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Abstract

This project addressed coordinate measuring machine (CMM) technology and
model-based engineering. CMM data analysis and delivery were enhanced
through the addition of several machine types to the inspection summary
program. CMM hardware and software improvements were made with the
purchases of calibration and setup equipment and new model-based software for
the creation of inspection programs. Kansas City Plant (KCP) personnel
contributed to and influenced the development of dimensional metrology
standards. Model-based engineering capabilities were expanded through the
development of software for the tolerance analysis of piece parts and for the
creation of model-based CMM inspection programs and inspection plans and
through the purchase of off-the-shelf software for the tolerance analysis of
mechanical assemblies. An obsolete database application used to track jobs in
Precision Measurement was replaced by a web-based application with improved
query and reporting capabilities. A potential project to address the
transformation of the dimensional metrology enterprise at the Kansas City Plant
was identified.

Summary

This project included several different activities, each of which addressed a technical gap in the
areas of CMM technology and model-based technology.

In the area of inspection data analysis, a program was developed to summarize out-of-tolerance
data for a group of parts, to improve the data’s readability, and to automatically create a product
scorecard and/or a spreadsheet that summarizes the out-of-tolerance data. The program uses
inspection data files generated by a CMM to create a Microsoft Excel spreadsheet which, in turn,
creates a product scorecard spreadsheet and/or an inspection summary spreadsheet. The product
scorecard contains a benchmark sigma value, along with averages, standard deviations, and
yields for each measurement key. The inspection summary contains out-of-tolerance values and
ranges for each measurement key, detailed for each serial number of the group of parts.

Several hardware and software improvements were provided for CMMs in the Precision
Measurement department. Calibration, probe setup, and part fixturing hardware was purchased.
Calypso software and upgrades were purchased for seven different Zeiss CMMs, and training for
a Precision Measurement CMM inspector/programmer was purchased for Zeiss Calypso Curve,
and Planner, and Simulation software.

Three different reverse engineering software packages were evaluated, and the Raindrop
Geomagic Studio software was determined to have superior capabilities and an easy-to-use
interface.

Funded by this project, KCP personnel contributed to and influenced the development of the
Dimensional Measuring Interface Standard (DMIS), the Dimensional Markup Language (DML),



and the Exchange of Quality Measurement Process Plan (eQuiPP) standard. These standards
provide standardized file formats for CMM inspection programs and for measurement results.

Model-based engineering capabilities were expanded through the development of Feature-Based
Tolerancing (FBTol) software for the tolerance analysis of piece parts and of Feature-Based
Measuring (FBMeas) software for the creation of model-based CMM inspection programs and
inspection plans and through the purchase and use of CETOL Six Sigma, off-the-shelf software
for the tolerance analysis of mechanical assemblies.

To improve operational efficiency in the Precision Measurement department, a web-based
application that allows tracking of CMM inspection jobs was created. The application interfaces
with an Oracle database and allows departmental personnel to record information about
inspection jobs, including time spent programming, time spent inspecting, inspection job type,
receiving and shipping dates and locations, and equipment used.

Discussion

Scope and Purpose

The compression of weapons program schedules, the increased use of parts suppliers, and the
increased emphasis on work-for-others projects has led to the need to increase efficiency and
improve the capabilities of coordinate measuring machines (CMMs) at the Kansas City Plant
(KCP). In addition, large amounts of inspection data must be analyzed before disposition can be
made on parts submitted to the Precision Measurement department. Reverse engineering
software had been purchased, but it had not been evaluated. Also, CMM standards that are
necessary to enable CMMs to reach their full potential are not yet released for use in industry.
Model-based methods that increase throughput and improve quality have not been fully
implemented in KCP’s CMM operations.

This project addressed these needs by performing work in several areas. CMM hardware and
software needs were assessed, and equipment and software were purchased to meet those needs.
Programs were created and enhanced to automate and improve the analysis of the high volume of
CMM inspection data. Three different reverse engineering software packages were evaluated.
Funded by this project, KCP personnel contributed to and influenced the development of the
Dimensional Measuring Interface Standard (DMIS), the Dimensional Markup Language (DML),
and the Exchange of Quality Measurement Process Plan (eQuiPP) standard. Model-based
engineering capabilities were expanded through the development of Feature-Based Tolerancing
(FBTol), a software package used for the tolerance analysis of piece parts, Feature-Based
Measuring (FBMeas), another software package used for the creation of CMM inspection plans,
and the purchase of CETOL, off-the-shelf software used for tolerance analysis of mechanical
assemblies that works directly with Pro/ENGINEER. An obsolete database application used to
track jobs in Precision Measurement was replaced by the Inspection Job Management System, a
web-based application with improved query and reporting capabilities.



Prior Work

ADAPT Project 706664, Advanced CMM Technology, performed work that was foundational
for parts of this project. That project enabled the initial creation of the product scorecard and
inspection summary programs, which were expanded and improved with this project. It also
funded the purchase of three reverse engineering software packages, which were evaluated
during this following project.

Activity

This project included several different activities, each of which addressed a technical gap in the
areas of CMM technology and model-based technology.

CMM Data Analysis

Engineers and requesting inspection department personnel at the Kansas City Plant have been
manually reviewing CMM inspection data for disposition of purchased and manufactured
products. A program was developed to summarize out-of-tolerance data for a group of parts, to
improve the data’s readability, and to automatically create a product scorecard and/or a
spreadsheet that summarizes the out-of-tolerance data. The program uses inspection data files
generated by a CMM to create a Microsoft Excel spreadsheet which, in turn, creates a product
scorecard spreadsheet and/or an inspection summary spreadsheet. The product scorecard
contains a benchmark sigma value, along with averages, standard deviations, and yields for each
measurement key. The inspection summary contains out-of-tolerance values and ranges for each
measurement key, detailed for each serial number of the group of parts. See Figure 1 to view a
pictorial representation of this process.

The program eliminates manual data entry, dramatically reduces the time to populate product
scorecards, to review CMM inspection results, and to enter the data into reporting systems, and it
improves the quality of the data.
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Figure 1: CMM Data Transfer Process



The CMM product scorecard and inspection summary creation processes were improved such
that the two manual processes that took hours were replaced with a single automated process that
takes a few minutes.

The product scorecard (Figure 2) calculates average, standard deviation, and yield percentage
values for each inspection key measured in a group of parts, and a benchmark sigma value is
provided that serves as a quality metric to help determine the disposition of the parts.
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The inspection summary (Figure 3) displays out-of-tolerance information for a group of parts in
an easy-to-read, convenient manner for the engineer or requesting inspection department. Out-
of-tolerance values are listed, including high and low values if a range of measurements were
made for an inspection key. The data is displayed in a matrix consisting of measurement keys in
the rows and part serial numbers in the columns. The information is summarized for the entire
group of parts, including the number of keys rejected for a particular serial number, the overall
range of out-of-tolerance values and the number of rejects for a particular measurement key, the
number of parts rejected, and the number of keys rejected.
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Figure 3: Inspection Summary

Work funded by this project expanded the capabilities of this program so that inspection data
files generated by Zeiss CMMs running either UMESS or UMESS-LX software, Apollo CMMs
running either MeasureMax or Metrologic software, and the OGP measuring machine can be
used to create product scorecards and inspection summaries. See Figures 4 through 8.
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Figure 6: Apollo MeasureMax Data File (Page One of Many)
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Part Zerial #:

LOG NUMEEER : Z00207036l

PIT» NUMEEE :

DART NUMEEL:

PART SUFFI: 00

PART NAME : Housing, Full Machined
CLASSTFICATION: UNCLASSTFIELD
DRATIING/ISS: AY1ALOEY Iss K
MLAISSUE : 1lA1087 Iss J

ACO NUMEER: N/A

TORE TYPE : PROLUCTION

EXECUTIVE S0FTWARE : MetrologkG w00

NOTES:
Letter (=) at end of Part Program Mo, = Isswue of Part Program
Is=nes of DRAWNNING and ML = Issues when Part Program was released

008 Svymmetry of (182 +/- 001 Dia. Datum —-C-
FEEE LT L L SiZE Engmeering Infﬂ DIllY o o o o o o o
| .005m | I | Em |
Sheet Z, Zone D-1

CIRCEZA X =0_ 0000 0.0000 2.0000 -2_0000 -0_0000
CIRCZA DIAN 0.1380 0.1320 0.0010 -0.0010 -0_0000
TOLZ00L  PTOL 0. 0001 0.0000 0,000 0.0001
CIRCZEA X 0. o000 0.0000 S.0000 -2_0000 0_0000
CIRCZEA DIAM 0.1380 0.1820 0.0010 -0.0010 -0_0000
TOLZ00Z PTOL 0.o0001 0.0000 0,000 0.o001

4737 +/- .003 Dia. Datum -E-

Figure 7: Apollo Metrologic Data File (Page One of Many)
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CEZ11741

PN FLE{ CIRCUIT LOMG (1T}

INSPECTED PER: DERIG

INSTECTED ET:

OGP LOGE 3878 SAMPLE§ 2147

Faature Uit Nomirnal Actnal Tolerances Deviation Exceeded

Step 49 — PART INSPECTED WITH DATUM -A- DOWN & PART§ FACING TP
Result wm 0000000 +000. 0000 +000. 0000

Step 5O - EEYOOL O_100 PROF|&|S|T] 3
Re=ult mm +000_0000  +000. 0000 +000._0000

Ztep 51 - EEYOO0L-014 0.25 DIM (TOP EDGE PADL) +DEV=+MAT'L
Profile + m +000. 007l 400, 0z 50 +000._0071 ++
Profile - m -000. 00z4 =00.0750 -000._00Z4 =

Step L2 - FETOO0l-02ZA 0O.E5 FULL RAD (PADL) +DEV=+MAT'L
Profile + Tm +000. 0000 400, 0z 50 +000._ 0000
Profile - Tm —0oo. 0z08 000750 -000._ 0302 =

Step 53 - EEYOOl-034 -0.ZE5 DIM (BOTTOM EDGE PADL) +DEV=+MAT'L
Profile + Tm +000.00z% 400 0250 +000_00z5 +
Profile - Tm -0oo0. 0039 -00_0750  -000._003%9 =

Step 55 - EETOOl-044 0_Z5 PAD(EBOTTOM CORMEER PADL) +DEV=+MAT'L
E Location wm  H000_ZE00 40002405  +00.0250 -00.07E50  -000.0025 -

Step 56 - FEYOOL-0OSA 0.2Z5 PAD (TOP CORMEER PADL) +DEV=+MAT'L
E Location wm OO0 ZE00 40002339 4000250 -00.07E50  -000.0101 =

Step 67 - FEYOOL-01B 0.25 DIM (TOP EDGE PADZ) +DEV=+MAT'L
Profile + I +000. 0045 400, 0250 +000.0045 +
Profile - I -000. 0015 -00. 0750 -000.0015 =

Step 68 - EETO01-0ZE 0.Z5 FUOLL RAD (PADE) +DEV=+MAT'L
Profile + m +000. 0000 400, 0250 +000._ 0000
Profile - m -000. 0236 -00.0750 -000.0236 ==

Step 63 — EEYOOl-03E -0.25 DI (BOTTOM EDGE PAD:Z) +DEV=+MAT'L
Profile + Tm +000. 0Llsz 400, 0z 50 +000_ 0152 +++
Profile - I +000. 0o0o —00. 0750 +000._ 0000

Step 71 - EEYOOl-04B 0.z25 DRAD (BOTTOM CORNER PADE) +DEV=+MAT'L
B Location wm  +O00_ZE00  +000. 2327 +00.0EE0  -00.07ED0  -0OOD.011Z =

Step 7Z - EEYOO1-05E 0.z25 RAD (TOP CORNER PADZ) +DEV=+MAT'L
E Location wm  HO00_ZE00 40002331 +00.0250 -00.07E50 -000.01se3 =

Step 90 - EEYOOL-01C 0.z5 DIM (TOP EDGE PADZ) +DEV={+MAT'L
Profile + I +000.0013 400, 0250 +000.0013 +
Profile - I -0o0. 0037 -00. 0750 -000.0037 =

Figure 8: OGP Data File (Page One of Many)
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CMM Hardware and Software Improvements

Hardware Improvements

Hardware purchases totaling $17K were made with funds from this project. A calibration sphere
was purchased for the OGP measuring machine, and a vacuum pump was purchased to assist in
the fixturing of foam parts for inspection. In addition, a probe setup aid was purchased for use
on any of several Zeiss CMMs, and a set of probe adapter plates was purchased for the Zeiss
CARAT CMM.

Software Improvements

Project funds totaling $32K were used to purchase software in support of KCP’s CMM
operation. Calypso software (Figure 9) and upgrades were purchased for seven different Zeiss
CMMs. Training for a Precision Measurement CMM inspector/programmer was purchased for
Zeiss Calypso Curve, and Planner, and Simulation software.

B Colygro User Desk - {C) Carl 2eivs - Lest_BHW
Qatel Goabeoiton  Amcht  Yorbersiter Messen Verknipfen Mall pridon Fomiund Lage CHE CAD Extras Plner Fergtor Hile Infg.

NEE iR - M EEL3 S0E 58 265 E

SOl el o Ppiw

Figure 9: Zeiss Calypso Software

The Calypso Planner software (Figure 10) enables off-line programming of Zeiss CMMs using
solid models. Solid models of the Zeiss CMM, fixtures, and probe setups are used with a solid
model of one of KCP’s parts, and an inspection program can be created in a user-friendly and
intuitive virtual environment.
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Figure 10: Zeiss Calypso Planner Software

The Calypso Simulation software (Figure 9) allows the programmer to test an inspection
program in the virtual environment, so that errors are kept to a minimum and the program can be
optimized. These methods reduce the time required to create part inspection programs, and they
free up CMMs to measure more parts.
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Figure 11: Zeiss Calypso Simulation Software

Reverse Engineering Software Evaluation

Three different reverse engineering software packages were evaluated. The Raindrop Geomagic
Studio software package (Figure 12) was determined to have superior capabilities and an easy-
to-use interface. $13K was allocated for labor expended in this evaluation.
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- Geomagic Studio 8 - C:¥Program Files {(x86Raindrop GeomagicWeeomagic Studio 8\Datalfoot_surf.wrp

File Edit View Toolz Polwgon: Boundaiez Curves Analysiz Wizards Help

ICCH¢HA@BC¢O AN S iEi E]

ﬂ@‘ﬂ-llizaas\...ﬂxq,,@ |

= ]

LAY RERE-N
B foot_suf
L 4 woid

FeRiE
L

aglrewewo - >00 ORFBRRBRDO/EE

Current Triangles: 19974
Selected Triangles: 1120

IILeft Button: Mark triangle | Ciri+Left Buttor: Unmark triangle | Del: Delete selected triangle(s) | Middle Button: Ratate | Shift+Right Button: Zoom | Alt+Middle Button: Pz | 321 pm I

Figure 12: Raindrop Geomagic Studio Reverse Engineering Software
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Dimensional Metrology Standards

Funded by this project, KCP personnel contributed to and influenced the development of the
Dimensional Measuring Interface Standard (DMIS), the Dimensional Markup Language (DML),
and the Exchange of Quality Measurement Process Plan (eQuiPP) standard. DMIS (Figure 13)
is a standard file format used to run coordinate measuring machines and to translate inspection
programs from one data format to another. DML is an emerging standard that provides a
common method for storing measurement results. This project funded $81K for labor, $12K for
materials, and $12K for travel in support of this standards work.

Manual DMIS Auto
Programming | | Programming

DME III

Quality
Information
System

Figure 13: Dimensional Measuring Interface Standard (DMIS)
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Model-Based Enterprise

This project funded work for the development of Feature-Based Tolerancing (FBTol), model-
based software that analyzes piece parts for complete and unambiguous tolerance schemes
(Figure 14), and Feature-Based Measuring (FBMeas), which generated CMM inspection
programs and helps create intelligent inspection plans.

FBTgui - Sqrkey102T.sat

File Edit TolDefn TolFeat DRF Tolerance GenPropatib View Window Help

=] B3

mEEEEEER N E E R E

e O R EEEEEEE =R

5= | ]

v e o e Y e | s T e PP e v

oltl=|-| #lel=l| olaf| =[v]s] |z Bl

indow - Sqrkey102T sat-2

I:l Datum Reference Frames
[0 Tolerances
-1 General Property Attributes

B/ Part View - 5qrkey102T sak:1

> FBTol Tutorial
File Edit Bookmark Options Help

QDnlenlsl Index | Back I FErint |

(e
somewhere in the Part Window to activate the proper menu.)

A winclow will open that displays a Tolerance Definition falder, which,
inturn, containg Tolerance Features, Datum Reference Frames,
Tolerances, and General Property Attributes folders. Foran
untoleranced part all of the latter four folders would be empty. The
partyou have loaded has been almost completely toleranced for
you. MNote that all of the tolerance toolbar buttons are now active

Resize and reposition the Tolerance Feature Window as
shown below:

#¥/Scheme Window - Schemel

For Help, press F1

| ] ] | e

Figure 14: Feature-Based Tolerancing (FBTol)
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Off-the-shelf software, CETOL Six Sigma (Figure 15), was purchased and used for the tolerance
stackup analysis of mechanical assemblies. The tool allows the user to define suspected trouble
areas in an assembly and use sophisticated algorithms to determine if potential interference
conditions exist, and if those conditions do exist, it identifies methods to eliminate the problems.
The product works concurrently with Pro/ENGINEER.

I woT_MSAD_CLASS_DEMO (Active) - Pro/ENGINEER 27 WB7_MSAD_CLASS_DEMD (Synchronized) - CETOL 6 Sigma Modeler -10] x|

File Edit View |Insert Analpsis Info Applications Tools Window Help Model Edt Wiew Window Help

T Ue . EE
DrFaamste

eI TSR AR ES R Y
8800 aihke [ArEi[ag)

1

I
Ty ,MSAD,FIXm
.

Lo [
4 (@) assTeEBt e 5 25578

i 0
7 {g) 255601 Bta Fidurs D 255601 C to Fixture:

SH255601 -00-UNC
) ([ M— . o NS il | |
>
: 2 |2 ; )
; e N i e G O 1(T Wo7_MSAD_CLASS_DEMO Properties
S - B, Coniig! Generel | ods. | Notes |
- [olEnd Bridge
& Bl wE7_MSAD_FIXTURE Name: [w87_MGAD_CLASS_DEMO
& E }gg:ig:jggggﬂ:g FrolE Compenent Fropetties
) o Fro/E Name: WB7_MSAD_CLASS_DEMD
B[l SH255801-D0UNC EHS LIRS EChL BB =
B~ G} 255800 B to Fisture Type: Assembly
B o 255800 C to Fisture Length Urits: mm
£ 255800 Flat to Fisture Angle Units: degree
B1- ) 255789 B to Fisture
- Jp 255788 C to Fisture Edit Rule.
- 255758 Flat to 255800
£- @) 255801 B to Fisture
- (o 255801 C to Fisture
255801 Flal to 255788
A
* Showing part 5H255801-00-UNC.
* Shaded model will be displaped
Parts v [ Configt [0 Over 0 Under (Closad) [ @

Figure 15: CETOL Six Sigma
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Precision Measurement Database

A web-based application that allows tracking of CMM inspection jobs in the Precision
Measurement department was created. The application interfaces with an Oracle database and
allows department personnel to record information about inspection jobs, including time spent
programming, time spent inspecting, inspection job type, receiving and shipping dates and
locations, and equipment used. Figure 16 shows the system’s main menu.

B Insprection Jub Regqued - Brosolt Iilernet Explorer prosided by Bosepell FRET

] g [Fi-twwe ke tenpeviehapn v B

Inspection Job Management ‘{i

Saloct a Moenu [tem
ADDARDATE an Inspection Reguest => (Melp Video)

LOG IN the Tnspaction Jab
PRINT Job Cover Sheet

DATA INQUIRY for an Inspection Job or a Part Number
DISPLAY Work Station/Canter Queue

Start Job and ADD/UPDATE Tene Spent on an Inspection Job

trspection Job Request

&1 bore 8 Local rtranet

Figure 16: Job Management System: Main Menu

The new application includes customized reports and charts that allow the user to view such
things as cycle time (Figures 17 and 18) and average monthly estimated and actual inspection
time (Figure 19). This system allows inspectors and the department manager to more efficiently
manage their inspection work and to provide more accurate and timely information to their
customers. This project provided $231K in funding for the labor required to develop, deploy,
and maintain this application.
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Figure 17: Job Management System: Cycle Time Table

2 BIRT Report Viewer - Microsoft Internet Explorer provided by, Honeywell FHET
Fle Edit View Favorites Tools  Help

eﬁack - d B @ (h psearch *Favnntes & B- ,11‘ = L‘J ﬁ 3

Address @ hittp:i{127.0.0.1:80801birtjframeset?_report=CycleTimeChart,rptdesign
—

BIRT Report Viewer

= o 3

Showing page 1 of 22 did B IP Gotopage:

Precision Measurement Cycle Time
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b Cycle Time (Days)
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One-Month Intervals

Qct10, 2007 8:20 Am

]

& Local intranet

Figure 18: Job Management System: Cycle Time Chart
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Figure 19: Job Management System: Estimated Vs. Actual Time

Accomplishments

CMM hardware and software needs were assessed, and equipment and software were purchased
to meet those needs. Programs were created and enhanced to automate and improve the analysis
of the high volume of CMM inspection data. Three different reverse engineering software
packages were evaluated. Funded by this project, KCP personnel contributed to and influenced
the development of the Dimensional Measuring Interface Standard (DMIS), the Dimensional
Markup Language (DML), and the Exchange of Quality Measurement Process Plan (eQuiPP)
standard. Model-based engineering capabilities were expanded through the development of
Feature-Based Tolerancing (FBTol), a software package used for the tolerance analysis of piece
parts, Feature-Based Measuring (FBMeas), another software package used for the creation of
CMM inspection plans, and the purchase of CETOL, off-the-shelf software used for tolerance
analysis of mechanical assemblies that works directly with Pro/ENGINEER. An obsolete
database application used to track jobs in Precision Measurement was replaced by the Inspection
Job Management System, a web-based application with improved query and reporting
capabilities.
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Future Work

Work remains to be done in several areas of CMM and model-based technology. The generation
of product scorecards and inspection summaries should be fully automated such that it happens
in the background, with no intervention from the inspectors running the CMMs. The inspection
data files should be placed in a public folder that can be accessed by engineers and other
inspection departments as needed. Inspection data from all of the various makes of CMMs
should be standardized, and this standardization should ultimately be in the format of the
Dimensional Markup Language. The CMMs in the Precision Measurement department are not
yet networked in either the classified or unclassified environments. When this is accomplished,
common network directories should be created in these environments for the storage of CMM
inspection programs and inspection results files. Data analysis capabilities should also be
extended to KCP suppliers with their own CMMs. KCP’s influence and involvement with the
various CMM-related standards should be continued. The Inspection Job Management System
will be discontinued with the rollout of Solumina, the replacement for the current MES system,
and work will be required to migrate the old system’s capabilities and legacy data into the new
system. Work needs to be initiated to transform KCP’s dimensional metrology enterprise to an
efficient, seamless system where product design information, CMM inspection programs,
inspection data, and results analysis are available from an engineer’s desktop.
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