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ABSTRACÏ

COMPUTER AIDED COORDINATE MEASUREMENT FOR QUALITY ASSURANCT

by

R aymon d Peter Hoems en

Automated production methodí frave led to an increased need for

faster inspection equ'ipment in the metalwork'ing'industry. A

coordinate measuring machine, especial ìy when ìntegrated with a

manuf acturing computer system, wi I I increase 'inspection

productivity whi le maintajning historical records of relevant

inspection and quaì ity assurance data.

A Bendix'l ayout machine with a local measurement processor was

interfaced to a Hewìett-Packard minicomputer through an

asynchronous multiplexer. Sìnce a compatible protocol was

not avai I able f olinterf ac'ing the measurement processor to the

minicomputer, a protoco'l was developed which uti I ized the echo

feature of the measurement processor. Th is protocol was

successful ìy implemented with few problems" The system permitted

part inspection procedure fi les to be created, measurement

instructions to be sent to both the layout machine operator and

measurement processor, ôfld measurement data to be col lected.

Integrating the coordinate measuring machine into the computer

network using the multiplexer provided a flexible, cost-effect'ive

solution to the probìem. This could lead to improved

productivity once the system is opt'imized.
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CHAPTER I

I NTRODUCTION

1.1 Scope and 0bjectives

This thesis descrjbes the operation, use and characterist'ics

of coordinate measuring machines in manufacturing qual ity

assurance programs and, by means of a case history,

ì I lustrates how a coord'inate measuring mach'ine was

ìnterf aced with a min'icomputer to improve a qual'ity

assurance program.

The object'ive of this study was to deveìop a

h ardw are / software i nterf ace between a Hewl ett -P ack ard mode ì

HP 1000 minicomputer and a Bendix coordìnate measuring

machine to improve inspection effic'iency and to permit

automatic recording of measurement data.

Bendix coordinate measuring machines are control led by a

measurement processor. Upgraded performance can be attained

by using a desktop computer to control the measurement

processor. Bendix suppì ies a variety of desktop computers,

varying from the Hewlett-Packard models HP B5 to the HP 9835

for upgrading performance. Bendix'is presently develop'ing a

1
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system using a Hewlett-Packard model HP i000 minicomputer as

an even more powerfu I I eve I of computer support. Th i s

computelinterfaces with another Hewlett-Packard desktop

computer, wh'ich in turn'interfaces with the Bendix

measurement processor.

In the case study outl'ined in th'is thesis, a Hewlett-Packard

minicomputer was interfaced direct'ly with the Bendix

measurement processor, el iminating the desktop computer.

The availability of the minicomputer enhanced the project

feasibi 1 ity. Advantages of th is approach are as foì lows:

i ) Cost

A substanti al cost reduction can be real ized by el im'inating

the intermediate desktop computer and repìacing it with a

single eight-channel asynchronous mult'iplexer. However, a

teletype or cathode-ray terminal is required for each

machine operator work station.

ii) Flexibility

Comp any resources, such as programmers, software, and

harciware, are not devoted to the additional desktop computer

but can be solely used f or the 'l arger minicomputer.
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Measurement data can also be stored in a data base for

future anaìys ì s and h i stori cal purposes .

i i i ) Prod uct'i v'i ty

The coordinate measuring mach'ine can be used primari'ly f or

the inspection of production parts, rather than the on-l ine

deve'lopment of inspection programs. Throughput 'is also

higher since the inspection procedure is preprogrammed for

the operator.

iv) Flexible Manufacturing

}lith the trend to flexible manufacturing systems, this

approach permits future capabi 1 ity for direct computer

control and tota'l system integration. There will not be

several local ized systems to tie in, on'ly one network.

v ) Upgradi ng

tllith the rapid changes in technology, it will be possible to

upgrade hardware w'ithout major disruptions. Also, changing

hardware suppl iers would not seriousìy affect the

performance of the sYstem.
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1.1"1 Hardware Interface

The f irst specific objectìve 1aas to deveìop a hardware

i nterf ace between the Hewl ett -P ack ard mode I HP 1000

minicomputer and the Bendjx ìayout machine. In addition to

be.ing physica'l ly compat'ib'le, the interf ace must also be

e I ectron i cal ìy correct.

L "I.2 Sof tware Interface

The second specific object'ive was to ensure that data

communication between the Hewlett-Packard model HP 1000

minicomputer and Bend'ix I ayout machine js establ ished.

Protoco I s (h andsh akes ) between the Hewl ett -P ack ard mode I HP

L2792A multiplexer and Bendix model MP-2 measurement

processor must be comP at i b I e.

1.1.3 Inspection Software

The

i)
ii)

third specific obiective has three requirements:

the creation of a part ìnspection fi le,

the transmission of inspect'ion instructions to the

Bendix layout machine and the recept'ion of inspection

data by the Hewlett-Packard model HP 1000 minicomputer'

and

the retrieval of the 'inspect'ion data f i le.ì1'r)
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I .2 B ack qrou nd

I .2 "L l.lh v Coord i n ate Measurinq Mach'ines?

The i ntroduct j on of numer i caì 1y contro'l led mach i ne too I s

resulted in great improvements in the manufacturing

industry. Parts could be produced f aster, more accurate'ly

and preciseìy, and with less error and thus better qual ity'

This posed a problem due to the greater volume of more

accurate and complex parts requiring'inspection. Th'is

problem led to the deve'lopment of the Coordinate Measu¡ing

Machine (CMM).

The statement by Buckìey (1981) ' "As NC is to manufacturing'

Coordinate measurement is tO'inspectì0n", summarizes the

effect of the cMM on qual ity assurance. The cMM has evolved

into two-- categories, horizontal-arm and vertical-arm

machines to meet industry needs. Each has specific speed

and cost advantages and djsadvantages depending upon

p art geometry, p art s i ze and oper ator sk i I I '

Major advances are occurring in the inspection process '

especial ly for the first part ìn a batch from numerical ly

control led machines and for compìex, high-tolerance parts'
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TheuseofconVent.iona]surfacep.latesandgagesis
general'ly too expens'ive, error prone''insuff ic'ient'ly

accurate and slow. Special.i zed dedìcated gages permit more

productive and reliable use, but exhjbit high maintenance

and obsolescence costs '

The CMM with a microprocessor system js a flexjble too],

especial.lyfors.ing.le.itemsandshortruns.Itleadsto
.increasedinspect.ionproduct.ivityduetofaster

throughput. 0perator influence 'is minimized since the system

can prov'ide measurement instructions and process control in

addition to data ana'lys'is. Program software virtual'ly

elimjnates ho'lding fjxtures and setup time by permittÍng

electronic part orientat'ion and levelìing. Accuracy is also

improved since parts can be measured'in a s'ing'le setup'

l|lith the introduction of microprocessors to control the cMM'

datacoltectionandanaìysisareenhanced.Datacanbe
ana.lyzedwithpreprogrammedfunctions,whilepermanent

records, e'ither on electronic media or paper' can be

mainta'ined.

Inspection time js shortened by on-l ìne analysis'

simpì.ifying the jnspection procedure. The operator.s task,

therefore, is to col lect coordinate data in the correct
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sequence

Th ì s type

wh'ich the mi croProcessor can then an alyze.

manual unit and

subject to

of CMM 'is still basicaì'lY a

operator- i nduced error.

computer ass'ist capabi ì ity can be added to a manual cMM to

prov.ide local data acquisìtion and analysis, with or without

preprogrammed sof tware, as wel I as data record'ing. A local

measurement processor, for exampìe, can provìde a Bend'ix cMM

wjth data processing capabi ì ity between the positjon

tranducers and d'isplay. The factory preprogrammed memory

contains software which can be accessed by push buttons'

while instructions and results can be displayed on the local

digitaì readout" Results can be output to hard copy or

manua'l ìy recorded. In add'ition to the four-axis-position

transducers, interfaces to an electronjc touch probe and

operator footswitch are provided'

The ultimate solution is direct computer control which is a

means of probe positioning using a computer-dr.iven

servo-system, and the use of an electronic probe to obtain

measurement data. As an intermedi ate step to d'irect

computer controì, measurement processors control led by

intermedi ate control lers such as local desktop computers '

are avai I able f or a Bendix cMM. Bendix mach'ines current'ly
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support Hewlett-Packard models HP 85, HP 9825 and

desktopcomputers.l-lh.iìefurther.integrationtoa
m'inicomputer system is poss'ible, this is not yet

commerci a1 lY avai I abl e.

HP 9835

It would be desirable to'integrate a cMM with a measurement

processor into a m'inicomputer system without using an

.intermedi ate control ler such as a desktop computer.

I "2 "2 l.lhv Inteqration?

There are four PrìncìPa1

Qu af ity Assurance can be

areas i nto wh i ch ComPuter Ai ded

d i v i ded:

i ) Measurement and Test'ing

Bytheuseofcoord.inatemeasuringmachinesapartcanbe
inspected more rapidly, accurately, and effic'iently' A CMM"

whether automatic or manual, can be interfaced to a

m.inicomputer through microprocessors or intermedi ate

control I ers. Instruct i ons can be i ssued to the cMM or the

operator,datacanbecoìlectedandanaìyzed,andreports

can be i ssued -
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Asproductcompìexityìncreases'moreadvancedtestìng

methods wi I I be required. A mjnicomputer can be used to

automate these tests and to col lect and analyze test data'

ji) Process Control

Analys.is of measurement data wi I I enable prediction and

contro I of ch anges i n a process and wi 'l I prov i de

preventat'ive ma'intenance data and other manufacturing

informatìon. t.lhen flex.ible manufacturing systems come'into

place, the computer will play an important role'in control

of the manufactur j ng Process '

iii) QuafitY SYstems

Tool and gage contro'l , qua'l ity assurance and rel i ance

techn i ques, I abor atory procedures, cal i br at'ions ' and

inspectìon procedures can be handled on a central computer '

jv) Information SYstems

computeri zed systems wi I I al low vast storage and retr ieval

capabilities. sample'inspection reports, defectÍve part

data, pFoduct release records, rework and scrap costs, part

and supplier service and !varranty records are just a few of
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the many appl ìcations wh ich can be computerized. |l|hat ìs

happenìng and what has happened in product'ion wi I I be a

matter of record, not specu I at'ion s ince records wi ì I be

available and eas'i ìy accessible. The key to all of these

app'l icat'ions is that the data be integrated 'into a common

data base, wh'ich can be made ava'i lable to and ut'i I ize

information from manufacturing and engineering'in

particul ar, and other departments in general '

There are many reasons for deve'loping a computer aided

quaì ity assurance sYstem:

i)
ii)
1rr)

iv)

v)

vi)
vlr)

v|t'l)

ix)
x)

To modern i ze i nsPect i on methods .

To improve rePort ì ng sYstems .

To quicken response to v{arranty and service

prob I ems.

To enable prediction of changes in process.

To establ ish historical records.

To 'improve qual itY sYstems.

To allow future integration with advanced

manuf acturing and eng'ineerìng systems.

To remain comPetitive.

To i ncrease product i vi tY.

To improve quaì itY.
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1.3 Definitions

Several terms need to be defined before d'iscuss'ing computer

appl.icat.ions to engineering and manuf acturìng. computer

Aided Des ì gn (CAD ) means the use of computer ai ded graph'ics

programs to model and draft machine components jn two to

three d.imensions, using t{ire-f rame, surf ace or sol id

mode'l ing techniques, rather than the trad'it'ional methods of

penci 1 and draf ting board. cAD can also 'include analysis

and component test i ng f unct'ions us'ing computer methods '

Computer Aided Manuf acturing (CAM) enta'i ls the use of

computer technology to design tools and fixtures, determine

cutter I ocat i on p aths , and produce i nstruct i ons to oper ate

machine tools. In addition robotics, PfOcess pìannìng, and

factory management are al I integrated cAM functions.

computer Aided Engineering (cAE) uti l'izes an integrated

approach to cAD and cAM using a common engineering and

manufacturing data base.

Numerical Controì (NC) refers to the control of mach'ine

tools using an instruction set created by a computer and

transferred to the machine tool by a paper or mylar tape'
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magnetic tape, oF other electronic medium. The computer

generat'ing the ìnstruct'ions does not control the machine

tool ìn real time.

D'i rect Numerical Control (DNC) or Direct Computer Control

(DCC) means the control of a machine tool by a computer in

real t'ime.

A Flexible Manufacturjng System (FMS) i s an automated system

utiliz'ing a dedicated group of machine tools to produce a

mix of parts in I imited quantities with an automated

materials handìing system. System control is accomplished

by a real-time comPuter sYstem.

Computer Integrated Manufacturi nS (CIM) refers to an

automated method of manuf acturing wh'i ch uses f eedback f rom

the machine tools to correct machin'ing operations as parts

are manufactured or in-process. A common engineering and

manufacturing data base'is required for successful CIM'

computer Aided Quaì ity Assurance (cAQA) means the automation

of the inspection process using computers. Applicat'ions

include on-l.ine and of f -l ine 'inspection, as wel I as

statistical analysis of measurement data to determine

trends.
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A Coord.i nate Measuring Machine (CMM) 'i s an ìnspection

machjne used to determine the d'imensionaì representat'ion

a part by coordinate measurement. computers may or may

be used to help collect and analyze measurement data.

of

not
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CHAPTER I I

LITERATURE REVIEt.l

The review of I iterature wi I I include the deve'lopment of

coordjnate measur.ing mach'ines, why integration ìs desirable,

and a brief look at current equipment. As part of these

areas of review, the CMM marketp'l ace and the'ir appl ications

will be discussed.

Any references to Imperiaì, rather than SI un'its are made to

reflect the context of the citat'ion or to represent a

nominal or specif ied d'imension.

2.L Development of Coord'inate Measurinq Machines

In 150 years measuring precis'ion advanced two dec'imal pl aces

to ten-thousandths of an 'inch (Polk, 1960), whi le in the

last LZ years capabilìty has increased to millionths of an

inch, a thousand-fold'increase. In 1960, state-of-the-art

included mechanical gaging (G0, N0-G0) and pneumatic gaging

if speed and prec'ision were desired" Pneumatic technology

has been used s'ince 1930, and proved to be qujte rugged'in a

product i on env i ronment "
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In the 1950,s, electronic gag.ing moved f rom the metroìogy

I aboratory to the production environment' provìding

h'igh-speed response and f aster cyc'le tìmes' as well as

tolerances ìn the order of 10-6 ìnch. 0ther techniques

under deveìopment included optical dev'ices such as

autoco ] l jmatorS, pro jectors, and .interf erometers ' 
.in

addjtìontoultrasonic,radar,andrad.iograph,icgagìng.

Polk also predicted an evolutionary rather than a

revolutionary development process which would result in

better product re ] i ab.i l i ty, reduced Scrap, rework, d irect

labor, and manpower, whi.le increasìng productivity.

The advent of numerical control i n 1955 (Birreì'l , 1968) was

amajorìmprovementinthemetaìworkingandmachining

business.Thisledtotherequ.irementforbetter
measurementcontro].Priortothel960'scoordinate
measurementwastypicaìlyacomparatìvetwo-dimensjonal

operation, utilizing surface pìate technology wh'ich required

complexf.ixtures'care'operatorsk.i]]andjudgement,and

manualrecordìng.Thef.irstCMMjntheear.lyl960.s
utì]ized built.jn standards, e]im.inating the need for

comparative measurement, wh'i le prov'id'ing three-d'imensional

capab.il.ity.Thise]iminatedcompìexfjxtur.ing,wh.i]e
providing a dìgital readout and automat'ic data logging'

error correct'ion, al'ignment and true posìtion calculations'
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Hìcks (19i6) classified the cMM into five basic physical

conf .igurat.ions - iig borer (coìumn), cant'i lever, hor jzontal 
'

overhead brìdge (br.idge), and travel I ing bridge (gantry)

eachofwhichdeveìopedtomeetaneed.Theneeddjctated
the relative advantages and disadvantages of cost, speed,

accuracy, PôFt s'i ze, part complexìty and operator ski I ì "

Thejjgborerstyle(SlPGenevoiseorMooreSpecia.|
Co. ) was typica'l ìy the most accurate' but extremely

I imited in size, câPable of inspecting only one face

setup and dependent upon operator skill (Figure 1)'

Tool

sìow,

per

Ferranti, in the late 1950's, 'introduced the cantilever

styìetoprovideaunìtwhichwasafaster,]essaccurate
productjon inspection machine. A tapered, self-centering

probe was used to obta'i n x - Y coord'inates. The part could

be .indexed, and a low-inert'i a stif f Z-axis with short stroke

design was used. Bend'i x, North American Bo'ice, and European

0livetti util.ized these concepts (Figure 2). 0rigjnally

desjgned for x-ax'is and Y-axis measurement onìy, the Z-axis

was I ater ìncìuded, and led to extended Z-ax'is movements '

decreasing accuracy. The support structure was stjffened'

increasing inerti a and reducing access' and ultìmately

impos.ing a pract'ical I imit of about 1 m f or the canti lever

(Y-axis).
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7

Flgü€ I. Jlg borer or colrrrn CMM
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Flguro 2. Ganlflstrer GMM
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Digital Eìectronic Automat'ion deveìoped the overhead bridge

cMM in the earìy 1960's to handle ì arge three-dimens'ional

parts. since it was'impractica'l to move the part, the

operator moved wìth the probe. The Ferranti tapered-probe

concept was no ìonger feasible, so'it was necessary to

develop the electronic touch probe, enabf ing data to be

quick'ly col lected. By making the reading 'independent of the

operator, the appl icat'ion of numer.ical control to the cMM

þJas poss.ible. Due to the size of the cMM' there was an

economic I jmit to down-siz'ing f or smal ler parts (Figure 3) '

The travelling bridge (gantry) cMM filled the size and

economic gap between the canti lever and overhead bridge

styles. A'l arge Y-axis was possible for lower cost. Mass

was increased relative to the cantilever style, wh'i 'le the

extra support I imited part s i ze compared to the overhead

bridge style (Figure 4).

The hor i zont al sp i nd'le mach i ne was deve'loped by the Port age

Machine Company. A fixed ram wìth electronic indicator was

used" A rotary table brought the part to the probe.

Accuracy, compared to the bridge style' was greater but

sign.ificant penetration was not possible. Speed was less

than for the canti lever or bridge styles (Figure 5).
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Flgure 3. Overñead brldge or brldge CMM
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Fþure 4. Travellkg bddge or gantry CMM
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Flgure 5. Horlzontal arm CMùl
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Deis (1975) described the evolution of the Bendìx 'l ayout

mach.ine (a hori zontal-arm type of CMM). The primary

purpose of a ìayout was' and still is, to verify the

des'ign. Fred Schi ler of the Portage Mach'i ne Company f irst

added wheels to a he'ight gage. Later, a scale was added to

the scriber arm, which was modjfied to make it moveable'

Accuracy was'improved by developing an independent'inner arm

to support the crossarm. control and measurement in the

longitudjnal axjs was achieved by util'izing a grid in the

layout table, wjth guide roìlers and a scale. Bendix later

repl aced the vernier and scales with a d'ig'itaì readout" In

the twenty years the 'l ayout mach'ine h as been av ai I ab le, the

design has been kept simple with few added refinements" The

ì ayout mach i ne cou I d improve the qu aì 'ity of the ì ayout and

reduce time by a factor of 40 to 50%. Di gital readout

enabled a further 40 to 50% time sav'ing but computer assist

for the CMM was sti I I in the earìy stages of development"

coggin et al. (1971) stated that the then state-of-the-art

CMM improved data quaì ity and rel i ab'i l'ity, whi le reduc'ing

inspection time by up to B0%. The advent, in the m'id-1960's

of high-speed, low-cost d'igìtaì computers, ì ike the D'igìta'l

Equipment corporation model PDP-8, led to economic,

automatic on-l ine data process ing. Unti I 1969,

operator-induced error rema'ined the ma'in obstacle to

real.i z.ing fulì cMM potentjal. complete automat'ion, enhanced
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by the abi ì ity of a 4K l2-bit computer coup'led with

proportional (first-order) servos and software control,

provided the solution to operator boredom, dl'stract'ion, and

inconsìstency.

Stroman (1970) stated that hardw'ired numerical control lers

for i nspect i on mach i nes were not as Successfu I as for

mach.ine too I s due to the need f or extens i ve d at a

man i pu I at i on. An aì og i nput dev j ces requ ì red frequent

cal ibration whi le digital devices such as the moire fringe

gratìng system used on Bendix equipment did not (s ìnce

environmental ef fects were m'inimized). Rap'id point-to-po'int

data measurement created a data reduction bottleneck if

manual or of f -l ine computer methods were used. Automat'ion

of the product'ion inspection process, wh'i le not always

economicalìy iustifìable when computer costs represented 55?¿

of system cost, F€duced the need for gages ' inspection time,

and real -t ime mathemati cal calcul ations. Th is prov'ided the

potential of feeding back ìnspection data to optimize

fabrication on-l ine.

Electronics were used in the 1970',s (Butts, 1982) to

overcome the probìems of f inding ski I led operators and

reduc.ing inspection time and data processing errors. Most

electronic devices then available functioned primarìly as

smart calcul ators. In I978, Bend'ix introduced a measurement
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processor wh i ch was the f i rst I ow-cost mj croprocessor to be

incorporated ìnto a CMM. PlacÍng the data processing un'it

between the measurement ìnput and d'ig'ita'l readout provided

the capabi I ity of powerf ul user-f riend'ly data col lect'ion and

analysis uti I jzing f unction sof tware resìdent 'in the memory'

A se¡i al interface was provided for connecting various

i nput/output dev i ces. In 1981, the cap ab'i 1 i ty of the

measurement processor was extended to handle sophisticated

three-d.imensional geometry and general programming

capabilities. A parallel 'interface (IfEE-488) rep'l aced the

seri al interface (RS-232) and the Hewlett-Packard desktop

computer was used as a host computer. 0perator F¡iendly

Interf ace, âfl interpretat'ive BASIC I anguage program' was

used as a progr ammi ng and oper ator ai d for i nspect j on and

direct computer control. These electronìc aids al lowed

faster inspection throughput by ìetting the microprocessor

do most of the t'ime-consuming tasks, such as data analysis

and report'ing. However, there was st j ll a problem 1a jth

manuaììy operated machines due to the possibl'ity of

operator- i nduced error and i ncons i stency due to boredom and

d'istraction. By go'ing to direct computer control of the

cMM, the operator had no'influence. Productivity was

general ly two to three times h'igher than previously

possible, and accuracy and productìon were improved (Butts,

19BZ). Table I (Paol ino and Lambie, 1980a), i I Iustrates the
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Table 1. Gompartson of typlcal moasufement tlnes (mhutes) - conventlonal versr¡s cMM

methodology (Paollno & Lamble,l98Ob)

Surlace Plat€
Method

CMM w¡lh
D.R.O.

Cordu with
M,PP

Computer
Assisted
Cordd

occ
cordd

Op€.ation

1.5 .5

t.5 .5
Bo$

.5

.5

.5

Bolt .6

Center Distance 6 1.0 .3

Fac6

N.A. N.A.

15 10 6

Flatnes 1 4
30 6

True

Prof¡le
N.A. (Not

lncluded lncluded 3.0 3.0 1.0
S€t-up

lncluded lncluded lncluded lncluded lncluded
Computat¡on

(Hañd cålculator) (Hand ælculator)

Hard Copy Record¡ng lncluded lncluded lncluded lncluded lncluded

NOTE: The tlme for the Bott Hole D¡ameter Operatlon for a CMM wtth D.R.O. should be '6

not '.6'. Thts b an eror h the orlghal pd¡lcaüort

.52
.3

.3

.25

.25
6
6

12
.5

5

Arc

.3

1.5
3

12
15

N.A.



I abor requ'irement (minutes) of various

inspect'ion operatjons. Generaìly, the

electron'ics (computer) capabi ì t'ty of a

i nspect i on t'ime, and thus cost.
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techn'iques for common

increase in the

CMM reduced

Esken, as reported by Gettelman (1979), recognized the

relationship between electronics capabi'l ity and time, but

that peopìe are st'i I ì part of the 'inspection system by

saying "There'is no absolute - not even jn the fjnest gag'ing

equipment". Precision requires an understand'ing of

metrology concepts, disc'ip'l ine and good equipment.

2.2 t.lh Inte ration?

There has been demonstrated need by industry to automate and

integrate the inspection process with computers. Thìs 'is

confirmed by the inspection equ'ipment now on the market, and

by pred i cted trends .

2 "2.I I ndustr Need

Numerjcal control has given the manufacturing industry cost

reduct'ion and increased quaì'ity more than any other

advancement'i n fifty years (tJaìton, 1970). Thjs has imposed

a heavy burden on 'inspection and process ing.
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Increased product'ivity 'is needed to increase indust¡i al

competitiveness, wh'i le considering the consumer's perception

of reduced product quaì ity ( Butts, 1982) . The need for

h.igh-speed product'ion of h'igh-precision parts which are more

complex and made by more versati le machining centres, with

considerable added value, qu'ickly h'ighì'ighted the

inadequacies of standard surf ace pì ate and he'ight gage

techn i ques . The cost and I ack of speed of convent'ion al

techniques, coup'led with the lack of skilled ìabor, po'int to

the need for the CMM.

As Gay (1982 ) Po'inted

CMM is the abilitY to

them to true Posit'ion

out, the PrìnciPal advantage of the

obt a'in coord i n ate d imens i ons, convert

and, ìf desired, Print a rePort.

Dickinson (1981), êXamined the relationship between quality

and productivity and reported an est'imate by Feignebaom (of

Qua'l ity Progress magazine) that qual ity problems requ'ire 15

to 4096 of an American manufacturer's capacity' Rework,

scrap, warranty and l jabj'l 'ity can amount to 20/. of gross

sales. Acton (Dickinson,198l) of General Electric was

quoted as statìng "Because the most useful piece of

manuf acturing technology is the computer, it f ol'lows that a

good structure for computerized manufacturjng cou'ld have a

signif.icant impact on product'ivity. And that holds for any
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company, regardless of ìts size". He further added "Anyone

whoprescrìbesh.igh-technologyequipmentforanai.l.ing

industry must keep jn mind that a new organ'i zat'ional

structure wi I I be required to maximize the uti I izat'ion of

that equiPment."

This prediction has been confìrmed by the'increased use of

computers in the f inancial, product jon, êfl9'ineering, and

quality assurance fields' Since quaìity assurance

departments are not general ly I ooked upon as prof ìt centres '

theygeneralìyarethe]asttoreapthebenefjtsof
computerization. The cMM is the response to this needed

investment, but the management tools (gage h'i stoFY, vendor

performance, past history and stat'ist'ical analysis) are

stilì be'ing develoPed.

Buck ì ey ( 1981 ) observed th at the "Automated F actofJ" , wh i ch

has the key elements of productivity and f lexibi'l ity, wi I I

not be attaìned unti I the 'loop between manuf acturing and

pì anning is closed. The abi l ity to "close-the-'loop" 'in the

manufactur.ing process by detect'ing bad parts and tak'ing

correctìve action is important (Faux, lgBZ). The advantages

of the cMM, comp ared tO COnventional manual methods, namely

f aster inspection rates, the absence of need f or i'igs and

thus reduced costs, bui lt-in ana'rysis capabi I ity, automatic
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f eature determ'i nation, programming simi la¡ity to NC, and the

abiìity to handle compìex and sculpted shapes, make their

use attractive" An added advantage ìs the use of the

historical data obtained for geomet¡ic and statjstical

anaìysis. The el iminat'ion of manual inf ormation transf er

enh ances CMM 'incorpor at'ion i nto the concept of computer

i ntegrated manuf acturi ng.

Computer aided quaì ity assurance wi I I become widespread once

the 'inspect i on process does more th an detect bad po i nts

(Schaf f er, 1982). The maior obstacle to th'is is the I ack of

f aci'l .ity within existing data bases to Íncorporate tolerance

data. ult'imatêly, an electronic representat'ion of a part

w'ithin a graphicaì (CAD/CAM) data base wi I I be used to close

the 'loop through a CMM.

2"2.2 Market Share

paol ino and Lambie (1980a) observed that there was

just i f .ic at i on f or the cMM 'i n three spec'if ic are as :

inspection cost savings, reduced manufacturing downtime and

scrap, as wel I aS increased manufacturjng and inspection

capacity. In the Machine and Tool Blue Book, Paol'ino and

Lambìe (1980b) stated that over 1000 firms annuaìly'invest

in CMM technology identifying the need for fast,

high-precisìon and product'ive'i nspect'i on mach'ines.
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Bowe (1981) desc¡ibed Br jta'in's market f or the three-axes

CMM aS growìng despite the recession. The aerospace and

automotive i ndustries were the prime users ' encouraged by

'increased defense spending and government incent'ive

programs . trJestern European manufacturers ' Such as Rank

Taylor Hobson, Ferranti, LK Metro'logyn and Vickers

Max'i -Check dom'i nated the marketpìace. Ian Craìg of Vìckers

Maxi-Check estimated the size of the UK market to be at

least 200 machines. It was general ly bel ieved that high

technoìogy could produce parts a hundred times faster than

traditional methods couìd 'inspect them, and that f irms with

older cMM 'instal lations were discovering production

bottlenecks"

Howel l1 of Computervis'ion observed that this market' the

metaìworking port'ion of the mechanical component'industry'

was divided into three areas: manual with d'igital readout

manual with computer assist, and motorized, w'ith or without

direct computer control. She estimated that the market was

spì it at 55l , 40% and 5% respect'ively.

1 personal correspondence, January 18, 1983
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Moyer of Rank Precision Industries, was reported by schaffer

( 1gg2 ) to st ate th at the cMM market was d j v i ded between

(709ó)manua]and(30%)automatjcord.irectcomputer

contro I . Moyer then st ated " But 95% of al I cMM's so I d tod ay

have some sort of data processing capabi l ity". Schaffer

al so st ated th at s i nce 1978, some form of computer was

shipped with everY Bend'ix CMM'

sìnce market'ing inf ormat'ion is genera'l ly very d'if f icult to

obta.in, there are I ittle ava'i lable data on users and volumes

to subst ant i ate est imated market sh ares '

?"2"3 Market Trends

Schaffer (1982) observed that true computer.integrated

manuf acturing wi'l I become a rea'l ity as a result of the use

of computers with the modern cMM. Butts (1982) commented

that distributed processing must be considered since the

opportunities of faster setup, câlculation' data

acquisit.ion, and increased availabi'l ity and complexity of

inspection are possible. software must be deve'loped to

overcome 'l anguage ìncompatibi ì ities wh jch hìnder data f i le

transmiss'ion among different machines. Another alternative

is that low-capabi'l 'ity microprocessors may be multiplexed to

col lect data and to use the host computer f or creat'ing
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data fi les. By networking the CMM to a computer, inspectìon

procedures can be developed, statistical ana'lysis

undertaken, and reports generated. The ri sk of CMM downtjme

due to network host computer downt ime can be mi nim'ized by

ut.i I iz.ing backup hosts and a cMM w'ith stand-alone

capability.

Sch affer ( 1982 ) st ates th at " accord i ng to most observers of

the CMM market, software capabi I ities are going to be the

principal f eature d'if f erenti ating cMM systems". This

capabi ì ity is said to include both user friendl jness as wel l

as functional caPabi I itY.

Butts (1982) and Buckley (1981) of Bendix bel ieve that the

next f ive to ten years w'i I I see the devel opment of CMM's

with more soph'ist'icated on-l'ine analysis, better accuracy

and mi croprocessors, off- I i ne program generat ion and

verif ication us'ing a CAD/CAM data base, 9FôPhical reports, a

common information data base, more advanced probes, and

automated loading and unloading of parts.
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2.3 Current EquiPment

2.3.I H ardware

The survey by Schaffer (1982) of cMM hardware, software, and

services contained some interest'ing informatìon. 0f the 27

manufacturers studied, L7 (63y') offered d'irect computer

control, wh'i le onìy four (15%) explicit'ly offered a ìink,

usual ly a seri al interface, to a host computer for further

data process'ing. All offered some form of loca'l computer'

Twelve firms (44r") supported Hewlett-Packard programmable

cal cul ators, desktop computers, or mì ni computers. The

bridge style of cMM was dominant, with 15 (55%) f irms ' Six

firms offered canti lever (22%), f ive hori zontal -arm (19%) '

four gantry (15y") and three column (11%) styìes, ind'icating

a trend to more productive machines, sacrif ic'ing accu:racy,

tosomedegreeforspeed,yetsti]ìab]etohand]emost
component sizes commonìy found in the manufacturing

envi ronment. Ten manuf acturers ( 37%) offered a non-cont act

probing system, compared to 19 (70qÆ) wh'ich ut'i lized contact

probes, indicating that most of cMM appì'ications are st'i I ì

three-djmensional. 0ptical-elect¡ic devices are best suited

f or two-dimensional work, although some have I jm'ited

three-dimens'ional capab'i I ity. These devices perm'it rapid

d at a acq u'is'i t i on.
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2.3.2 Sof tware

ll¡l.i lliam Tandler of Multi Metrics, contends that there are

f our classes of cMM sof t!.Jare - manual, automatic,

programmi ng and batch (Schaffer, 19BZ) . Manual software

uses a keyUoaid or menu approach to measure individual

parts, unl'ike automatic sof tware wh'ich uses preprogrammed

rout.ines. In a direct computer control led cMM, the

automatjc software drives the servos to move the probe'

Programmìng software, oñ-line or off-line, 'is used to

prepare the'inspect'ion rout'ine for automat'ic inspection' It

would be desirable to t'ie th'is funct'ion'into a cAD/Cnm data

base. The batch sof tware 'is used to analyze data of s'imi I ar

parts to determine trends and problems '

The availabiìity of pre-programmed functions greatìy

enhances the inspection process. The incorporation of

s.imp'le pìogramming ìanguages, such as F0cAL (F0rmula

cALcul ator) a Fortran-ì'ike interpretative l anguage by Bendix

(cogg.in, Lg72) led to easjer part programm'ing, improved

accuracy and speed, wh'i le reducing operator error.

Twenty-four (90%) of the f irms surveyed by schaffer (1982 )

offered some level of software ranging from programmable

functions to stat'istical ana'lysis and reportìng functions'



36

0f thes e 24 f ì rms , al I offered at I east pre-programmed

functìons. Ten (42%) jndicated that on-l ine (self-teach) or

off-]ineprogrammingcapabiììtyrllasavai]ab]e.Th.is
capab.i I ity al lows the user to assemble the vendor's f unction

.intoaprogramforrepetitivemeasuringappl.ications.

Fìnaì ly, nine (38%) f irms indicated that a h'igh-level

.language,suchasBAslc,wasava.i]able.Thisa]lowsthe

user to deve ì op s uch 5of tware as report i ng f unct'ions and

statistical ana'lysis, and to provide the opportun'ity to

deveìop CMM funct'ions.

2.3.3 ComPuter Ai ded Q ualit.Y Assur ance SYstems

Schaffer (1982) 'indicated that the majn obstacles to us'ing

the cAD/CAM data base for cMM programming are the lack of

prov.ision for tolerance data'in the data bases and the

abundance of incompatible languages. t'Jhi le General Electric

is belìeved to be deveìoping this capabif ity, computerv'ision

recentìy announced a product called CMM Interface

(Anonymous, tg82) to meet this need. The computerv'ision

CADDS (CAD/CAM) software package is interfaced to a

Bendìx cordax cMM. The preprocessor generates an inspection

p ath, wh i 'le the post processor cre ates mach i ne 'instruct i ons

to control the CMM.
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InLg74(Gehner,19B2),aDeereandCompanystudyfoundthat

minicomputers could be used to improve'inspectjon technology

and product'ivity. It was noted that cMM vendors each used

unique software and that a common language d'id not exist for

prov.idìngcomputatjona]assistancetoaCMM.Asystemwas

deveìoped and released'i n t977. Input'is poss'ible with any

type of cMM" A Di g'ita'l Equipment corporat'ion model PDP

serjescomputer!,Jasthetyp.ica.|host,andusedaserjal
interf ace to communicate to the cMM. The sof tware uti l'ized

a program called cAL (computer Aided Layout) to convert

input into measurement data and to handle analys'is ' F0RTRAN

IV, or a F0RTRAN-like language was used in the host and

satel I ite stations. virtua'l ìy any major brand European or

North American cMM coul d be used wi th the computer A'ided

Inspection and Reporting (CAIR) system'

As observed previous'ly, one stumbì ing block to 'integrating

a cMM 'i nto a computer aìded qua'l ity assurance system is the

I ack of a common I angu age. Deere and comp any's approach

us.ing cAIR, or Mult'i Metrics' solution of retrof itting w jth

a common I anguage could resolve this jssue. co-operat'ion

between CMM and CAD/CAM vendors such as Brown and Sharpe and
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CADAM, or BendÍ x and Computervi s ion

the prob'lem of the lack of a common

ultimately resoìve

base.

wi I ì

data

2 3.4 Coordinate Measurinq Mach i ne APP licat'ions

Advances 'in manuf acturing technology have historical ly

developed f rom mi I itary appl'ications. The cMM !{as no

except i on. Bend'ix ì ntroduced the Shef f ie ì d Un i vers al

f ive-axes numerica'l tape-control led measuring machine (Model

TC-101) in the united States for a military missile

app'l ication (l.li lt, 1961). The unit was capable of

automaticaì ly completìng near'ly a thousand precise

measurements 'in two hourS, whi le prevìous methods would have

required t25 hours.

The TC-101 had a one-piece cast gage base with a mass of

I t, and used a horizontal arm to prov'ide a nominal 500 mm

high by 500 mm di ameter inspection enveìope (Anonymous '

1961). The hydraul ic power supply, refrigeration unit, and

electric panel were located outside the environmental'ly

control ìed measu¡i ng room. Numerical ìy control led scanning

and increment gaging, in addìtion to operator-control led

gaging $ras Possjble.
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0ver the years, appì ications have diversif ied. McDonnel I

Aircraft company first started to consider and study a

numerìca1 ìy control led measuring device in 1958 (Bruenger'

1982). However, after years of waiting due to research,

specification deveìopment, corporate reorganizat'ion and

preparation, a manually programmable cMM was 'instal led 'in

Lg67. Anticipated productivity ìmprovements of LTzt were

confirmed. There were I imitations due to the manual

programm.i ng and keypunching techniques used. However' the

cADD graphics system was later used to develop inspect'ion

paths and verify tool designs. Permanent inspection records

were al so kept, and used to determi ne repetitious defects

al lowing corrective action to be undertaken'

papke (1982) of Douglas Aircraft company reported a

speci al ized appì'icat'ion by the Qual ity Assurance Department

to inspect ìofting surfaces. A CMM inspection of the first

part 'in a production batch was used to confirm the ability

to fabricate a conforming part, and thus proved the part for

production. The CMM was then us.ed for f,eature inspection

and to create soft tools, such aS over'l ays and optical

comp ar ator ch arts . Do ug 1 as Ai rcr aft comp any found th at

uti I izing cAD/cAM with cMM technology r.esulted in a

$5,000,000 (us) cost avo'idance f or hard tool ing on one

project alone, ôS wel I as a 90% reduct'ion 'in sh'imming and
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totaì scrap el'im'ination on a smal I research and deveìopment

project. Si nce the Quaì i ty Assurance Department started to

produce soft tools, lead tjmeS decreased to two days from

six to e'ight weekS, and resulted in increased use as well as

a 50% reductìon in ìnspection costs"

General Electric's A & E Systems Department deve'loped the'ir

own CMM system (Lestage,1982) using a Digitaì Equipment

Corporation model PDP 11/35 host computer and a Bend'ix CMM'

at a substant'i al sav'ing compared to retrofitting. A'lso, due

to the central approach selected in the mid-1970's,

commerci al software waS not avai I able, So Generaì Electric

wrote their own. Inspection programs could be debugged

w'ithout tying up the CMM, and changes were easy to make due

to the use of a high-level I anguage. In 1981 an upgrade was

completed, and 'incorporated servo drives, ioysticks and

e I ectron i.c touch probes to meet user needs . To i ncrease CMM

capabi I ity, 'lo.ca1 Motorol a 68000 microprocessors vJere added

to handle the upgraded hardware and old software resident in

the host. General Electric found that 'in-house skills in

metrology and with computers permitted productivity gains at

less cost than turnkeY equiPment.

At General Electric's Large Steam Turbine-Generator

Department, a custom designed microprocessor-based system
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was used to acqu'ire data from a two-axes Boice CMM with a

Ferrand position dispìay (Harris, 1975). The data were

co I I ected and then outputted to a te I ewr ì ter wh i ch produced

the tape used by a'l arge program to control machine

p ar ameters .

Schaffer (1982) reported several exampìes of smaller-scale

operations wh'ich successfully used the cMM to the'ir

benef it. A D'i gital Electronics Automation bridge-type cMM,

i n a numerical ìy control led iob shop, reduced 'inspecti on

time to i0% of ,the t'ime required f or manual ìnspection'

Ingersol I Mi l'l ìng Machine company f ound that a Teiss-Mauser

system elim'inated trial-and-erroLin sett'ing work stat'ion

adjustments ìn add'it'ion to a signifìcant saving'in

inspect'ion time and ana'lysis. 0ne appl icatìon alone now

required 15 to 30 mìnutes compared to the 32 hours needed

prev'iously.

Mi I ler and Arbuckle (1980) stated that the steel Products

corporatjon used a Bendix cordax model 803 CMM, with a

measurement preprocessor, ôfld cut'inspection of one part

f rom eight hours to eight minutes. Numerica'l ly control led

machine wait.ing time was m'in'im'i zed, and shimming

eì iminated.

'J Lt$i' 1 ,.i l',r ¡

r..ii: l.ir¡iiî i l.)!:lA
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Borg-þ|arner in Letchworth, uK iustified the acquisition of

an LK Metroìogy Micro-Four for marking off and measurìng

castings because of proiected utiìjzation (60%)' the ability

to access the unders'ide of the casting, and the cost and

t'ime savings (Dunn, 1979).

Hope (1980) expected the ma'in advantage of us'ing a cMM to

,,mark-out,,or scribe workpieces would be the time savings,

estimated at 50 to 80%. He stated one area recovered the

cost of a CMM dedicated to scribing within six months ' As

well, the cMM compensated for the lack of skilled labor,

wh'i 1e its usage improved the flow of work'

ploszajski (1980) found that a vIS Tool Industry Group

(l.larsaw, Poland) xYz cMM cut inspection times as much as

90%. This cMM was typicalìy used to inspect turbine blades'

headsto'cks, engine components and p'l ates'

chuchro and 0s trowsk i ( 1 980) reported upon the deve ì opment

of a f ami ìy of coord'inate measuring mach'ines - the f irst

versÍon of the MP-7004 - at the Institute of Mach'inery in

cracow, Poland. A gantry design, the system incorporated

the measur i ng mach i ne, t ape re ader and punch, Pr i nter '

plotter, modem, f.loppy disc drive, and centra] processor.

A Hewlett-Packard model HP 98254 desktop computer was used
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as the central processor. Peripherals from MERA'

MERA-BLUN I t, or Hewl ett -P ack ard were used. System software

.included the operating system, metrological and statìst'ical

packages, as well as user programm'ing capabi'l ity. Ava'i lable

operating modes included manuaì, semi-automat'ic, âutomatic,

and supervisory computer-assist automat'ic. Anticipated

appl.ications f or these modes t¡rere a random ìnspect'ion of a

var.iety of parts, the repet'itious inspection of a sample

part, oF an automatic production-l ine environment.

Inspectìon time savings (over conventÍonal methods) ranged

from 50 to 60% (manual mode) to between 85 and 90l

(supervisory computer assist). Savings of 60 to 70y' were

found in semi-automatic and 7o to 85% for automatic

app'l ications.

At its p'l ants in Greenock and Havent,. u.K., IBM reported

saving 70 to 80% on inspection time with Ferrantj-cordax

mode I 3000 cMM's control led by IBM Series/1 computers

(l..el lock, 1980). It was pì anned to ultimately include

process analys'is software in order to detect drift in part

dimensìons, so that suppl'ier and mach'ine perf ormance could

be determi ne d.

Treywin (1978) observed that the

numericaì lY control led machine

CMM is quite sìm'i lar to

parts are insPected in a

a
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way sìmi lar to the way they are manufactured, and both the

CMM and numericaì ìy control led mach'ines use coordìnate data

to operate. He estimated that 50y" of cMM's support

numericaììy controlled machine tools,'ind'icating the CMM'is

compatible w'ith these mach'ine tools, and thus iustif i able

for small- to medjum-batch production runs' and even

high-production runs. Labor savings, compared to standard

methods, of at ieast B0% were pred'icted. These sav'ings were

based on faster anaìys'is and less recordìng tìme. It was

est imated th at the c l e¡ical segment of an i nspect'ion was

usu aì 1y a mi n imum of 25l .

Gaskel I (1980) of Ferranti stated that a cMM with computer

assist was suitable f or smaì I quant'ities of parts, the

first-off part in a production run' or non-repet'it'ive batch

runs. The automatic cMM was seen to be more useful for

'l arger quantities of parts, or in an automated manufacturing

cell. J.he average t'ime sav'ing, compared to conventional

methods, for first-off parts (of a batch) such as cams' gear

cores, shafts, pìates and blades ranged from 78.3% (computer

ass'ist) to 95.3Y" (automatic).

Donat et al. (1978) described the model DKM 1-300 DP Model

VtB Carl Zeìss JENA CMM as a "high-performance instrument

f or engineer.ing dìmens'ional metrology". The CMM des'i gn
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'i ncorporated an electron'i c touch probe, a microprocessor for

control and process'ing' a printer, and programmìng

capab.iììtyusingadispìayscreenandmagnetjctape
storage. An Íncrease, compared to conventional techniques'

,,of up to 1300 per cent, and 1700 percent in productìv'ity'is

achieved ìn sìngìe and repeat measurementS, respectively"

was reported. They also stated that increased productivity

was due to reduced measuring time (because of the electronic

probe), reduced data reduction t jme, and the el im'inat jon of

part orìentat'ion which reduced setup and 'idle t'imes.

Kobr.insk j i et al. (1979) observed that the CMM was

characterìzed by the automation level and design princ'ip'les'

whi le be'ing able to meet dif f erent requirements in purpose'

operat.ion, accuracy, and work'ing volume. They also noted

that most leading cMM manufacturers modif ied their basic

products to varying degrees of automation to suit the

customer.-'s needs.

Two measurement methods, jndependent of degree of

automation, were also discussed by Kobr jnsk'i i et al. The

comparative method featured the compa¡ison of the actual

form of the part to the ìnspection path, and several

d imens i on al dev j at j ons . The AStA Comp any 'in sweden was

reported to use th is method to inspect car bod'ies, and
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uti ì ìzed a f eedback 'loop to correct the production process.

The second method described was that of obtaìning actual

dimensions, and calcuìating the deviations with a computer,

rather than sensing the devì at'ion (comparat'ive method).

They aìso stated that the A.A" Bì agonravor State Research

Institute for Machinery (Gos MIImash) in the USSR deveìoped

an exper iment al dynami c error compos i t i on techn i que (for the

comparative method of inspect'ion) on a Model KA-50

(Soviet-made) CMM with an MN-7 analog computer. Automatic

measurement accuracy was improved to equal the measur ing

head's manufacturing accuracy and static machine accuracy'.

Lucas CAV Limited establ ished a new pl ant in 1981, which

used the technique of Stewhart Control Statistics to

maintain quaìity (Gallagher, 1982). Machine operators were

made responsible for product qual ity and a computer-l inked

electronic gaging system used to monitor production. A

local computer (Hewlett-Packard model HP B5) approach was

taken to overcome possible fears of the computer by pl ant

personnel. In-process reiects and grinding wheel

uti I ization (a good indicator of rework) were reduced, and

high yieìds obtained. Lucas CAV Limited concluded that jf

real-t'ime data were avai I able, the machine operators could

control product quaìity. Future benefits' such as lower

f ai lure costs and better tool ut'i I ization were anticipated.
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Rockwel I International found that a user-frìendìy, computer

a.ided dev.ice improved the throughput of a hybr.id

microelectron'ics inspection operation by a factor of three

to one (Hoover and scott II I, 1982). The computer

electronical'ly tested a circu'it, and 1,ras used as an aid 'in

visual ident'ification of the probìem area by suppìying

potent i aì prob I em causes. Error i nformat i on waS av ai I ab I e

in real t'ime, permitting rap'id correction'

Deere and company found that the'ir computer Aided Inspection

and Reporting system reduced manual CMM'inspection time to

one-seventh of the o¡iginal time requ'ired, and produced a

L5: f increase ìn capabi I ity studies (Gehner, 1982) whì le it

also perm.itted better engineer.ing and manufacturing des'ign

dec'isions. The inspect'ion of f irst-of f parts was more

rapid. The el jminat'ion of spec'ial s'ingle-purpose relatìon

gages al lowed a uS $500,000 cost avoidance" Return on

investment was found to be in the order of three digits"

Lockheed Missi les and Space company trncorporated were

reported by Nix (i982) to be current'ly uti I izìng a caDAM

system, n'i ne Bendix and one Boice cMM in their quaìity

assurance system. A Ferranti manual CMM was first used in

the I ate 1960's before the Bendjx djrect computer control

cordax units were acqu'ired in 1979, and subsequentìy
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manual and automatic Brown & sharpe models of cMM in 1981'

Lockheed-Georg'i a iustif ied the techno'logy by f orecasting

reductions of 30 to 50% in inspectìon time and 50% in part

programm.ing time (if the part was 'in the cADAM system).

Lockheed noted that the numerical control programming time

for the space shuttle heat ti les took 160 man-years' whi le

the parts inspection programm'ing requ'ired 10 man-years.

Ki rmeyer (1982) desc¡i bed the Lockheed system capabìe of

.inspecting all 26,000 unique heat tiles for the space

shuttles. In Lg75, the dimensional data f or the t'i ìes were

re.ceived by Lockheed, without eng'ineering drawings, onìy

punched cards and magnetic tapes and were referenced to the

space shuttle's gìobal coordinate system' The lack of

engineering drawings, coup'led with the need to'ident'ify'

or.ient and inspect the parts, as wel I as the handl ing and

measurement problem due to the materi al composition of the

t i ì es , presented a un'ique ch aì l.enge. The successf u l

resolution of the project presented several benefits'

First, there was a step towards a paper-free operation which

al lowed the 'inspector to concentrate on inspect'ion, not

paperwork. Second, bY having engineering and inspect'ion

data in the computer, historical data were avai I able for

ana'lysis. F'inally, it was poss'ible to meet the challenge'
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The previous exampìes ì I lustrate the d'iversity of

appl icat'ions, comp'lexìty, êÇuipment, and techn'iques used 'in

modern coordinate measurement. The decision to use CMM

technology, and the level of computer capabi ì ity required to

operate the cMM, ìs governed by the appl ication, company

resources, and economY of scale'
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CHAPTER I I i

EQU I PMENT

A Hewlett-Packard model HP 1000 m'inicomputer and a Bendix

I ayout mach'ine (a type of CMM) are located 'in the Qual ity

Assurance Department at Versati le Farm Equipment Companyl.

The ìayout machine has been in service since early 1982, and

the m'inicomputer since Apriì, L982.

3. 1 Coord i n ate Me as ur i nq Mach i ne S vstem

The CMM system described is a Bendix model L0-4 layout

mach'ine with a measurement processor (Model MP-2) '

Preprogrammed measurement sof tware 'is al so part of the

system.

3"1.1 Layout Machine

The layout machine is one of the Bendix Cordax L0 Series

(mode1 L0-4, Bêndix #45000181) and uses a base-mounted

vertical coìumn (Y-axis), a horizontal crossarm (Z-axìs),

and the layout table (X-axis) to obta'in coordìnate

1 tzoO Cl arence Avenue, Winnipeg, Manitoba
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measurements. By movìng the entire machine, head assembìy

and/or crossarm it 'is possible to measure al I sìdes, as wel I

as the top, bottom and'ins'ide of the part in one setup.

Figure 6 i I lustrates the components of the I ayout machjne'

The ìayout grid is made up of two 50 x 70-inch Eng'l ish

tables (Bend'i x #45000253), with mach'ined grid slots on

ten-inch centres. This permits the mach'ine to be'indexed

about the part. A rotary table option (Bend'ix #45000695)

al lows the part to be rotated, rather than moving the

machine.

The 'l ayout machìne has an X-axis range' without staging, of

679 mm, Y-axis range of 1219 mm, and a Z-ax'is range of 965

mm. This is an effective part envelope of 679 m x L2t9 m x

965 mm without 'indexing the machine, and is 'i I lustrated in

Figure 7 and Table 2.
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Flg¡re 6. Bendlx LO serles layout machhe (Courtesy of Bendlx CorpJ
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FISü€ 7. Layout machkre dlnemlong (Cor¡rtesy of Bendh CorpJ



G
Unuseable

Space
Q Arm

To Table Top

178
(7)

178
(7)

178
(7)

178
(7)

229
(s)

229
(e)

F
Maximum
Backward
Extension

of Arm

762
(30)

1 041
(41)

1270
(50)

1270
(50)

I ao1

(5s)

1 397
(55)

E
Base

Dlmension

375
(14.75)

375
(14.75)

432
(17)

432
(17)

622
(24.50)

o¿¿
(24.50)

D
Back of Base
To Back Of

Z-Axls Travel

330
(13)

330
(13)

356
(14)

356
(14)

572
(22.50)

572
(22.50)

c
Z-Axls
Range

686
(27)

965
(38)

1 168
(46)

1 168
(46)

1270
(50)

1270
(s0)

B
Y-Axls
Range

914
(36)

1219
(48)

1524
(60)

1 829
(72)

2134
(84)

2438
(e6)

A*
Machine
Height

1613
(63.50)

191 1

(75.25)

21 65
(85.25)

2470
(97.25)

2959
(1 16.50)

3264
(128.50)

Model

LO-3

Lo-4

LÔ-6

Lo-7

LO-B

LO-9

Table 2. Bendk byout machlne dlmenslons (Bendlx Corp')

All dimensions are shown in millimeters and (inches) "Total system height should include machine height and

table helght.

(,|
à
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3 1.2 Measurement Processor

The Bend.ix measurement processor (Model MP-2, Bendjx

#50081046) w'ith a serial'i nterface, is a Motorola 68000

m.icroprocessor-based product capabìe of prov'id'ing basic data

process.ing and jncludes the mìcroprocessor' counter, keypad'

and a ìight-emitt'ing-d'iode d'isp'l ay (Figure 8). It 'is

controlled by fìrmware whìch may be selected by a one- or

two-d'ig'it command.

The data processing circuitry'is located between the ìayout

mach.ine,s pos it'ion transducers and the measurement

processor,s dispì ay. Data are thus processed before they

are dispìayed, and part d'imensjons rather than ìayout

coord'inates are d'isP'l aYed'

Two se¡i al 'interf aces (RS-232 or 20-ma current loop)

are avai I able with the use of the Measurement Pre-Processor

control and Termi nal Interface Board, Bendix #50023290 ' The

general sPecjfications are:

Baud Rate: 110, 300'

Data l,{ord Si ze: 5, 6,

P ar i ty: even , od d, or

Stop Bits: 1 or 2

600, or 1200 baud

7, or B b'its/word

n0ne

Terminal Connector: DB25-S (25-pin fema'le)
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LED's indicate il counler faull detecled.

Axrs Reset PB.'s

Keypad is used lo enler I or 2
d¡git measufement command.

lnch/Melric Seleclor Switch
(Note: Permits sw¡tching back and forth
belween inches and metr¡c without
loss of position).

Display PB. p€rmits operator
to display last measurement,
probe diamete( offset angles,
scale factors, etc. (Depres-
sion changes inch resolution
kom .0001" to .00004").

(7) D¡g¡t LED Displays dynamically
display in machine or parl coordinates
(Reclangular or Polar Coordinates).

LED's indicate 'Auxilliary Data'is being
displayed (e.9., radius, angle. probe dia.,

calculaled center coord¡nates. diameter. etc.)

LED ind¡cales "XY is acl¡ve working plane.

LED indicates "XZ" ¡s active working plane

LED indicates "YZ" is act¡ve
working plane.

LED ¡ndicates otlsel angle is aclive.

Clears operator mislake.

llllltllllltlllliiii

Function PB., initiates operalor
measurement command requesl.
Example: ("FUNCTION': "6",
"ENTER'i recalls SAVED AUX. XYZ
Reference).

Enters operator's 1 or 2-digit
measurement command requesl

Flgure 8. MP front panel ftnrcttons (Corrtesy of Bendlx Corp')



The connector on the rear of the Bendix model MP-2 measurement

processor ut'i ì'i zes the pin assignments indicated in Table 3 and

Figure 9. Al ì other l'ines are not used' Two switches

(.identìf.ied as sl|lPl and st'l-2) are used to set the interface'

This interface may be used to optionally control a tabìe-top

pr.inter (Bendix #50081074), a model ASR-43 teletype (Bend'ix

#58000336) or a General Electric Terminet 30 dual

cassette/printer (Bendix #300024221)'

57

processor at

from the sYstem
The tabIe-top printer is part of the measurement

Versati le Farm Equi pment Company, but is removed

to f aci I itate interf acing the m'inicomputer'

Table 3. l(P'2 term'inal pin assignments

Funct i onPin Number

Receive Data

Send Data

Cl ear to Send*

Data Set ReadY

Si gnal Ground

I6

?

3

5

t

7

* The 'input dev ì ce
under control of
to Send Signaì.

mu st be
the Clear
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TEBMINAL

RECE¡VE DATA

SIGNAL GROUI{D

-V

CLEAB TO SEND

SEND DATA

lrlTERFACE
T

+v

-VLI

V

Flgure 9. MP-z lnterface (Corrtesy of Bendh GorpJ
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3.1"3 Firmware

Al I the measurement and control functions are

preprogrammed 'in the memory of the measurement processor'

These f unct jons may be accessed us'ing the f ront paneì

keypad, or by commands through the RS-232 interface.

A typìca1 command wi I I have three parts - data, function

selection, ôrd terminator. The data position'is not always

necessary, but when used it is either an aìpha or

alpha-numeric string. The function consists of the letter
ilFrr and appropri ate function number" The terminator is

either an rrEÍ (execute) or rrD[ (d'isp]ay). A maximum of

forty characters may be used 'in a command'

There are various classifications of commands:

i)
l't)

11r)

iv)
v)

vi)
vrl)

aì'ignment

reference est ab I i shment

measurement

data manipu'l ation

programming

data entry/display

auxi l'i ary
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These commands can be used to

funct ì on , co ì I ect and an al Yze

error message codes (APPendix

control the insPectìon

data, and disPìaY results and

A).

Vers'ion 4 was the level of f irmware i n the measurement

processor at the t ime of th i s project.

3.2 Computer Sys t em

The computer system includes a Hewlett-Packard model HP 1000

min.icomputer, a l,llinchester d'isc dr.ive with integral

cartridge tape drive, and an e'ight-channel asynchronous

multiplexer. The system console uses its own interface

card, whi le the termìnals interface to the computer using

the multipìexer remote Panel.

3.2.L Central Processor

The Hewìett-Packard model HP 1000 minicomputer is a Modeì 60

(E-Series) 2l7BA System Processor. This is a 16-bjt

computer with 256 Kbytes of memory. Input/output (I/0) to

the computer is achjeved by p'l acing device interface cards

in the I/0 card cage. Up to 11 interface cards can be used

bef ore .it Í s necess ary to expand th e | /0 card cage. The

system console js an Hewlett-Packard model HP 26454 displ ay
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station with dual cartridge tape drives (for di agnosjs and

'input /out put).

3.2 2 Stor aqe

A Hewlett-Packard model HP cs-80 Model 7912P Winchester disc

drjve is the system disc. storage capacity is 64 Mbytes'

Anintegralcartridgetapedrivewithacapacityof64
Mbytes i s used for backup purposes '

3 .2.3 Commun'icat'ion

A Hewlett-Packard model HP 12792A h'igh-speed asynchromous

multiplexer interface'is a Z-80 microprocessor-based product

to provide seri al commun'ication between the computer and

printers or terminals. The muìtiplexer can support up to

eight asynchronous RS -232 compatible devices either

hardwired or with ful 1 duplex asynchronous protocol ' An

e.ight- junction remote panel, the Hewlett-Packard model HP

12828A, is used tO proVide a convenient means of connect'ion

between the muìtìplexer and input/output dev'ices' The

multiplexer, with the remote panel, has these features:
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Baud Rate: 50,75,110, 34'5, 150, 300' 1200' 1800'

2400, 3600, 4800, 9600' and 19200 b aud

Data lllord Sizei 5, 6, 7 or B b'its/word

Parity: Even, odd or none

Stop bits: 1 or 2

Echo: 0n or off

Termi nal Connector: DB25-S (25-p'in f emale)

The connector on the mult'iPlexer

Hewlett-Packard model HP 128284'

assignments ind'icated in Table 4

remote paneì,

ut'i lizes the Pin

and Figure 10.

Theremotepaneììsusedtoconnectuptoeightserial
input/output dev'ices through the junct'ions or ports to the

multipìexer. The remote paneì emu I ates a hardwired modem 'in

its pin assignments (Table 4 and Figure 10) '

Table 4. HP L2828A terminal pin ass'ignments

P'i n Number Function

2

3

7

Receive Data

Send Data

Si gnaì Ground
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Termhal

+ l2v

tk
I

20

1k

2

3

4

5

6

7

I

-r2v

Protective Grd (AA)Frarrre ground

Data Out

Data ln

25'Pit
Fomale Ønnecto(

Mulli-
phxet

I Carrier D€lect (CF)

I I Transmined Data (BA)

I S¡¡nar ground (AB)

I Rece¡"eo Dala (BB)

I o"t. set ready (CC)

1 nuqr"tt lo send (CA)

I Ct".r ro send (CB)

I
9 

-On 

(+l2V)
I

l0 

-ofi 

(-l2v)
I o"ra Terminal Ready (CD)

Flgr¡re 1O. HP 128284 lnterface (Courtesy of Hewþtt-Packard)
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The multipìexer interface also has 16

access memory equaììy d'ivided between

buffer inPut/outPut.

Kbytes of

the eight

random

ports to

sof tware dr i vers are prov'ided to permi t connect i on of

dif f erent dev'ices such as te'letype or dumb devices (0vM00)'

Hewlett-Packard HP 26XX series terminals (DDV05) ' and

Hewlett-Packard printers (DDV12). All communicat'ion ìs

controlled by the multipìexer's software/firmware only'

Modification of the software/firmware is requ'ired for

devices utilìzing hardware handshakes. The mult'iplexer

supports onìy ENQ-ACK and Dc1-DC2 (bìock mode with DDV05)

protocols or handshakes.

These, and many other features, must be programmat ical ly or

interactively selected before successful data commun'ication

is possìble" To interactive'ly select these features the

File Manager (FMGR) "CN" command may be used'

Programmaticaì ly, there are two opt'ions to select f eatures'

the l|lELC0M f ile (batch f ile of FMGR commands which 'is run

each time the system is booted-up or started) or EXEC calls

i n the appl'icat'ion Fortran (FTN4X) program. The remote

panel .is used to interf ace the DECl|{RITER III terminals, the

Hewlett-Packard model HP 263L8 printer, and ultjmateìy the

measurement processor to the m'inicomputer'
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3.2.4 0p er at i nq S Ystem

The newest operat'ing system, RTE-6/VM,'is a new product for

the Hewlett-packard model Hp 1000 m'inicomputer. Real Tìme

Executive (RTt) is a real-t'ime multi-programm'ing

t'ime-s'l icing operat jng system' Since RTt 'is

interrupt-driven (every ten milliseconds), wh'i le one program

.is waiting for data transfer the central processing unit can

execute another program. Time sì ic'ing wi l'l 9ìve time to a

program on a prìority bas'is - the lower the priority the

longer the tìme slice at less frequent intervals' Thus, RTE

manages programs' memory' and input/output' The services of

RTE can be requested programmat'icaì ly or interactiveìy'

The f i le management system 'interf aces the user to RTE and

al lows the user to manipuì ate fi les jnteractiveìy or

programmatical ìy. Fi les can contain ASCII or b'inary data 'in

source or relocatable code'

sess i on Mon i tor restr.i cts access to the system and j ts

resources and protects users from each other ' wh i ì e

providìng a friendly mult'i -user env'ironment. All users must

have an account, and may be g.iven restricted access to

per.ipheral devices and ìimited use of commands. users
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can share disc cartridges or have exclusive access' yet

their programs are protected from the activÍt'ies of other

users. Every user does not need to know about the system

conf iguration and has the 'impression (at a terminal ) of

being the only user on the system. The System Manager

maintains each user's account which cons'ists of a user and

group name, pôssword, capabi'l ity , and device access record'

program deve'lopment in RTE begins wìth the EDIT program

wh.ich creates, modifies or appends files. Editing 'is done

in the source work area (track pool ) and when terminated,

the corrected f i 1e is put 'into the destination work area'

Thus, a fi le cannot be accidentaì ly destroyed dur.ing

editing. After editìng, the source f ile 'is compiled by the

F0RTRAN compi ler and loaded by the loader. The program 'is

then ready to run.

programs. can be in real-time or background and memory or

disc resident. using the dynamic mapp'ing system, the

computer can access al I of phys'icaì memory (128 Kwords) f or

program uSe. However, the eXecutable program (or segment)

code must not exceed the ì.im.its of ìogical memory (32 Kwords

less system requ.irements). using virtual Memory

Area/Extended Memory Area programs, data can be extended
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beyond 32 Kwords of 'logicaì memory, to a maximum of I2B

Mbytes. Segmentation and extended and visual fnemory access

are transparent to the user. At system generation, each

device is assigned an equipment table number which'is'in

turn I inked to the system log'ica'l unit number. This table

contains the addresses and I jnkages between the peripheral

dev'ices. In every case the d¡iver is the ì imitation of a

dev'ice's capabi ì ity. Programs can also communicate (in real

time) with each other by transferring data blocks whjch are

I im.ited in size only by system available memory"

A program,s state (or the relat'ionship between the program

and RTE) and information about disc usage is always

available to the user vìa breakmode commands or util'ity

programs. The user can also check the status of any piece

of peripheral equipment'in his session. Error messages are

given and explanations are available (on-l'ine) from uti'l ity

routines.

Revision 2208 is the current level of the operating system"
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CHAPTER IV

METHODS

To meet

deve ì op

process

the obiectives of thjs proiect, it js necessary to

a h ardware/soft are i nterf ace and softt'lare for

control and data acqu'isition'

4.I H ardware Interface

The f i rst step i n network i ng the measurment processor to the

m.inicomputer,'is deveìop'ing the hardware'interface, using

the mu ltiPlexer sYstem'

4.1.1 Technique

The measurement processor is interfaced

subsystem usi ng the RS-232 'interf ace '

passively supports RS-232 dev'ices which

a ful I duplex (short-haul ) modem onìy'

done bY software or firmware'

to the multìPìexer

The multìPlexer

are hardwired or use

All handshaking is

phys.icaì connection is made through the Hewlett-Packard

model HP 12828A remote pane'l . The multiplexer pane'l and the

measurement processor both have female terminators, thus
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a Hewlett-Packard model HP I3242G

Burroughs male-to-female terminal

connect'ion.

male-to-male cable

cab I e are used for

and a

the

4.I.2 Prob I em

The measurement processor uses Pins 2,3, and 7 as does the

multipìeXer. But the measurement processor also uses Pin 5

to signal when jts eight-word input buffer is full, which

the multìp'lexer does not recogn'ize s'ince it is hardwired

(Fi gure 10) . Thus, the measurement processor input buffer

w'i 1l overf low. The problem 'is f urther compl'icated since

both devices do not use the same handshake or protocol for

data communication.

4.1.3 Potential Solut'ions

There are several opt,ions avai ìable to solve this probìem'

4.1.3.1 Hew I ett- P ack ard Model HP 129664 Ser i al I nterf ace

Th'i s Hewlett-Packard model HP 12966A'interface is an

asynchronous po'int-to-point terminal'interface which

recognizes all status control lines. It contains a

I2B-character buffer and wi I I work with standard
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Hewlett-Packard drivers. However, it is rel atìveìy

expens'ive at approx'imately a $1000 per dev'ice and uses up

one I/O slot 'in the card cage. This 'is not an optimum

so I ut.ion i f many measurement processors or s jmi I ar dev i ces

are to be interfaced.

4.1.3 2 Buffered Bl ack Box

A buffered bl ack box, such as a l,lestern Telematic model

PPD-4 could be used to meter output from the multiplexer to

the measurement processor. tlhile somewhat less expensive

th an the Hewl ett -P ack ard mode I HP 129664 i nterface at $500 '

an ultimate solution such as handshaking would make the

black box redundant.

4.1.3 3 Smart Contro I I er

A smart or intermediate controller such as an

Hewl ett-Pack ard modet HP 85, wou I d be I ocated between the

measurement processor and mu'ltiplexer and could incorporate

several data acquis'ition and anaìys'is features and pass

f iles back and forth, but it 'is not an optimum solu'tion'

This type of control leLis expensive ($5,000 to $10,000)'

and depending on the brand used compatjbì ì ity probìems could

result and further compl icate the problem'
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4.1.3.4 Read 0n I y MemorY with Handshak'ing

A read on ìy memory wjth handshaking for the measurement

processor would be an ideal firmware solut'ion. A handshake

suitable for use with the multipìexer such as ENQ/ACK or

}CL/DCZ would be approprìate. Resources were not available

to deveìop th'is alternat'ive. Bend'ix was p'l annìng to deveìop

a compat.ible handshake, but it was not yet avai lable.

4.1.4 Solution

None of

reasons

the four options outl ined was suitable for the

mentioned. Thus, a software solution t4as requjred.

4 2 Software I n terf ace

4.2 "I Tec hnique

The multìpìexer uses a 7-80 microprocessor to handle all

data communication. The multiplexer features programmable

start, stop and data bits, echo, handshake, baud rates,

etc. The measurement processor port is programmaticaì ìy

conf i gured for:
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1200 baud

I start b'it

8 data bits/character

1 stop bit
Handshake disabled

tcho d'isabled

DVM00 ( dumb ) dr i ver att ached

Scheduling dìsabled

Se I ect port #2

Carr ì age Return ( CR ) termi n ator (default).

To permÍt normal communication (tXEC READ's

commands 'in the the lrlELC0M f i le may also be

and l.lRITE's)

used:

cT,32, 308 ,14207?B

cT,32,338,LB

cT,32,37 8,2008

The measurement processor data commun'ication port'is set to

the appropri ate conf igurat'ion by selecting the appropr.i ate

switch positions of the switches located on the Measurement

pre-Processor control and Term'i nal Interf ace Board' The

s e I ected conf ì gur at i on i s:
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i200 baud

1 start bit
I data bìts/character

1 stop b'it

RS-232 i nterf ace.

This is done by setting the switch identif ied as Sl^lPL to

,,00010100" (0 i s open) and the rotary switch SI'J-2 to

position number 4. No standard handshakes or protocols are

recogni zed, but the measurement processor has several unique

characterist'ics:

i ) Characters are read unti I an executable

assembled. 0nce compìete, the command

to the mult'ipìexer) as'it is processed'

comm an d 'i s

is echoed (back

i i) Any unacceptable characters rece'ived as a command are

ignored and not echoed"

iji) Any characters after an asterìsk rr*r¡ are ignored and

echoed.

.iv ) when send'in g d at a the me asurement processor i s

programmed to address a teletype, and appends a

carri age Return - L'i ne Feed (cR-LF) to each l'ine"



These f eatures can be used to establ'ish an echo protocol to

overcome the h ardware prob 1 em between the mu I t i p lexer and

measurement processor (tne multipìexer does not recogn'i ze

Pjn5)bysendingjnstruct.ionsonìyaftertheprevious
command has been echoed'

4 2.2 Problem

As an interìm solution, the echo protocol is acceptable

untilmeasurementdataareeXpected.A]]thedataarenot
received by the min'icomputer. The measurment process0r

normal ìy commun'icates to a teìetype dev'i ce, and theref ore

appends a carr.iage Return-Line Feed (cR-LF) to every line'

The multip.lexer interprets the cR as a terminator, and

ignores any data not on the first line sent'

4 2.3 Potent i al Solut'ions

Three potential solut'ions exist to handle t'he loss-of-data

and hardware Problems.

4 .?.3 1 Protocol

The multi Pìexer

the measurement

recogn ì zes

processor

ENQ/ACK and DCLiÛCz
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handshakes,

not ava'i lablenone. Resources were
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to deve ì op these protoco I s . A commerc i a'l 'ly

solutìon from Bend'i x or Hewlett-Packard was

available

not available.

4.2.3.2 Sof tware Dri ver

A custom software driver for the multipìexer

written to handle the measurment processor'

no experience writing code at the assembler

and future revisjons to the operat'ing system

ch anges to the netv dr i ver.

could be

However, I h ad

(or MACR0) level

cou I d requ'ire

4.2.3 3 Echo Protoco I

The I ast solut'ion is to develop a protocol based on the echo

characteristics of the measurement processor expl aìned ìn

sectjon 4.2.1. This solut'ion is the simplest since'it

requ'ired onìy modif ication of the F0RTRAN app'l ication code'

and could work on an interim basis unt'i I Hewlett-Packard and

Bendix released compatible protocols'

4.2.4 Solution

The s'implest solut'ion ìs

rvas the chosen method to

the echo protoco ì, and therefore

be deveìoPed.
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4.3 Sof tware

An ì ntegr ated

communication

software package is required to handle data

and acquisjt'ion.

4.3.1 Purpose

A package of sof trlrare app'l ication programs 'is needed 'in

order to 'integrate the Bend jx 'l ayout machine into the

Hewlett-Packard minicomputer network. Part measurement

f i ìes need to be cneated, 'instructions sent to the

measurement processor and operator, and data recorded' To

ensure transportabj I ity between Hewlett-Packard systems the

programming language is F0RTRAN. However, it is also

necessary before us'ing the ìayout machine w'ith the computer

system to in'itialize the mu'ltiplexer port (to which the

ìayout machine is connected). This is required onìy for the

initial operation after this,computer is started, and should

be transparent to the user. This requìres that port

in'it'ialization take p'lace 'in the tlELcOM file (Section

4.3.2.t).

4.3.1.1 Part Inspection

A program 'is requ'ired to create a part inspect'ion procedure
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f i le. Th.is Ascl i f iìe ìs to contain measurement commands

for the measurement processor. As well th'iS program shall

prov.i de operating instructions for the layout machine

operator. This file will rep'l ace instruct'ions wh'ich would

normaì ly be keyed into the f ront pane'l . It 'is also

necessary for the program to determine whether the requested

part and rev'ision a'lready exist.

4"3"I.2 Process Control

This program 'is used to retrieve the requested part

inspect'ion procedure f i le' send commands to the meaSurement

processor and operat'ing instructions to the ìayout machine

operator's termìnal, col lect inspection data, and store it

in an ASCII file for future analysis'

4.3.1.3 Data Retrieval

This program is needed to retrieve inspection data from an

ASCII data file for verification. The resuìts are to be

w¡itten to the user's terminal. No ana'lys'is is required'

4.3 2 Descriptìon

A descript'ion of the operation of each software program 1s

requ'ired.
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4 .3 .2.I The I,'lELC0M Fìle

The rdELC0M f ìle 'is a batch-type f ile which is automaticalìy

runwhenthecomputersystemjsstarted.Thisprocessw.il]
initiarjze the system software and ail peripheral devices.

Theportforthe]ayoutmachine(Port/-2)jsinitia]izedto
meet the data communìcat'ion requ'irements specjfied in

Sectjon 4"2.I. Appendìx B conta'ins the t'|ELC0M and related

f .i les such as *uPMUX, the mult'ipìexer initial ization f i le'

4 .3.2.2 The PFILE Pro gr am

PFILE ìs the prOgrAm wh'ich creates the measurement processor

part .inspectìon procedure or part 'input f i le ultimateìy used

by the process control program (MP2I0). These 'instruct'ions

wou]dnormalìybekeyedintothefrontpaneì,thusal{orking
knowìedge of the measurement processolinstruction ì anguage

(Appendix A) 'i s required'

Theprogrammerisaskedforapartnumberandrevìsjon
level which is used to create the f i le. The programmeL is

thenpromptedforcommentsandlayoutmachineoperator
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instruct'ions. The onìy restrict'ions when us'ing PFILE are:

i ) Comment I ines (operator instruct'ions) must start with

ii) If resu'lts are to be disPìaYed:

a) rr**rr is requ'ired to start the comment line

immediateìy preceeding the "F6l.E" (Display Resu'lts)

c al I to i nd'ic ate me as urement res u I ts are expected.

b) rr**il .is required at the end of the same line as the

"F61E" command to term'inate reading data (see

Section 5.3.2).

i'i i) The last command sent must be "F40E". This command is

necessary in order to return control to the front

p ane ì . If th i s i s not done the measurement processor

cannot be cleared f or f ront panel control unti I it 'is

powered off, then Powered on'

an rr*rr

There 'is

entered"

an opportun i tY

See Figure 11

to correct each l'ine as it is

program flow.for
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PART NUMBER

REVtSTON

ORREC

CREATE FILE NAMR

BAD ERRO

OPEI{ FILE

CORRECT

PBOMPT

F

'r

T

F

Flgure I 1" PFILE f lowchart

STOP

STOP
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T

F

F

Flgure I 1. PFILE flowchart (cont'd)

T

F

T

READ INSTRUCTION

'E X'

STRUCTIO
CORRECT

WRITE TO FILE

CLOSE FILE

ERROR

STOP

ENDABNORHAL END
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4.3 2.3 The MPZI0 Prosram

The progr am MP 210 'is used to send i nstruct i ons to the 'l ayout

machine,s operator teletype terminal a,nd the measurement

processor. The program w'i I I request the part number and

rev.ision level of the part to be'inspected. These data are

used to locate the part ìnput file and open it. The program

reads the instruct'ions f rom the part 'input f i le created' by

the PFILE program, âûd sends them to the operator's term'inal

and/or the measurement processor, and wi ìl wait (when

requìred) for a response, before issuing another command'

It wi I I then store the 'i nspecti on resul ts 'in a fi le.

It should be noted that before sending instructions to the

measurement processor control must be turned over to the

minicomputer. Thìs is done by entering "F4LD" on the front

panel of the measurement processor before running the

program. See Fìgure LZ for program flow'
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PART NUMBER

REV rStO N

CORRECT

CREATE.PTIDATA'

AD ERROR

OPEN .PMDATA,

ERROR 4

OPEN PART FILE

F

T

T

F

F

T

STOP

STOP

Flgure 12" MP2IO flowchart
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F

T

T

F

T

F

T

F

STO P

STOPERROR

FLUSH ¡NPUT BUFFERS

.KLEEN' BUFFER'JK''

READ INSTRUCTION
FROM PART FILE

BAD ERROR

WRITE INSTRUCTION

TO TERMINAL

SET FLAGESULTS (x
DISPLA

OMMENT (x

Flgure 1 2. MP2IO llowchart (cont'd)
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.K LEEN.
BUFFER .KJ"

READ MP.2 ECHO

FLUSH INPUT BUFFERS

SET TYPE AHEAD

SET READ TYPE
-DISABLE 'CR'
-ENABLE .CNTL O.

SET'JK'TO 256 WORDS

SEND INSTRUCTION TO MP-2

"F40E"

FLAG SET

SET'JR'
TO 8 WORDS

T

F

F

T

Flgure 12" MP2IO f lowchart (cont'd)
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READ RESULTS

WRITE TO.PMDATA.

FLUSH INPUT BUFFERS

UNLOCK.PMDATA.

CLOSE'PMDATA'

STOPBAD ERROR

CLOSE PART FILE

ABNORMAL ENDEND

T

F

Flgure 12. MP2IO f lowchart (cont'd)
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4.3.2.4 The PREAD Pro ram

The program PREAD is used to read the inspect'ion results

pìaced by the program MP2l0 into the fi le PMDATA, and write

them to the user's term'i nal. No ana'lysìs 'is done. However'

note that s'ix ASCI I nul I characters are appended to each

output I i nes by the measurement processor. See F'igure 13

for program f low.
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STOP

PART NUMBER

F EV tStON

COR RECT

OPEN.PMDATA'

ERROR 4

LIST DATA .KLEEN'BUFFER

READ DATA

CLOSE'PMDATA'ERROR ND-OF-FIL

ABNORMAL END ENDSTOP

F

T

F

F

T

TF

FIGURE 13. PREAD f lowchart
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CHAPTER V

RISULTS AND DISCUSSION

5.1 Hardware Interface

The Bend.ix model MP-2 measurement processor is interfaced to

the Hewlett-Packard model HP 1000 m'inicomputer through the

Hewlett-Packard model HP L2792A multipìexer subsystem

(Section 4.1"1). The multiplexer port is programmatical'ly

initi al'ized by the l^lELC0M f i le (section 4.2.L) . Physical

connect.ion between the measurement processor and multip'lexer

is made through the multiplexer remote paneì using a cable

(Hewlett-Packard model HP L3242G) jn which Pins 2 (Receive

Data) and 3 (Send Data) are reversed in order to establ ish

data communication. By reversing these pì ns one dev'ice w'i I I

appear to emulate a terminal to the other, enabìing data to

be exchanged. The hardt{are interface (Figure 14) is

complete and ready for data commun'ication once control of

the measurement processor is changed from the keypad to the

se¡ial interface (i.e. the minicomputer) by entering "F41D"

on the measurement processor keyboard.
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Thus, the hardware interface is very straightforward as is

generaììythecaseindevelopinginterfaces.l.Jhi]emost
devices can be made plug equivaìent, they are not aìways

electronicaì 1y compatible as is the case here '

The measurement processor uses Pins ?'' 3' and 7 as does the

multipìexer. But the measurement processor also uses P'i n 5

to signal when its eight-word'input buffer is full which the

mult.ipìexer does not recognize. For this reason' to prevent

overflowing of the measurement processor input buffer a

software handshake is required. This handshake is descr.ibed

in the next section.

5.? Sof tware I nterf ace

The multipìexer is capab'le of support'ing three device

drivers:

i)
ii)
r|l)

DVMOO

DDVO5

DDV12

mult'iplexer is

handshaking:

te I etyPe or dumb dev i ces

Hewlett-Packard HP 26XX term'i nals

Hewl ett-P ack ard I i ne Pr i nters

The

of

also capable of supporting three levels



ì)ENQ/AcK-contro]Sdatasenttothedev.ice.inB0
character blocks

i.i)ENQ/AcKdjsab]ed-serialtransmìss.ion(character
ch ar acter ) to dev'i ces

iii) DCL/DCl - controls block mode data transfer from

device and is 'in turn contro'l led by the

92

by

th e

DDVO5

dr i ver.

The measurement processor does not use any handshake

recogn.ized by the minìcomputer. Therefore handshaking for

themu]tipìexermustbedisabled.TheDVM00driverhasto
be attached to the multip'lexer port s'ince it'is necessary to

treat the measurement processor as a dumb device'

As'indjcated'in Sectjon 4'2'L it is apparent that the

measurement processor wi I I ult'imately echo (back to the

mu]tÍplexer)acceptablecharacters.Th.iscommandecho

feature.canthereforebeexploìted,andusedtocontroldata
communication. However, an obvious prob'lem of the command

echo feature is that the mult'iplexer is normalìy configured

toechodatabacktoadev.ice.Iftheecho.inthe
multipìexer.is not disabìed, then a data communicat'ion loop

w.il]occur.Therefore,.itisnecessarytodìsableecho.in
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the multiplexer. Thus, due to the programmable features of

the multiplexer and measurement proceSsor' it is also

necessary to ensure that the data string is properly

described and compat'ibìe, in addition to handl ing the

prev'iously mentjoned problems. The þ|ELC0M file (Appendix B)

js used to ìnt'i alìze the multìpìexer port (sectÍon 4.?.1) '

It is not possible to inst'itute any more of the protocol at

thìs po'i nt. The handshake has to be'incorporated into the

process control appì ication software program MP2I0 (Section

5.3"1).

5. 3 Software

A package of appì ication sof tware programs 'is used to create

part inspection fi ìes, control the measurement process ' and

read measurement results (for verification). Al I programs

are written in F0RTRAN 4X.

5.3.1 The PFILE Proqram

The PFILE program (Appendix C) 'is the program wh'ich creates

the part input file used to suppìy'instructions to the

I ayout mach'ine operator and commands to the measurement

processor. Th js part 'input f i ìe ìs used by the program
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Mp2I0. These commands would normaì ìy be keyed into the

front pane ì, thus, a work in9 knowìedge of the measurement

processor's instruct'ion I anguage is requ'ired" The

programmer'norma.llyaneXper.iencedinspector,isaskedfor

a part number and revis'ion level, whìch is used to create

the file. The file name cannot start with a number or the

characters p'lus (+), minus (-), colon (: )' or comma (' )'

cannotuseanembeddedblank,andmustbesjxor]ess
characters ìong. The def ault rev'is ìon level wh ich is also

the file security word is,,g9,,. The security word m'i n'im'izes

theposs.iblityofaccidentalfilepurging.The(Type4or
ASCII extendable) fi1e js automaticaì1y located in cartridge

Reference Number 13, which is a log'ical sub-djvision of the

physicaldjscusedbythecMMgroupforstorage.0ncethe
fi le has been successful ly created the programmer is

prompted f or commands and 'instruct i ons " Af ter each I i ne h as

been entered, there is an opportunity for ed'iting

(cornectÍon). The programmer must observe the restrictions

descr.ibed in section 4.3.2.2. To stop f ì le input and close

the f ile, the programmer enters ,.EX',. The fj]e is now

c I osed and the progr am term'i n ates . Af ter the progr am h as

been terminated, corrections can st'i I I be made us'ing one of

thesystemed.itors.Append'ixDcontainsatypicaìpart
input fi le created by the PFILE program'
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5.3.2 The MP2I0 Proqram

The program MP2l0 (Appendix E) is the process control

appì.icatìon software program control'l ing the softl¡Jare

handshake. It retrieves the part 'input f i le created by the

PFILE program and sends the commands and'instructions to the

measurement processor and operator. It al so rece i ves and

stores measurement resul ts. The MP2I0 program wi I I request

the part number and revis'ion level of the part to be

'inspected, which js used to locate the part input f i le and

open jt. A measurement data f i ìe, PMDATA, is now created.

The MP2I0 program reads the'instructions and commands from

the part input file a Iine at a time, and sends them to

measurement processor and/or operator's terminal. It will

wait (when required) for a response before'issuing another

command.

The command echo feature (described in Section 4.2.I) is

used to control the mu ltipìexer. The control Sequence is as

fo I I ows:

i) I 'i nes re ad the part 'input f i le are echoed bY

operator's termj nal .

The

the program, to

from

the

If the

result

first word is rr**rr, a

is expected.

ii) f ìag 'is set, 'indjcating a
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iii) If the first word is rt*rr the

the Program returns to SteP i

processor command buffer (JK)

l'ine is

after

comment, and

measurement

a

the

iv) By def au'lt, the I ìne 'is now a measurement processor

command. Therefore, the command buffer Ís sent to the

measurementprocessor.ifaresu]tisnoteXpected.

v) Then, if control'is not being returned to the

measurement processor ('i .e. the command is not "F40tll,

thus term.inat.ing the program) the "expect results"

f lag set 'in SteP i i is checked'

If the f 'l ag is not set the echo buf f er (KJ)

( set equ al to ASCI I b I anks ) , the echo from

measurement processor read and then written

and the MP2I0 program returns to Step i '

is cleaned

the

to disc,

vi)

vii) If the f'l ag'in step iv had been set the multipìexer's

input buffers are flushed and set into..Type Ahead,,

mode,aì.|ow.inginputdatatobufferedwjthouta
pending read.
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vìii) Now, Carrìage Return js disabled as a term'inator and

control D (cNTL D) enabled. Th is is done s'ince the

measurement processor is programmed to communicate to

a te l etype and appends a "CR-LF" to each l j ne ' Tl're

multìp'lexer normal ìy interprets the "CR" as a

terminator and stops ìook'ing for data. Thus, if six

I'ines of data are sent, onìy one would be received 'if

th'is change js not made. This change is onìy

effect.ive for one read since Bit 7 in the driver

response contro I funct i on ( 33 ) i s not set '

ix) Next, the size of the command buffer (JK) js increased

from eight words to 256. If this is not done, the

response w'i I I not be placed in the results buf f er (JR)

and the system will suspend operatjon. This probìem

is discussed 'in Section 5-4.2.

x) The

the

command is sent to

program returns to
the measurement Processor and

Step v.

x1)

x'i i) The measurement data

processor and wr i tten

Now, when the f 'l ag 'in Step vi is checked it is set'

Thus, the 'length of the command buf f er ìs shortened to

e'i gh t wor ds .

are

to

read from the measurement

disc.
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xiii) After again

the Program

fìushing the multipìexer's ìnput buffer

returns to SteP i.

xiv) If step v had indicated command was being returned to

the measurement processor the measurement resu I t fi le

( pMDATA ) i s c I osed and the progr am termi n ates .

Al I measurement resuìts are always written to the fi le

PMDATA. Thus, when a iob'is complete'it is necessary to

rename the file us'ing the F'i le Manager rrRNrr command.

The MP2I0 program is able to control the process aìthough

bugs or problems do ex'ist. These are expìained 'in more

detail in Section 5.4.

Al ì READ's and l¡lRITE's to the measurement processor as wel l

as the multipìexer reconfiguration commands are made using

Fjle Manager EXEC calls. Djsc access ìs made us'ing FMGR FMP

calls.

Appendjx F'is a samp'le of the MP2I0 program diaìogue.
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5.3.3 The PREAD Proqram

The PREAD program (Appendìx G) is a s'impìe program wh'ich can

read the results obtained from the measurement processor by

the MP2I0 program. The part number and revìsion level are

requested. Again, the default security level is 'r99r' and is

set equal to the revis'ion level. 0nce the f ì le, o¡iginaì ìy

PMDATA (Appendix H) but now renamed, js located'it is

opened. The contents are read then listed one line at a

time unt.i I an End-of -Fi le is f ound. The f i le is then

closed.

The PREAD program does

l'istìngs. If a binarY

MP2I0 program is made,

ch ar acters appended to

measurement processor.

analysis, on'ly fìle
the f ile created bY the

be sìx ASCII null

This is done bY the

not do any

'l 'i s t'in g of

there wi I I

each line.

A typicaì PREAD program d'i aìog is in Appendix I

5.3.4 Documentation

Documentation for use of the measurement

the minicomputer system js in Append'i x J

processor and
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5.4 Problems

There were two types o.f probìems, those encountered in

establ ish'ing data communication and the bugs or unexpl ained

problems with no known solution (or cause) '

5.4.1 Data Communication

The problems encountered establish'ing and maintain'ing data

communication are summarized'in Table 5. Data communication

problems were a result of a lack of compat'ible handshake' In

order to deveìop this handshake the f ol low'ing deve'lopment

process occurred.

The measurement processor' s (pr i nter) port is set to the

multiplexer configurat'ion by sett'ing the appropriate sw'itch

positions on the processor board (per Bendix Specjficat'ion

5002390). version 4 of the sof tware 'is instal led. The

measurement processor reads characters unti I an eXecutable

command is assembled. 0nce compìete, the command is echoed

b ack to the mu I t'ip l exer and executed. Comments are echoed

while unacceptable characters are ìgnored. This echo feature

c an be used for contro I .



Prob I em Solutìon

Es t ab ì'ish ì ng commun i cat i on

0verf 'l owì ng me asurement
processor e'i ght-word 'inPut
buffer sìnce muìtiPlexer
does not recognìze Pìn 5

Multìpìexer terminating on
CR-LF from measurement Pro-
cessor during EXEC READ's

Measurement Processor un-
ab I e to send termi n ator

- Reverse Pìns
- Att ach D VM00
- Enter F41D on

2 and 3

Keybo ard

Use measurement Processor
command echo feature as a

contro l

- Set TYPE AHTAD

- Set READ TYPE - change
term'inator f rom CR to CNTL D

Comment term'inator after
F61E command, and echo b ack
to multiPlexer
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Table 5. Data communicat'ion probìem and solution summary

As an inte¡im solution, an echo-based protocol waS selected'

Instructions wi I I be sent to the measurement processor onìy

after the previous command has been echoed'

This approach works unt'i I a response 'is expected. Resp0nses

f ol low an 
,nnn" 

cccFTlE command. The measurement processor

'i s progr ammed to append a CR-LF to every l'ine ' The

mult.iplexe|interprets these as terminators and al I the data

are not received by the minicomputer. To work around, the

multiplexer js programmat'icalìy reconfigured using EXEC 3

cal ls. TYPE AHEAD is set to al low 'incoming data (without a

pending read) to be buffered on one of the multìp1exer',s two

254-byte buffers. Then, the READ TYPt is set to d'isable cR

as a terminator and to look for a cNTL D ìnstead. This

conf iguration is only valìd for one READ'
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However,themeasurementprocessorìsnotabletosendCNÏL

D.s.Togetaroundthisaterminatorjscommentedintothe
F6lEcommand.Thisisechoedbackaftertheresultsare
sent. Normal execut'ion then cont i nues '

5.4.2 Bugs

BugsareuneXp.lainedproblemswh.ichcanbearesu]tof

irregu l ar jt'ies in the computer system' dev'ice' or

appì'ication program. The source of a problem is dif f icult

to pinpoint and wh'i le a probìem 'is apparent' the solution is

notaìwaysobv.ious.Inthisprojectbugsfromallsources
were discovered-

Thjswasthef.irstknownattempttonetworktheBendìx
.layoutmachinetoaHew]ett-PackardmodelHPl000

minicomputer"Anothermitigatingfactor'wasthatthe
Hew]ett.Packardoperat.ingsystem(RTE-6vM)wasabrand

releasewithknownbugs.Finaììy,theHew]ett-Packard
HPTgLzPd.iscdr.ivet^'asanewproduct.Allthebugs
encountered are ìn Table 6'

neltl

model

ThecontrolsequenceoftheprogramMP2I0(Section5.3.2'
Step.ix)a]]udedtothemostperp]exingbugencountered.If
data were expected from the measurement processor, the si ze
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Table 6. Summary of bugs and subsequent action

Act'ionBug

Reported 'in HP SR #L322 - no
known f ix
The recommended work around
is to break requests into
I28 word or I/2 sector
requests

- No known cause
- Likeìy due to a combination

of the bu gs 'in D VM3 3 and
Version 4 software
prev i ous ly descri bed

Not a problem, but whY not
is not known
A possibìe answer ìs that
once the mult'iP'lexer's inPut
buffelis fuìì, the multi-
pìexer won't accePt anY more
data and terminates the READ

- May be related to DVM

- Perhaps a timing Prob
s i nce the measurement Pro-
cessor uses the faster
Motoro l a 68000 ch ì P, versus
the slower Z-80 chiP in the
multipìexer. It maY start
processing the command and
respond i ng before the s I ower
muItipIexeris readY to re-
ceive data

No known re ason - ne 1

Hewlett-Pack ard nor I
underst and why th i s h

ther

Vers'ion 4 of

in Version 5

Known bug in
l4P-2 softtvare
tliliìl be fixed

uld
ened
bug

co
app
33
lem

DVM33 (dìsc driver) destroYs
informat'ion when doing EXtC
READ's and l,JRITE's to the
d'isc drive

The stand-alone measurement
processor wjll somet'imes
lose input characters

The system would hang
or suspend oPerat'ion
i nterm'ittent'lY

EXEC READ termi n ates on anY
ASCII character, rather
than a CNTL D

If resu I ts are exPe
( after an F61t c al l
command buffer JK i
must be 256 words,
results are lost an
system will susPend
at'ion

ed
the

MP2IO
else

the
oper-

ct
),
n
or
d
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of the buffer (JK) containing the command had to be

increased from eìght words to 256 words or else the results

would be lost and the system would suspend operation' No

known solution nuas found, onìy the work around (changing

buffer s i ze ) descri bed. It was theor ì zed th at perh aps there

was a tìmìng probìem between the multìp'lexer and measurement

processor since it used a faster (Motorol a 68000)

m.icroprocessor than the multip'lexer (z-80). |llhi le a

workaround'is an acceptab'le solution in the short term'

future changes in the operat'in9 system may ieopardize the

work around.

The other bug which created concern was the intermjttent

suspension of operat'ion by the system. The ¡4P2I0 program

could stop running and'it would be necessary to stop the

programandrestartit.Thesecondtimetheprogramwould
work. This problem was likely due to bugs ìn the operating

system and the measurement processor vers'ion 4 sof tware '

Another poss ible source of the prob'lem could have been the

pourer supply. The computer was drawing electrìcal power

from the same transformer as the NC machine shop. up to

2400 pot¡||er surges per day outside of acceptab'le I ìm'its t¡||ere

recorded. The surges in power may have affected the

oper at i on of the comPuter.
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5.5 S.ystem Perform ance

The system perf ormed reasonab'ly wel l. Data commun'icat'ion

was establ ished and maintajned. Most probìems or bugs could

be overcome or worked around. The onìy ser.ious problem l|las

the 'intermìttent hang'ing of the system. An appl ìcation

could hang the system, and after the system was restarted

the very same app'l ication would work. Th'is prob'lem would

ì.ikely be resolved w jth vers'ion 5 of the measurement

processor sof tware and resol ut'ion of the DVM33 bug. The

command echo protocol was able to establ ish and ma'inta jn

data communication.

Part 'inspection f iles could be created, and then retrieved

and used to control the measurement process. Data obtajned

from the measurement process were stored on the d'isc drive

for future analysis. Incorporat'ion of the Bend'ix layout

machine alone cut inspect'ion time on ì ayouts and f irst-of f s

by 60 to 75/" compared to conventional methods. Typ'ica'l

parts inspected on the Bendix'l ayout machine were raw

castings and weldments. It is est'imated that the system

developed in thjs project could reduce'inspection t'ime by a

further 20 to 30%" Assuming an average wage of $12"50 per

hour, sìngle-shift operation, 7scrc initial time sav'ings and a

further time sav'ings of 25y" by the system deve'loped, annual
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savings would be approximateìy $1600 for networking the

Bendix ìayout machine to the m'i nicomputer. Three-shift

operation would'increase sav'ings to nearìy $5,000. These

savìngs reflect dìrect labor costs only. Developing the

ìntegrated system dìd not requìre any additìonal hardware,

only time. Thus, development costs could be recovered in 15

months.

s.ince the pr.ime app'l icat'ion f or the Bend jx I ayout machìne ìs

f irst-of f parts there 'is a f jnanc'i al benef it to approve the

part quickly (sìnce the numerically control ìed mach'ine is

not work'ing during this time period). Assum'ing a typ'i caì

part turn around of two hours, average numerìcal'ly

control led machjne operating cost of $100 per hour (per

machine), three-shift operation, a new part every day, and a

25"/, time saving us'ing the networked system, annual cost

s avi ngs wou l d be a further $13,000. cons j deri ng th at there

are approximate'ly 40 numerica'l ly controìled mach'ines at

Versati le Farm Equ'ipment Company, annual cost savings could

be several thousands of dollars. Not consìdered are the

benef i ts of better qu aì i ty, reduced scrap and warranty costs

and better hìstorìcal records.
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CHAPTER VI

CONCLUS IONS

There are def inite conclusions wh.ich can be drawn concernìng

the f unct j on of the 'integr ated network and the echo

protocol. It 'is not possibìe to draw f irm conclusions on

the econom'ic v'i abì ì i ty of the networked system.

6.1 Coord'inate Measurinq Machine/ Computer Network

i) The coord j n ate me asurement mach i ne system was

integrated'into a minicomputer network using a

multipìexer. This met the major objectjve of the

pro ject 
"

ì i ) Hardware cost was mi n imi zed s i nce the cost of the

add.it.ional multìplexer port and teletype terminal to

servi ce the CMM was on'ly 25/" of the cost of an

intermedi ate control ler (or desktop computer) and a

m'inìcomputer was ava'i lable.

.i j i) The system was f lexible s'i nce resources such as

hardware, software, and personnel were not tied up

servic'ing a desktop computer, ifl add'ition to the
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central m'i nicomputer. The multiplexer also provìded

the c ap ab i I ì ty to i ntegr ate more CMM systems '

iv) productìvity could be improved when the system Ís

optimìzed. Layout mach'ine operators can work usìng

preprogrammedprocedures.InSpectionprocedure

deveìopment time on the CMM w'i II also be minim'i zed' It

wj I I also be possible to analyze the col lected data

statisticalìy, to determ'ine trends 'in machine tools

produc.ingthepart,anddeve.lopvendorandpart

histories.

6.2 Command Echo Protocol

It was poss'ible to use the measurement

echo feature to establish and ma'i nta'in

the m'in'icomPuter.

processor's command

communication wìth



109

There are sever al

at Versatile Farm

CHAPTER VI I

RECOMMENDAT IONS

ways to improve the CMM/computer network

Equì pment ComPany.

7.L Protocol

Bendix and

protoco I s .

Hewl ett -P ack ard

Two opt i on s are

should establ ish comPatible

available:

i) Bendix deveìoPs the

compat'ible with the

1.2792A mu lt'iplexer.

ENQ/ACK protocol wh'ich would be

existìng Hewlett-Packard model

i i ) Bend'ix and Hewlett-Packard should both make X0N/X0F

protoco I av aj I ab I e.

NOTE: Project deveìopment took pìace during May, June,

and Ju ly of 1982. In ear'ly 1983, Hewlett-Packard

released the Hewlett-Packard model HP L27928

mult'iplexer which 'incorporated X0NlX}F- Bendix has

recently (February, 1983) released a measurement

processor (the model MP-3) w'ith X0N/X0F.
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2 Data AnaìY sls

Several stePs are

capabil'ities.

required to 'integrate good data anaìys'is

i)

ii)

Est ab I ì sh a common d at a b ase us'in9 the Hewl ett -P ack ard

IMAGT d at a base product, rather th an stor i ng part input

and measurement data in ASCI I fi les '

Deveìoporpurchasesuitablestatisticalpackagesto
ana.lyzeresuìts.Potentia]applicationswouldinclude
samp'le 'inspection reports, part' suPpìier' serv'ice and

warrantyhistories,defectdata'andmanufacturing
processdatatonameafew.Commerc.ialproductsare

a]soavailablefromcompan.iessuchasHansfordData

Systems.

7.3 Network Expansion

The network should be expanded to include direct computer

control led coordinate measur.ing mach'ines such as the Bend'ix

cordax model 1820 already in pì ace. Thus, the Bendjx I jne

shouldbeconsideredf.irst,thenothermanufacturers.
ultimateìy, the network should be able to handle any brand

of CMM.



7.4 Automation of Part InsPection File Preparatìon

when a cAD/CAM system is avai I able the cMM network

integrated. ultimateìy the numerically control led

cutter location fi le should be used to generate an

inspection path.
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should be

machìne

7 .5 I n-Process Manufacturi nq Controì

0nce d'irect computer contro ì l ed coord'i n ate me asur i n g

machines are jntegrated and a CAD/CAM system is ava'i I able

j n-process manufacturi ng control of numeri cal ìy control I ed

machines should be undertaken by using in-process

measurement results to control the next operatjon.

0nce th'is is accomPl'ished

Design and ComPuter Aided

the ìoop between

Manuf acturing 'is

Computer Aì ded

closed.
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APPENDI X A

Cordax Measurement Pre-Processor Model

MPP-2 Qu'ick Ref erence Card



123

Bendix ¡w CORDAX
MEASURÉNlENT
PßE PROCESSOR
DATA CARD

Automation &
Measurement
Division

MPP. MPP_1, & MPP_2

OPERATING MODES

MODE RËOUIfìEMENI D ESC R IPT ION

Selccrs hard Drol)c Point
rccording
Sciects touch t)robe t)oint
reco.cling
Records curroilt Plobe

t)osition (hard Drobe)
ôr lasr touched point

.llqqq!1. Ptsbel
All dist)layed linear
quantities ¡n inches
All displayed lincar
qu¿ntities in millimetcrs

À¡anu¡ I

Poìnt
Rcco(,ing

lnch

Metrrc

Touch ttrolle must be

louclì Prol)e rrìusl bc

conilecte(i
Press lootswrlch

Set INCH/MN¡
swirch to INCH
Set INCH/MM
switch to N4N4

BASIC OPERATIONS

CONTBOL KEYPAOS

DescriDtion

Clear (C)

D¡spl¿v (D)

RESET RÊFERENCE DATUI\¡S

X RESET (XR)
Y RESET {YR)
Z RESET (ZR)
W RESET lWR)

Resets designated disÞlay to zero

Clears all FAULTCAUTION LED's

PRESET REFERENCE DATUIVIS

XnE
YnE
ZnE
WnE
XnYnZnWnE
XE
YE
ZE
WE
XYZWE

Presets selected axes to entered

vaiue añd stores vâlue in associated

register. ll l\4M/INCH switch is

chðnged, value is converted to
new mcasurement uni(.
ö¡¿,"ìi',';r¿¿,¿J.;", to uãiue prãuiou.ìi

stored in corresponcling register'

NOTE: n = variable nunìber

P¿rt No 56020068
Copvright 1979. Thc Bencl¡x Corporðlion

Conmand

Cancels partial command (kevpad entries

Moves decimal point to extended
position if in normôl or lo lìorûìal
¡l ¡n extended

Setting Normal ExtcncJed

I\¡I\¡ XXXX.XXX NA

lrycrl {xx xx¡x x4 ¡{\¡x

Cq!¡m-a¡d- !gr!1'¡alqr .

Used w¡th numerìc or imPlied zero

to select command operation

last Ê

error
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PAIì1 ALI(TNMENT

Corrìrtr¡rr(lI
I

ì

I

I

Corì(lr I rorr l)e5crt)t¡orì

Mc¡slrr{) lwo lxrrrìls Êst¿t)lislìcs ollsct ilnqlo irì ¡ctive
t)l¡n{r. TIìc rûqlc coilìPUte(l
rôn{lcs lroilì 90o lo +90o in
tlìo N4PP ¡n(l lronì 0o to 3600
in the N4PP 1 ¡o(l l\¡PP 2,

incre¿siîq ccw. (C¡uscs drsDlay
to show t)¡rt rathcr tlìðn
nì¡chinc coordinãtcs,)

Sels offscl anglc to rP

Displays oflset anglc
C¡ncels offset anqle

Modilres ollset angle bY n "
ccw il Dlus, cw if minus

Computes aDole usirtg coor'
(linates {n) given and mod

ilies olfset angle l)y that

NoFE

FD'
øFÊ

MPP--1 & MPP-.2 FUNCTION COtullr4AND OPERATIONS

MODIFY OFFSET ANGLE

rn'FIE

XnYnF I E

XnZnF I E

YnZnF I E

F2D

îF2D

Must have estâb
lrshed ollsel ångle;
enter in dcgrecs
Point must be

described by usiilg
two âxes of the
¿ctive Plane

f\¡ust have
recorded Point

Refcrence datums

established

XnF2E
YñF2E
ZñF2E
WnF2E
XnYnZnF2E
F2E

Êntcr belore
laking part me¡'
sL,rertenlS

SCALE FACTOR

ACTIVÊ PLANE SELÊCTION

REFERENCE DATUI\4S'

Relercnce datums
must havc been
established

Reference daturns
must have been
saved (F5E)

MPP 1 and L4PP 2 onlv
Also sce Reset Referencc Daturns and Pres€t Refcrence D¡tums

Changes nornìôl t:l scale

factor to n:1, e.g., for a half
size model, ¡=1, for a l0x
model. n=.1

Resefs all axes scale fac(ors
to l:l
Displays scale laclors for ôll
ax6
Scales X, Y an(i Z bY n lactor'

Selects XY plane as act¡ve

XY plane as active

XZ pl¿ne as activc

YZ plane as actìve
p!at9
Selecls
plane

F3E

XYF3E

XZ F3E

YZF3E

Sets reference lor selected
axis to lôst recorded point.
Enter individual axìs or
comLlinatìon of axes,

Moves reference lor selected
axis by entered amount.
Enter indivìclual axis or
combination of axes.
Sãves reference for the
selectecJ ôxis. Enter
indivkloal ax¡s or {trbinat¡on
ql q¡q!,
ßecalls r€ference for the
selected axis or all axes

Enrer;ndividu¿l åxis,
comb¡nation ol axes, or
funcrion only for ¿ll axes.

YF4E
zÊ 4E

XYZF4 E

X 1nF4E

Y ìnF4E
Z IÍ\FAE
XFSE
Y F5E
ZF5E
xY.zf 9E
F6E
XF6E
YF6E
ZF6E
XYZ F6E

XF4E



CIfìCUI-Af:I FEAf t,IIìES, THIìÉ[ PI)INT CENTEIìFIND

C¡)rì(ii lroil D{rscr iD(¡orìConrnr¡rrd

F7Ê

F8E

lD. lrolor{: erìlerrnq

(scc FSE);

po¡nls l)r!lor{ì
erìlcrirlg coûìlìì¡rl(l

OD, l)clorc 0ntûing

prol)c (lianìetcl
(scc F9É)i mcôsure
tlìree points bcforc
enlerìng comrn¿n(l
ID

Coil¡tn,rcs â1{l (list)l¿Ys

cenlù coor(lirì¡tcs ând
rli¿rììcler ol circle in
workrrì0 t)f¿ne Probo

dr¡¡ì(:lcr is ¿(lde(l to
ol)t¡rn lD. L¡sl tlìree
rocordo(l l)orrlls ¿rc re'

r)laccrl l)V srnqle Doiût
dclito(l ìrv tlìc circlc
contcr ¿¡ncl lhe ¿vera(le

tlì¡rd axis-
SarDc ¿s F7E, cxccPl

l)rol)e cliârìeter is sub

lr¿cted to obta¡n OD
ccnler coof clinates ¿nd

F7D

FBD

Displays ¿ctivc Pl¡ne
coo.dinàtes of lâst

recof(jed Doint ancl last

cofnttr¡ted dianìetef.
OD

PROBE DiAMETER

Sets Drobe dlanìetcr to
vâlue ol n.

POLAR COORDINAIES

SEOUENCE NUMBER

tnF 12E

F I2E

F 12D

Sets tlìe sequence number for
tlìe nexl measureñìent disPlaV

to the value of n { 9999( n!
+99s91, .,.
lncrcmen¡s current value ol
sequence numbçI bY One,

Displays sequence nurnber

TEI\4PORARY DISPLAY INTERVAL

nFl3E

FI3D

Scts terrporarv dìsPlaY

inrerval {normallv 5 seconds}

to value of n (0ln(a0951
Dispìays the number of seconds
in the tenìDorarv disPlaY

interval.

BUILD CONîMAND LOOP

nF l4E

Atso see Circùlar Fealurcs (F24 F25, F26l

Scl MN4./ìNCH
switclì lo ¿f)Pro
priate Dosilion
l)elore cnlerirìq

nFgE

Ê 108

FIIE

AUX. DATA LED s

lit alter {uætion
is entered

AUX. OATA LED'S
ex t¡nguished
¿fter funclion
is enterecl

Sels d¡splay mode in ¡ctive

Dlane lo Polâr coordinates,
r¿dius in upper disPlaY,
¿ngle ìn lower'
Cancels Dolâr coordinale
drsplay and relurns drsPlaY

rnode to reclangular coordl'
nalcs.

Pr€pðres Meâsurement Pre

processor to ¡ccep( a sequeoce
ol commands, which will bc

executed n t¡mes.
Orn¡t n lor indelirìite looPing..
En(ls coilìmand input for IooP

ån(j initiálizes cxecution. À¡t¡st

be EE il lasl conÌìand in loop
êndç with D.

Serluence ol
commands ûìust
lollow this entrV

Must l)e onÌcred
aftcr fool)

125
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POLAB/RECTANGULAR DATA NOIIIìNAL CONVERSION

F2OE

I

I
I

ì

I

I

WAIT FOß POINT RECORDING

ilF15E

F 16E

F 118

NIBE

F I9E

i trons, c.q., oflset ðnqle

Cô'ì(ii tron

I
I

I

1",,".,,,";;;",,;";,;;;" 
-l

Prr)ccssor lo w¿rr lor n Doints I

to be rccorLjcci bL'forc corìlinurn0 
i

(:ornmän(l e¡ccut¡orì lf lì is I

orììrrte(|. llìe wart rs for one 
I

Þoint; n m¡y equal 1. 2, or 3 l

llUl{-D COMMAND LOOP (co¡ìr'l

Dcscrit)l ronCo$r¡¡n(i

RECORDED POINTS

HARD PROBE CHANGE OR REORIENTAIION

Associðted with
F50E; no¡nin¡l

entered I)elore
this comnìand
Associ¿tcd \ryith

F50E; norrinal
v¿lues nìusl be

entcre(i l)elore
this conrmand

Stot)s cxecution of a ìool)
Rest¡rts loot) cxecution ôl lhc
t)oqinninq of lhe scqucnce ¡nVtimc
âlr8r inir¿l exccution re!ì¡.(llcss

of wlìy it sloDDc(j.
Onìit n for rndelinitc looDing.

Converts nonlinal l)olar co-
ordinates to equiv¿lenl rec

tângular coorclinates relâ

tivc to the active Plane

Converts nominal rec!angular
coordin¿tes lo equ¡valent

Dolar coorCinales relålìve
to thc aclive Plane.

DisDlays lhe designaled
rccorded Doint. The value

of n desiqnates which Point
of tlìe last s¡x is !o be

disDl¿yed. There{ore, n

equåls 1 (most recent Po¡nl),
2, 3, 4, 5, or 6 (leåst recent

Doint). Omi!ting n cåuses

the nìosl recentlY recorded
poinr ro be displ¿Yecl.
Deletes the most recentlY
recorded poiol.

X
nFl4D

Records Drobe li0 coordi'
na(es to ¿llow probe change
or reorienlat¡on wilhout
havin0 to reestablish da(ums
or measurcoìen1 compensa'

Use wirh rigid
Drobcs onlY

Place probe rn

fixture arìd
cnler this
comnì¿nd before

ix¡nsât¡ons;
place flrobc rn

fixture and
erìtcr ôller e¿clì
prol)e chânqc.
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F OOISWI IC¡ I

Coilìûìan(l

I À4PP 2 only

Con(l i l ìon

Foorswilch rs

after F21E has

l)een us0(l

Disäl)les f ootswitolì exceDt
wlrcn F15E corìrrìan(l is bein!l
exccr¡tc(i to Drevent acciden
tal point rocording.
ße¡cliv¿tcs footswilch to
norilìâl altcr il has llcen
disðblc(1.

DescriDtron

Records probe tiJ) co
ordi¡afes to ðllow Drol)e
change or reorienlalion
witlìoul havinq to re
estal)ìi5h d¿tunìs of oìea-

surenìcnt compensâtions,
c.g offsel ârìqlc.
Noter N4aV also l)c used
wilh lìðrd probes.

AUTOLEVELING I

1 nF23E

FE

F23D
OF23E

[4c¿surc llìroe
Doints belore
ontering cot¡rnan(l

li,4casure two
points bcfore
entering conìmånd

Thc varial)fe, n, i(ientifics the

ûìâchine ¿x¡s wlìich r)oints to.

w¡(l the positive side of lhe
nìc¡sured pl¿nc; therel)Y (lcs-

crìbing lro¡n whìch d¡reclion
the Dlane is l)c¡ng measured.

V¿lues for n are:

+l = +X -.2 - -Y_1=_X +3=+Z
+2=+Y 3=-Z
Usecl con
F23E to cstÂblish rlìrce-ax¡s
al ignmen t.
DisDl¿vs autolevel ângles

Canceis autoleveling or three'
axis alignûìenl

CIRCULAR FEATURES t

nF24E

nF25E

F24E

F 258

n F26E

lD; mcåsure f)oints
alter entcrinq
comnland
Cibj measure points
after en(ering
cornrnand
lD; scan feature
aller cnterin0

OD; scan feature
altor entcring

Measure 3 points
of each fealurc
after cilterì¡g

Computes and dìsDlavs rhe
center coordinatcs and
d¡anìeter ol ð circular
leðture us¡ng n points.

Coml)ures and d¡splays the
cenlcr coordinatcs and
dianreter of ð circular
lcature by scanning.
OÞcråre footswitch to
start scan and aqain to

.-1s!Ì {9I Hard Probe onlY

ComDUtes and disDlavs thc
cenler coordinates and
dia[ìercr ol a circular
l)attcrn frolì n olcular
fealL¡res,

TOUCH PROBE REORIENTATION t

F2'I E lvlcasure four t)o¡nts
on a rcfcrencc
spherc alter cntorinq
this comûìanclj slìcr
this conìn1¿n(i artd
nìeasure lour l)oÍìts
on the rcf(lrcnce
sDhere aflcr c¡ch
t)robe chanqe or
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DATA ÉNTßY/DìSI)LAY COMMAND FORMAT
(ccc.n ¡FrìE )

Column

')ãia 
Displav

N oilì ilìa I

4
Mir ìus

Tol

2.1

IXN)

22
{YN )

2.3
tzN )

2.4
fWN)

2.5
(DN )

2.6
(RN)

2.1
(AN)

4.l
( XM)

4.2
(YM)

4.3
(ZM I

44

4.5
(DM )

4.6
(Rl\¡l

4.1
(Af!î1

entry lormal.
ÓisplaVs clata itcms sÞecrfied bY

ccc.rrr. At nìost, loul valu€s ar€

Displays (l¿ta rlcms spccified bY

delinc{f drsplâV lormal.

'The dåla entrY/display conìîìand forrn¡t ìs

ccc,rrrFnE, where
c = tlìc column numl)cr
r = the row nuùber
n = the number ol lhe desircd cornrnand

As shown ¡n lhe rable, a ûtaxinìurn of six digits rnaY bc Ðccilicd - -,-_^__
iotìù" lolrn* enlrv ànd eight di0its for rhe row, cq', 123456 12345678F718

NOTE: Onlv colunìns 2, 3 and 4 nìay I)e usod lor (lata entry'

DATA ENTRY/DISPLAY OPERAIIONS

Enters nom¡nal and tolerance vaìues
sDeciticd bY lornlat ccc rrr' Thc

Pr! Processor will clisplaY !lìe singlc
elernent tormat for eaclì ìtern until
the value is enlcred.
Entcrs nominal ancl tolerance valucs

st)ecilied by Previously dclined dðta
F5OE

ccc.rrrF60E

F6OE

lormal

NOTE: See conìmåncls F16 and F17 lor noilìin¡l data convcrsion

5

Dev

6
Out ol

Tol

3

P{us
Tol

5.ì

5.2

5.3

5.4

5.5

5.6

5.t

5.8

G.i

6.2

6.3

6.5

67

68

3.1

IXP}

3.2
(YP}

33
tzPl
3.4
(WP)

3.5
( DP)

36
(RP)

3.7
(AP )

3.8
(IP}

1.1

12

1.3

1.4

1.5

16

1.1

1 X axi$
Coordinâtc

2 Y axis
Coor(linate

3 Z axls
Coordinate

4 W axis
Coordin¿tc

s óiå-ero'

6 Radius

I True
Posil ion

7 Angle

DescriptionCommancl IOperat¡on
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1 F LEPNINI I:Iì OPÊßATIONS

Tlì(i i{)llowtrìq olrùillrorìs d¡l! ¡v¿tl¡lrlu orrly \11ìrirì 'r lrrlultrrrrl(!' rscorìrrrlrxl

,,, il',, ô., p,;i''';"" rrrcv rûilY lr! irrrrr¡r¡rl t¡oilì rlrrr Priì Pfticcsw krrYlìir'l ('

frorn tlìo I elcf)rirrlcr kcvlDilr(i

Erì!x Coûrrììôrì(ls

Prinl D¿t¿

Norc: I fhís.omrnan(l is erìtered at

urrqrnrr" frrrrr Ìclctrrrrrt' r Irìl'rrrl
.lr.,rJrtrrs Jrt rLl\où,1 (rù,tr 3)

S¡rlI cxcül)( llì¿l erìl(rr(xl clìãr¡r:rrs ¡¡rr
,ìor 0chout. (rìotù 3l
fìelurn to Pr0 Proccssor lcvlrnls ¡s orìlY

sourcc lor fur1lìcr conìrìr¡rr(ls
All chår¿clcrs lollowrrìq ¡'ì " ' (rì

lol.trr,'ìt'{ (lrl.r crrlrY rrr r{rrot¡rl l'v rl'r'

Prú Proccssrr until ¡ r¡t r"rqt rt tu¡n rs

cncouotc.o(l Used lor ¡nnolarilìq Pro(tr¡ilì
Erúcr (lãla rrenìs spccifrûf b! lo'nì¡l ccc'¡rr

lrorn TeleDri'rlcr ' The Pre Procrxsor wilì lY'\c

.r ¡'rorrrl,l lor n'clr välr¡" lo l'' urìlcru'l

lrrìrlrcar'rl ¡r, l)ä'rrrllrusr's irr ¡!'rld forrìrrl

l¿blel and wrll ccho ¡cccptsl Ürìlûrcd

S¿rììc, exccl)t lhãl l)rcviouly st)ccilicd

rrìlrv l0rnì.rl 't ,o ¡rs ust ri

tnror ¡¡ta ",r','s 
1l)Þcrlìe{l lrv IÙrrir''l llorrì

TolLrirrrìlcr. P'orrr¡rts ¡rrl Ùrrl"t'11 îl"rrrLlÙ'5

¡,. 'rot tu',,tn,t Recortrrnr'rxlerl 'rrrlv lor lriltiur

ldl'e r"t)ul.
S.ii"e'r^celrt tlì¡l l)r,v,oùslY slur:rltc¡'

lo.nrrl is to l)rì used

Print he¡clilì!s for sliecilred coluilìrìs orr

TolcDr¡ntcr ¿ild sðve ncw outDrt forrììiìt

Prrnl coioilìrì hca(iin!s lor cLlrrclìl ot¡lDtrl

Prinl cl¿lr 0lcrnents sl)ec¡fie(i D¡¡¡ ¡s

Drece(le(l l)y the sc{lucncc r\unìt)er wlìich 1s

increncntc(l ¡lter Printtrì!
Si'r.e, ""ccltr 

th¿t sequenco t\uilìber \!il{ nol

l)e Drinrc(l or incrcnrcôtcd
Prinr (lat¡ lilcific(l bY currtnt outpul

,'tr'jr,ltrorr\ "(rr'l)l l,n r¡ \cl

keypad (o ¡ctiv¡tc llìc

(irokrs I & 2)

Fîrer D¿l¡

l)e used

3.

Conì,n¡,xi
F4ID

F 41E

F40É

ccc.rrrF5l D

f-51D

ccc.rrfFSl E

Print Coluilìn
lleädings

tj5l E

ccc-rrF 7 I E

F71E

ccc.rrrF6l E

'ccc.¡rrF61 E

F6lÊ

ler k0Yl)oard. Once
ro a(l(l or delcte eclìo

tho keyboa(l is actlv¡te(l tlìis coilnìand ùilY

ìn lhc TcleD.ìnter
l devrcc. lhc followin(lrhc Tclet)rinlcr ls (lcsiqlùlto(l as

chôractors ¡rc osed lor cotrtrì¡rÍl ônll dât¡ cnlrv:

CHARACTÊR DESCRIPTION
C Cle¡r
D DrsPlaY

E Eilter
F Funclion

Carria0o Rctu¡ rì Enter-_Ñtn'ìir",t, (iiicrûrôl t)ornr, arì(l ùìrìus sigrr ôrc rìrìvoo¡ron¡l

The Teleprrnter kcVboård ol)erâriorìs repcrtoirc is tlìc s¡îìe ¿s tlì¡t {or

keyDad ot)eralions-
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ËRNOß IlANDLING

Wlì(:rì ¡rr o'r{r rs {lcluctori bY llrr) l'ru P()crrssor' ¡n orror rÌcssilUc is {hst)l¡Yùi Ë"o¡

NN. whcrc NN c(luals thc lype or rfior rtrr:crc<l [¡ost Ùror con(lilrons ¡rc clrdìrrì¡lrxl

l)v tir"ssrrr! ll,r'CLLAß t¡'Y ll¡'wevu'' wlrcrr ¡rì ')vfllluw r:r'Úr {rrr'¡rLdlrrr¡ rr'\rl llrr'

-¡.,.r,.,li'."rl',<lrnrrtu\cocrle'l)'srlr'l':ctnrl llrlco¡vittrorrrrrr'sllx'Lortr''t4rll¡'forrr

ììlìi 
":)" 

ì;:;;;;;,:,i 
- p""'¡io 

'""""""' 
Jcrr{n¡5 rr¡crr¡rr" rrru rorrowirrì:

¡ lMove the Jrol)e b¿ck lrlto rnlìqc

l). Presel ¡xis to new vrluc
c Rcscl ôxis lo zcro
,l Clìä!ìqc INCH/N4ÎVl \w'trlì sctlirrq

ÊRROR IVIESSAGES

^llcctedOperôlìon
Êrrol Condttiorì

0l
o2
03
04

1l
14
15
11
l8

F4

Its
F11
F14
Fi4
Ft4
ÉEo. Fsl
F60, F6l
F50. F51

rço !0t

FE
F24, F25
F26

F41. F51

F50, F5l
F60. F61
FZ-q. iz!
F70

F24
F27

i.
FE
FI
Ft5
t3
r!,
F7,
F7,

F8
F8
F8

ìll"qaì ãti"mpl lo ¿nter aclual doviatiorr' or out ol lolerailce

clev¡atìon, ói òuloitoie.ance data åvailablc

iìlc(¿l devrcc nuilil)er'nii"*;,i"ì",1"i",'"ce in P¡e Processoi

llle0al data entrY/clisplaY comman(l formal

Drs¡rtav selcLlc{l lor colurnn lìeddrng In ir¡loul

ii'i;;;ììì;';;; ¡iLa'ie ,ris""'enr to; crosc rorelrer or corirre¿r

i oss lian tnree ¡rorrrts available for lìiðne alrgnrnent

llle@l change of offset Pldne
i.]ii",,i,",'"i,""i¡," in ìt'c ¡ctive l'l¡rte wrrlr qrverr r)oinrs

Sc¿nning atlempleci wìtlì touch llrobe
Points too ctose together

No

Ouantily loo fðrge lor disDlaY

i ãiii ciisplav overflow
Y åxis di$lay ovcrllow

24
25
26
27
,8
3õ

31

32
33
34

35

21

22

36
40
4l
42
5o

51

60
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APPENDIX B

l.lELC0M and *UPMUX Code
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HELC0I'| T=00004 IS 0N CR00002 USING 00002 ÊLKS Ñ=0000

0001

0002

0003

0004

0005

0006

000i
0008

0009

0010

001 I
0012

0013

0014

0015

0016

0017

0018

0019

0020

0021

0022

0023

lSVr4rrIH
It
$ rHELC0l{ 92084-13301 RtU 2208 82050ó

it
l 0U r 'STAftT r l
II*STII{T SET SYSTTH TIHE

lllPr
|IPTPACKIHÊLU'S2&3
l0P r

|iTPACK PACK LU'S 2 & 3

iDPr

itIPTBRIHGING UF HULTIFLEXER

il}Pr
¡ITUPHUX UF HULTIPLTXER

|ITSYTO STT IIULTIT'LTXER TI}IEOUTS

l[Pr
ltlPrRP' IHG ID SEGÌ{ENTS

l0P r

i ltRf's
lDUr'[0NEr I
iSYCU,0lt TURN 0N CPU BUSY CL0CK

iSVr0rrIH
iIX EXIT TO RTE
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lUPllUX T=00004 IS 0N CR00002 USING 00005 ttLKS R=0000

$
it
I ttttltttrt**f t*f tttll**Íl*ÍtÍf *ttl***lt*tt***f tttf *ttr)ll*
ITT IIUX INITIALIZATIOH FOR FIRST GENTRATII]N (frlNRHl) I
it f
$t cREATttr BY RAY H0tl{SEN 820406 (8J022?,1752:' f
i tÍt*llÍttttÍtttuf ttlÍlÍ*ttt*Íl***t)Íf **Ítt*f *f, ÍtÍ*f tIÍt*t
It
it
it
ll
i*T IIUX INITIALIZATION

It
it
iIT F[}RT IO SET UF FOR ?631 FRINTER

itt AT 1200 ÉAUtr (BRtì t0)
iTT HA}IT'SHAKE ENrIÊLEII

it
ITI NÛTE THAT '[N' CIÍII U$TN - LU IS NOT INTERACTIUE

it
lCNr6r30Br 1422708

lCNrór33Br2

iCHr6rZtB
iCl{ r ó

It
it
iII PORTS *1T3 SET UP FTÑ TTY TITUICES

iIT AT 1?OO BAUII (BRG IO)

ITI HANDSHAKT TIISAI'LTTI

It
tf
ICT r 31 r 30Br 142071[

iCTr33r308r1420738

iCTrllrSSFrI
iCTr33r338rI
iCTr31r20tt
iCTr33r20B

it
it
iÍT FORT ? SIT UP F{]R HT'-2

itt 1200 BAUI (tìRü t0)
ITT HANISHAKT TIISIiFLETI

lt
Iu ATTíITH IrRMiÌ [tlrl'100 (*1)

It
iÍT ECHO ÛIÊASLETI

it
lÍ
i CT r 32, 30B r 1 4207it'

0001

0002

0003

0004

0005

000ó

0007

0008

0009

0010

001 1

0012

0013

0014

0015

001ó

0017

0018

0019

0020

0021

0022

0023

00?4

0025

0026

0027

0028

0029

0030

0031

0032

0033

0034

0035

0036

0037

0038

0039

0040

0041

0042

0041

0044

0045

0046

0047

0048

0049
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0050 lCT,32rJJBr I
0051 iCTr32r37[r200R

il
it
irt
ilt
itf
It
It

FORTS 4.i SET UF FOR TIIIVCiS TTR}IINALS

9óOO BAUIJ (BRG}I )

HANNSHAKE TNAILETI

0052

0053

0054

0055

005ó

0057

0058

0059

00ó0

00ó1

00ó2

0063

00ó4

00ó5

00ó6

0067

0068

0069

0070

0071

0072

0073

0074

0075

007ó

i CN r 34 r 30B, 1 52334Ê

lCNrSSrJOBr 152335F

iCNrS6r 30Br 15233óÊ

lCNr37r30Brl52J37B

iCNr34r33Br3

!CNr15r338rl

lCNr16rSlBrS
lCNr 37 r 338,3
iCNr34r20S

iCHr35r20Ë
iCNr3ór?0lt

iCNrJTr20lt

It
it
i*f FINISHIIT | |

lx
l*
ta
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ISYT0 T=00004 IS 0N CR00002 USING 00001 BLKS R=0000

0001

0002

0003

0004

0005

0006

0007

0008

lSYT(]r4t0

iSYT0r5r0

i SYT0r ór 30000

1 SYT0, 7, J0000

lSYT0rBr30000

iSYT0,9 r -?.0000

lSYTOr 10r30000
at
la
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APPENDI X C

PF I LE Code
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tFFILt T=00004 IS 0N CR00002 USINß 00002 ITLKS R=0000

PROGRAI{i PFILE

AUTHORI RAY HOIHSTN

ttATEl 8? 05 27 (820810.0816)

RELEASED TO SYSTEHI 82 08 09

COI,IPUTERT HP TOOO

I]PEÑATINß SYSTEI{I RTT-ó/V}Í I ftTU 22OB

LANGUAGEI FORTÑAII 4X

PFILE ÊRTATES THT FART IHT'UT FILE

USEN TO SUPPLY OFERATOR IHSTftUCTIOI{S

TO THT FTNTIIX LAYOUT I,IACHINE I4F-2

100

PÑOGRAI{ FFILE

DII{ENSI0N JK(40) rKJ( 100) rNAHE(l )

II{TEGEÊ trCE ( 144 ) I ERR0R I 0PTltl{ I SECUftE I CRN

IHTEGER SIZËITYPT

trATA CRN/I3/ I STCURE/0/ I SI ZEl-l / I TYFE/4/ I 0FT I0N10 / ¡ lL ! 40 /
l{RITE(1r100}
F(]RI{AT(/'UELTOI{E Tt} FFILE'

T/'PFILE CREATES THT PART INPIJI FiLE'

T/'TO Í}PERATE Tffi FENTUX LAYOUT I'IAOHINË')

HRiTt(1r101)

FORIIAT(/'TIHAT IS THT T'AÉT NUI'II|TR ?.')
RtAtl(l r102) (NAI{E( I } I I=l rJ)

FORI{AT ( 342 )

l{RITE( 1,103)
FOR}IAT(/'HHAT IS THE CUftTiTNT REUISI(}N LEVEL ?_')

REAII(trt) SECUfit

IIRITE(1r104) (NAl'ft{I) rI=1r3} TSEüUFE

F0RltAT(/'ARE THt PAftI NUI{BERI 'rIA2r
t/'ANII THE REUISI0N LtUELi 'rIit
*/'C0RRECT (Y or N) ?-')
REAI| (1r105) NY

FORI{AT ( A2 )

IF(NY.TQ'IHY)EOTO 1O

G0T0 11

IF (SEtUftE,E0. 0 i SECURE=99

CALL CREAT ( ICB I tÊR0R I t{A}lE I S IZt I TYFE I SECURE I CRN )

IF (ERR0R.68.0.0ñ'ERR0ft 'tQ.-? )G0T0 12

IIRITE(1,106) tRR0Ê

t0Rl{AT(/'ERROft t 'rI5r' IN CÊEÉITI0N')

G0T0 13

CALL tlPtll ( ICB I tRft 0R I NAI{E I 0F T I 0N I StCUFlt I C'ÊN )

IF(ERR{]R.EO.4)GOÏO 14

HRITE(1,107) Ef,R0R

F0RÌ'|AT(/'ERR0R I 'r 15r' IN 0PtN')

0001

0002

0003

0004

0005

000ó

0007

0008

0009

0010

0011

0012

0013

0014

0015

001ó

0017

0018

0019

0020

0021

0022

0023

0024

0025

0026

0027

0028

00?9

0030

0031

003?

0033

0034

0035

003ó

00J7

00¡8
0039

0040

0041

0042

0043

0044

0045

0046

0047

0048

0049

11

101

0FTN4X

c
c
c
c

c

c

c
c
c

c
c
c

c
c

102

103

104

105

10

10ó

t.t¡4

t07
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0050

0051

0052

0053

0054

0055

005ó

0057

0058

0059

0060

0061

00ó2

00ó3

0064

0065

00óó

0067

0068

0069

0070

0071

0072

0073

0074

0075

0076

a077

0078

0079

0080

0081

0082

14

108

t9

109

G0T0 13

tIRITE(1r108)

F0RIlAT(/'ENTEft INSTRUCTION or tX T0 EXIT'r/)
CALL LGBUF(KJ,100)

REAII( trt09) JK

IF( JK.E{¡.?HEX)GOTO 1ó

F0RHAT ( 4042 )

URITT(1,110) JK

FORHAT(/4042r/'C0RÑECT (Y or N) ?-')
REAIT(1r105) NY

IF(}IY,EO.1HN)GOTO 15

CALL URITF(0CR,ERR0Ñr JK¡ ILi
G0T0 14

IIRITE(1t11ó)
FORI{AT ( /'RE-ENTER II{STRUCTION' )

G0T0 19

ILt0F=-1
CALL IIRITF( tlC[rERR0Rr JKr ILE0F)

CALL L0CF( Il0ttrERR0R I IRECr IRB I IOFFr JSECi

ITRUN=( JSEC/2 )- ( IRF+1 )

CALL CL0SE(nCRrtRÑûRr ITRUN)

IF(IRÊ{]É.GE.O)GOTO I7

l{RITt(1r112} ERft0R

F0RI{AT(/'ERR0R * 'r15r' I¡l CL0SE'}

G0T0 l3
IIRITE( I r 113) (HAI{E( I ) I I=1 r J) I SECURËrCftN

F0RÌ{AT(/'PART FILE'rJAZr'l'r12r'i'r12r' SUCCESSFULLY CfiEATt

IIRIIE( 1,115)
F(}RI{AT(/'NORI,IAL TEÉI{INATION OF T'FILE' )

G0T0 18

IIRIIE ( 1,114 )

FOÍ(I,IAT(/'ABN(]RI{AL TERI{INATIO}I OF FFILE' )

ENI

15

11ó

110

16

1t2

115

l7
113

13

114

18
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APPENDIX D

Typicaì PFILE Di aìogue and Part Input F'i les
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PFILE

IIELCI]I,IE IO PFILE

PFILE CRTATES THT PART INFUT FILT

TO (IPTÑATE IHT BEI.|IIIX LAYOUT I{ATHINE

IIHAT IS THE PART NU}IBER ?F'55555

HHAT IS THE üJRREHT REVISION LTVTL ?5

ARE THE FART NUI,IBERI P55555

ANTI THE REUISIÍ]N LTUELI 5

C0ñRECT (Y or N) ?Y

ENTER INSTRUCTI0N or EX T0 EXIT

T CIRCULAR I,ÍEASUREI'ÍEHT

r CIRCULAR }IEASUREIITNT

C0RfiECT (Y or N) ?

ENTER INSIRUCTI0N ot EX T0 EXIT

XYFSE

XYFsE

C0RRECT (Y or N) ?

ENTER INSTRUCTII]N OT EX TO TXIT

)1523F9E

)152rF9E

C0ftRECT (Y on N) ?N

RT-EHTER INSTRUCTI{}N

. l572F9E

,1572F9t

C0RRECT (Y or N) ?

ENTER INSTRUCTI(IN OI EX TO EXIT

T I{EASURE 4 FOINTS OF THE ItI t]F FIATURE A

i I{EASURE 4 POINTS OF THE IT' OF FEATUÑE A

C0RRECT (Y on N) ?

ENTER INSTRUCTI0N or tX T0 EXIT

4F24E
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4F24t

C0RRECT (Y ot N) ?

ENTTR INSTRUCTI0H or EX T0 EXIT

IT SRITT RESULTS (NOTI TT)

TÍ HRITE RTSULTS (NOTE II)
C0RRECT (Y or N) ?

TNTER INSTRUCTI0N on E)( T0 tXIÏ

1,125Fó1E t*

1.125F61E tt
C0FRECT (Y or N) ?

EHTER INSTRUCTION or tX T0 EXIT

T RTTURN CONTROL TO I{P-2

I RETURN CONTROL TO HF-z

C0RRECT (Y or N) ?

ENTTR INSTfiUIII0N or EX T0 EXIT

F4OE

F4OE

C0RRECT (Y or l{} ?

ENTER INSTRUT'ÍI0N or EX T0 EXIT

EX

PART FILE P55555I 5I1] SUCCESSFULLY CftEATETI

NORI{AL TERI{iNATIÍ}N t]F PFILE
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P55555 T=00004 IS Oil CÑ00011 USING 00003 ttLKS R=0000

0001

0002

0003

0004

0005

000ó

0007

0008

0009

T CIRCULAR I{TASURTIITNT

XYFSE

,1572F9E

I I{EASURE 4 FOIHTS OF THE

4F248

IT IIRITE RTSULTS (NÛTT *I)
1.1?5F6lt tf
I ÊETURN CONTROL TO I'fF-z

F40t

IN OF FTATUÊE A
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P77777 T=00004 IS 0N CR00013 USING 00010 FLKS Ñ=0000

0001

0002

0003

0004

0005

0006

0007

0008

0009

0010

001 I
0012

0013

0014

0015

0016

t
t
t
t

CIRCULAfi FTATURE I{TASUÑTI'IENT - (83031ó.1742} *

ENTER ACTIVE PLANE - XY

XYF3E

I TNTTR PROBT IIIAHETER

.1572F9E

fIIEASUREFoURP0INTSINTHtXYPLANET0IIEFINECIRIULAÊI'n'
4F24E

t AFIER CALCULATING THE CENTRET'0INT ANII l,tr. IIISFLAY RESULTS 0

FTTI

TT SRITE RTSULTS TO FILT (NOTE *T)

Ll25Fó1t f*
T RETURN CONTßOL TO }IP-2

F4OE

T CIRCULAR FTATTJRE IIEASUREI{ENT COI{FLEIE T
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APPENDIX E

MP 2 I0 Code
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0001 FTN4Xr0

tl{P2I0 T=00004 IS 0N CR00002 USING 00044 BLKS R=0000

PROGRAI'II I{P2IO

AUTHOR| RAY HOE}ISIN

nATEi 82 05 11 (:820714'1141>

RELEASTTI Tt} SYSTTH| 82 Oó 28

c0tft'uTtRl HP 1000 l{0trEL ó0 t-stRIES (21784)

0F'ERATIN6 SYSTtI'll RTt-6/Vt{ I fttv ?208

LANGUAGEI FORTRAN 4X

HARITHARE - Ht' 1000 l{otrEl ó0 E-SEftItS (21784)

- HF, 127924 8-CHANNTL AiS I{UX

- BENttIX I,IP-2 I{IOROFROCTSSt}R (IIOTOROLA Á8O()O SEÑIES

- TIUHI TER}IINAL (TTY OR CÊÏ)

SOFTIIAftE - FOftTRAH 4X

- RTE-6/VI{ t ÊEV 22C8

- BINTIIX }tP-2 S/H - VERSION 4

}IFzIO HILL STNTI OPERATIHG INSTRUCTIO}IS T{]

THE BENTIIX LAYOUT }IACHINE I{P-z AND OFTRAT(}R

FROH THE PART INSTÊUCTION FILE CRTATETI BY 'FFILT'

PROGRAI{ I'IF2IO

ttttttf ttltltttlttf ttt$tltt$lf ütrtll*
INITIALIZATION *

t
JK - }1P-? COI{I.IANTI BUFFER *

KJ - I{P-z ECHO BUFFTR S

JR - I{F-2 ftESULTS BUFFER T

I
rilÍrtÍtttf tltttttf rtl*tÍrrtüttÍttt*rlr

[II{ENSI0|{ JK(256) rKJ(8} rJR(ó4} rKK(500) rNA}{E(3)

INITGER IrCBl ( 144 ) I trCB2 ( 1 44 ) I ERR0RT 0Fl I0N I StCuRE I CRN

INTEGER SIZETTYPETFILE(3)

IIATA F ILE /' PlltlATA' / I SIZE/-Il I TYPE/4/ I 0PTI0N/2/

DATA LUÌ1P2/12/rCRN/13/TSECURE/0/r IPFINT/û/

trATA IJK/256 / úL/8/ ¡IJR/ß4/

ttffi lt*llrtttltttltttt*tr*lltttl*ttlttå
INTRTTIUCTION ANII FRO}IFT FOÊ FART FILII
CREATETT EY 'FNAI,IT' *

Í
ttrf f Írttttlu*f Ílf llttttHlrtlHrü*il*

tIRITE(1,100)

FORI.IAT(/'IIELC{II'IE TO HF2IO'

T/'HF2IO UILL GTNERATE INSTRUCTIONS TO HTLF YOU'

T/'TO OFTRATE THE BENIUX LAYOUT I{ACHINE')

URITE(1,101)

0002 c
0003 c

0004 c

0005 c
000ó c
0007 c

0008 c

0009 c

0010 c

0011 c
0012 c
0013 c
0014 c
0015 c
001ó c

0017 c
0018 c

0019 c
0020 c
0021 c
0022 c
0023 c
0024 c
0025

0026 c
0027 c
002s c

0029 c

0030 c
0031 c
0032 c
0033 c
0034

0035

003ó

0037

0038

0039

0040 c

0041 c

0042 c

0043 c

0044 c
0045

004ó 100

0047

0048

0049 11
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0050

0051

0052

0053

0054

0055

005ó

0057

0058

0059

0060

0061

0062

0063

00ó4

0065

00óó

00ó7

0068

0069

0070

0071

0072

0073

0074

0075

007ó

0077

0078

0079

0080

0081

0082

0083

0084

0085

0086

0087

0088

0089

0090

0091

0092

0093

0094

0095

009ó

009i
0098

0099

0100

101 FORI{AT(/'HHAT IS THI FART NIJI1ÊER ?-')
REAIT(1r 102) (NAI{E( I ) I I=1 r3i

102 F(]RÈIAT(342)

HftITt(1r103)
103 FI]RTAT(/'I.IHAT IS THE CUÑRINT RIIJISION LTVTL ?-')

RtAtl(lr*) SECURE

IIRITE( 1 I 104) (NAl'tt( I ) I I=1 I J) TSECURE

104 F0RHAT(/'ARE THt FART NUHBERI 'I-lA2I
t/'ANtt THt ÑEIJISI0I{ LEVELI 'r12r

I/'C0RRECT (Y or N) ?-')
RtAIr (1'105) NY

105 F0RI{AT (42 )

IF(NY.EII.lHY)ßOTO 1O

G0T0 11

c tfutf$lttttttfllftÍtttt**[lÍ*ft*tlfxt*
c usll{G 'Fl{P' CALLSI *
C l.CftEATT DATA FILI (NATA} *

C 2.EXCLUSIVELY OPTN DATA FILE Í
c NoTtl trcBz ----i FILE t
gl
c ttf*tllltlÍilttt*ltttt[tÍlfxrttttt*rfttf
10 IF(SECURE,E0.0ISEÊURE=99

çALL CñEAT ( tlCFZ I EftR0fi I F ILE I SIZE I TYF E I SECURE I ËRN i
IF(ERROR.GT'O)GOTO 12

IIRITE(1r106) tÊRÛR

106 F0R}iAT(/'ERR0R I 'rI5r' IN CREATI0N')

G0T0 13

12 CALL 0PEN(DCÈZTERR0RTFILET0FTI0NTSECUftETCRN)

IF(ERROR.EO.4)Gt]T(] 21

t{RITE(1r107) ERROft

107 F0Rl'fAI(/'ERR0R t 'rI5r' IN 0PEll')

G0T0 13

c ul*ttrtÍt*lfl*tf*l*tltltl**tl**tltr**tt
C USIN6 AN 'FI,IP' CALL Í
C -EXCLUSIUELY OFEN FAF|T FILE *

C NOTEI NCE1 ----} FILE X

çr
c lttt$lltrHt*t*tftttttttt*ttt***tttt***
21 CALL 0PEN(DCS1rERR0RrNAI{ErOPTI0l{TSECURETCÉH}

IF(ERR0R.t0,4)G0T0 23

IIRIIE(1r107) ERR0Ñ

E0T0 13

c tHt*lt*Íttttftlri****ltt*tÍr**ftltltf*f
C USING AN 'TXTC' CALL FLUSH ËOTH T

C 254 BYTE INFUT BUFFTRS FOR 'LUI4T'?' T

Ct
c tttlttltlr*ltttl*xt[**f'tlÍtttlttfÍÍtH*t
?3 ICotlE=3

T CONTRI}L FUNCTION 2ó

ICNUtI=LUÌ'tF2f 2ó008

T CLTAR B[]TH FLIIFERS
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0101 IFARI'i=IF

0102 CALL EXEC(lC0ttErICNUIrIPARÌ{)

0103 20 CALL KLETN(JKr IJK)

0104 c tttfttÍllltttltfttlrx*ttr*ft*t**xrtt*f*t
OIOS C USING 'FI{F' CALLSI I
O1Oó C I.READ AN INSTRUCTION FROI{ f
OIOT C PART FILE (HA}IT) *

0108 ç 't

0109 c f*tlttlftlflttt*ttlttlttlrttl**lt*rfllÍl
0110 CALL REAITF(tr0$lrERR0firJKrIJRrLtN)

0111 IF(LEN.E0.-1)G0T0 ?5

0112 It(ERR0ft.GE.0)60T0 14

0113 ilRITE(trlló) ERROR

0114 1ló F0Rl'lAT(/'ERR0R I 'r15r' IH REAI')

0115 G0T0 li
011ó T TO FREiJTHT ftUNTII{E TRROÊ 049ó

0117 14 CALL LGITUF(KK1500)

0118 C ltlttftlttl*ttlttttlfrt*tttttÍ*Í***tt*t1
0119 C 1. ETHO INSTRUCTII}H T{] TTRI{INAL I
O12O C 2. CHECK F(]R PRINT PT(OI'IFT 'TT' *

0121 c 3, cHtcK FoR t{P-? C0l'fl'IENT 'l' I
0122 ç Í
0123 C lttltt{ltt*trltHttlttltfr*tr*t**Í*ÍlÍr*
0124 9RITE(1r108) (JK(NNlrNN=1r40)

0125 108 F0RI{AT(/'INSTRUCTI0N - 'r4042)
012ó IF(JK(1'.E0.ZHltlIPRINT=I
0127 IF(JK(l).E0,1Hl.0R'JK(1)'t0'2Hll)G0T020
0128 C ttttttttttttfttttttttlÍltttlr**tttt*xttt
OI29 C USING AN 'TXEC' CALL FLUSH BOTH Í
O13O C 254 BYTT IHFUT BUFFERS FOR 'LU}'IF2' T

013t g *

0132 C tillft*lrt$ttltttt*Ít**t**rtlt*lll***ft
0133 IF(IPRINT,TO.O)G(]TO 2ó

0134 IC0IIE=3

0135 ICNH[I=LU}iPZ*2ó00B

013ó IPARII=IB

0137 CALL EXEC(IC0DErICNllttrIPARl'l)

0138 c rtttllftrtft**lttlttttttl****rltt**fltÍl
0139 C USING Ail 'T)(EC' CALL 5TT TYPT AHEAB *
0140 c l{oÛE Ailt ATTATH '[Vl{00' FtR 'LUllF2' f
0141 C TYFE AHTAD IIILL ALLOhI INFUT NATA *

0142 C TO ÊT BUFFERETI HITHOLIT A PENTIING RIATIT

0141 6 H

0144 C tltÍl*llttlltrrtülft*lifl**Í*rf*t*i*ttx
0145 IC0DE=3

014ó T CONTROL FUNCTION

0147 ICNH[=LUIíF2*33008

0148 T NORI{AL TYFE AHTATI AHTI NUHOO

0149 IPARII=200Q1B

0150 CALL E)(EC( IC0ttEr ICNt'lIlr IFAftÌ1)

0t5t c ftlttl*f*lttrlr***lÍf**tItttt**l*tÍltltt
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0152 c
0153 C

0154 c

0155 c
0156 C

0157 c
0158 C

0159 c
0160 c
0161 c
01ó2 C

0163 C

01ó4 C

0165 C

016ó C

USING AN 'TXEC' CALL SET ÊTATI IYT'I T

-IISABLE 'Cft' fìS A TtRlilNAT0R tr

-TNATILE 'CNTL [' (4F) fls A T

TERI.IINATOR T:

THIS IS NICTSSARY SINCT THT I{F-2 T

THINKS IT IS TALKING TO A TTY ANII Í
AFPEHTTS 'TR-LF' TO EACH LINT. f
THE I{UX INTIRPI:ETS THT 'CR' AS A I'

TERI{INATOR ANTI STOFS LOOKIHG F{]Ê TIATA*

NOTE! THIS IS ONLY TFFTCTIIJE Í
FOR ONE REAII SINCT BIT 7 T

IN CONTROL FUIICTION 33 15 f
NOT SET ' *

{
tftttrttttttf tttu*ttlttltÍÍl*rxÍt*ttxtt

IC0llE=3

CONTROL TUNCTION 37

I C Ntl Il=LUl'lP2 { 3 7 0 0 [
SET 'ONTL TI' AS TIRI{IilATOR

IPARì{=20û008

CALL E)(EC( IC0ttE ; ICNI¡lltr IFAÑ|t)

tÍrf ttffi tf tl*ltlttt*l*lt*t*lltiltt*lf tf
USINß AN IXEC CALL f
- I{RITT INSTRLICTION TO THI IlF-2 *

Í
tttt*f üf Ítttlttt*f f *rtttf tf f ttt*tt*tttt

llr!! N0IE !!!l!

THE SIZE OF THE C(}I.[I{ANI} BUFFEfi (JK}

HAS BEEN INCREASEI Tt] 256 IIORTIS

(FR(}I,I 8). IF THIS IS NOT TIONEI

THT RESPONST FROIT THE ItF-2 IIILL NOT

ST PLACEI IN THE ÊTSULTS BUFFIR (JftI,

THIS IS ONLY REIIUIRITI I.IHTN 'IPRINT'

E0UALS 1, i.e, RESULTS ARt tXPtDTttt t
FR0l{ THt l{F-z, I

ttt$llt*rÍttlf t*tt****lt*lttlÍÍtf ttf ttx
IL=25ó

CALL EXEC(2 rLU|{P2r JKr IL )

cHtcK IF C0NTR0L IS BEIilG RETURNEIT T0 THE ttF-2

IF ( JK ( 1 ),E{1, 2HF4. ANlt, JK ( 2 }, t0' 2H0E ) 00T0 25

CHECIT IF RTSULTS EXFTCTETI

IF( IPRINT.TE' I )GOTO ??

t*ttÍttll*ÍtrtÍtttt*Íttl*Í*rxÍf [*lxt***f
USING AN IXET CALL I
- RTAII ECHO FROH }IF-2 *

r

0167

0168 t
0tó9
0170 I
0171

0172

0173 c

0174 C

0175 C

0176 C

0t77 c
0178 C

0179 t
0180 c

0181 C

0182 C

0183 C

0184 C

0185 C

018ó C

0187 C

0188 c
0189 C

0190 c
0191 C

0192 C

0193

01t4 26

0195 I
0196

0197 t
0198

0199 C

0200 c

0201 c
0202 c

*ttttltttttltlt*tf tttttttf **Írtttltt*f **
t
t
*
*
t
t
*
*
t
*

( F40t)



149

0203

0204

0205

0?0ó

0207

0208

0209

0210

021 I
0?12

0213

0214

0215

0216

02t7

0218

0219

0220

0221

0222

0223

0224

0225

022ó

0227

0228

0229

0230

0231

0232

0?33

0234

0235

0216

0237

0238

0239

0240

0241

0242

0243

0244

0245

0246

þ247

0248

0249

0250

0251

025?

0253

c tf Íttf tttllltltlf lttttÍr*lÍÍttf *tt{x*xxt
CALL l\LttN ( KJ I IL )

CALL tXtC( 1 rLUI{P2 rKJr IL )

IF( IPRINT'EO.O )GOT{] 20

il*rt**tllttf ttt*lltf Ír*ttrÍxlf xt'****ï{I
USiNG AN EXTC CALL T

- ÉEA$ RESF0NSE FRol'l l{F-2 x

*

tHffi lrlttttltttltrf lt*t**{txrtf Í.xtt**t
IL=8
CALL KLEEN(JRIIJR)

CALL EXEC( I rLUl'tP2r JRr IJÑ)

llftITE(1r119) Jfi

I F0Rlf AT ( / 'l'lP-2 ßESP0NSE - ' I /ó442 )

rtttÍtttltl*lll**xtt*t*f tt*tf.tttlt'ltttf *

USING AN 'FI.IF' CALL

-HRITE }1P-2 RESULTS TO I'ISC (FTLE}

IHtÍilllttttttf ttttÍttt*t*f f f tt**tl*tl
CALL l{ft ITF( [CB2lERR0Rr JRr I JR )

112

tttHtttttttf lrtt*ttttf **t*.lt*lÍlf *tl*tt
USI}IG AN 'TXEC' CALL FLUSH B(ITH Í
254 BYTE INPUT BUIFERS FOR 'LUHT'2' T

*

*rf *f t*iltttl*ttlttttltf rt*Ít**t*r*t*Ítt
IC0IIE=l

CONTROL FUNCTIOH 2ó

ICNHD=LUHP2t2ó00[

CLTAR BOTH TIUFFERS

IPAñl{=1R

CALL EXEC( IC{)tlEr ICNtltlr IFAÑt{)

IPRII{Ï=0
60T0 20

Itt*lÍttttttttttttltÍlf f tl*tttÍttl*t*r*l
USING 'FI{P' CALLS! X

I.TÑUNCATE 'FILI' f
z,CLoSE 'FILE' t
3,CL0SE'NAI{E' I

ï.

*t*lüf ttttrttltHrtlttttll*llt*l*t****t
ILtOF=-1
CALL IIRITF (IìCBZ rERR0Rr JKr ILE0F )

CALL L0CF( tlCB2 I ERÊ0R I IREC I IRB I IOFF I JSEC )

ITRUN=( JSEC/2 )- ( IRÊ+1 )

CALL CLOSE(nCB2rERR0Rr ITRUN)

IF(ERÊOR'GE'O)GOTO 17

IIRITE(1r112) ERR0R

t0Rl'lAT(/'ERR0R t 'rl5r' IN CL0SE'i

G0T0 13

CALL CL0SE(IlCBl rtRtl0ft )

tIRITE( 1 I lll) (FILE( i ) I I=1 rJ) rSECUtitrCRN

c
c

c

c

c
nnLL

11

c

c
c

c

c

c

c
c
c

c

*

f

*
t
f
*

c

c

c

c
c

c

c
25

t7
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0254

0255

025ó

0237

0258

0259

02ó0

02ó1

0262

0263

0264

02ó5

02ó6

0267

02óB

02ó9

0270

0271

0272

0273

0274

113 F0RI{AI(/.trATA FiLt . rJA2r. l, I I2r'l'I l2r' succtssFulLY cÊtATt

TERHINATE IIPzIO

tlÊIIE(1,115)
FORI.IAT(/'NOftI{At TTRIIINATION OF HFzIO' )

G0T0 18

tlÊITE(1r114)
FOÑHAT(/'ARNORI{AL TERI{INATION OF I'1Ê2IO' }

tNn

ttttt$tilf tf t*f tlÍ*tl*f lrx**l*ÍÍ*tÍ*lttx*x{**lf itttf tlÍtxt t
THIS SUBROUTINE INITIALIZES A ÊUIIIÑ TO ASCII I(LANKS *

f
üttttütt*ttttt*ult**ttlttlrtttrl*rt*tf *trx[t*f tTf xf t**Ì*Í

SUBÊ0UTINE KLETH( JKTLENGTH)

I|II{ENSI0N JK(25ó)

INTEGER ILANK

BLANK=2H

It0 l0 I=IrLENGTH

JK(I)=BLANI'.

RETURN

tNtl

I

115

1l
114

t8
c
c
c
c

c

10
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Typica'l MPZI0 Dialogue
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:l1P2I0

r¿ELC0llE T0 l1P2I0
npãio uttt cerennff lustRt['tlo¡ls T0 HELF You

TO OPETATE THE BÞIDIX LAYOUT IIACIIINE

I.IHAT IS THE Pffi'T ffi.flBER ?P6óó¿,6

I.SHT IS THE CURRE'IT RFJISIOII LEVEL ?6

ARE THE PAtiT IitflEER: Fé,óóó6

SID THE REVISI0H LEUEL: ó

CORRECT (Y OR H) ?Y

itFTñt-E"rI0N - *

IHS"TRUTTIßI - * CiRCULAR I{EASTREIIEI'IT FEATIRE - (820ó24'1133}

IlFfRUCTI0ll - *

INS'TffiJffiIOH - * H.ITER AI"TIVE PLA'IE . XY

II€TRLUTION - XYF3E

IHSTRUCTIß'I - * EilTER PRI]BE DIAIIËTER

INSffiUCTI0N - .1y2F9Ë

IHSTRIfiI$I - * IIËASIJRE Fü.ft ITIHTS IN THE XY PTANE TO DEFINE CIRüJLAR I.D.

Iffi',rñucTI0¡l - 4F24Ë

I}€,tRUc.rI0N . * AFTER cAtcUtSTIhE ltlE cËllREP0INl AlfD I'0. DISPI.AY RESULÎS

IhsTf{.}ffI0N - F7D

IHSTRUCTION - ** TIftITE RESULTS TÛ FILE 1¡5f[ XX)

If6TRlfTI0N - 1.125F618 **

IlP-z RESPOhEE -
1.125F618

**

IhETRUCTIOH - * RËruRN CSITTOL 1T HP-Z

INSTRIETI{]H - F4OE

DATA FILE F11[rATA: 6:13 $JCCESSFULLY CREATED

IfiftHAL THIIINATIBI t]F I1P2IO

9935
nn
6845

10001
x-1Y2D1
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PREAD Code
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IPREAII T=00004 IS 0N CR00002 USING 00024 SLKS ft=0000

PROGÑAI{i FREATI

AUTHOR: ÑAY HOEI1SEN

nATti 82 03 31 {.820810'0817i

RELEASEIT T0 SYsÏtl',ll 82 08 09

col{PUTtRl HP 1000

0FERATIN6 SYSItlll RTt-ó/vl'l f Ñtu 2208

LANGUAGËI FORTRAN 4X

FREAN UILL REAIT ÊISIJLTS IIRITTEN TO 'T'I1[ATA'

BY HP2IO' THESE RISULTS ARI FR(]I'l HÊASURËIIEI{TS

HATIE OH THE T'ENT'IX LAYOUT I{ACHINI'

100

PROGRAH PRIAI

IIIHENSI0N JK(256) rKK( 1000)

INTE6ER FILE ( 3 ) I DCB2 ( t 44 ) I tÑROÊ I OPT I0N I STCURE I CRil I TYFE

DATA CRll/13/ I SE0URE/0/ I I L/286 / ÃYFE /4/ I 0FT I0N/2/

TRITE( L 100)

FoRllAT(/'t¿tLc0l{t T0 FREAIT'

T/.FREATI HILL LIST THT CTHTINTS {]F THE TIATA 
.

I/'FILE 'PI{I]ATA' CREATEN RY }IF'?I{]')

HÊITE( 1,101 )

FORI{AT(/'HHAT IS THE FART NIJHNEÊ ?-')
RtAIt(1r102) (FILE(I)rI=1r3)

FOR}IAT ( 342 )

IJRITE( L 103)

F(]RI{AT(/'IdHAT IS THE CUÑRENT REVISION LTVEL ?-'}
ÊEAII(1rt) SECURE

I{RITE(1r 104) (FILE(I) I I=1 r3} TSECURE

F(]RI{AT(/'ARE THE FART NUI{BER| 'r3A2r
l/'ANtl THE REVISI0N LEVELI 'r12r
I/'C0RRECT (Y or H) ?-')

READ (11105) NY

F(IRHAT(A?)

IF(NY,Etl.lHY)B{]TO T1

G0T0 ll
*tÍ*rÍütt*ltt*llt*iltf f ÍxÍ'*t[Í****.1Ítf tf

0001

0002

0003

0004

0005

000ó

0007

0008

0009

0010

0011

0012

0013

0014

0015

001ó

0017

0018

0019

0020

0021

0022

0023

0024

0025

0026

0027

0028

0029

0030

0031

003?

0033

0034

00r5
0036

0037

00t8
0039

0040

0041

0042

0043

0044

0045

0046

0047

0048

0049

11

101

0FTN4X

c

c
C

c

c

C

c

c
c

c
c
c
c
c

102

103

104

105

c
c

c
c
c

2L

107

'}7

IIC82=FILE

*ttt[t*[tÍltf lttttt**ttt*Í***Írt***l*t*t
CAIL 0FEN ( trCB2 I ERR0R I F ILE I 0FTI0ll I StCLlFlt I CRN )

It (EFR0R.Etì, 4 )GtTo 23

tlRITt(1,107) ERR0R

F0RÌ{AT(/'ERR0Ñ * 'rI5r' IN 0FtN'}

G0T0 13

CALL KLEEN(JKIIL}



f55
0050

0051

0052

0051

0054

0055

0056

0057

0058

0059

00ó0

0061

00ó2

0063

0064

00ó5

0066

0067

0068

0069

0070

0071

007?

00i3
00i4
0075

007ó

0077

0078

0079

0080

0081

0082

0083

0084

0085

CALL REAIF( IICB2 I [RR0Rr JK I ILTLtN)

I$rÍrt*tttlt*f tt*lrtl*xl**xltrxtÍtltxxxf.l*xlx*t**Ì*l*Í*l**lÍrf [[Í
IF(LtN.t0'-1)G0I0 25

IF(TRROR'GT.O)GOTO 14

URITE(1,116) ERR0R

11ó F0ÊHAT(/'tRR0fi f'ri5r' IN ÊEAlt')

G0T0 13

c ttttflr)t*l*ttÍ**tttl{**tfttl*t'ttÍ[fr1'llt
14 CALL LGBUF(KKr500)

UftITE(1r108) JK

108 F0RÌ'|AT(/'RESULTS -'r125ó42)
G0T0 î¡

c tttrfl**tfÍtÍttÍllxt**l*tll*r*tt**['{txt*
25 CALL CLOSE(TCEz)

l{RITE( 1, I 13) (FILE ( I ) I I=t I 3) TSECURET CRt{

113 FOR}IAT(/'RTSULTS IN 'I3rl?¡'I'I I2I'I'T I2I' SUCCESSFULLY RTAN

t t*Ífitr*fttttfltft*rÍ*txltxÍ*ttltfrÍ**xÍ
IIRITE(1r115i

115 F0RI{AT(/'N0ft}lAL TtRt'liNATI0i{ 0F l{P210')

GOTO 18

13 IIRITE(1r114) .:¡

114 FORI{AT(/'ABNORI{AL TEÑI{INATION OF }IF?IO')

18 tNil
c

c t*l*rn*rtttltÍftltff*[t*tf lt*tt*Í*Ít[*f.t***.ÍÍtfr*lütl*tl**l
c fi*uufrt**ttl***l*t**{rll*tttx*t*Itrt*lt***xtt***tt*tllÍtü
O THIS SUEROUTIHT INITIALIZES A FUFFER TO ASCII FLAIINS

c
SUBR0UTINE KLEEN( JKTLENGTH)

tlll{ENsl0N JK(256)

INTTGEft BLANK

BLANK=2H

IIO 10 I=I'LENGTH

10 Jl{(I)=FLANK

ÑTTURN

ENN
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Typ'ical l4P2I0 Result File



157

Pl{ttATó T=00004 IS 0N CR00013 USINß 00001 BLKS R=Û000

0001 1, l25F6lt
+ 0000

x 3.8845

Y -9.0850

PI{IIATó T=00004 IS 0N CR00013 USIN0 00001 FLKS R=0000

REC* 00001

03045ó 0304ó2 03250ó 0330ó1 042440 006412 000000 00000011.125Fó1t

000000 021440 030060 0300ó0 006412 000000 000000 000000* t 0000

054040 020040 03145ó 0340i0 0320ó5 020015 005000 000000*x 3,8845

000000 000131 020040 026471 0270S0 0340Á5 030040 00ó41?t Y -9.0S50

000000 000000 000000 042040 020061 030056 0300i0 032465* tr 10,0855

020015 005000 000000 000000 000052 025040 020040 020040r t*
020040 020040 020040 020040 020040 020040 020040 02004Û*

020040 020040 0200{0 020040 0?0040 020040 0?0040 020040r
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Typicaì PRTAD Di alogue
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PRTATI

t¡ELC0l{t T0 FRtAn

FREÍIII IdILL LIST THT CONTENTS OF THI TIATA

FILI 'FI,IDATA' CREATEN BY i{F'?It|

HHAT IS THE PART NUI{8ER ?f'HtlATó

UHAT IS THT CUftRINT REUISIÛN LEVTL ?ó

ART THI PART NUHBERI FI{TIATó

ANl) THT REUISION LEUELI ó

CORRECT (Y or H) ?Y

RESULÏS -
1.125F61E

I 0000

X ].8845
Y -9.0850

Ir 10.0855
ft

RTSULTS IN PI{IIATóI 6113 SUCTTSSFULLY REATI I

I{OR},IAL TTRITINATION OT HPzIO
a
¡
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ttf tüf iltltl**tt*flttl**l*llxxtllÍ*Í*tÍ*tÍ'f, t*f Í*tt
T NOTU}'IENTATION fr

tf rruf tftfttrilt{*ttrt*Ítt****txtIltf *tt**ltl.tt*tt

PROGRAI{i RS232C DATACOI,ÍI'I - HP1OOO & BTNIIX I{F?

REVISIONi O

RTLEASE ITAIEI 82 07 05 (820715.1249i

AUTHOR| RAY HOI}{STI{

INTROOUCTION

This pacþ.age of plolrarrs iç used to hele' openate the

Bendil: Iegout c¿chine usins RS-232 data cor¡r¡,unication, The HP

1000 (127924 ¡ux) is irrterfaced ts the ttendix l'lt'-? lricloPl'ocessor'

Pert ¡easurenent files c¿n be createdr instructiorrs sent to the

oper¿f,or and HP-Zr and deta recorded (for future analgsis)'

AII r,rogre¡s ere Hritter¡ in F0RTRAN 4X,

FÑOGRAHS

PROGRA}t PURFOSE

TPFILE Creates the part input file used to suppls coenands

and instructions to the Berrdix lacout ¡achirre l{Ê-?

and openator.

THP2IO Sends oper¿ting instructions to the Ferrdix lagout

e¿chine llF-2 and openator fron the r¿rt, instruction
file cre¿ted bc 'PFILE'. Results ere placed irr[o

the disc f ile 'Fl'l[ATA',

Reeds results sritten to 'FHIIATA' [rg l{P2I0' The-ce

results are fros the neasuremerrts nade on the Ferrdirl

lagout ¡¿chir¡e,

TPREATI
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DISCUSSION

PFILEcreatesthel,lF-2partinrutfileuEedbyHP2I0.These

instructionE rould rrornallg be l,.eyed into the fron[ p¿nel of the

llP-2, Thusr a Horl,.in3 l,,noHledEe of the HF-2 instruction larrguage

iE reouired, The prOÉraorrer is asl,.ed for ¿ part fiUÛber ðrrd revisior¡

Ievelr Hhich is uEed to create the file NAI'[R' All p¿nt inrut files

¿re crested on cRN *13. The operator iE therr pnonpted for l'ÍF-Z

instructions. To stop file input end close the filer enter 'E){',

The o¡portunitc is liven ton elror cornection in PFILE' Hoçevenr

aften the proÉr¿q has heerr terninatedr esrrections can still

he ¡ede usins EIIIT 1000 or FHGR co¡s¡¿nds.

There are onlc tso restrictions Hhen u-"in4 FFILEI

1. If resultE are to t¡e disPlagedl

e) a .f.t. is reauined in the co¡nent isrrediatel-q preceedind the

'F6lE' calIr ¿nd

b) e 'tt 48. is reauired on the s¿¡e line aE the 'F61E' coßnånd.

2. The last coss¿nd sent to the l{P-Z *ust be'F40E" This is

necessËlîc in order to return control ts the l{F-2 front ranel. If this

is not doner the llP-2 cannot be eleared tor front Psrrel control until

the l{P-2 is pogered offr then on'

The folloginl is an exenple of ¿ tgrical rert input file

meated bg FFILE|
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tt*tt S¿nple Par[ InPut File ttflf

CIRCULAR FEATUÑE HEASUREI,ITNT - i820715.1249i *

ENTER ACTIVE PLANE - XY

XYF3E

T ENTER FROIII TIIAI{ETIR

.1572F9t

T I{EASURT FOUR POINTS IN THE XY FLANE TO TIEFINE CIftCULAR I,N'
4F248

I AFTER CALCULATINß THE CTNTREF'OINT ltNN I,TI, TIIST'LAY RTSULTS ON I{F-3

F7D

If I{RITE RISULTS TO FILT (NOTE ÍT)

1.125F61E tt
* RETURN CONIÊOL TO I{F-2

F4OE

f CIÑCULAR FEATUÑT I,IEfISUREI,ITNT COI'ÍT'LETT I

HP2I0 is used to send irrstructians to the lagout oachirre'5 operatcr

and the HP-Z. HP2I0 HiII le0ueçt the rart nunher and revisiorr level of

the p¿nt ts be inspected, This data iE u-qed t.o locete l,he part input

file and oren it. llP2I(} reads the inçtructiar¡s tron the part input file

created trs FFILET and sends the* to the operatar's termin¿l ¿n¡J/'-rr the lfF-?'

HFII0 HiII Haitr Hhen renuiredr for orerator and/or HF-? resporrç'er trefore

issuing Bnother cotrÈBfitjr llP?I0 r.¡ses the HP-Z coßlrðfid echo feature for

control. l{P2I0 çtores the results irr a file c¿lled Fl'fnftTA on CRN t13,

It should tre notedr that betore Eending instructions to the l1P-îr

csntnsl of the l{P-2 nust be turned over to the HF-100Û, This is done t¡c

enteninÉ 'F410' on the l'tF-2 f ront ranel trefore r¡.lnninE flF2I0 '

PREAIisusedtoreadthereçuitEofl'fFil0froß¡Fl{IlAl|1rand

r¡rite thes to the user's tersin¿-I, N0 analcsis iç dorre. iloueverr

note th¡t ó AscII null ch¡:.¿cters are appended to each ar.¡f¡ut line'
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OPERATION

1, LOG-(]il to HF 1000 sssteg,

2, IF ¿ p;rt input file has to be creetedl

a) ñUN't'FILE'
b) Follot¡ PFILE irrstructions

3, IF ¿ part is to he r¡eàsuredl

ENïER'F41II'on the tlF-? f,-eg parrel

RUH 'HÊ2IO'

FoIlos llP2I0 jnstrr:ctions.

4, IF reasure¡ents resultE are [o he readl

RUN 'PREAÛ'

FoIloH FftEAIt inEtructions,

N0TE - all HF 1000 disc file Bccegses csrr flNLY

he sade on CRN 'ltA',

5, L0G-0FF the HF 1000,

e)

b)
e)

a)

b)




