVEBUT COMPEN Confocal Microscopy Critical ABILITYTO VIEW/SCAN 19mm CIRC.
INSENSITIVE Fringe Field Capacitance OBJECT
SENSITIVEBUT COMPEN Moire (Projection) Very Important OCCLUSIONANGLE(meas, from

Interferometry vertical)
SENSITIVEBUT COMPEN Structured/SectionedLight Very Important SENSITIVITYTO MARKING
SENSITWEBUT COMPEN LaserDynamicFocusing ORIENT/DISTRIB
SENSITIVEBUT COMPEN LaserTriangulation
INSENSITIVE IDEALSYSTEM

Ratingsfor 2.Smm STEPPOSSIBLE?on a scalemeasuring
Yes/No, usingdirectverbal ratings and rangingfrom No to

Ratingsfor _QOD FOR SIDE OF (_ARTRID_.E?on a scale Yes
measuringImportance, usingdirectverbal ratingsand
rangingfrom Trivialto Critical Rating Bloc...__._k

Bloc.._._k No Contact Stylus
Yes ConfocalMicroscopy

Critical 150umSTEP POSSIBLE? No FringeField Capacitance
Unimportant 80mm F.O.V,/SCANPOSSIBLE? Yes Moire (Projection)Interferometry

' Yes Structured/SectionedLight
No LaserDynamicFocusing

Ratingsfor .1._)0umSTEPPOSSIBLE?on a scalemeasuring Maybe LaserTriangulation
Yes/No, using direct verbalratingsand rangingfrom No to Yes IDEALSYSTEM
Yes

Rating Bloc__.._k Ratingsfor ABILITYTO VIEW/SCAN 19mm CIRC.
OBJECT?on a scalemeasuringYes/No, usingdirect

No Contact Stylus verbal ratingsand rangingfrom No to Yes
Yes Confocal Microscopy
Yes FringeField Capacitance Rating Bloc._.._kk
Yes Moire (Projection)Interferometry
Yes Structured/SectionedLight No Contact Stylus
Yes LaserDynamicFocusing No Confocal Microscopy
Yes LaserTriangulation Yes Fringe Field Capacitance
Yes IDEALSYSTEM Maybe Moire (Projection)Interferometry

Maybe Structured/SectionedLight
Yes LaserDynamic Focusing

Ratingsfor 80mm F.O.V,/SCA.NPOSSIBLE?on a scale Yes LaserTriangulation
measuringYes/No, usingdirect verbalratings and ranging Yes IDEALSYSTEM
from No to
Yes

Ratingsfor OCCLUSION_ANGLE(meas. from vertical)on a
Ratinq Bloc_...._k scalemeasuringdegrees,usingdirect numeric ratingsand

rangingfrom 45.00to 0.00
Yes Contact Stylus
No Confocal Microscopy Rating Bloc._._k
Yes Fringe FieldCapacitance
Maybe Moire (Projection)Interferometry 30,00 Contact Stylus
Yes Structured/SectionedLight 0,00 ConfocalMicroscopy
Yes LaserDynamicFocusing 0,00 FringeField Capacitance
Yes LaserTriangulation 20.00 Moire (Projection)Interferometry
Yes IDEALSYSTEM 45.00 Structured/SectionedUght

0.00 LaserDynamicFocusing
30,00 LaserTriangulation
45,00 IDEALSYSTEM
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Ratingsfor _;EN.._ITIVITYTO MARKINGORIENT/DISTRIB. Ratingsfor _ENS, TQ CHANGES IN REFLE(_T./CONDUCT.
on a scale measuringSENSITIVITY,usingdirect verbal on a scale measuringSENSITIVITY,usingdirectverbal
ratingsand rangingfrom VERY SENSITIVEto INSENSITIVE ratingsand rangingfrom VERY SENSITIVEto INSENSITIVE

Rat__ Bloc.._._k Rating Bloc.._._kk

VERY SENSITIVE ContactStylus INSENSITIVE Contact Stylus
INSENSITIVE Confocal Microscopy SOMEWHATSENSITIVE Confocal Microscopy
VERY SENSITIVE FringeReid Capacitance VERY SENSITIVE Fringe Reid Capacitance
SOMEWHATSENSITIVE Moire (Projection) SOMEWHATSENSITIVE Moire (Projection)

Interferometry Interferometry
VERY SENSITIVE Structured/SectionedUght SOMEWHATSENSITIVE Structured/SectionedLight
SENSITIVEBUT COMPEN LaserDynamicFocusing SOMEWHATSENSITIVE Laser Dynamic Focusing
VERY SENSITIVE LaserTriangulation VERY SENSITIVE LaserTriangulation
INSENSITIVE IDEALSYSTEM INSENSITIVE IDEALSYSTEM

Ratingsfor GOOD FOR CARTRIDGEMATERIAL?on a scale Ratingsfor IN._HERENTSOURCES OF ERRORon a scale
measuringImportance,usingdirectverbal ratingsand measuringImportance, usingdirectverbal ratingsand
rangingfrom Trivialto Critical rangingfrom Trivialto Critical

Bloc__._k _ Bloc_.._._k

Very Important SENS. TO CONDUCTIVITY Very Important 2-Pi DEPTH AMBIGUITIES
Critical SENS. TO REFLECTIVITY ' Very Important CUMULATIVEERRORS
VeryImportant SENS. TO CHANGESIN Important REFERENCESURFACEERRORS

REFLECT./CONDUCT. Critical REPEATABILITY
Important ALIGNMENT/LEVELING/TRANSLATI

ON ERRORS

Ratingsfor SENS. TO CONDU(_TIVITYon a scale
measuringSENSITIVITY,usingdirectverbal ratingsand Ratingsfor 2-PI DEPTH AMBIGUITIESon a scale
rangingfrom VERY SENSITIVEto INSENSITIVE measuringPOSSIBILITY,usingdirect verbalratingsand

rangingfrom POSSIBLEto NOT APPLICABLE
BIoc_.__kk

Rating Bio._ck
INSENSITIVE Contact Stylus
INSENSITIVE Confocal Microscopy NOTAPPLICABLE Contact Stylus
VERY SENSITIVE Fringe Reid Capacitance NOTAPPLICABLE Confocal Microscopy
INSENSITIVE Moire (Projection)Interferometry NOT APPLICABLE FringeReid Capacitance
INSENSITIVE Structured/SectionedLight POSSIBLE Moire (Projection)Interferometry
INSENSITIVE Laser Dynamic Focusing NOT APPLICABLE Structured/SectionedUght
INSENSITIVE LaserTriangulation NOT APPLICABLE LaserDynamic Focusing
INSENSITIVE IDEAL SYSTEM NOT APPLICABLE Laser Triangulation

NOT APPLICABLE IDEALSYSTEM

Ratingsfor SENS. ..TO REFLECTIVITYon a scalemeasuring
SENSITIVITY,usingdirect verbal ratingsand rangingfrom Ratingsfor (_UMLILATIVEERRORSon a scalemeasuring
VERY SENSITIVEto INSENSITIVE POSSIBILITY,usingdirectverbal ratingsand rangingfrom

POSSIBLEto NOT APPLICABLE
Block:

Bloc.__._kk
INSENSITIVE Contact Stylus
SENSITIVEBUT COMPEN ConfocalMicroscopy NOTAPPLICABLE Contact Stylus
INSENSITIVE FringeReid Capacitance NOTAPPLICABLE ConfocalMicroscopy
VERY SENSITIVE Moire (Projection) NOTAPPLICABLE FringeReid Capacitance

Interferometry NOT APPLICABLE Moire (Projection)Interferometry
VERY SENSITIVE Structured/SectionedLight NOT APPLICABLE Structured/SectionedLight
SOMEWHATSENSITIVE LaserDynamic Focusing NOT APPLICABLE Laser Dynamic Focusing
VERY SENSITIVE LaserTriangulation NOT APPLICABLE LaserTriangulation
INSENSITIVE IDEAL SYSTEM NOT APPLICABLE IDEALSYSTEM
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Ratingsfor REFERENCESURFA_.EERRQR$ on a scale Ratings for EA,_EOF CALIBRATIONon a scale measuring
measuringPOSSIBILITY,usingdirect verbalratingsand Degree, usingdirectverbal ratingsand rangingfrom
rangingfrom POSSIBLEto NOT APPLICABLE Minimum to Maximum

Rating Bloc.___k Rating Bloc___k

POSSIBLE Contact Stylus High Contact Stylus
NOT APPLICABLE Confocal Microscopy Minimum Confocal Microscopy
POSSIBLE Fringe Reid Capacitance High FringeField Capacitance
POSSIBLE Moire (Projection)Interferometry Maximum Moire (Projection)Interferometry
NOTAPPLICABLE Structured/SectionedLight Moderate Structured/SectionedLight
NOT APPLICABLE LaserDynamic Focusing Moderate Laser Dynamic Focusing
NOT APPLICABLE LaserTriangulation Minimum LaserTriangulation
NOT APPLICABLE IDEALSYSTEM Maximum IDEALSYSTEM

Ratingsfor REPEATABILI_ on a scalemeasuringmax % Ratingsfor FR.EQUEN(_YOF CALIBRATIONon a scale
error,usingdirect numericratingsand rangingfrom 2.00 measuringFrequency,usingdirect verbalratings and
to 0.00 rangingfrom Very Oftento Never

Rating Bloc._....k.k _t_ Bloc.._._.kk

1.00 Contact Stylus Rarely Contact Stylus
0.02 ConfocalMicroscopy Never ConfocalMicroscopy
1.32 Fringe Field Capacitance Sometimes Fringe Field Capacitance
2.00 Moire (Projection)Interferometry ' Very Often Moire (Projection)Interferometry
1.00 Structured/SectionedUght Sometimes Structured/SectionedLight
0.30 LaserDynamic Focusing Rarely LaserDynamicFocusing
0.78 LaserTriangulation Never LaserTriangulation
0.00 IDEALSYSTEM Never IDEALSYSTEM

Ratingsfor ALIGNMENT/LEVELING/TRANSLATION Ratingsfor .RELIABIL!.TYon a scale measuring Degree,
ERRORSon a scalemeasuringSENSITIVITY,usingdirect usingdirect verbalratingsand rangingfrom Minimumto
verbalratingsand rangingfrom VERY SENSITIVEto Maximum
INSENSITIVE

Bloc..._k
Bioc____k

Maximum Contact Stylus
VERY SENSITIVE Contact Stylus High Confocal Microscopy
SOMEWHATSENSITIVE ConfocalMicroscopy Moderate Fringe Field Capacitance
VERY SENSITIVE FringeReid Capacitance Moderate Moire (Projection)Interferometry
VERY SENSITIVE Moire (Projection)Interferometry High Structured/SectionedLight
SOMEWHATSENSITIVE Structured/SectlonedLight High LaserDynamic Focusing
SOMEWHATSENSITIVE LaserDynamicFocusing High LaserTriangulation
SOMEWHATSENSITIVE LaserTriangulation Maximum IDEALSYSTEM
INSENSITIVE IDEALSYSTEM

Ratingsfor SENSORRUGGEDNESSon a scalemeasuring
Ratingsfor EASEOF US,E on a scale measuring Degree,usingdirect verbalratingsand rangingfrom
Importance,usingdirect verbal ratingsand rangingfrom Minimumto Maximum
Trivialto Critical

Rating Bloc____kk
Bioc..._.kk

Moderate Contact Stylus
Important EASE OF CALIBRATION Moderate ConfocalMicroscopy
VeryImportant FREQUENCYOF CALIBRATION Minimum FringeField Capacitance
Critical RELIABILITY High Moire (Projection)Interferometry
Important SENSOR RUGGEDNESS Low Structured/SectionedLight
Trivial STANDOFF High LaserDynamic Focusing

Low LaserTriangulation
Maximum IDEALSYSTEM
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Ratingsfor STANDOFFon a scalemeasuringmillimeters, Ratingsfor ACCEPTABILITYon a scale measuring
usingdirect numericratingsand rangingfrom 0.00 to Importance,usingdirectverbal ratingsand rangingfrom
100.00 Trivialto Critical

_t,n= eo_L_L _ BIoc__k

0.00 Contact Stylus Critical COMMERCIALAVAILABILITY
9.20 Confocal Microscopy Important CORRELLATIONWITH OTHER
0.00 Fringe Reid Capacitance METHODS
100.00 Moire (Projection)Interferometry Unimportant ASPECTRATIO
100.00 Structured/SectionedUght Very Important BYTES PER3D DATAPOINT
10.00 LaserDynamicFocusing Critical CONTACTVS. NON-CONTACT
18.90 LaserTriangulation Trivial SIMPLICITYOF CONCEPT
100.00 IDEALSYSTEM

Ratingsfor COMMERCIALAVAILABILITYon a scale
Ratingsfor FLEXIB!L,ITY on a scale measuringImportance, measuringDegree,usingdirect verbal ratingsand ranging
usingdirect verbalratingsand rangingfrom Trivialto from Minimumto Maximum
Critical

RaUn= a_oc__k
Rating Block

High Contact Stylus
Very Important SHAPEOF SCAN Moderate Confocal Microscopy
Important ADJUSTABILITYOF PARAMETERS Minimum FringeReid Capacitance

Low Moire (Projection)Interferometry
' Low Structured/SectionedLight

Ratingsfor _HAPE OF SCAN on a scalemeasuringTYPE Low LaserDynamic Focusing
OF SCAN,usingdirectverbal ratingsand rangingfrom High LaserTriangulation
FULLFIELDto POINT Maximum IDEALSYSTEM

Patina BIoc__k
Ratings for (_,0RRELLATIQNWITH OTHERMET.HODSon a

POINT Contact Stylus scalemeasuringDegree,usingdirect verbalratings and
SECTION Confocal Microscopy rangingfrom Minimumto Maximum
POINT Fringe Reid Capacitance
FULLFIELD Moire (Projection)Interferometry Rating Bloc__k
LINE Structured/SectionedUght
POINT Laser Dynamic Focusing Maximum Contact Stylus
POINT LaserTriangulation Moderate ConfocalMicroscopy
POINT IDEAL SYSTEM Moderate FringeReid Capacitance

Moderate Moire(Projection)Interferometry
Moderate Structured/SectionedLight

Ratingsfor ADJUSTABILITYOF PARAMETERS on a scale Moderate LaserDynamic Focusing
measuringDegree, usingdirectverbal ratingsand ranging High LaserTriangulation
from Minimumto Maximum Maximum IDEALSYSTEM

Rat__]_ BIoc_....kk
Ratingsfor A,_PE(_TRAT.10on a scalemeasuringlat.

High ContactStylus ree./vert, res., usingdirect numericratingsand ranging
Moderate ConfocalMicroscopy from 5000.00 to 1.00
Moderate FringeReid Capacitance
Maximum Moire (Projection)Interferometry _t__jjp.g Bloc__k
Low Structured/SectionedUght
High LaserDynamic Focusing 4600.00 Contact Stylus
Low LaserTriangulation 2.00 Confocal Microscopy
Maximum IDEALSYSTEM 60.00 Fringe Reid Capacitance

1.75 Moire (Projection)Interferometry
1.00 Structured/SectionedLight
17.00 LaserDynamicFocusing
3.00 LaserTriangulation
1.00 IDEALSYSTEM
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Ratingsfor BYTE_ PER _D DATAPOINT on a scale
measuringbytesper data point, usingdirect numeric
ratingsan rangingfrom 12.00to 1,00

Rat._j_g Block

? Contact Stylus
1.00 Confocal Microscopy
12.00 Fringe Reid Capacitance
6.00 Moire (Projection)Interferometry
4°00 Structured/SectionedLight
4.00 LaserDynamic Focusing
8.00 LaserTriangulation
1.00 IDEALSYSTEM

Ratingsfor C_QNTACTVS. NQN-(_ON,T,ACT on a scale
measuringDEGREE OF CONTACT,usingdirect verbal
ratingsand rangingfrom POSSIBLYDAMAGINGto NONE

Bloc.____k

POSSIBLYDAMAGING ContactStylus
NONE ConfocalMicroscopy
NON.DAMAGING Fringe Reid Capacitan,'.e
NONE Moire (Projection)Interferometry
NONE Structured/SectionedLight
NONE LaserDynamicFocusing
NONE Laser Triangulation
NONE IDEALSYSTEM

Ratingsfor _IMPLICITYOF (_ONCEPTon a scale
measuringDegree, using direct verbal ratingsand ranging
from Minimumto Maximum

Rat__ Block

Maximum Contact Stylus
High Confocal Microscopy
High FringeReid Capacitance
Minimum Moire (Projection)Interferometry
Low Structured/SectionedLight
High LaserDynamicFocusing
Low LaserTriangulation
Maximum IDEALSYSTEM
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