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MESSAGE FROM THE CONFERENCE DIRECTOR

On behalf of the 1983 Measurement Science
Conference, its Board of Directors and Con-
ference Committee Members, I want to thank you
tor attending this, our twelfth Measurement
Science Conference on January 20 and 21, 1983
at Palo Alto, California., Judging by the re-
sponse on the Conference evaluation cards, you,
the participants, judged the overall Conference
to have been good to great by a large majority.
My associates and I feel that this year's Con=-
ference was successful in its continuing role
as a forum for Metrologists and all those inter
ested in the science of measurement.

Our keynote speaker, J, David Mitchell,
Director of Advance Programs and Manufacturing
at Rockwell International, was well qualified
to speak on "Integration Strategies - Key to Automation/Robotics." This keynote
address was interesting, thought-provoking and indicative of the trend in automa-
tion in industry,

Luncheon speakers, Dr. Robert E., Larson, President of Systems Control,., Inc.
and Dr. Joel S. Birnbauws, Director Advance Computer Laboratories, Hewlett-Packard
Company, also made excellent presentations. Dr. Larson in his discussion of
"Computer Systems for Measurement Control" traced the evolution of computers and
computer controlled systems as tools for measurement control. Dr., Birnbaum in
his speech on "Future Interaction of Computer Technology in Instrumentation” pre-
sented some thoughts on the technology necessary for the next generation of smart
instruments and a discussion of current limitations and prediction of likely trends.

The Andrew J. Woodington Award for Professionalism in Metrology was pre-
sented this year to Dr. Glemn F. Engen -- a most distinguished recipient. Dr.
Engen, with the National Bureau of Standards since 1954, has pioneered many
measurement techniques and standards now used in today's microwave instrumentation.

Forty-one papers were presented at this year's Conference representing a
board cross section of the art and science of metrology. The selection of an
award recipient of the best paper presented at the Conference is always a diffi-
cult and tedious task, and this year was no different. The "Best Paper" Award
was presented to Russell Shelton - E. Leitz, Inc. for his paper entitled "High
Speed Accurate Measurements on the Shop Floor",

I do want to thank my associates on the Board of Directors and all members
of the Conference Committee for their extraordinary efforts which made this
year's Conference a success. I also want to express my sincere appredication
and gratitude to the speakers, exhibitors, session developers and to our spomn-
sors, each of whom have contributed time and efforts to bring our Conference
to you,

I hope to see you again in 1984.

Afﬁzao/ il e

Roland Vavken
Conference Director
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J. DAVID MITCHELL
BIOGRAPHICAL DATA

Dave Mitchell is Corporate Director of Productivity and Advanced Manufacturing
Programs for Rockwell International. This assignment includes overall
productivity planning and technical leadership in the development and
application of advanced manufacturing technologies and systems.

Previous assignments within Rockwell involving both staff and line responsi-
bilities include Senior Production Operations Executive, Director of Advanced
Manufacturing Technology, and Director of Instrument Operations.

His experience includes two years as an Electronic Scientist at the National
Bureau of Standards as well as key supervisory/management roles in Quality
Assurance and Manufacturing for Douglas Aircraft, Litton Industries, and
the John Fluke Manufacturing Company.

He is a member of the National Management Association and a senior member of
both the Society of Manufacturing Engineers (SME) and the American Institute
of Industrial Engineers (AIIE). He is a senior member and past national
president of the Precision Measurements Association (PMA). He is a member
of the Manufacturing Technology Advisory Group/Committee for both the
Aerospace Industries Association and the Electronic Industries Association.
He has participated on advisory committees for major universities and is
currently a member of the Industry Advisory Organization for West Virginia
University. He has also served as a member of the National Academy of
Sciences Evaluation Panel for the National Bureau of Standards. He is also
?he D?St president of the National Conference of Standards Laboratories
NCSL).

BSEE - University of Colorado

Post Graduate Studies - University of Colorade and UCLA

Graduate of the Executive Program - University of California

Listed in Who's Who in the West

Registered Professional Engineer - State of California

Distinguished Manufacturing Engineering Achievement Award - SME 1979

Significant Contribution to the Field of Measurement Science -
William A. Wildhack Award - 1980

Distinguished National CAD/CAM Award - National Society of Professional
Engineers - 1982

He has been a strong advocate of innovative management methodologies and systems
and has authored over 25 papers and articles covering a broad range of technical
and management subjects in the fields of Quality Assurance, Metrology, Testing,
and Manufacturing Technology.
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ROBERT E. LARSON

Dr. Larson received his 5.B. degree
from M.I.T. in 1960 and his M.S.
and Ph.D. degrees from Stanford
in 1961 and 1964 respectively,
all in Electrical Engineering.

His fields of specilalization are
dynamic programming, applications
of control and estimation theory,
and distributed data processing.
He is the author of State Increment

Dynamic Programming (1968), Princi-
ples of Dynamic Programming, Vol.
1 (1977), Principles of Dynamic

Programming, Vol. 11 {1982), and
Distributed Control (1979). He
has also written over 140 technical

papers.

In 1968, Dr. Larson and two
colleagues founded System Control,

Inc., in Paloe Alto, California,
where he 1s currently serving as
President. He previously worked

at IBM, Hughes Aicraft, and SRI
International. Since 1973, he has
Professor at Stanford University.
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Electrical Engineer for 1969 by Eta
a Fellow of IEEE in 1973.
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Technical Activities in 1980 and 1981.
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U.S. DEPARTMENT OF COMMERCE
National Bureau of Standards
Bouider, Colorado 30303

February 11, 1983

Mr. William Strnad
6048 Eastwood Avenue
Alta Loma, CA 91701

Dear Mr. Strnad:

There are times in 1ife when words fall far short of the occasion. 1 hardly
need to tell you that the MSC Tuncheon on January 21st was one of these times.
Having partially recovered from my state of shock, and after some retro-
spection and reflection I have concluded that, because of what it stands for,
this recognition means more to me than any other I have ever received.

You have given me a real challenge, but with God's help I trust that my life
and conduct may, indeed, reflect those ideals for which this award stands.

My deepest appreciation to you and to the others who were responsible for
this. I would appreciate your sharing these thoughts with them. Thank you.

Very sincerely,

o 72

Glenn F. Engen
Microwave Metrology Group
Electromagnetic Technology Division
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A PRELIMINARY EVALUATION OF THE ACCURACY OF 10 VOLTS AS
MAINTAINED ON THE WEST COAST OF THE UNITED STATED

Les Huntley
Dave Agy
John Fluke Mfg. Co., Inc.
P. 0. Box €004g0
Everett, WA 98206

ABSTRACT

The Introduction of a New Direct Volts Calibrator,
which requires a 10 Volt standard for its
calibration, and a New Solid State Reference
Standard operating at the 10 Volt level has raised
a question concerning the ability of Standards and
Calibration laboratories to support 10 Velts at the
accuracy level required. An experiment was
performed to assess the accuracy achleved in five
laboratories known to have good capability for DC
and Low Frequency measurements. A spread of nearly
Y4 ppm in the values assigned by the labs to the
transfer standards indicates that a problem exiasts.
The performance of the Solid State Transfer
Standards demonstrates their utility in achieving
agreement at 10 Volts to within approximately 0.1
ppm among widely separated laboratories.

Introduction

An experiment was conducted in July, August, and
September of 1582, by John Fluke Mfg. Co., Inc., in
cooperation with four laboratories known to have
good capability in DC Measurements, to determine
the accuracy attaiped in maintaining Direct Volts
at the 10 Volt level, There were two principal
reasons for conducting the test, first, to
ascertain the ablilities of these and other like
standards and calibration laboratorie= to support
the accuracy of the Fluke S4L4OA Direct Volts
Calibrator, and to demonstrate the utility of the
7324 Solid State Reference Standard (73%5C's)
recently developed by Fluke in the standardization
of Direct Voltage at the 10 Volt level.

The Experiment

A transfer set consisting of two 735C of known
stability was evaluated by the Fluke Primary
Standards Laboratory, then was shipped to the
participating 1labs, along with appropriate
connection hardware and an instruction sheet. (The
735C is a predecessor to the 7324, differing
principally in the fact that it provides only 10
Volt output.) The labs were asked toc make at least
three measurements of the ocutput of each of the two
standards, and of the difference between the two
outputs.

Several methods were used by the various
laboratories in determining the values of the 10
Volt cutput of the 735C's. The methods are briefly
described below. The labs are identified only by
letters to preserve the anonymity of the
participants.

Connected the output of the 735C transfer
standard directly to the input of the ESI
7224 K-V Divider having input resistance of
100,000 Ohms., With the divider set for an
output of 1.018XX Volts, compared the
output to a standard cell just as if it
were another standard cell, using a
Guildline light beam Galvanometer as the
detector.

LAB A:

The 10 Volt readings were obtained with an
EST 10454 potenticmetric measuring system.
The difference measurements were made with
a Guildline 9144 potenticmeter,

LAB B

-

Standardized 10 Volt input to Kelvin-Varley
Divider against a standard cell at about
1.018XX Volts, then'dialed up 10 V and
compared to the output of the 735C Transfer
Standard.

LAB C:

Standardized 11 Volt input to Kelvin-Varley
Divider against four standard cells
connected in series, then dialed up 10 V
and compared to the output of the 735C.
Differences were measured directly, using a
Fluke 845AB Null Detector,

LAB D:

Fluke Primary Lab: Compared output of working
standard 735C to nine standard cells
connected 1n series utilizing a freshly
self~calibrated 720A Kelvin-Varley Divider
and an A~100 Standard Cell Comparator, The
output of each 735C was then compared to
the working standard by direct measurement
of the difference in output voltages using
a Fuke B45AB Null Detector.



Both standards were allowed to e¢ool to room
temperature on 9 September, when they were left
unplugged overnight, and SN 1009 cooled again on 14
September when the package was bumped off the plane
and did not reach Seattle within the lifetime of
the backup battery. While such cooling has been
observed in the past to cause permanent significant
changes in the ocutputs of these 735C's, in this
case the change in output was no greater than 0.15
ppm, and had no significant impact upon the outcome
of the experiment.

Resul ts

The results of the experiment are summarized in the
three figures attached. Figure T is a "Youden
Diagram”, which is obtained by plotting the value
obtained by a given facility for one standard
versus the value it obtained for the other
standard. {Plotted here are the mean values
obtained by each laboratory. The "dasghed aquares®
are the individual laboratory's stated uncertainty,
see Table 1.) The Youden Diagram has the property
that positively correlated deviations cause the
plotted points to be displaced along a line having
a slope of +1, and negatively correlated deviations
cause the points to be displaced along a line with
slope of -1. Random variations tend to result in a
circular distribution of points,

The most common source of posiftive correlation, and
distribution along the upward sloping line, is
systematic error in measuring the outputs, Figure
1 clearly shows such a distribution, and almost
certalinly indicates a systematic difference of
almost § ppm in the value of 10 Volts as maintained
in two of the labs sampled. This is a significant
result in that a total uncertainty of about 1.5 ppm
at 10 Volts is reguired to support the accuracy of
the 54404 Calibrator,

Information about the stability of the outputs of
the two 735C's, and information about the relative
quality of the various measurement methods, may be
obtained by plotting a second Youden Diagram in
which the systematic variations are removed by
subtracting the mean of the values obtained for the
two standards from each value obtalned. Such a
diagram appears as Figure 2. It is immediately
apparent that not all measurement methods are
equally good. Both Labs B and C show a significant
variability along the upward sloping line,
indicating the presence of significant systematic
variations in measurements of 10 Volts by that
method in that lab. The distribution of points for
Labs A and D is about what would be expected for
purely random variability in the measurements. The
points plotted for Fluke are smeared by the
uncompensated drift of SN1013 relative to SN1009
over a four month time span. When this effect is
eliminated, the Fluke points also appear randomly
distributed.

Measuring the difference in outputs of the two
735C's directly by connecting a MicroVolt meter
directly between the two outputs, has the effect of
removing the imprecision in the measurement method
from the determination of that difference. This in
turn, allows us to monitor the relative stability
of the two 735C's independently of any problems
associated with measurement method, and allows an
objective evaluation of the suitability of the
735C's for use in this scheme for standardizing 10
Volts, Figure 3 presents the difference data in
the form (Measured Difference Minus Calculated
Difference versus Julian Day). Calculated
difference is used because the T735C's are not
perfectly stable, and linear drifts in excess of
0.1 ppm may be expected over the time peried of the
experiment. With the exception of Lab A, the mean
difference obtained by all the testing facilities
were within a few hundredths ppm of the calculated
values. Lab A did not make the measurements
directly; the plotted differences were obtalned by
taking the differences between the measurements of
10 Volts.

The results of the experiment are summarized in

Table 1. "Stated Uncertainty™ is the uncertainty
in the measurement of 10 Volts claimed by a given
laboratory. "Difference from Group Mean™ 13 the

difference between the mean voltage obtained by a
given laboratory and the mean of voltages assigned
by the group of labs.

mgpcertainty in Lab value™ represents 99%
confidence limits on the mean of measurements made
in that Lab, assuming a norma)l distribution of
errors, That is, for example, there is a 1%
probability that the true mean of the measurements
at Fluke is outside the range of values bounded by
plus and minus 0.015 ppm. This uncertainty, plus
the uncertainty in the value of the standards due
to drifi, are the main components in uncertainty of
the comparison of one Lab's Volt to the mean of the
Group.

"Uncertainty in difference from mean™ represents
99% confidence limits on the difference between a
particular lab's result and the mean result of the
group of five labs. It is influenced by the
scatter in a labs measurement results, the number
of measurements made by that 1lab, and the
uncertainty in the mean of the group. A normal
distribution of errors is assumed, It is apparent
that this experiment demonstrates a powerful tool
for obtaining consistency among laboratories
measuring voltage at the 10 Volt level.



Table 1: Summary of Results

DIFF FROM UNCERTAINTY UNCERTAINTY

STATED GROOP IN LAB IN DIFF FROM
LAB UNCERTAINTY MEAN VALUE ME AN
A 0.8 pp¢ -0.72 Ppmn 0.04 ppm 0.08 ppm
B 5.¢ ppm -1,97 ppm  0.23 ppm 0.32 pm
c 0.6 ppm 1.16 ppm 0.20 ppm 0.30 ppm
D 2.0 ppm 1.66 ppm 0.04 ppm 0.08 ppm
Fluke 0.8 ppm -0.12 ppm 0,015 ppm  0.07 ppm

Summary

To summarize, the experiment must be considered an
unqualified success. While the spread in the
results is surprisingly large, it is gratifying
that a problem has been identified and can now be
corrected, In spite of the fact that power was
lost, the two Solid State Reference Standards
performed extremely well, and have demonstrated
that they provide a means by which 10 Volt
standards at widely separated locatlons can be
reconciled to within something like 0.1 ppm, We
have alsc begun to gather information on the
relative quality of various methods for measuring
10 Volts to the accuracies required to support the
54304 Direct Volts Calibrator. It is not
surprising that the methods which compare the 10
Volt ocutput of the 735C's to four or nine series
connected cells yield greater precision than
comparison to a single cell, The effectz of

thermal EMF's, the contribution of the divider to
the measurement, and the instability of a
particular cell all decrease in importance as the
number of cells inecreases. We alsc should not
overlook the fact that Fluke obtained very good
results by comparing the test units to a working
standard T36C at the 10 Volt level, This leads
us 1inevitably to consider the possibility of
maintaining the starndsrd of volitage at the 10 Volt
level,

Acknowledgements

The succesz of a project such as this depends upon
the cooperation of many people. In thils case, all
.involved did what had to be done competently and
expeditiously. We take this opportunity to thank
each of many pecople for their contribution to the
success of this experiment. We particularly thank
those we had personal contact with for their part
in this project, We lknow that there were many

others involved with which we had no contact, both
higher and lower in the chain of command, at all
the facilitlies. We would like to ask each of you
to extend our appreciation to these on our behalf.

We also would like to thank the members of the
Fluke Sales Force who so ably moved the 735C's into
the out of the participating labs. In each case,
it was their effort which made it possible to move
the package between facilities in the short time
span required. We especially thank Jay Fiske and
Reed Buell at San Diego, Julius Gargyi at the
Burbank office, and Warren Hagemeler of the Santa
Clara office for taking the time from their busy
schedules to make the experiment the success that

it was.
FIGURE 1

E 5

M

p ¢ e

b : !
§ ] 3f e B St S
T4 : Lo
A L2 P
N H et 0
D RO SR S S
. I b
0 50 -—

IT 'L:T,Z_'_T""
# ¥ -1 :-_ _ . A
1t i
2 : :
3 ] :

B -3 :

\5 E

L4 ?

T :

S :

4 -3 -2 -1 B 1 2 3 4 5

PPM DEVIATIGN RELATIVE T0 18 VOLTS

STANDARD #1813



OO > D= > W0

O =R — 5k

FIGURE 2

JULIAN DAYS

P OB
]
M
8 0.4
¥ 0.3
A B
i ¢
h 2.2
N
p Bl
: n
p.o € ,;ﬁﬂg €
»a
? BBA '.A
Yo-e
B
§ -2
5 €
8 -0. 3
¥ a4
A
N
-B.4 2.3 .2 -8.1 8.2 p1 B2 B.3 B4 A5
PPM DEVIATION RELATIVE TO LAB MEAN
STANDARD #1813
FIGURE 3
MEASURED DIFFERENCE
.20 4 MINUS A
CALCULATED DIFFERENCE
isd
A
fa
.1a] B
A c
.es) 8 B D ?]D =
iy 3
X
.88 3 9 &
B g -
- 05 [t] - »
.18
15} B
L 218 228 233 241 250 264 278



A RULLY AUTOMATIC SYSTEM FOR AC/DC DIFFERENCE CALIBRATION

K. J. Lentner, D. R. Flach
Electrosystems Division
National Bureau of Standards

Washington, D.C.

Abstract

An automatic ac/dc difference calibration system
using direct measurement of thermocouple emfs is
described. The system operates over a frequency
range of 0.02 to 100 kHz, and a voltage range of
0.5 to 1000 V., Analysis of the estimated systematic
uncertainties and experimental data indicates that
the ac/dc differences of single-range, coaxial-
type thermal voltage converters {TVCs) were
determined with total uncertainties in the range

of 20 to 35 ppm (depending on frequency), Of

these uncertainties, about 12 to 20 ppm represents
the three standard deviation bounds for the effects
of random errors, and the remainder the root sum

of squares of bounds to possible systematic
effects.

Summary

Until recently, most ac/dc difference tests were
made using manual test systems which utilize photo-
cell amplifiers and 1ight beam galvanometers as
voltage detectors. In addition, some test
techniques required manual balance adjustments
of a thermoelement (TE) comparator. Careful
attention to the elimination or reduction of the
effects of systematic and random uncertainty
sources in testing methods has resulted in
sufficient confidence in test data to allow
results to be reported nominally with total
uncertainties at the 10 to 100 ppm level (or
better, in special cases) over wide voltage and
frequency ranges. Manual test methods, however,
are very time consuming and subject to errors
due to operator fatigque and lack of skill. More
recent work with semiautomatic systems and
automatic balancing TE comparators overcame some
of the deficiencies of manual test methods.
However, these recently developed systems still
require the use of TE voltage comparators which
are not commercially available, In addition,
the TE comparator adds to a system's cost and
complexity.

20234

To alleviate the tedium of making manual ac/dc
difference measurements, to reduce the possibility

lof manual computational errors, to eliminate the
‘sources of error due to operator fatigue and lack

of skill, and to expedite test report generation,
a desktop computer (DTC) controlled automatic test
system (ATS) was developed. The system was designed

to operate over a frequency range of 20 Hz to

100 kHz, covering the voltage range from 0.5 V to
1 kV, with expected ac/dc difference calibration
uncertainties {including the uncertainty of the
reference TVCs used) of 50 parts per million {ppm)
for all voltages at frequencies in the range 20 Hz
to 20 kHz, and 100 ppm for all voltages at
frequencies in the range 20 kHz to 100 kHz. As
stated in the abstract, test results using single-
range, coaxial-type thermal voltage converters

as transfer standards (between the ATS and the
manually operated calibration system presently
used at the National Bureau of Standards for
routine calibration work) indicate that the data
obtained with the ATS has uncertainties much

lower than the design uncertainty limits. For
the transfer standards used, the magnitude of

the differences between the ac/dc differences
obtained with the NBS manual system and the ATS
ranged from zero to only 13 ppm. The specific
standards used for the intercomparison tests
included two with small ac/dc differences, and
one with Targe but stable and accurately known
ac/dc differences.

A block diagram of the system configuration is
shown in the figure, and, as indicated, no TE
comparator is used, Instead, the technique used
is direct measurement of milliveit Tevel dc
voltages from the Tks., This technique has
become feasible due to the availability of
programmable and stable ac and dc voltage
calibrators, and high resolution digital
voltmeters (DVMs).



Control of the ATS is provided by the DTC which
has about 60 kbytes of user-available memory with
magnetic tape cartridges used for program and data
sterage, Communication from {and to) the BIC with
the ATS measurement and stimulus equipment occurs
via the IEEE-488 standard digital interface for
programmable instrumentation.

The unit under test {UYT) is connected into the
circuit as shown, and ac or dc voltages from the
spurces are automatically and simultaneously applied
to the UUT and standard TVC. The UUT emf output

is measured by the DVM, and compared against the
measured emf of the standard TE., The computer
controlled low-thermal-emf switches automatically
select the TE emf output to be measured. The

system clock precisely controls the time jnterval
between application of the dc or ac voltages.

Determination of a TE's dimensionless characteristic
"n" (a measure of its approach to a true square-

law current response) is readily accomplished

using the ATS. 1In addition, completely automatic
tests of the ac and dc voltage source stabilities
{with graphic plotting capability) can be made.

OC reversal differences of a TE can be automatically
determined, as well as the variations of reversal
difference as a function of a TE's heater current,
The TE's response time can also be measured, and

the results automatically plotted, if desired,

Other important applications for the ATS are in
calibrating ac calibrators and precision meters.
Once calibration of the dc voltage source has
been completed, this source, together with a
standard TE and suitable range resistors, makes
it possible to determine corrections to an ac
voltage calibrator's nominal output voltage.
Hence, the ATS's dc and ac voltage sources, each
having known corrections stored in data files
within the DTC's software, are available for
calibrating DYMs and high precision anmalog meters.

In conclusion, the results indicate that it is
feasible to make fully automatic precision ac/dc
difference measurements, The principal advantage
of the system is the elimination of any type of
manually- or automatically-balanced TE comparator,
permitting the system to be assembled using
commercially available instrumentation, except

for the switching modules, This approach,
therefore, should make automation attractive to
many calibration laboratories faced with the

need to make ac/dc difference measurements.
Moreover, the system can be used as a nearly-self-
calibrating meter calibraticn system. Measurements
can be done with minimal operator jntervention,
eliminating tedious and fatiguing manual
operations, Hence, personnel presently engaged
almost exclusively in manual ac/dc difference

tests can be freed to do other work. Experience
obtained during many years of testing with manually
operated systems at NBS has shown that the precision
of the test results is dependent upon operator
skill. The automatic system's precision is
independent of operator skiil, eliminating

-this variable in the measurement uncertainty.
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IMPROVING DIVIDER CALIBRATION TECHNIQUES

Ross Emndsley

Oak Ridge Y-12 Plant*
Union Carbide Corporation, Nuclear Division
Oak Ridge, Tenmessee 37830

ABSTRACT

This paper describes the development of a procedure
for calibration of precision voltage dividers, The
procedure makes use of a reference divider made up
of NBS-type resistors and a calibrated null detector.
Although developed primarily for a seven-dial
Kelvin-Varley divider with a span of 2111.111 units, it
is adaptable to dividers with other spans. Typical
results are presented along with a statistical discussion
of repeatability. Advantages of the procedure are
improved repeatability. increased confidence in
corrections. more rapid data aecquisition, and
independence from NBS for divider calibration.

BACKGROUND

While working for another company in 1968. the author
was exposed to a method of ecalibrating a URS
{Universal Ratio Set) by compsring each step of every
dial to ten steps on the next lower dial. This may
have been adequate for the accuracy required in the
applications of that particular URS, but it left open
the question of the effect of compensation errors.
That is. when a step of eny lower dial is added on
the low end, another step is removed from the high
end. If the steps removed are not exactly equal to
the steps added, an error is introduced due to lack of
"ecompensation.”

In 1969, after joining the present company, the author
computed the effeet of this compensation error when
comparing each step to ten steps on the next lower
dial. At that time the company was calibrating two
Universal Ratio Sets and an L&N 4399 Seven-Dial
Kelvin-Varley Divider by moving an NBS type 100-ohm
resistor through a string of similar resistors on mereury
stands. This procedure is recommended by L&N (1)
and does not suffer errors introduced by poor
compensation. The degree of compensation (in the
Universal Ratio Sets) was measured using WNavy
Procedure DR-03 (2). However, it was noticed that
data from the moving resistor method at this lab was
not very repeatable. In faet, it was sometimes difficult
to tell from the data alone that two runs had been
produced by the same instrument.

* Operated for the U. 8, Department of Energy by
Union Carbide Corporation, Nuclear Division, under
Contract W-7405-eng-26.

After several years of work in other areas. the author
returned to eleetrical standards work in 1974. Since
that time, considerable attention and interest have
been devoted to divider calibration. There are two
reasons for this emphasis. First, electrical measuring
equipment generally available today is considerably
more accurate than in the late sixties and places
more demand on the higher level standards. Second,
the National Bureau of Standards is attempting to
limit their inveolvement in calibration work that can
conceivably be done by industry personnel. Ratio
ealibrations are good examples of this trend,

The first attempt to deal with the repeatability
problems was to construet a "perfect divider" that
consisted of twenty-one 100-ohm resistors which could
be individually adjusted so that all were equal. A
regulated current was passed through the divider, and
all the resistors were adjusted so that equal voltages
appeared across each resistor, Stability of the
regulated current and of the potentiometer used to
measure the voltages was a source of trouble. Heating
problems appeared at high currents, and thermal EMF
problems eppesred at low currents. In early 1979
the project was abandoned, and the L&N 4399
seven-dial divider was sent to NBS for calibration.
When it returned, it was used to calibrate the two
Universal Ratio Sets.

Since calibration by NBS would likely be discouraged
in the future, another possible solution was explored.
Section 7 of the old NBS Technical Note 220 by David
Ramaley (3) was reviewed. The method described
there is similar to that used by the author in 1968
for URS calibration comparing each step to ten steps
on the next lower dial. However, seeing this note
somehow suggested that the compensation error eould
be measured and calculated out. At the same time,
if the seven-dial divider was used in piace of the
second URS, the resolution obtainable would be
inereased one order of magnitude. These acecurately
established corrections on the first diai of the URS
could then be transferred back to the seven dial
providing correections for it.



The method just deseribed was attempted and almost
succeeded. Equsations were derived to correct for
compensation error. The first few runs of data were
inconsistent. Then it was realized that changes in
contact resistance in the lower dials were causing the
bad data. Using a new sequence of switching produced
consistent data on everything except the magnitude of
the compensation error. No practical switching
sequence could be found to allow the same switch
contact resistance to be present during the comparison
of steps on the first dial as was present during the
measurement of the compensation error. Because of
this. the different runs produced dats that had the
same charaeteristic shape, but had larger differences
between runs toward the center of the divider. It was
calculated that an error of 4 x 104 divider units in
the magnitude of the compensation error would ecause
an error of 10 x 1074 divider units in a final correction
near the center of the divider. Therefore, the
experimentation with the URS ten-step substitution did
not vield a satisfactory method. However, it did
produce some beneficial results. First, it resulted in
the application of a new instrument and technique.
During the experimentation a new Keithley Model 181
Digital Nanovoltmeter became available. By using this
new instrument in place of a conventional null detector,
manipulation of the lower dials could be avoided and
differences could be recorded in microvolts and later
translated into divider units. The elimination of the
tedious dial manipulation reduced the time required
for data acquisition. It also meant that the lower dial
switeh contact resistance was no longer being changed
in null seeking. The use of the nanovoltmeter did not
cause loading errors because it has an extremely high
input impedance {claimed to be greater than 1 G ).

Another benefit realized was a partial explanation of
the nonrepeatability experienced using the moving
resistor method. Much of the nonrepeatability was no
doubt caused by variations in switch eontact resistance
in the lower dials which were manipulated to achieve
null at each setting. Because of its Kelvin-Varley
construction. the main dial on the L&N 4399 should
cause only half as much variation as the lower dial
switches on the URS, assuming the same type switches
are used. This effect in the lower dials of a
Kelvin-Varley becomes less prominent by a factor of
2 for each lower dial. Sinee switch contact resistance
is negligible in the presence of such high divider
resistance, 100 -kilohm Kelvin-Varley dividers
apparently avoid these problems altogether.

A psychological benefit was realized from this work,
also. As understanding increased and data became
more repeatable. personnel confidence improved.

THE PRESENT METHOD

Early in 1982, it was decided to return to the use of
NBS-type resistors. Ewvery improvement in the method
feasible for the lab was to be attempted. The NBS
resistors were carefully compared and then used as a
standard divider for calibration of the L&N 4399
Seven-Dial Divider. The same method with
modifications has been suceessfully used in this lab on
g 120-kilohm seven-dial Kelvin-Varley divider.

Fortunately. eleven 100-ochm NBS resistors were
available along with mercury stands and & stable oil
bath. To complete the divider, 1 kilohm. 10.01 ohm.

1 ohm, and 0.1 ohm resistors were used.
Fourteen-gage copper wire was used to provide a
voltage tap with mechanical rigidity at each mercury
stand. Fourteen-gage copper was also used to tie in
the 0.1-ohm resistor and make connections with the
battery. The digitel nanovoltmeter was connecteg
from the galvanometer terminal to whichever voltage
tap was desired on the standard divider. A schematie
of the hookup is shown in Figure 1, and a photograph
of the apparatus is shown in Figure 2.

Battery voitage was chosen to be 10,5 volts (obtained
from seven 1.5-volt telephone dry cells in series).
Most URS-type calibration procedures call for 4.5
volts., but 10.5 volts has certain advantages if the
effect of additional heating can be tolerated. The use
of 10.5 volts causes a power dissipation of only 2.5
milliwatts in each first dial resistor which would seem
negligible. With a battery voltage of 10.5 volts, each
1 x 1074 unit step on the seven-dial is almost exactly
0.5 mierovolt. This makes the scale factor for
translating the data from microvolts to 1074 unit steps
a simple multiplication by 2. This 0.5 microvolt/step
also means that if untinned copper wire is used for
hookup, thermal EMFs should amount to considerably
less than one step. After some experimentation. the
traditional reversing switch was omitted.

In taking data, each step on the first dial (e.g. step
200) was compared to the corresponding step on the
standerd divider., Then the ten steps of the second
dial were added (e.g. step 2X0) and this was compared
to the next step (300) on the standard divider. Upon
reaching step 1000, the first 100 resistor and the
1-kilohm resistor were swapped, and the procedure
could then be continued up to step 20X0. Sample
data is shown in the first two columns of Tables I A
& I B.

For the lower dials, a standard divider was formed
from the same resistors used for the first dial except
the 1-kilohm resistor was omitted. The battery
voltage was reduced tfo 1.111 volts using a series
decade box. This voltage was applied direetly across
the dial being calibrated using the terminals provided
for this purpose by L&N. This arrangement provided
a sensitivity of one microvolt per step (1 x 1074
divider unit) for the second dial. For the third and
fourth dials, the sensitivities were 10 and 100
miecrovolts per step. respectively. Sample data is
shown for the second end third dials in the first two
columns of Tables II and IIL

For the last three dials of the divider the accuracy
requirements were reduced to the point that a direct
check against the Iinearity of the Meodel 181
Nanovoltmeter was considered sufficient, The fourth
dial egain had 1111 volts applied across it, and the
nanovoltmeter was connected between the low end of
the divider and the G terminal. The fourth dial was
set to zero and the fifth dial to X, The applied
voltage was readjusted until the nanovoltmeter read
exactly 100 millivolts. Then the fifth dial was stepped
down, and the nanovoltmeter was observed at each
step. The sixth and seventh dials were checked in
like manner with no change in the setup or applied
voltage. In these checks, differences between the
observed and nominal voltages of 10 microvolts would
have indicated a correection of 0.1 x 1074 divider
units, No differences this great were observed.



In order to calibrate the standard divider, all eleven
100 @ resistors were compared to a dummy resistor
using the seven-dial as a one-to-one bridge. Additional
resistance of 11.11 ohms was left in the high end of
the cireuit to make the seven-dial essentially direct
reading. By using 2,11 volts across the seven-dial,
corrections could be calculated directly from the
microvolt readings, with no conversion necessary to
divider units. Sample data from a comparison of the
100-chm resistors is shown in the first four columns
of Table 1V,

The one remajning comparison necessary was the
comparison of the 1-kilohm resistor to the first ten
100~ohm resistors. This was accomplished by using
the seven dial as a one-to-one bridge agein. The setup
is exactly the same as that used for calibrating the
first dial shown in Figure 1. The Rdg 1, 2, & 3
columns of Table V show sample mierovolt readings
and their conversion into divider units for this
comparison, Four runs were averaged for this eritical
data.

CALCULATIONS

Caleulations of the standard divider correetions were
accomplished in the following manner. The corrections
for the eleven 100-ohm resistors were caleulated as
shown in Table IV. The differences in readings across
the dummy and the 100-ohm resistor being compared
to the dummy were found and listed in the fifth and
sixth eolumns as Ap and AwpR, respectively. The
seventh column is the difference between the two
preceding columns and reflects the value of the eleven
resistors compared to the dummy. These values include
the error of the tenth step of the first dial of the
seven—dial, but this is of no coneern since the values
were then adjusted to reference them to the sum of
the first ten. This adjustment is shown in the next
to the last column in Table IV, The last column is a
summation of the corrections used in calculating
corrections for the lower dials,

The calculation for the 1-kilohm resistor was similar,
but here the seven-dial error was of concern. To
properly account for this, the forward and reverse
values were averaged. This is shown in Table V,

The corrections caleulated in Tables IV and V for the
eleven 100~ohm resistors and the 1-kilohm resistor were
all referenced to the sum of the first ten 100-ohm
resistors. These corrections were combined in order
in the second column of Table VI A. In the third and
fourth columns the reference was changed to the first
2000 ohms of the standard divider string. This allowed
the correction at 2800 units to be zero. A summation
of these individual resistor ecorrections was made in
the fifth eolumn to find the standard divider
corrections at each point on the lower half of the
seven-dial.

Table VI B uses the individual correetions from the
fourth eclumn of Table VI A, but rearranged in the
correct order to calculate the standard divider
corrections for the upper-half points on the seven-dial.

In esleulating the corrections for the first dial, the
first step was to convert the microvolt readings into
divider units by multiplying by 2. This is shown in
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Column 3 of Tables T A and I B. A linear correction
was applied in Columns 4 and 5 in order to make the
corrections at zero and 2000 units equal to zero. The
standard divider corrections from Tables VI A and VI
B are shown in Column 6. The last column contains
the final corrections which were caleulated by
subtraeting the corrected ARs from the standard
divider corrections.

Corrections for the second disl, shown in Table II,
were calculated the same way as for the first dial
except the readings did not have to be converted.
The applied voltage was selected to make one
microvolt equal to 1 x 1074 divider unit. The standard
divider corrections used here are those shown in the
last column of Table IV, divided by 10.

For the third dial corrections, shown in Table III, the
microvolt readings were divided by 10, and the
standard divider corrections were those in the last
column of Table IV, divided by 100. For the fourth
dial, the readings were divided by 100 and the standard
corrections by 1000. The table for the fourth dial
was omitted because of its similarity to Table III. It
should be clear that, if the 100-ohm resistors used
are eclose .nough to nominal, the standard divider
corrections will be unnecessary for the third and
fourth dials.

ANALYSIS OF RESULTS AND DISCUSSION

The method just deseribed provided improved
repeatability compared with the other methods
previously attempted in this lab. Corrections from
six runs by two persons over g period of about three
months were averaged. The largest standard deviation
observed for &ny point during these six runs was
1.7 x 1074 divider units. The average standard
deviation for all points was 0.75 x 1074 units, These
numbers  constitute an order of magnitude
improvement over the earlier attempts in this
laboratory. They also should be useful indicators of
what can be expected from similar work in other labs.

The differences that were observed during the six
runs were probably due to the following causes. The
variations in mercury stand contact resistance were
investigated and found to cause veriations of as much
as 2.4 x 1074 divider unit. However, the typical
variation was 1.4 x 104 divider unit or less. The
mercury stand contact resistance could be virtually
eliminated as & source of error if higher resistance
standard divider resistors were used.  Variations
caused by switeh contact resistance were also
investigated and appeared te make a somewhat
smeller contribution, typically less than 1.0 x 1074
divider unit, with a meximum of 1.4 x 10-4 divider
unit., This was after exereising the switches as many
people advise. Variations in the true corrections of
the seven-dial could have contributed to the
differences, but over such a short period of time it
is suspected that these changes would not likely he
significant.

In looking back at the moving resistor method of
calibration, some thoughts are offered. This early
work was accomplished using resistors and mercury
stands located on an open bench-top where they were
expcsed to air currents and changing temperature
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gradients. No doubt the repeatability for the moving
resistor method would be much improved if it were
performed in a regulated oil bath as in the method
presented here. It has been observed that other labs
using a fixed standard divider are able to achieve
excellent results using resistors in an insulated lag
chamber. with or without oil immersion.

Looking back even further, URS -calibration, by
comparing each step to ten steps on the next lower

dial, suffers the seemingly fatal problem of
compensation error. The nature of the URS works
against attempts to measure and correct for

compensation error. On a new instrument, contact
resistance variations may not present sc great an
obstacle. The question of URS calibration has lost
some of its importance today, as even some lab-type
potentiometers are being replaced by digital
multimeters and Universal Ratio Sefs by Kelvin-Varley
dividers.

Obviously. the method presented here can be applied
to Kelvin-Varley dividers having a full scale of 1.0,
1.1, or 1.2. In fact. it is even simpler than for the
L&N Model 4399 if the required number of nominally
equal resistors are available.

CONCLUSIONS

Advantages realized in the Y-12 Physical and Electrical
Standards Laboratory from the method of divider
calibration presented here are:

1. An order of magnitude
repeatability of corrections.

improvement In

2. Increased eonfidence in the corrections as a result
of statistical analysis,

3. More rapid data acquisition, primarily because of
the use of a calibrated digital null deteetor.

4, Independence from NBS in this area of ratio

calibration.
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FIGURE 1 - FIRST DIAL CALIBRATION
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TABLE I A

Data and Calculation of Corrections
Lower Half of First Dial

181 Standard Seven Dial
Seven Dial Eeading AR = 2 AV Linear  Corrected Divider  Correction
Setting AV _(1V) {Units x 10%) Correction AR Correction Cqi x 10%
1000 ' -0.5 -1.0
2000 1.6 3.2 -3.2 g
000 5.7 11.4 -11.4 0 0 0
X0 -8.8 ~-17.6 -11.0 -28.6 -33.9 -5.3
100 -10.8 -21.6 -11.0 -32.6 -33.9 -1.3
1X0 -5.8 -11.6 -10.6 -22.2 -28.7 -6.9
200 -6.0 -12.0 -10.6 -22.6 -28.7 -6.1
2X0 -4.0 -8.0 -10.2 -18.2 -27.9 -9.7
300 -5.3 -10.6 -10.2 -20.8 -27.9 -7
3X0 -2.9 -5.8 -9.8 -15.6 -26.7 -11.1
400 -2.8 -5.6 -9.8 -15.4 ~26.7 -11.3
4X0 4.5 9.0 -9.4 -0.4 ~17.2 ~-16.8
500 2.4 4.8 -0.4 -4.6 -17.2 -12.6
5X0 5.2 10.4 ~8.9 1.5 -12.7 -14.2
E00 6.0 12.0 -8.9 3.1 -12.7 ~-13.8
6X0 5.3 11.0 -8.9 2.9 -14.0 ~16.5
ng 3.3 6.8 -8.5 -1.9 -14.0 -12.1
TR 3.0 6.0 -8.1 ~2.1 ~-16.9 ~14.8
800 -0.1 -0.2 -8.1 -8.3 -18.9 -8.5
83X 1.5 3.0 -7.7 -4.7 -18.0 -13.3
a00 0 0 =7.7 -7.7 -18.0 i3
axg 2.3 4.6 -7.3 ~2.7 -18.7 S
1000 -0.5 -1.0 -7.3 -8.3 -18.7 -4
000 5.3 10.6



TABLE 1 B

Data and Calculation of Corrections
Upper Half of First Dial

181 Standard Seven Dial
Seven Dial Reading AR = 2AV Linear Corrected Divider Correction
Setting AV (uV) (Units x 104) Correction AR Correction C; x 104
000 5.4 10.8 -10.8 0
2000 1.9 3.8
1000 18.0 36.0 ~6.9 29.1 18.7 -10.4
10X0 21.7 43.4 -6.5 36.9 23.8 -13.1
1108 21.8 43.6 -6.5 37.1 23.8 -13.3
11X0 21.7 43.4 -6.1 37.3 24.7 ~12.6
1200 18.0 36.0 -6.1 29.9 247 -5.2
12X0 18.0 36.0 -5.7 30.3 25.9 -4.4
1300 17.1 34.2 ~59.7 28.5 25.9 -2.6
13X0 21.4 42.8 -5.3 37.5 35.4 ~-2.1
1400 18.7 37.4 -5.3 32.1 35.4 3.3
14X0 20.7 41.4 -5.0 36.4 39.8 3.4
1500 18.0 36.0 ~3.0 31.0 39.8 8.8
15X0 16.8 33.6 -4.6 29.0 38.6 9.6
1600 17.3 34.6 -4.6 30.0 38.6 8.6
16X40 16.3 32.6 -4.2 28.4 35.7 7.3
1700 16.0 32.0 -4.2 27.8 35.7 7.9
17X6 18.2 36.4 -3.8 32.6 34.5 1.9
1800 14.9 29.8 -3.8 26.0 34.5 8.5
18X0 15.9 31.8 -3.4 28.4 33.9 5.3
1900 16.7 33.4 -3.4 30.0 33.9 3.9
12X0 1.4 2.8 -3.0 -0.2 0 0.2
2600 1.5 3.0 -3.0 0 0 0
20X0 5.4 10.8 - 2.6 8.2 2.4 ~5.8

1000 18.2 36.4



TABLE 11

Data and Calculation of Corrections

Second Dial
181
Reading Standard Seven Dial
Seven Dial AV (V) or Linear Corrected Divider Corrections
Setting AR(Units x 109) Correction AR Correction Co x 104
000 -121.1
0X0 81.8
000 -121.2 121.2 0 0 0
111D:4 -103.6 100.8 -2.8 -3.2 -0.4
010 ~-104.2 100.8 -3.4 -3.2 0.2
01X -82.4 80.5 -1.9 -2.5 -0.6
020 -82.8 80.5 -2.3 -2.5 -0.2
02X -61.9 60.2 -1.7 -2.2 -0.5
030 -62.4 60.2 -2.2 -2.2 0
03X -41.0 39.8 -1.2 -1.9 ~0.7
040 -41.9 39.8 -2.1 -1.9 0.2
04X -19.7 19.4 -0.3 -0.8 -0.5
050 -19.9 19.4 -0.5 -0.8 -0.3
05X 1.4 -0.9 0.5 -0.2 -0.7
060 0.7 -0.9 -0.2 -0.2 0
06X 21.6 -21.2 0.4 -0.1 -0.5
070 21.0 -21.2 -0.2 -0.1 0.1
07X 41.5 -41.6 -0.1 -0.2 ~0.1
080 41.2 -41.6 -0.4 -0.2 0.2
08X 62.4 ~62.0 0.4 -0.1 -0.5
090 61.3 -62.0 -0.7 -0.1 0.6
09X 81.9 -82.3 -0.4 0 0.4
0X0 82.3 -82.3 0 0 0
0XX 103.5 -102.6 0.9 0.4 -0.5

000 -121.7
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TABLE III

Data and Calculation of Corrections

Third Dial
181 Standard  Seven Dial
Seven Dial Reading AR Linear Corrected Divider Corrections
Setting AV V)  (Units x 10%) Correction AR Correction Cg x 104
0.0 -267.9 -26.8
X.0 200.6 20.1
0.0 -268.7 -26.9 26.9 0 0 0
X -224.2 -22.4 22.2 -0.2 -0.3 -0.1
1.0 -223.7 -22.4 22.2 -0.2 -0.3 -0.1
1.X ~-175.7 -17.6 17.5 -0.1 -0.2 -0.1
2.0 -175.5 -17.6 17.5 -0.1 -0.2 -0.1
2.X -128.0 -12.8 12.8 0 -0.2 -0.2
3.0 -128.0 -12.8 12.8 0 -0.2 -0.2
3.X -80.7 -8.1 8.1 0 -0.2 ~-0.2
4.0 -81.0 -8.1 8.1 0 -0.2 -0.2
4.X -33.0 -3.3 3.4 0.1 -0.1 -0.2
5.0 -33.0 -3.3 3.4 0.1 -0.1 -0.2
5.X 14.3 1.4 -1.3 0.1 0 -0.1
6.0 13.7 1.4 -1.3 0.1 0 -0.1
6.X 60.9 6.1 6.0 0.1 0 ~0.1
7.0 60.8 6.1 -6.0 0.1 0 -0.1
7.X 107.7 10.8 -10.7 0.1 0 -0.1
8.0 107.2 10.7 -10.7 0 0 0
8.X 154.4 15.4 -15.4 0 0 0
9.0 153.8 15.4 -15.4 0 0 0
9.X 200.1 20.0 ' ~20.0 0 0 0
X.0 200.4 20.0 -20.0 0 0 0
XX 247.0 24.7 -24.7 0 0 0

0.0 268.3 26.8
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TABLE 1V - Comparison of 100 Resistors

Ap AR Cp C1g LCyg
Difference Difference Corrections for Corrections Corrections
181 Readings AV(uV) Across Dummy Across Com- Resistors Ref for Resistors for Each
SN of Seven Dial Seven Dial Seven Dial 1000 pared 100 Dummy Ref First Ten, Step for
Compared at 000 at 1000 at 2000 Resistor, Resistor, AR - 4p Cp - W10 10 Step Dials
Resistor Rdg 1 Rdg 2 Rdg 3 Rdg 2-Rdg1 Rdg 3 - Rdg 2 (Units x 10%*  (Units x 109  (Units x 109
1807 52.3 4.6 -78.0 -47.7 -82.6 -34.9 -32.0 -32.0
4249 52.2 -131 -74.3 -65.3 -61.2 4.1 7.0 -25.0
4242 52.1 -10.6 =-73.5 -62.7 -62.9 -0.2 2.7 -22.3
4230 52.0 -11.0 -73.8 -63.0 -62.8 0.2 3.1 ~19.2
7247 52.0 -15.3 -74.1 -67.3 -58.8 8.5 11.4 -7.8
4227 52.1 -12.3 ~73.3 -64.4 -61.0 3.4 6.3 -1.5
4232 52.1 -10.5 -75.4 -62.6 -64.9 -2.3 0.6 -0.9
4226 52.2 -9.0 -74.1 -61.2 -65.1 -3.9 -1.0 -1.9
4235 52.1 -10.6 ~75.5 -62.7 -64.9 ~2.2 0.7 -1.2
4246 52.3 ~11.2 ~76.4 -63.5 -65.2 -1.7 1.2 0
I =-29.0 0.0
4245 52.2 -11.9 ~74.6 ~b4.1 -62.7 1.4 4.3

*Using 2.11 volts across the Seven Dial, one microvolt on the Model 181 detector is equa: to 100 microhms.
When the resistors are placed in the 2111.111 ohm standard divider string, 100 microchms is equivalent to 1 x 1074
divider units.

TABLE V - Comparison at 1000 OHMS

C

Ay AK Correc%i%n for
Seven Dial Seven Dial Seven Dial Difference Difference 1K Ref Sum
at 000 at 1000 at 2000 Across Sum Across 1K of 10 x 1000
Rdg 1 Rdg 2 Rdg 3 of 10 x 1000 Resistor Ag ~ As
Forward Readings- - - - - - -~~~ - - - = =~ - - - - =~ ~- - Rdg 2-Rdg 1 Rdg 3-Rdg 2
181 Readings AV(W)- - - 5.3 -0.8 0.3
AR = 2 AV (Units x 109 10.6 -1.6 0.6 -12.2 2.2 14.4
Reverse Readings- - - - - - = = = = = =« = = - - === - - -~ Rdg 3-Rdg 2 Rdg 2-Rdg 1
181 Readings AVOV) - - 5.4 17.8 0.0
AR = 2 AV (Units x 10%) 10.8 35.6 0.0 -35.5 24.8 0.4
Avg = 37.4




SN of

Resistor

1807
4249
4242
4230
7247
4227
4232
4226
4235
4246
1K

4245

TABLE VI A

Standard Divider Corrections

Lower Half Corrections

LC
Cio C Lower Half
Correction P Correction Standard Corresponding
Ref Sum of Proportional Ref 20000 Divider Tap on
10 x 10022 Correction, String, Correction Divider
(Units x 109  1/20 or 1/2 Cigo - p  (Units x 10%) (Units)
-32.0 1.87 -33.87 -33.9 100
7.0 1.87 5.13 -28.7 200
2.7 1.87 0.83 -27.9 300
3.1 1.87 1.23 -26.7 400
11.4 1.87 9.53 -17.2 500
6.3 1.87 4.43 ~-12.7 600
0.6 1.87 -1.27 -14.0 700
-1.0 1.87 -2.87 -16.9 800
0.7 1.87 -1.17 -18.0 900
1.2 1.87 -0.67 -18.7 1000
37.4 18.70 18.70 0 2000
L =374 0.00
4.3 1.87 2.43 2.4 2100
TABLE VI B
Standard Divider Corrections
Upper Half Corrections
LC
C Upper Haif
Correction Standard Corresponding
Ref 20000 Divider Tap on
SN of String, Correction Divider
Resistor Cig - p (Units x 109) (Units)
1K 18.70 18.7 1000
4249 5.13 23.8 1100
4242 0.83 24.7 1200
4230 1.23 25.9 1300
7247 9.53 35.4 1400
4227 4.43 39.8 1500
4232 -1.27 38.6 1600
4226 -2.87 35.7 1700
4235 -1.17 34.5 1800
4246 -0.67 33.9 1900
1807 -33.87 0 2000
4245 2.43 2.4 2100
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Abstract

Automated test equipment presents
many problems to the user. As time goes
on, the value of the system may increase

because of increasing costs of replacement
and increasing dependence on the srstem.
One approach to the problem of older ATE
is to increase it‘s maintainability by
using more recent technology to overcome
specific problems of the test station. The
Navy used this method to decrease the
downtime encountered when the microwave
portion of a test set had to be maintained
and calibrated. The details of this method
are described and the benefits are summa-
rized.

INTRODUCTION

There are a number of early gener-—
ation Automated Test Equipment systems,
ATE, in use by the military. These systems
pose many unique problems to the wusers.
One problem is maintainability., The older
systems present problems with parts, in-
creasing maintenance and decreasing relia-
bility. Although a system is old, its
value will increase with time. A system’s
value will increase because the value
reflects the cost of replacement, and the
cost of not doing the job. An old ATE
system may be hard to lTive with, impos—
sible to Jlive without and expensive to
replace.

The Navy“s HMini-Sace is an early
generation ATE system used to support the
A& aircraft. The Mini-Sace consists of

three separate punched tape controlled
consoles: radar, air data simulator, and
control Ffunction. There is a Mini-Sace

system on each of the fourteen "Big Deck®
carriers, and approximately twenty shore
based stations. The microwave drawer of
the radar test station poses special
problems to the Navy. This drawer contains
the main stimulus and response circuits
and requires calibration. Calibration of
the microwave drawer required several days
of downtime if done on-line. The radar
console has a heavy workload and can only
test a few functions without the microwave

drawer. Downtime to calibrate the micro-
wave drawer is doubly painful. The only
al ternative to on-line calibration is
disassembling all the mircowave compon—
ents, calibrating each one individually,
and then reassembling the drawer. This
component approach would not guarantee the
functioning of the microwave drawer once
it was reassembled.

The salution chosen by the MNavy was
to treat the drawer as though it were a
system, and develop an off-line controller
for it. @An instrument controller and an
interface box controlled over the JEEE-488
bus are the major components of the off-
line controller. The interface box would
provide the electrical interface to the
microwave drawer, and would not contain
any of the sequential control required to
run the drawer. The controcl functions
would be handled by the controllier over
the I[EEE-488 bus. This approach proved
successful .

The first phase of the project was to
determine the interface requirements of
the microwave drawer by studying the docu-—
mentation. The information obtained was
checked out using a hardwired breadboard.
The breadboard consisted of switches and
pushbuttons, and was intended only to
proof the electrical requirements of the
drawer. The updated requirements were used
to write the specification to procure the
interface box. A desk-top computer was
used to control the interface box. The se-
quencing needed to activate the microwave
switches, select frequencies, and set at-
tenuator values was determined using this
combination. Once the sequencihg was un-
derstood, the software for the Navy’'s in-
strument controller and the calibration
procedure were written.

System Requirements

drawer i%
logi¢. The

The Mini—-Sace microwave
controlled by relays and TTL
relars are activated by voltage sources
and sinke in a matrix arrangement applied
through the main connector. A particular
relay would be selected by the combination
of a voltage source and a sink. In addi-
tion to the 28 Vdc relay drivers, there
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were a number of 28 Vdc receivers. These
monitor the responses and the condition of
the Mini-Sace microwave drawer. Part of
the sequence to control a relay requires
an "0K to go" signal to be received. There
are a number of other 28Udc signals that
moni tor the settings of microwave
switches, attenuators and other functions.
There are also TTL receivers and drivers.
The drivers control the motorized
attenuator setting. The receivers read the
power meter and the setting of the atten-
vator. The TTL drivers and receivers are
also used in continuity checks of the
safety interlocks. To add to the confu-
sion, there is also a servo interface. The
servo is used to set the cutput level! of a
microwave source after a new frequency is
selected. The only way to be sure the
output is Jleveled is to watch what the
servo is doing. Once the servo is zerped,
the level is set and the test can proceed.
The interlocks make sure the one Kilowatt
dummy load is operated safely. The test
points connect to the analog ocutput of the
power meter, the servo leveling loop and
several other important analog signals.
Two interface cables are required. One is
the 136 pin main interface, containing all
the signals described above. The other is
a 30 pin connector for the power supplies.
Figure 1 is a picture of the microwave
drawer. The main interface connector is to
the right. The other rectangular connector
is the power suppl!y connector. The fan for
the dummy load is located on the left.
Some of the waveguide switches and the at-
tenuator are visible,

One assumption made was it is easier
to change software than hardware. The
software intensive approach a1 1 owed
changes in operation to be made in the
controller‘s software and not the firmware
in the interface box. The interface box
was built by a contractor for the Navy. By
using an interface, the Navy accepted the
responsibility for the overal'l operation
of the system. This approach was dictated
because there weres no spare Mini-Sace
microwave drawers to be loaned for the
time required,

Future uses of the off-line
contreller had to be considered. To Keep

a2

the uni t flexible, the idea of &
personality module similar to the ones
vused in prom programmers was adopted. By
changing the personality module and the
software, the air data simulator drawer
or another system could be interfaced.

There were a number of restrictions
on the development of the off-line con-
troller. The microwave drawers were in
short supply. In fact there was one less
than there were Mini-Sace stations., When
one carrier came into port the microwave
drawer was taken off and installed on a
outbound carrier. The shore based Mini-
Sace systems were not readily available.
The workloads on the system did not permit
the downtime necessary to develop the off-
line controller. During the early phases
of the project the documentation for the
Mini-Sace system wxs studied. All the
manuals available were stamped "PRELIMI-
NARY®"., No manual is perfect, but there
were a number of gray areas that seemed
black at the time. One further problem was
the lack of people. The tasks had to be
selected, so those tasks that could be
done only by the Navy were done by the
Navy. The design of the interface system
was influenced as much by these non-hard-
ware requirements as by the hardware re-
quirements.

The Approaches

The off-line controller for the
microwave drawer has four distinct parts.
The first, as shown in figure 2, consists
of the voltage drivers and receivers that
provide the electrical interface to the
drawer. The second part is the sequencing
necessary to energize a relay in the
microwave drawer. The correct sequence of
steps necessary to perform a task is the
next part of the srystem. Setting the value
of the attenuator, or changing frequencies
of the oscillator are such tasks. The
final part of the system is the set of
tasks, or procedure, required to calibrate
or perform maintenance on the drawer.
Three of the four parts of the system are
really software, and make up the intel-
ligence of the srstem.

Cne major decision made in the design



of the microwave drawer controller was how
to partition the system. One approach
would have been to tump everxthing into
one¢ box. The resuits would have been a
larger, more expensive box that onty did
one thing. Much of this design would have
been “reinventing the wheel" because most
of the processing could be handled by a
desktop computer or instrument controller.
Another approach would be to combine the
sequencing with the drivers and the proce-
dure with the tasks. The exact sequencing
was not Known until much later in the
project. This approach would have required

software in two units to be changed freq-
uentty. One approach seriously considered
was to include the drivers, the sequencing

and the
procedures
require one

tasks in one unit and feed in
from another. This would
unit to have most of the
capability, and the second to act lTike a
tape deck. This approach was not used

because it lacked flexibility.
Results

The partitioning chosen was to
include all the processing in one box and
the electrical interface in another. The
electrical interface would be controlled
over the IEEE-488 bus so the unit would
have to have some processing capxability.
The Jjob of ceonverting a procedure into a
series of instructions to operate the
drivers is well within the capabilities of
an off—-the-shelf instrument controller.
One other benefit of this arrangement was
evident during the development stage. The
exact operation of the drawer had to be
determined during development of the off-
line contreller. True, relay drivers were
required, but some questions about timing
could not be answered from the documenta-
tion, and a2 full system was not available.
The use of the instrument controller
allowed a sequence to be tried and revised
immediately. Even a system using a com-—

piler instead of an interpreter would have
been wunsatisfactory because of the extra
time involved.

The original control software was

written using a building block approach on
a Hewlett Packard $830. A microwave drawer
was obtained and the software written to
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discover how the drawer worked. As tests
of each function were completed, the
contrel software was revised. The basic
interpreter allowed quick software revi-
sions. The questionable documentation and
the complex nature made thit building
block approach necessary.

The first version of the control

software was considered completed when the
maintenance program for the drawer was
functioning. This program exercised every
relay, microwave switch and setting in the
drawer. A failure during this program
would be noted and the offending item re-
placed. This maintenance program demon-
strated atl the functions of the drawer
were controllable, and the operation of
the drawer was understood. The calibration
procedure was then written. Since the
drawer was treated as a system, entire rf
paths could be tested. The calibration of
the microwave drawer can be completed in
one day.

Figure 3 is a block diagram of the
electrical interface to the micCrowave
drawer. The electrical interface box con-
sists of a mainframe and a removable per-
sonality module. The personality module
consists of an interface module and conne-
ctors. The processor module of the main—
frame talks to the instrument controller
and translates its commands intoc the
correct actions. The interface module con-—
tains the drivers and receivers that form
the electrical interface to the microwave
drawer. One requirement for the interface
is for everything toc be off when the wunit
first comes up. The power relays are used
to maKe sure the power routed through the
interface is controlled. There are a
number of spare circuits to allow for a
change in the microwave drawer or a
slightly different application.

The first tevel of software is i1~
lustrated in figure 4. This is the basic
sequence to turn on a source and a sink to

activate a relay. When the "OK-to-go~©
signal is received the relay is in its new
position and the source and sink are

turned off. Figure 5 shows the saquence of
commands necessary to perform a task, in
this case to set the motorized attenuator.



The drawer is first addressed. The TTL
drivers are set for the desired value, and
the attenvator enabied by setting several
relars. There is a 28Vdc receiver
monitoring the motor of the attenuator.
When the motor stops the attenuator is
disabled and its value read. If the value
is not correct, the process is repeated.
If the wvalue is correct the drawer is
vnaddressed and the task is complete. The
calibration and maintenance procedures
consist of Jists of these command se-—
quences. Alsc, the operator can control
the microwave drawer without using a fixed
procedure. This feature is important when
troubleshooting because it allows the
operator to repeat a sequence to locate a
fault.

Conclusions

The partitioning of the off-line con-
troller was a Key element in the suctess
of the project. The interface box only
had to provide the correct signals and to
respond to the commands of the instrument
controller. This partitioning allowed the
interface box to be buiit before operation
of the drawer was fully understood and
saved a considerable amount of time. Since
the software was soft and not firm, the
programs used to control the drawer could
easily and quickly be developed. The use
of the personal ity module allowed
flexibility for other applications. Other
drawers can be interfaced by changing the
personality module and the software.The
Mini~Sace punched tape controller could be
replaced by using the same approach that
worked for the microwave drawer. A new
personality module and a change of soft-
ware is all that is required. The par-
titioning broke the project down into
reasonably sized and compatible tasks.
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Figure 1 Mini-Sace Microwave Drawer
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LASER METROLOGY
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ABSTRACT

This paper describes the results of research under-
taken to develop a number of laser metering systems
which, although not developed for general metrology
applications, will no doubt become important in the
science of measurement. Two of these systems will
be "highiighted: the first is a laser interfer-
ometer capable of making precision absolute dis-
tance measurements over extended ranges; the second
is a multi-channel interferometer/vibration sensor.
Absolute distance interferometry is needed, and was
developed, for the precision figuring of large
structures; the multi-channel interferometer/vib-
ration sensor was developed to assist with the
active {dynamic)} control of the extended, Yight-
weight structures being developed for space.
Attractive potential uses of this new technology
are apparent in many areas of science and industry.
Examples include manufacturing, batch process
control, machine control, materials research and
festing, the control of robots, and the establish-
ment of improved measurement standards.

INTRODUCTION

Laser metrology has had a major impact on the
science of precision measurement over the past two
decades, since the HeNe Taser became commercially
available in the early 1960's. This impact is not
only continuing, but growing. Laser metrology in
the context of applications to manufacturing and
process control has interesting implications ...
implications which in Targe measure are tesponsible
for the growing interest in the technology

Indeed, it is the applications areas where the
science of measyrement bears fruit, where its im-
pact is tangible, exciting and can be reckoned in
terms of new products and financial rewards.

LMSC has Tong been active in the development of
laser distance and vibration measuring sensors for
the active control of spacecraft and space struc-
tures such as antennas. Sensors developed specif-
ically to serve these needs include sources based
on the C0», HeNe and, recently, diode lasers.
Detailed background information on these sensor
systems, their principles of operation, state of
development and demonstrated performance, is avail-
able in the literature (see References). This
paper will briefly review the capabilities of these
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systems and illustrate applications possibilities
in the areas of: (1) robotics, and (2) active
control of large space structures. It is hoped
that, by analogy, such applications examples might
suggest other, more general uses of the technology.

To conclude this dintroduction, it is helpful to
briefly scope the principles-of-operation of the
various sensor systems. [Its purpose is to provide
a concise perspective to the background discussion
of the basic elements of the laser metering systems
which will follow.

The €O, distance measurement system is based on
multi-wavelength interferometry {1,2). It offers
the precision inherent with interferometric measure-
ment, and through the use of multiple colors is
able to achieve an ambiguity distance in the inter-
ferometer of approximately 12.5 m. Distances up to
100 m can be measured to an accuracy of #0.03um.
High power is available with LMSC's special C0»
lasers (20 watts); by focusing on non-specular
metallic surfaces, measurements can be made directly
to the surface, eliminating the need to employ
special target retroreflectors.

The HeNe laser measurement system employs a modu-
lated subcarrier and precision phase measurement
techniques to achieve a distance measurement
accuracy of £25um {0.001") (3). Analysis shows
that by using large target retroreflectors this
system can be employed over distances of several
km.

The diode laser distance measuring system will,
when developed, operate in a manner similar to the
HeNe laser system. Laser metrology using diodes
is new; it has only recently been made possible
through the advent of long coherence length diodes.
Work on this promising new area is in the early
development phase.

A multi-channel {50 cr more) relative dictance
measuring version of the HeNe sensor has been de-
veloped for the dynamic control of large space
structures (4)}. Tt has a distance measuring reso-
Tution of 0.08pm, can be used to assist with
dynamically removing vibrational energy from large
space structures, and is capable of operating out
to distances of 100 m. Through the use of redun-
dant channels and readings, a trilateration tech-



nique developed by ITEK, but based on the LMSC
multi-channel HeNe sensor, can be used to provide
accurate, absoiute position control of a Timited
class of structural configurations which permits
motion of the target and, thereby, the necessary
redundant readings. This class of targets includes,
but is not 1imited to, a target on the arm of a
robot.

AT1 of LMSC's laser measurement systems employ het-
erodyne photodetection technigques. Fach is thus
capable of sensing not only distance but also vib-
ration. Vibration can be a useful diagnostic for
sensing tool wear, breakage and perhaps task com-
pletion for robotics and process contrel. For large
space structures vibration measurements are needed
for dynamic control.

BACKGROUND

Here, we shall review the basic elements of develop-
ed laser measurement systems, and later discuss the
use of those systems as building blocks in a robotic
positioning and control configuration suitable for
automated manufacturing and assembly, as well as for
precision control of large space structures.

Absolute Distance Interferometry

Recent developments demonstrating the feasibility of
employing Taser interferometry to measure absoTute
distance over extended distances have been reported
(T}. The results of this work demonstrated a
measurement accuracy of 0.03um (RMS)} over distances
up to 10 meters, with a targest ambiguity distance
of 12.5 m. A (0p laser, specifically designed with
the properties needed for this work and capable of
operating on several sets of stable R- and P-line
pairs, provided the basis for resolving the half-
wavelength ambiguity typical of single wavelength
interferometers. Stability of the Taser is ade-
quate for measurements to 100 m, but for a given
distance measurement, the order of the 12.5 m ambig-
uity distance will have to be known apriori.

To validate and demonstrate the capabiTity of the

C0, absolute distance sensor (ADS} to make precision
absoTute distance measurements over extended ranges,
a ten-meter optical rail was designed and fabri-
cated of wood. Provision to enable comparison
measurements using an H-P Interferometer (Model
5525} was made. Figure 1 schematically illustrates
the test configuration. Figure 2 is a photograph

of the optical rajl test setup. Congruence between
the H-P Interferometer beam {HeNe) and the ADS
target beam (CO,) was established using a flat
germanium plate as a dichroic beamsplitter. A cable
driven carriage supported t' target retroreflector;
excursion of the target was a full 10 m. Typical
comparison measurement results are shown in Figure
3. The 0.05um peak-to-peak spread between the
Tinear envelope lines bracketing the datum points
approximately equates to an RMS statistical spread
of approximately 0.03um.

Laser Beam with Modulated Subcarrier
Distance may be measured by using a modulated laser

beam and accurately measuring the phase of the mod-
ulated subcarrier on the return beam. Heterodyne

photodetection permits the phase measurement process
to take place at a convenient electronic frequency,
not necessarily the frequency of the modulated sub-
carrier. By employing multiple modulation fre-
quencies, ambiguities may be resolved in the same
basic manner as with the absolute distance inter-
ferometer, As an example of this method of mea-
suring distance, LMSC has developed a laser dis-
tance measuring sensor employing a HeNe laser
source and Bragg cells to establish the heterodyne
local oscillator beam. A distance resolution of
some 25um was achieved using a 400 MHz modulation
frequency and a LO offset of 33 MHz. Figure 4
illustrates the elements of the modulated sub-
carrier distance sensor. Note that the distance
measured is the difference between reference and
target retroreflectors. This permits common photo-
detection optics and signal processing electronics
to be employed, and hence features common-mode
noise reduction advantages. The details of this
system have been reported previously (3).

Multi-channel Interferometer

By driving the broadband Bragg cell shown in Figure
4 with a multiple frequency source, the basis for a
multi-channel interferometer is achieved. Multiple
frequencies both physically separate the beams (for
pointing at separate targets) and provide a dis-
tinct frequency offset for each target so that the
combined optical returns, photomixed on a common
photodetector, can be isolated spectrally for signal
processing. Figure 5 schematically illustrates a
ten-channel interferometer developed to examine and
demonstrate the basic features of multi-channel
interferometry {4). Figure 6 is a photograph of
the prototype ten-channel device. Figure 7 illus-
trates the simultaneous outputs of four channels of
the ten-channel interferometer in response to
different vibratory stimuli for each channel. The
device could easily be expanded to, say, a 50-
channel interferometer. The limitation is the avail-
able Taser power which must be shared among the
desired number of channels, as well as the required
signal-to-noise ratio,

It is important to realize that the multi-channel
interferometer, unlike the absolute distance
measuring sensors discussed previously, is a
relative distance measuring sensor; for any given
channel, it essentially counts fringes between any
two target locations. Reference 5 shows that by
simultaneousTy viewing a single target (attached to
a robot, for example) from a number of separate
locations (at least 4) that a given target location
can be over-specified, and that the redundant in-
formation can be used to remove interferometer am-
biguities. The result: absolute measurements are
possible providing the laser beams are not inter-
rupted.

APPLICATIONS

Robotics

It is anticipated, and indeed logical to expect,
that the upcoming growth in robotics will stress
software standardization and cempatibility with a

common data base such as CADCAM. Laser metrology
offers a key for unlocking this capability.
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Guiding a robot by means of a truss arrangement of
precision, distance-measuring laser beams refer-
enced to benchmarks in the vicinity of a manufac-
turing work station can, through a coordinate
transformation, provide accurate, three-dimensional
coordinate data on the robot as well as the materi-
al to be worked. This approach constitutes a log-
ical extension of the relatively recent laser dis-
tance-measuring technology currently being used to
enhance the accuracy of N/C machines; it is also
consistent with a growing need for compatible, more
easily programmed automation systems employing an
interdisciplinary data base, such as that created
by Computer Aided Design and Computer Aided Manu-
facturing (CADCAM).

A manner in which multi-channel interferometry
might be cmployed to control a robot is schemat-
ically iltustrated in Figure 8. Regardless of the
specific laser distance measuring system to be
used, an absolute distance measuring capability on
the part of the system used to track the robot ap-
pears to be a minimum requirement. The general
optical truss configuration suggested in the figure
can be varied to suit the specifics of the work
area, work piece configuration and the sequence of
operations to be performed. Employing LMSC's multi-
channel interferometer in the trilateration tech-
nigque deveioped by ITEK (5) will require a tetrahe-
dral truss baseline rather than the baseline con-
figuration illustrated in Figure 8. For the ITEK
scheme, baseline calibration is achieved by taking
some ten measurements at different but arbitrary
locations of the target attached to the robot
"wrist"; the beams then would be required to track
the target throughout the manufacturing operation,
which would be performed on a "dead-reckoning”
basis relative to the baseline reference. If the
beams are interrupted, the baseline will require
recalibration. Accuracies of the order of 0.2um
are claimed by ITEK for their measurement scheme
when used to measure the surface of a large reflec-
tor. Less accuracy would be possible for robotic
applications because of the unfavorable geometry,
but less accuracy would suffice.

By adding subcarrier moduTation to the multi-
channel interferometer, absolute measurement up-
dates could be periodically provided. Accuracy of
the absolute measurements, as mentioned previously,
would be limited to approximately +25um. Simulta-
neous tracking of the robot relative to the work-
piece would be possible. Accurate calibration of
the baseline would be unnecessary, but nonetheless
could be easily achieved by directing the tracking
mirrors to reflect the measurement beams back to
the multi-channel interferometer. With this
system, loss of calibration due to beam interrup-
tion should be of 1ittle consequence since frequent,
periodic absolute updates are possibie.

The CO, system would offer more accuracy than could
be justified for robotics (0.03pm). However, it
would also offer high power ... enough to work
against non-specular, metallic surfaces. Retro-
reflectors would be unnecessary. However, such a
system has disadvantages: the beam is fnvisible

and difficuit o align, the system is large, cryo-
genic photodetection is required, and automatic
focusing would be necessary.
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With all of these systems, the scanning mirrors
would require both acquisition and tracking modes
of operation: open-loop tracking for target ac-
quisition, and closed-loop tracking to more pre-
cisely point to a target as well as follow targets
which move.

Benefits to be gained through the application of
laser metrology to robotics, very briefly include:

Closed-loop fabrication control via measure-
ments near or about a tool tip, which provides
a basis for achieving increased accuracy with
unsophisticated robots {i.e., rebots with no
temperature or stress compensation).

The ability to interface a common data base
with available industrial robots involving a
minimum of reconfiguration. The benefits of
standardized software procedures may be expected
to stem from this ability.

By means of beam-relay optics it is expected
that multiple robots and work areas can be
serviced by a common laser metering truss con-
figuration.

Precision part inspection and checkout, possibly
while work is in process, should be feasible.

Assistance with material movement between pro-
cessing stations, compensating for floor and
work station layout variations, may be expected.

Laser diagnostics can be used to indicate tool
wear (by monitoring cutting head vibration and
distance changes to work piece}, misalignment
and syrface finish.

Parts identification for automatic sorting,
using a banded code similar in format to the
familiar grocery store universal product code.

In summary, laser metrology, applied to robotics,
appears to offer a number of potentially attractive
benefits. For a laser-quided robot, the burden of
accuracy would be placed on the laser control sys-
tem; minimum precision would be required of the
robot. The result: unsophisticated robots capable
of high-precision work. The effects of temperature
and stress would have 1ittle or no effect on such
robots. An ability to interface a common data base,
such as CADCAM, to available industrial robots,

and the standardized software procedures which
would result, may be expected to grow increasingly
attractive as automated factories of the future
emerge from the prototype investigations and appli-
cations studies now underway. Laser-guided robots
are coming.

Precision Control and Figuring of Large Structures

A growing need exists for a laser metering system
capable of making absolute measurements of the
dimensions of large structures. Distances of
several meters need to be measured to submicron
accuracies. An example of the nature of such
measurements might involve a large cylinder fab-
ricated of one of the new metal matrix materials
with dimensions of the order of T m in diameter by



2 m in length. Such structures are typical of
telescope mounts. Measurements of interest might
include angular tilt between the ends of the
cylinder, length and diameter variations, and de-
center {i.e., unequal diagonals not related to
tiTt). Determination of the thermal properties of
such structures, as well as the new matrix materi-
als, may also be of interest (thermal coefficient
of expansion as well as possible creep due to
thermal cycling). Making such measurements will
require a means of establishing fixed reference
benchmarks on the structures and a means of making
precise (submicron} absolute distance measurements
between pairs of benchmarks, a natural application
for the ADS system.

A typical application of ADS to a large, segmented
mirror system is illustrated in Figure 8. Here,
ADS is attached to the same structure as supports
the secondary mirror (not shown in the illustra-
tion). ADS need not be situated on the axijs-of-
symmetry of the mirror. For a Cassegranian mirror
system, the secondary mirror has a small "blind
spot" in the center where a small, two-axis scan-
ning mirror might be attached. The ADS beam could
be directed to the scanning mirror from a location
behind the primary mirror, if necessary, through a
hole in one of the segments. Orientation of the
secondary mirror might also be monitored from this
location.

A minimum of three targets would be affixed to

each mirror segment. The targets most likely would
be open retroreflectors, but possibly could be
zone-plates etched into the mirror surface. Scan-
ning is not as difficult as it seems, and several
candidate scanning methods have been proposed that
appear to be acceptable.

Analogous applications to large microwave antenna
systems would involve a straightforward adaptation
of this configuration. For antennas, however, the
HeNe distance measuring system or a variant of the
mutti-channel interferometer incorporating a medu-
lated subcarrier would be simpler and provide more
than adequate accuracy.

CONCLUSIONS

Several new laser measurement concepts have reached
a laboratory level-of-development which are des-
tined to have an impact on the science of measure-
ment: (1) absolute distance interferometry
{accuracy: +0.03yum, RMS}, (2) modulated subcarrier
HeNe absolute distance sensing (accuracy: +25um ),
{3) multi-channel interferometry/vibration sensing.

Examples of potential applications of these sensors
to robotics and to the dynamic control of large
space structures ... areas in which laser metrology
is being investigated as it appears to offer
attractive solutions to the many difficult control
problems which are now being seriously studied ...
have been reviewed; many logical, convincing argu-
ments in favor of laser metrology are plainly
evident, particularly since these are problem areas
where alternative solutions simply do not exist.
General applications, and possible ways in which
these new achievements may be used to advance the
science of measurement, are as diverse as the many

measurement problems seeking solution. Originating
solutions and the many inventions yet to be mothered
from necessity have been left to the jmaginations
of those with problems to solve where laser metro-
logy offers a logical approach.
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LASERS ROLE IN MODERN OPTICAL METROLOGY

John J. Lee, Jr.
Electro -Optical Physicist
General Dynamics/Convair

San Diego, California

ABSTRACT

Optical Metrology has in recent years had
a rebirth primarily due to the development
of laser systems. This paper discusses
two of the roles lasers play in modern
optical metrology. First, the laser as a
research and manufacturing tool must be
characterized and calibrated. The
calibration needs and basic characteristics
of several lasers will be defined and dis-
cussed, Second, several examples of the
laser as a measuring tool will be dis-
cussed.

INTRODUCTION

One of the major emphasis of the newly
developed Optical Metrology Laboratory at
General Dynamics/Convair has been to solve
the calibration problems of laser systems.
Lasers have become so well established in
electro-optics that many systems are in
use without proper calibration. This is
not only true of Research and Development
labs, but also in manufacturing, production
and quality, Currently, calibration pro-
cedures, techniques, and test sets are
being developed so that the inadequate
calibration problem will be solved.

The laser has also bhecome a well accepted
and reliable tool for dimensional measure-
ment. For many applications, an optical
straight edge is the best measurement
choice. Currently, several laser systems
are being used for dimensional measurement
and calibration.

LASER CHARACTERISTICS

To calibrate laser systems there must be
an understanding of the basic character-
istics lasers possess. A laser (light
amplification by stimulated emission of
radiation), is basically an optical
oscillator. It consists of an amplifying
medium, inside of an optical resonator or
cavity, which is pumped by some type of
external excitation. The laser oscil-
lation acts as a standing wave inslide the
cavity, with an output of a highly mono-
chromatic collimated beam of radiation.
The laser possesses three important
properties: monochromaticity; temporal
and spatial coherence; and certain beam
qualities.

Monochromaticity is in reality the os-
cillation band width of the laser and
therefore determines the frequency or
wavelength of the laser output. 1t is due
primarily to the fact that oscillation,
and therefore amplification, can only
occur at the resonant frequencies of the
cavity. In practice, cavity changes, due
to thermal expansion or vibration, are
the practical limits to frequency
stability.

Laser outputs are both temporally and
spatially coherent. Temporal coherence
means that the laser output will inter-
fere constructively at any given point
at two different times. Spatial cohéerence
is where the laser output interferes
constructively at two separate points at
the same time. This property accounts
for many of the applications for which
lasers are being used.
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The output beam possesses several
important qualities: First, it has a

high degree of directionality with a small
divergence angle; Second, it has a known
polarization for a given frequency,; Next,
the beam has a high brightness or radiance
due to its directionality; Last, the out-
put beam consists of transverse electro-
magnetic modes.

LASER CALIBRATION

The calibration of laser systems have many
measurements in common, yet each has its
own particular calibration needs. In many
laser systems the most important parameter
is the frequency or wavelength of the
output., This can be particularly true for
lasers, such as COQO;, which will lase at
several different transitions with a small
change in cavity length or temperature.
Many devices have been developed to monitor
and measure laser frequency -~ most of
which are based on some type of grating
technique.

Output power (energy) is another important
consideration for laser system calibration.
Due to the diversity of laser systems,
power must be defined to include peak,
average, and pulse power. Each of these
measurements must be done separately using
various techniques. Such devices as
calorimeters, radiometers, photodetectors,
ete. have been developed for these measure-
ments,

Polarization, mode and divergence angle are
all beam qualities that have a secondary
calibration need. In most instances these
parameters are not an important con-
sideration, but in some specialized
systems each can become system limiting.
The divergence angle only becomes im-
portant when dealing with small apertures
or the beam waist and therefore is seldom
a problem. Polarization becomes important
anytime a polarization dependent element
{modulators, 7/4 retarders, T7/2 wave-
plate, polarizer, etc.) is in the system,
In this instance, if polarization changes,
the signal or beam can be completely lost,
or at least, the power will fluctuate.

The laser mode can also affect power
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fluctuations. A change in the laser mode
will cause both power fluctuations and a
change in the cross sectional power
density of the beam, In the case of a
TEM;, the power density is a Gaussian
distribution centered on the optical axis.
For each of the other transverse electro-
magnetic (TEM) modes, the power density
distribution can be calculated but is
more complex. A few devices exist for
examining laser modes, pyroanalyzers and
thermal imaging techniques, but viewing
of the farfield beam gives a good idea of
the laser mode.

Each of the preceding characteristics are
important in the calibration of laser
systems. The accepted monitoring tech-
nique is not to make instantaneous
measurements but to look at both the short
and long term stability of the system.

In this case, short term usually is of
the order of a few minutes, whereas long
term is approximately an hour, Each of
the systems parameters (frequency, power
and beam qualities) must be measured

for stability and are usually specified
as such by the manufacturer.

In many cases, the laser system under test
has specialized components which directly
affect the output. Examples of such
devices include: active cavity control -
cooling, PZT, dither stabilizer, etc.;
internal modulation; Q-switch techniques;
mode lock techniques; and internal grat-
ings to name a few., These components
create specialized calibration procedures
depending on the type of laser and the
combination of specialized components.
Following are two examples of laser
systems, their basic parameters, and
general calibration techniques.

HeNe LASER CALIBRATION

The HeNe laser is one of the most popular
and widely used of all lasers., (Figure 1)
It is a neutral atom gas laser with a four
level pumping scheme, Laser action occurs
between the neon energy levels with helium
added to assist in the pumping process
through resonant energy transfer. (The 2°S
and the 2'S energy levels of helium and



neon are resonant). The HeNe laser can
oscillate at any of three different wave-
lengths; 3.39%um; 0.6328um; and 1,154m,
(Figure 2) The wavelength for a particular
HeNe laser can be chosen primarily by the
proper choice of reflectivity for the
dilectric mirrors or by inserting Brewster
windows into the cavity. The 0.6328im
HeNe laser is by far the best known and
most used laser in industry today.

The HeNe laser has optimum values for many
of its operating parameters. Since de-
eXcitation is primarily due to atoms
colliding with the walls of the laser tube,
the optimum tube diameter is approximately
2 mm, The optimum Ne pressure is approx-
imately 0.1 Torr with a ratio of He/Ne of
3 - 10. An optimum discharge current
density also occurs and creates an optimum
discharge length and power. (For a tube
approximately one meter in length the out-
put power is on the order of a few milli-
watts. )

Frequency stability for HeNe lasers can be
accomplished several different ways. The
easiest is to use a Lamb dip technique with
a feedback circuit. Basically this tech-
nique locates the bottom of the Lamb dip,
which is very well defined, and keeps the
laser on that frequency, Stabilities and
reproducibilities of one part in 10° have
bheen accomplished with this technique.
Another basic technique is to use a
saturated absorber inside the laser cavity.
Frequency stabilities on the order of one
part in 10'® have been accomplished using
this technique,

The calibration and characterization of
HeNe laser systems is in general quite
basic since most manufacturers use optimum
operational parameters. The measurement of
laser wavelength only becomes important in
very precise systems such as the Hewlett-
Packard Laser Measurement System. (In this
case, a wavemeter or spectrometer can be
employed). Output power degenerates very
rapidly but can be monitored by using
conventional detection techniques. The
divergence angle, mode, and polarization of
HeNe lasers become the most important
parameters for system calibration. Both
the divergence angle and mode can he

measured and characterized by visual
technigues in the farfield Polarization
can be easily measured using conventional
polarizing elements and power detectors.
Due to the complexity and lack of ad-
justments, on most HeNe lasers, there is
little except characterization that can

be performed.

CO; LASER CALIBRATION

CO: lasers are quite complex and, unlike
HeNe lasers, have many possible adjustments.
Since there are many different types of COz
lasers, (gas flow, sealed, TEA, RF Wave-
guide, D. €. Waveguide, etc.), the
discussion here will be limited to D. C.
excited continuous wave waveguide COj;
lasers. (Figure 3).

The CO; laser is a molecular laser that is
dependent upon vibrational-rotational
quantum mechanical phenomena. The laser
consists of a mixture of several gasses,
(Co,,CO, Ny, HE, and XE), with manu-
facturer's combinations seldom the same.
In general, the mixed gasses, to the COz,
are to improve efficiency by producing
large population inversions by rescnant
energy transfer, or toc cool the CCg
molecules by transferring energy to the
laser walls. Since C0O; is a triatomic
molecule, there are three distinct modes
of vibration, (A discussion of this
problem can be found in most laser texts),
and laser action occurs between these
vibrational levels. (Figure 4) For this
reason, the CO; laser is able to lase on
many lines, in the IR regime, and is some-
what difficult to stabilize the frequency
for a long time period.

The waveguide CO; laser consists of a
small capillary discharge bore (~1 mm)
cavity, usually of a dielectricmaterial,
that acts as a waveguide for the laser
beam, The cavity is sealed off and is
filled with a high pressure gas mixture.
The gas is excited by a high voltage
discharge, through the gas, in one of many
configurations. Most waveguide lasers
have active cooling, usually in the form
of forced air, along with a number of
possible speciality options. These in-
clude: Dither stabilizer for frequency
stability; gratings for laser line tune-
eability, PZT for cavity length changes;
polarizers for polarization stability;
and a host of other speciality options.
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The calibration and characterization of
CO; laser systems can, even for very

basic systems, encompass numerous
measurements., Due to their complexity,
and a lack of vendor standardization, a
general calibration procedure is difficult
at best. The following paragraphs will
try to explain the most necessary measure-
ments and some of the important consid-
erations when characterizing such systems.

Frequency stability, and therefore wave-
length stability, for CO; waveguide lasers
is ugually poor. Typical vendor speci-
fications for a temperature stabilized
laser, with constant line voltage, are:
short term {(minutes) # 1 % 10 ®; long term
(hours) + 1 x 10 ° (With specialized
dither stabilization the laser frequency
can be stabilized to t+ 1 x 10 7 or
+ 3 mHz. Instability is normally caused
by cavity length changes, due to temp-
erature effects, but can also be caused
by laser mode hopping. Since the wave-
length transitions are widely spaced,
between 9¥m and 12um, an optical spectrum
analyzer is the easiest monitoring device.
If higher precision is needed, some type
of wavemeter or spectrometer in the infra-
red regime, can be employved.

Frequency instability and temperature
fluctuations cause power or amplitude
instability. For basic waveguide systems,
with no temperature contrel, typical vendor
specifications are: long term (hours) +10%:
short term (minutes) = 4%. With temperature
control: 1long term * 2%; short term = 1%,
If dither stabilization is used, to
stabilize the laser frequency, even better
amplitude stability should evolve. Since
power fluctuations are duite easy to
measure, using colorimeters and radio-
meters, power is usually used as the
monitoring parameter.

Polarization and mode changes are two
other parameters that must be character-
ized., Polarization is very dependent

on which line, wavelength, the laser is
on. With a change in frequency, or laser
line, the angle of linear polarization
will change - for a given line there is a
given polarization. The typical specified
mode, for waveguide lasers, is a EH;,,
which corresponds to a TEM,, in free
space, but other mode regularly occur.
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Typically the only way to change the mode
is to cause a frequency shift, through a
change in operating temperature, or to go
inside the cavity and change the D. C.
discharge. The mode can be easily measured
in the farfield with phosphorescent
targets or a pyroanalyzer. To measure
polarization, the use of polarizing
elements together with a power measure-
ment is an easy technique.

LASER INTERFEROMETER

Interferometers are an important applica-
tion ¢f lasers because they provide a
stable coherent source of quasi-
monochromatic light. Applications abound
for interferometers and thus many types
have been designed. Basically, an inter-
ferometer compares the phases of two
coherent light beams that have different
optical paths from the same source to a
common test object Such measurements as
distance, surface flatness, chromatic
aberations, transmission, etc. are easily
attainable using interferometric
techniques.

Currently, an older model Zygo inter-
ferometric system is being used for a
variety of measurements. The system

has a 12" aperture capability and is con-
figured as a Fizeau interferometer. The
basic use of this system is to measure,
in situ, surface Tigure of large aspheric
carbon/carben laser mirrors., (Figure 5)
Another use of this system is to measure
transmission aberations of optical lenses
used for several research projects. A
new interferometer is being developed for
transmission and other measurements

using a CO; laser, at 10,6dm, rather than
the current Zygo that uses a HeNe laser
at .6238um.

DIMENSIONAL MEASUREMENT SYSTEM

The calibration of coordinate measuring
machines and large numerically ccontrolled
machines has always been a long and
tedious job. With the incorporation of
the Hewlett-Packard Corp. 55264 Laser
Measurement System, these calibrations
have become routine. There are currently
two H. P. Laser Measurement Systems, on

a full time basis, doing the aforemention-

ed calibrations along with other di-
mensional calibrations. These systems are

able to measure angle, flatness,



straightness, perpendicularity, and
linear measurements with 0.01Hp
resolution, (+0.5 parts per million
accuracy), over a measurement range
of up to 61 meters,

The Laser Measurement System works on an
interferometric technique with a slight
twist. The system emits a coherent light
beam composed of two slightly different
optical frequencies, caused by a Zeeman
splitting inside the laser head, with
opposite circular polarizations. By
linearly polarizing this beam, two
orthogonal linear pelarizations are
created. A pick-off beam splitter is
used to create a reference beam for the
counter and for tuning the laser cavity.
The linearly polarized beam is then split
into the two separate frequencies, each
directed toward its own retroflector,
combined again and returned to a photo-
detector in the laser head. Relative
motion between the retroreflectors causes
a doppler shift, this difference is
monitored by a fringe-counter, and
through multiplication and conversion,
the displacement is displayed,. (Figure 6)
Using several different interferometric
techniques the system can produce all
the aforementioned dimensional measure-
ments.

LASER MICROMETER

Lasers have been used for dimensional
measurement for many years and have con-
tinued to improve both in speed, accuracy
and repeatability. Currently, a Techmet
"Laser Mike'™ is being used for many of
the standard micrometer measurements in
the dimensional measurements lab, This
device, Model 83-00 (Figure 7), with
certain modifications, can measure a part
from ,015" to 1.25" with a resclution of
.00005", The "Laser Mike" system has heen
found to be faster, more cost effective
and has better repeatability than the
usual measurement technique of using a
Standard Measuring Machine.

The technique used by Techmet is known
as shadow casting. A parallel scan of
the laser beam creates a shadow of the
part under test. The scan is then
imaged onto a photodetector and with the
aid of a microprocessor, a diameter
measurement is displayed.

The scan rate is adjustable, but is
typically 100 scans per second. Thus, a
statistical averaging occurs for each
part under test and repeatability is good
since most human error has been removed.

Currently, a new system is in develop-
ment to measure, classify, and sort drill
bits. A Techmet "Laser Mike" will be
fitted to a robic arm with a chute Teed-
ings system., Basically, the rcobotic arm
will grab a drill bit, push it to a stop
in the "Laser Mike", turn the bit 360°,
get a reading from the microprocessor,
and place it in the correct sorted bin.

REFLECTANCE MEASUREMENT SYSTEM

Reflectance, from smooth and rough
surfaces, of laser radiation is an im-
portant measurement for many military
applications. The characteristics of
laser reflectance, at 10.6m, are being
studied using several different experi-
mental configurations. An example is
shown in Figure 8. These measurements,
both diffuse and specular reflectance,
can be used for calibration of CO; laser
sensors along with target character-
ization.

Two major problems arise in the measure-
ment of laser reflectance. First, due to
the directionality of the laser, all re-
flectance measurements are directional or
must be made in a bi-directional config-
uration. (This can be done by the
collection of radiation over a hemis-
phere). ©Second, the phenomena known as
laser speckle causes measurement prob-
lems whenever working with rough or
diffuse surfaces. ©Several techniques are
being explored to overcome these measure-
ment limitations.

CONCLUSION

The advent of the laser has created a new
thrust in optical metrology both in the
calibration of laser systems and in the
use of laser syste- . for precise measure-
ment. The newly developed Optical
Metrology Laboratory ai JFeneral Dynamics/
Convair has only begun to look into these
calibration problems and developmental
areas. As laser technology changes, the
growth of optical metrology is assured.
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WHY IS IEEE-488 SO POPULAR

George C,

Stanley

Hewlett-Packard Company
1819 Page Mill Road
Palo Alto, CA 94304

ABSTRACT

IEEE-488 was introduced in 1975 and
today there are close to 2000 products
which conform to this interface
standard. This paper examines inter-
facing problems prior tc IEEE-488 and
the solutions provided by the
standard., Key technical specifica-
tions are examined with emphasis on
what sets their technical 1limit and
how these limits can be extended if
necessary.

INTRODUCTION

IEEE-488 had its beginning in 1965
when Hewlett-Packard decided to
standardize the interfacing of all
their future products. Prior to the
introduction of IEEE-488 a user
putting together a measurement system
had to find instruments that would
make the measurements he wanted and
then hope that they had some sort of
interfacing capability. Often they
did not. At this point in time
interfacing was considered a high-
speciality item and not something that
usually came with off-the-shelf
instruments. Bdding interfacing
hardware to an existing product was
often difficult and sometimes im-
possible. An example of the type of
problem a system engineer faced was a
computing counter that was designed
for system use. This counter had
interfacing capability but had 163
unique lines which had to be indi-
vidually interfaced. This type of
situation led to extra costs and
interfacing complexities for each
product because there was no common
interfacing arrangement, i.e. no
common connector, no common cabling
pin arrangement, and no standard
signal or logic level.

Before IEEE-488, software costs were
estimated to be at least 2X the
hardware cost and this was a rela-
tively conservative number. ©Often
because of unexpected problems,
software costs rose to 5X or more the
hardware costs. Although these
estimates are quite speculative, after
IEEE-48B8 was introduced typical costs

were often below or equal to .5X the
hardware costs., On top of that system
hardware costs have been coming down
because most of the special fixturing,
cabling and interface processing has
been eliminated.

The acceptance of IEEE-488 was aided
greatly by the arrival of the
"friendly"™ desktop computer as it used
an interpretative-lanquage operating
systent instead of the more traditional
compiled-type operating system. An
interpretative operating system is one
where each line of code is checked for
errors at the time the programming
line is stored., Even though this
process is slightly slower than the
compiled process where the program is
compiled once after it is written, it
greatly simplifies the writing of
computer programs by non-computer
trained personnel such as test and
measurement engineers. A further help
to the acceptance of IEEE-488 was the
intelligent or "smart" instrument that
allowed the instrument to do many of
the things by itself that previously
were done step-by-step by the com-
puter. The result of all these
factors is that today, at the end of
1982, there are close to 2000 products
available that can be interfaced via
IEEE-488,

TECHNICAL CONSIDERATIONS

IFEE-488 defines a bus structure that
has three basic parts. There is the
data bus, which consists of 8 data
lines (DIO 1-8), and the control bus,
which consists of 5 control lines
(IFC, ATN, REN, SRQ, and EOI).
Finally, there is the handshake bus
consigsting of 3 handshake lines (DAV,
NRFD, and NDAC). Summarizing the
interface technical specifications:

No. of devices - 15 max (incl.
controller)

Signal lines - 8 data and 8
control

Data rate - Up to 1
megabyte/sec
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Data transfer - Byte serial,
bit parallel, bidirectional,
inter-locked handshake

Transmission path - 2 meters x

the number of instruments up
to a maximum of 20 meters

A few comments on these gpecifica-
ticons are in order. The limit of 15
devices was selected using three
considerations. The first was that
discrete component drivers were
desired with drivers and loads located
in each instrument. This would allow
complete flexibility as to cabling.

At the time the standard was prepared,
discrete low-cost drivers had a
current-drive capability that would
handle 1% instruments in parallel but
not much more. The second consider-
ation was whether or not a 15 instru~
ment limit was realistie., Studying
many existing systems indicated that
15 was a very practical upper limit as
typically that was a three-bay

system. The last consideration was
how difficult it would be to go beyond
the 15 limit if required. Since this
only entails the addition of one more
interface card and wvirtually no pro-
gramming changes, it was felt that
this was a very workable limit.

The data rate of up to 1 megabyte/sec
is only achieved if the cabling is
restricted to 1 meter/instrument and
tri-state drivers are used. Since
virtually no instrument operates at
this speed, this interface limit on
data transfer has rarely been a
problem.

Data structure is byte-serial, bit-
parallel and is shown in Figure 1.
The important points are that data is
bidirectional, meaning it can flow
either way on the bus, and that a
handshake occurs after each data byte.

Trangmission path length has a double
restriction. It is either 2 meters x
the number of instruments or 20 meters
total, whichever is lese. To under-
stand why there are two restrictions,
keep in mind there are drivers and
terminations inside each product.
Therefore, when there are few products
involved, the termination impedance is
relatively high and there is the
possibility of standing waves (peaks
and nulls) on the cables, As more
instruments are added, the line
termination impedance drops and more
current flows into the lines.
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Eventually the reduced termination
resistance plus the combination of
signal-to-noise plus the cable
resistive losses become dominant.

If necessary, the distance limitation
can be overcome by using distance
extenders as is shown in Figure 2.
Here, speed is traded for distance as
the byte-serial, bit-parallel struc-
ture is converted to a serial for-
mat. Typical extenders today are
completeley transparent and full
duplex, They are fairly sophisticated
and provide against errors introduced
by poor quality data-circuit problems
such as dropouts, line breaks, and
syne loss.

SUMMARY AND CONCLUSION

IFEE-488 and its equivalent inter-
naticnal standards represent one of
the most successful standards ever
published. More than 30,000 copies of
IEEE-488 have been sold with 30% of
these outside the U.S. It has been
translated into nine languages and by
any analysis has been one of the most
gsignificant system events of the past
decade.
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ABSTRACT

This paper covers trade-offs of different IEEE-
STD-488 interface designs from the test
equipment user's viewpoint. Brief descriptions
are given of the interface circuit design using
discreet components, software, and some popular
LSI interface chips. These are followed by a
review of how the designs effect the performance
of the instruments when used in an ATE system.

A summary lists several of the most popular LSI
IEEE-STD-488 chip sets available.

INTRODUCTION

Since the adoption of the IEEE-STD-488 in 1975,
instrument manufactureres have used a variety of
circuit designs to implement the interface into
their products. Soon after the standard was
publiished, IEEE-STD-488 to BCD adapter
assemblies allowed older BCD instruments to work
on the new bus. Many of these adapter type
interfaces used a microprocessor to control the
GPIB (IEEE-STD-488; General Purpose Interface
Bus) handshake routines. These GPIB adapters
were, by todays standards, expensive and
generally were slow in handshaking data over the
bus. To improve speed, second generation
circuits were designed using discreet IC
components. As the demand increased, major
semiconductor manufacturers converted these
designs to LSI. By 1982, most new products
including the TEEE-STD-488 interface (GPIB)} use
an LSI design as the basis of the interface
circuit. The purpose of this paper is to
explore how this evolution of circuit design
effects the instrument user and ATE system
designer,

EARLY MICROPROCESSOR BASED INTERFACE

An example of an early GPIB interface design is
the Racal-Dana Model 55, GPIB to BCD Interface
Adapter. Introduced in early 1975, this
represents a first generation type design
approach.

Using a 4004 (4-bit) microprocessor, the
handshake function was controiled through ROM
software by the microprocessor. The circuit
shown in figure 1 implemented the Talk/Listen

handshake and address setting functions.

In this design, the 4004 microprocessor {U3)
combined with memory and clocking chips control
the status of each handshake line. Two ROMS
(U18, U17) are dedicated to controlling {U18)
and sensing (U17) the NDAC, NRFD, DAV, and ATN
lines of the GPIB (IEEE-STD-488) interface.
Another IC (U28) provides the necessary output
drive and input buffer amplifiers.

The major disadvantage of this software based
interface is slow handshake speed. Since many
of the logic functions are performed by the
microprocessor software, it requires up to 3.5
milliseconds to transfer each data byte.

HIGH SPEED DISCREET IC INTERFACE

To overcome the limitations of a software driven
interface, hardware designs using discreet IC's
were developed. These designs allowed data to
be tranfered at rates of over 12K bytes/sec. A
block diagram of a typical hardware design for
the GPIB interface of a high speed digital
voltmeter (DVM) is shown in figure 2.

This interface circuit was designed to interface
from a 6800 series microprocessor bus to the
GPIB.

The interface is controlled by its own

algorithmic state machine (ASM) which handles
all interface commands and allows the GPIB to
operate independent of microprocessor contrel.

The ASM is a 256 by 8 bit machine with a
microcycle time of 250 nanoseconds. The
circuitry consists of the ASM Qualifier
Multiplexer, the Qualifier Storage and Jump
Logic, the ASM Program Memory, the ASM Address
Register and the ASM Address Decoder.

The GPIB ATN (Attention) line determines how the
messages on the Data I/0 lines are

interpreted. When ATN is low, the bytes sent
over the bus are intended for the GPIB board.
When ATN is high, the bytes are intended for the
microprocessor. In order to receive bytes from
the controller, the GPIB board must have been
made a Tistener while ATN was low. The
controller does this by sending the DVM's listen
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address on the Data I/0 bus. A comparison is
made by the ASM with the device address switches
on the DVM. If a match occurs, the listen flip-
flop in the GPIB Status Storage is set by the
ASM,

If the GPIB board is in the listen state and ATN
is high, the ASM will handshake any byte made
available over the GPIB. The GPIB board will
then send an interrupt to the microprocessor,
indicating that a byte is ready for the
microprocessor.

When ATN goes low, the GPIB board responds
within 200 nanoseconds. This is accomplished by
having ATN reset the four control lines: Not
Ready for Data (NRFD), Data Valid {DAV), No Data
Accepted (NDAC) and attemtion latch (ATNL}.

This prevents the controller from sending data
until the ASM program has a chance to execute
the attention routine. The ASM program then
starts the handshaking routine.

If, with ATN low, the ASM recognizes a byte from
the controller as being its talk address, the
talk flip-flop is set and the ASM handshakes any
other interface commands. The microprocessor
will recognize the talk state and will take
readings as programmed. The data is passed on
the microprocessor data bus and stored in the
GPIB Data Output Latches. The microprocessor
then sets the Next Byte Available (NBA) flip-
flop indicating that a data byte is ready.

After the ASM outputs the byte, it resets the
NBA f1ip-flop which signals the microprocessor
that it can load another data byte.

The GPIB Address Switch Read Buffer is used to
provide a front panel display of the address set
on the rear panel address switches.

Hardware interfaces of this type offer a
significant improvement in data rate. Although
relatively expensive to build, discreet hardware
designs using high speed logic devices can offer
state-of-the-art handshake speeds.

LSI INTERFACE DESIGN USING COMMERCIAL
INTERFACE CHIPS

As the GPIB (IEEE-STD-488) interface became
popular, the demand for packaged interface
designs was met by the semiconductor
manufacturers in the form of standard "off-the-
shelf" LSI interface circuits., Table 1 lists
some of the interface circuits presently
available.

Table 1 - Typical commercial LSI circuits
providing IEEE-STD-488 interface in single or
multiple DIP packages.

Manufacturer Part Number
(1} Fairchild 9415488

{2) Intel 8291/8292
(3) Motorola MC68488

(4) Signetics/Phillips HEF4738V
(5) Texas-Instruments 9914A

52

The availability of off-the-shelf LSI circuit
designs have both improved the performance and
reduced the costs of GPIB interfaces. They have
not, however, created a standard performance
level for the GPIB interface among equipment
manufacturers. One reason for this is that some
of the LSI designs have design bugs or
"idiosyncrasies" that must be compensated or
corrected in external hardware or software
designs. The designer's approach in
implementing these LSI circuits can
significantly change the way an instrument wil)
perform on the GPIB. This is especially true of
designs using the 68488 and 8291 type LSI
devices.

68488 LSI BASED INTERFACE

One of the first GPIB interface c¢ircuits to be
produced in LSI was the Motorola 68488. This
device offers better performance than software
type designs and lower costs than discreet IC
designs. However, it has certain operational
"jdiosyncrasies" that can affect the performance
of an instrument when used on the GPIB. How the
instrument designer compensates for these "bugs”
directly affects the ease with which the
interface can be used on the GPIB. These
idiosyncrasies include:

(1Y EOI Tine {end or identify) on the GPIB
cannot be reset under software control.
Once this line has been set, the instrument
must output the associated data byte.

{2) Documentation does not indicate the need
for a pull-up resistor on the SRQ Tine.
Without this resistor, the noise on the
1ine may cause erronecus SRQ conditions.

(3} Data byte "in action" by the 68488 must be
transmitted over the GPIB or overwritten.
The 68488 will not allow the byte in
process to be killed.

Unless the interface and instrument designers
using the 68488 recognize and correct for the
above weaknesses, they can adversely affect the
bus operation of the instrument. While the
problems associated with unwanted SRQ conditions
are apparent, the EOI and "byte-in-action"
problems can be more subtle. One example of the
bus problems that can occur due to the inability
to reset the EOI line s jllustrated by the
following sequence.

1) The instrument designer has used the EOI as
an output terminator.

2} The instrument's microprocessor is
transferring data to the 68488 for output
to the GPIB.

3) Due to an SRQ elsewhere in the system, the
final data byte and it's EOQI terminator are
not transmitted.

4)  After servicing the SRQ, the system
controller reprograms the instrument teo
another function and requests a reading.
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5) The instrument's microprocessor
"overwrites" the data byte in the 68488
with the first byte of the new reading.

6) The 68488 outputs the new byte plus the
previously set EQI.

7)  The controller terminates the measurement
transmission upon sensing the EOI and
indicates an invalid measurement.

B} - Depending on when the SRQ} is set, the fault
may appear to be a random instrument {or
system) failure,

While the "byte-in-action" problem may also
appear to be random, it is usually associated
with a reprogramming of a measurement
instrument. If the instrument's software design
allows the microprocessor to write to the 68488
whenever the instrument is taking readings
{whether addressed as a talker or not), the
following sequence may occur.

{1) The instrument takes a reading and
transfers sequencial bytes of the reading
to the 63488,

(2} The system GPIB controller addresses the
instrument as a listener and tansfers new
programming information.

{3) The GPIB controller addresses the unit as a
talker. This triggers the unit to take a
new reading.

The 68488 handshakes out the previously
Stored data byte from the old reading.

The microprocessor outputs the new
measurement after the instrument has
finished it's measurement cycle.

{6) The GPIB controller is confused by the
"extra" byte and signals an erroneous
reading.

The solution to the noisy SRQ is the simple
addition of a pull-up resistor between the SRQ
Tine {pin 23 on 68488) and the +5 volt supply.
The EOI problem is more difficult to solve and
generally results in the designer using the EOI
as an input sense only, Other terminators such
as carriage return and line feed are used to
indicate the end of measurement data.

At least three methods have been used by
designers to overcome the "byte-in-action"
errors. One method is to inhibit the
microprocessor from writing data into the 68488
until after the unit has been addressed as a
talker by the GPIB controller., This eliminates
the possibility of am erroneous byte on the GPIB
output but requires the correction to be made in
the operating firmware of the instrument.

A second method that has been used is for the
microprocessor to immediately overwrite a
"space" character into the 68488 whenever the
unit is addressed as talker by the GPIB
controlier. This gives unwanted "space"

53

characters on the GPIB and may cause extra
effort for the system software designer.
extra "space" is especially difficult to
accommodate when using high Tevel system
languages such as ATLAS.

This

A third method is a hardware circuit to prevent
the 68488 from handshaking data onto the GPIB
until new measurement data is available from the
microprocessor. Racal-Dana has chosen to use
the hardware solution.

Figure 3 shows a design using the 68488. This
Racat-Dana design contains additional circuitry
to compensate for the chip's idiosyncrasies.

The TEEE-488 interface is centered around the
68488. The other interface hardware includes
bi-directional buffer/drivers; the serial poll
disable decoder; the address switch buffer; and
the GPIB output holdoff circuit,

The 68488 handshakes most in-coming interface
messages from the controller and acts upon them
without disturbing the uP. If and when an
incoming message or data byte requires a
response from the uP, the 68488 sends an
interrupt request IRQ to the uP. The uP then
examines the 68488 internal registers to release
the IRQ and to determine the cause of the
interrupt.

The GPIB "Qutput Holdoff Circuit” was added
between pin 18 of the 68488 and transceiver pin
7 to solve the "byte-in-action" problem.

When the GPIB controller addresses the
instrument as a listener and transmits a new
programming instruction, the RFD line from the
68488 is disconnected from the buffer/driver and
pulled to ground. This makes the £8488 believe
the GPIB system is not ready-for data. After
the instrument has completed the next reading
and the microprocessor has overwritten the
"byte-in-action", this 1ine is reconnected to
the GPIB via the buffer/driver and normal
handshakes are resumed.

This design includes the SRQ pull-up resistor
{R93) and uses the EOT as an input only. When
multiple readings are transmitted to the GPIB
from internal memory, they are separated by a
comma and the block of data is terminated by
carriage return and line feed characters.

Although the 68488 has the idiosyncrasies
discussed above, it has the major advantage of
being a second source component. This abiTity
to procure from multiple vendors may outweigh
the technical probTems that must be considered
during the design effort.

TEXAS INSTRUMENTS 9914A LST BASED INTERFACE

While the 68488 implements only the
talker/listener GPIB capabilities, the 9914A
contains talker, listener, and controller
functions. The 9914A also supports DMA (Direct
Memory Access)} capability.



Although single sourced, the Texas Instrument's
design overcomes the limitations of the 68488.
Figure 4 diagrams a typical design using this
chip with a DMA controller. All circuits
outside the 9914A are for DMA except the GPIB
buffer/drivers and the GPIB address switch
buffer.

When using this LSI circuit without DMA, all
that is required is the 9914A and the two GPIB
transceiver circuits {buffer/drivers}. Of
course the GPIB address must also be established
for the instrument's microprocessor. No other
circuits are required unless DMA or controller
functions are required.

INTEL 8291A/8292

Unlike the 9914A, the Intel design uses two
chips to implement all of the GPIB functions.
The 8291A provides talker/Tistener capabilities
and the 8292 provides the controller function.

ATthough Racal-Dana has not used the Intel
devices, several facts can be noted from the
data provided by Intel.

It is very important to note that the 8291A is a
jmproved version of the original 8291. The 8291
had several problems that have been corrected by
the redesign. Older instrument designs using
the original 8291 may exhibit both the EOI and
"byte-in-action" problems of the 68488 design.
The Intel handbook 1ists thirteen (13) changes
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between the B291 and the 8291A. When using
instruments containing the older 8291 chip, a
review of these changes is recommended.

Like the 68488 and 9914A circuits, the
8291A/8292 devices are designed for use with
microprocessor based circuits. They reguire
Intel 8293 GPIB transceiver devices as support
circuits.

SIGNETICS HEF 4738V AND FAICHILD 9415488

These LSI circuits are not as popular as the
preceding devices. They are designed for
standalone hardware interfaces and do not easily
interface to microprocessor designs.

The Signetics HEF 4738V requires use of two, 8
input, serjal output converters for decoding the
GPIB address switches.

The author has not had experience with these
devices and is not aware of any possible bugs or
idiosyncrasies.

SUMMARY

The use of LSI GPIB interface circuits can
reduce the cost of implementing a GPIB
interface, Figure 5 lists the common commercial
devices available and key facts on each.
Although Tower in cost, they may have
idiosyncrasies that affect operation. Discreet
design may still offer state of the art in speed
but is likely to be expensive.
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DRIVERS FUNCTIONS ‘ DMA COMMENTS OTHER CHIPS
MFG P/N REQUIRED T L C SUPPORT NEEDED

Motorola 68488 Yes X X Yes EQOI, SRQ, Byte output idiosyncrosies, | GPIB Transceivers (2 ea.)
MP bus architecture.
Second sourced.

T.I. 9914A Yes X X X Yes Sole source. GPIB Transceivers (2 ea.)
AP bus architecture.

8¢

Fairchild 945488 No X X Sole source.
Stand-alone interface designs.

$300Ld93UT 9149 IST P4BPURLS - G Bunbly

Signetics/
Phillips AEF-4738Y] Yes X X P N/A Sole source, Quad GPIB Transceivers (4 ea.)
Stand-alone interface designs. 8 input, serial output
shift registers (2 ea.)
Intel 8291A Yes X X Yes MP bus architecture.

Major improvement eliminated 8293 GPIB Transceivers (2 ea.)
bugs from 8291.
8292 Yes X Yes




REAL-LIFE BUS PROBLEMS

Robert G.

Irvine
Cal Poly University, Pomona

Kerry Kugler
General Dynamics/Pomona

POWER-ON vs. SDC vs. DLC

It is normally presumed that the Power-On {PON},
Selected Device Clear (SDC), and Device Clear {DLC),
commands place the instrument in the SAME cleared
condition.

THIS IS NOT NECESSARILY TRUE.
INTERFACE CLEAR (IFC)

Sent, initially, by controller to clear all devices
Sent, subsequently, when
bus hangs up and the Selective Device Clear
{SDC) and/or the Device Clear (DLC)} commands
cannot be sent.

The IFC command clears all setups in the instru-
ments so it should only be sent as a Tast resort.

REMOTE ENABLE (REN)

The bus specification states subtly that the device
will not become remote enabled until the REN and
the MLA {listen address) of the device is sent.
This actualiy works as follows:

The REN bus command is sent by the controller in
charge.

No devices on the bus become remote enabled.

As the listen address of each device is sent,
that device becomes remote enabled.

HANDSHAKE LINE—NOT READY FOR DATA (NRFD) HELD TRUE

Start removing bus connectors until offending
device is found.

WAVETEK INSTRUMENTS 00 THINGS DIFFERENTLY

1. They formulate the NRFD line as the "inversion”
of the NDAC line. This is in violation of the
bus specification, but it works.

2. They have a 220 us data command rate. This
means that if a Wavetek instrument is on the
bus, and addressed to listen, the bus rate has
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been reduced to 4.5 Kbytes/second.
UNTALK

The bus specification states that a present talker
will UNTALK when the talk address of another
device, OTHER TALK ADDRESS TO THIS DEVICE, has
occurred.

THIS IS NOT NECESSARILY TRUE.

The untalk command should ALWAYS be sent before
addressing another device to talk.

UNLISTEN-UNTALK vs. UNTALK-UNLISTEN

It usually matters in which order the two "UN"
commands are sent.

If the UNLISTEN command is sent first, and the
controller momentarily removes the ATN true between
the two commands, a talker could send some data
which would be 1ost on the now unlistened devices.

Therefore, to prevent this problem, ALWAYS SEND
the UNTALK first. UNTALK-UNLISTEN.

LOCAL_LOCKOUT {LLO)

Disables front panel controls to
Prevent knob twisters from changing settings.

Prevent operator from altering test to get part
out.

INSTRUMENT RESOURCE TIME TO SET-UP COMMANDS

One would presume that the instrument would set-up
inmediately upon receipt of the set-up commands.

THIS IS NOT NECESSARILY TRUE.
They take varying amounts of time to respond.
Some of the older Wavetek instruments, with the

8008 microcomputer, took as Tong as 3 seconds to
respond.



When Operating in Real Time, Problems Qccur

The voltmeter, just set-up, does not respond untfl
after the signal generator, previously set-up, has
ceased to send its signal.

GROUP EXECUTE TRIGGER (GET)

One would thing that each device on the bus would
respond immediately upon receiving the GET command.

THIS IS NOT NECESSARILY TRUE.

Thus, problems can occur in a real time test where
the voltmeter must read at the same instant that
the pulse generator sends its pulse.

1. It takes some time for each instrument to hand-
shake the GET command.

2. Each device must then decode the command and
respond.

There can be several microseconds between each
device’s response and another device.

MAXIMUM DATA TRANSFER RATE

Bus specification states that the maximum rate is
1 Mbyte/second

This rate is rarely achievable because the Slowest
listener on the bus controls the data transfer rate.

With a bus analyzer on the bus, the rate can be as
slow as 1 byte/second.

OVERRUN OF DATA FROM HIGH SPEED DISC MEMORY

Winchester disc drive--12,288 bytes/16.666 ms =
1.356 Mbyte/second approaching maximum data rate
of bus.

If disc does not have track buffer, the data coming
off of the disc can come too fast for the bus to
handle and bus "overrun" occurs.

Solution

Use disc with track buffer so that data can be
stored in the buffer and transferred over the bus
at a slower rate.

ENCRYPTED BINARY

Some instruments, Hewlett-Packard as an example, send data bytes over the bus that are not ASCII
characters.

Instead, they are status words, where each bit in the pattern means something. The instrument usually
has two modes where, for example:

16 Bit Status Word Sent as a String of Ones and Zeros

ZRO 7ZRC ONE OME ZRO ONE ONE ZRO ZRO ONE ONE ZRO ONE ONE ONE ZRO

DECIMAL 48 48 49 49 48 49 49 48 48 49 49 48 49 49 49 48

HEXIDECIMAL 30 30 31 31 30 31 31 30 30 31 3 30 31 3 31 3
or it can be sent as the "encrypted binary" bit pattern in two status bytes,

6 n , where 6 = 00110110 and n = 01101110,
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END OF RECORD DELIMITERS

Different instruments demand particular "end of records.”
Example: Record sent is F 3 R 2 A S

Sample end of records
required by instruments: F 3 R 2

5 CR LF

F 3 R2 A 5 (R

EOT

EOI

This one works in most F 3 R 2 A 5 CR LF
cases EQI
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AUTOMATED SYSTEMS AT THE STATE-UF-~THE-ART

Loebe Julie
Session Developer
Julie Research Laboratories, Inc.
New ¥York, NY

1 have invited a distinguished panel of experts to present an
overview of automated systems operating at the present-day limits
of measurement performance and accuracy. The members of the panel

will give a brief background of the subject, covering a broad
range of measurements from DC to Microwave and from Electrical teo
zphysical and leaving time for a discussion of the
automationfaccuracy state-of-the-art for a wide variety of

measurement disciplines.

Panelists: Mr. Bob Biller, Micro-Tel Corp.
Mr. Hank Gonzales, White Sands Missile Range
Mr. Milt Lichtenstein, Ballantine Labs
Dr. Arthur MecCoubrey, National Bureau of Standards
Mr. Charles Weber, Grumman Aercospace

AUTOMATION AND ACCURACY-A POWERFUL DUAL THEME
In view of the fact that "Accuracy and Automation" is this year's
Measurement Science Conference theme, it is hardly necessary teo
dwell on the importance of our sessian topic. 5till the major
implication of the twin theme deserves emphasis-- that there is a
dual optimum in measurements to be achieved--an optimum in the
exactness ({accuracy? with which we perform our measurement
functions and a2 second optimum (stemming from automation) in the

cost and time effectiveness of our performance of these functions.

The enormous practical significance of this achievable maxi-max
in measurement exactness and effectiveness has to do with the key
role of our national measurement system in supporting a
technologically sophisticated, multi-trillion dellar per year
eCONOMmMY . The quality and cost-effectiveness of measurement
support for our science, our manufacturing and cur defanse
establishments te 2 cnnsideE??%E)extent determines our national
capability and productivity.

Each measurement laboratory and every measurement scientist plays
a wvital part in the performance of the national measurement

system. Mazgimizing the accuracyfcost-effectiveness of an
individual laboratecry thus not only benefits the productivity and
profitability of the part but also makes an important

contribution to the capability of the whole.
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ACCURACY YES-ACCURACY NO
AUTOMATION YES-AUTOMATION NO

Having affirmed the theme, let me now gquarrel with it, at least a
little. Neither accuracy nor automation deserve special interest
uniess they actually deliver the practical benefits to the
measurement function that managers and metrologists have a right
to expect, i.e.-better and more useful measurements (because they
are more exact), and better and more useful measurements
{because they are faster, less labor intensive, more productive
or more reliable by virtue of being automated). The desireability
of increased accuracy/auvutomation, whether to the individual
laboratory or to the nmational measurement system, thus depends
not on arcane theoretical or erass marketing arguments but on
extremely careful practical evaluations of real benefits
actually obtained in the real world. Out of such evaluation
comes the determination of where the accuracy and automation
(cost-effectiveness) optimum--the maxi-max benefit-- is obtained.

With careful evaluation the benefit potential in "accuracy &and

automation® is enormous. In fact, in the modern measurement
laboratoery, effective and accurate automation is the key to
economic surviwval, since it represents "the only way to greatly
improve laboratory cost-effectiveness while not degrading

measurement guality."
AUTOMATION VERSUS AUTOMATEABILITY

Unfortunately, the term automation is applied to too many things,
of too many sizes and scales, to be very meaningful. A miniature
digital watch, a test instrument with built-in microprocessor and
a rack-size computerized test system complete with all system
interfaces and ineluding all operating and application software
are all referred to by the same catch-all word "automated".

While the words automation and automatic have the same root,
automation has by far the broader meaning:

automatic--"made so that certain parts act in a desired
manner at a certain time"

automation--"auteomatically controlled operation of an
apparatus, process or system by mechanical or electrenic devices

that take the place of human operators"”

Manual instruments have been made increasingly automatic by the

addition, first of relay controls , later of solid state switches
and logic circuitry and now of microprocessor circuitry; these
additions provided data legging and remote programming
capability, toc which the microprocessor has added local number-

crunching capability.
While these additions have made instruments more automatic and

more automateable (i e.-having & greater sdaptability to
automation), the automatic instruments themselves fall far short
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of providing the major benefits implied by the word automation--a
great redyction in the dependence of the measurement process on
human operator labor cost, time, training and experience. The
new automatic and automateable instrument by itself is, in fact,
a much more bewildering array of push-buttons and operator
controls than its manual predecessors, and requires an operator
of even higher training and skill level than before!

The manifold benefits (and, unfortunately, the equally manifold
problems) of automation arrive when automatic instruments are
first collected into a system configuration, then connected via
an interface configuration to a computer/peripherals
configuration, and finally integrated te a dual software
configuration comprising Bboth operating system and applications
software.

To teap the enormous potential benefits while avoiding the
problems of automation, requires either extraordinary luck or
considerable engineering skill. At each of the five majeor levels
of the system configuration design process it is essential to
make an optimum configuration choice.lt is unfortunately true
that, in the real world, the overall system is only as strong as

its weakest Iink. The statistical odds against designing an
optimum or near optimum system, assuming 2 350% chance of making
on optimum choice at each of the five configuration levels, are

thirty two-~to-one!

Notwithstanding the high risk of failure in attempting a highly
successful automated system design, the benefits of an optimum
design, when achieved, make the risk well worth while. In my
experience and, I am sure, that of the members of the panel,
productivity gains from accurate measurement automation are
large, operator c¢osts are substantially reduced, operator
training requirements more nearly match the skill and experience
levels now available, and measurement quality and accuracy 4are
maintained without degradation while measurement cost~
effectiveness is substantially inecreased.

THE MANY FACETS OF “ACCURACY"-SPECIFYING "ACCURACY" ACCURATELY

If & measurement or calibration invelved solely a single point
comparison of two items, for example of a resistor under test to
24 Thomas type resistance standard, then the concept of accuracy
would he single-faceted. But if the measurement, more
realistically, is at more than one point--for example at several
temperatures, and at several levels of voltage, and at several
frequencies, and for a decade bou at sinty different levels of
resistance, then the concept of accuracy becomes multi-faceted.

Obviocusly, except in an unusually simple case, it is
unacceptable to specify accuracy at only a single point. In order
to specify "accuracy" accurately, All of the facets of accuracy,
over the full performance range of the item under test, all of
the levels , frequencies, sensitivities,and resolutions must be
covered.
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"ACCURACY'"-THE CALIBRATOR 1NSTRUMENT

Configuring "acecurate" automated systems requires selection of
individual z2utomatice or automateable instruments meeting
uniquely high accuracy requirements. Fortunately our meazsurement
industry has long recognized the need for and has developed a
suitably high accuracy class of instruments, called calibrators,

to be used ag the (instrument) standards against which all other
test instruments are periodically compared. These calibrators are
designed to provide substantial (multi-faceted) accuracy safety
factors when used to calibrate cther test instruments--they are
designed with wider ranges of amplitude and frequency, with
better sensiftivities and resolutions and with 4 to 10 times
better accuracies over their broadened operating ranges.

The manuzl calibrateor instrument has a leng and henored tradition
in the highest echeleoens of our measurement system-the standards

and calibration laboratories. Accurate manuz! measurement and
calibration would have been impossible without the development of
the manual calibrator instrument-- by the smae token, accurate

measurement and calibration automation is impossible without the
accurate autcomatic calibrator.

There has been an unfortunate tendency in instrument specsmanship
to downgrade the special word calibrator to be equivalent to the
general word tester-~-lezving us with twoe words to describe
general test instruments (of a wide variety of accuracy classes?
and none to describe the specially designed and specially
accurate czlibrator instruments created as state-of-the-art
reference standard instruments.

With the substitution of 2 motley array of test instruments for
accurate calibrators has come a degradation in the concept of
calibration itself. Because these test instruments lack the full
range of performance of calibrators--i.e. amplitude and frequency

[2nge, sensitivity and resolution--the specification of accuracy
has been treated as though accuracy was, as it is not, single-
faceted. This has led to the substitution of single-value tests
for cver—-the-scale calibrations, single-frequency tests for
multiple-fregquency czlibrations, single~-range tests for multi-
range calibrations and, in sum, 2 redefinition of the overall
calibration precess so that it reflects not an accurate picture
of the performance of the unit under test, but of the design

limitations of the limited performance substitute calibrator.

In the interest of clarity, and in order that the words

calibrator, calibration and calibratioen laboratery continue to
have significant meaning., it is essential that the special name
calibrator continue, as in the past, to mean those accurate

(instrument? standards against which all other test instruments
are compared.

hutomation at high accuracy, the subject of this conference and
this session, is at least theoretically achievable once automatic
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er autcmateable instruments of the calibrator accuracy class have
been designed.

WHAT I& THE OPTIMUM CONFIGURATION OF CALIBRATOR INSTRUMENTS?

Mezasurement laboratories have had a quarter century of experience
at selecting optimum configurations of calibrator instruments to
support accurzte manual measurements. By far the most successful
method permits 2 measurement or calibration laboratory with only
two or three dozen carefully chosen high-performance calibrator
instruments-- to suppcrt thousands of models of test instruments
of forty or fifty totally dissimilar classes and at whatever
accuracy level 1s necessary.

By centrast with this extremely efficient configuration strategy,
altermnate configuration methods--using "shop queen'" test
instrument "standards" instead of calibrators, or using a variety
of different narrow-range, special function testers instead of
one se&t of wide-range, versatile, full-accuracy, general function
calibrators--have proven completely impractical and,in the long
run, encrmously costly.

Toc many recent attempts at automated measurement system
configuration ignore the configuration lessons of our manual
measurement and calibration history. The successfully preven
configurations of versatile, fuli-performance and full accuracy
calibrator instruments have not been used, while extensive use
has been made of the successsfully disproven configurations of
limited performance, medium accuracy and ercessively specialized
test instruments. The configuzrtion strategy of using instruments
of performance has been even less successful in automated
measurement system design than in manwual. Not only does it
obvioviusly fail to achieve "accuracy and automation"™ but it has
faitled to produce the emxpected automation benefits even as a

limited. performance Backup capability in a measurement or
calibration laboratery environment. In sum, to acheive optimum
automation bemnefits, choose a smaill configuration o¢f high

performance versatile calibrator instruments.

BRIEF OVERVIEW OF "ACCURACY AND AUTOMATION" FROM DC TO 10 MHZ

Qur panel's overview of roCUracy and automation covers an
enormous range-~ from D0DC to Microwzve and from Electrical to
Physical. FPart of this range, covering accurate measurement and
calibration frem DC te {0 Mhz, is of major interest, representing
as much 25 40% of the total of electricazl and physical workload.

Systems cperating in this range at the National Bureau of

Standards, are to be described by Dr. McCoubrey. There is also
i i b i - b tories on automated

published weor ‘ y. Julfe Heseafgv‘(sﬁ‘?§§

systems operating in this range.

There have been and are some systems operating in this extremely
important portion of the electrical spectrum--HP?213, Fluke
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Terminal 10, Rotek PAMLE0, Vaihalla 227000, Fluke 3100, Fluke
74085 A . The first twe are apparently no longer in produoction,
while the remaining four are advertised as systems for ITimited
accuracy agpplications.

“"RACCURACY AND AUTOMATION®" BENEF1TS-SUMMARY

Data that the author is familiar with tndicates that
extracrdinary benefits have been rezlized over substantial parts
of the ©DC to Microwave and Electrical to Physical spectrum of
messurements,

For exanmple, in the DC to 10Mhz range, calibration Iabor is
reduced fwithout any reduction or degradation of calibration
accuracy, range, resolution or sensitivity) by an average of one
heour per calibration.

The total incremental cost of automation (difference between the
capital investment, maintenance, depreciation and scftware cost
of the automated system and the manual system(s) it replaces:
ranges frem 2 mazimum of $25 per day for a small laboratory to
zere for less than zers?) for a medium-size or large laboratory.

The breakeven point for automation, 2t %25 per hour, occurs at an
extragrdinarily low worklosd density-- one calibration per day!

At worklcads above one ca2libration per day the system returns a
profit of %25 per calibration for %62 per hour used) abhove its
taotal incremental cost .

At full capability {14 calibrations per B hour shift) the system
returns a thecretical profit zbove itz total incremental cost of
$275% per davy.

Whether benefits of this magnitude from "“accuracy and automation”
are really achieveable has been the subiecf6)o{?)a number of

government agencies studies and evaluaticns. Folleowing
a recent(ayrvey and assessment by the UOffice cf the Secretary of
Defense, a Jetter from Deputy Under Becretary of Defense Long

to Senator Jackson describes responses to the 0OSD syrvey from
users as follows:

"The IeSpPONISEes reflected a clear consensus that the
equipment had a high capability for calibration and measurement
with great acceuracy, was reliable, well designed and of gquality
construction, and offered the potential for an early return on
investment if uwtilized frequently. OUOne response indicated that a
unit purchased in 1?7¢é has had 2 690% payvback to date.™

It appears safe to say that "Accuracy and Automation" is here to
stay.
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CALIBRATION COST: A FUNCTIOR OF CALIBRATICN DATA ACCURACY

by H. F. Gonzalez and J. A. Harmon
Calibration Division
White BSands Missile Range, WNew Mexico 88002

ABSTRACT:

This paper discusses the effect of inaccurate
management data on the costs of calibration. The
cost sensitivity is discussed for errors of the
first and second kind in recorded data of in or
out of tolerance condition where this data is used
to determine the calibration interval. White
Sands Missile Range experience is related to the
use of computer aided determination of instrument
condition upen receipt for calibration. The cost

model includes inventory and service cosi, but
dces not include computation of intangible or
unauditable costs associated with measurements

made Wwith a defective instrument. It is concluded
that considerable cost savings can be achieved
with improvement in management data quality.

INTRODUCTION:

(WSMR) Calibration

The White 3ands Missile Range
i internal  mission

Laboratory is the largest
facility in the US Army. The Laboratory performs
over 38,500 calivration and repair actions per
year, while supporting approximately 25,000 active
instruments. he Laboratory als¢ maintains the
calibration/regair history records for over 30,000
instruments wilh over ten year histories.

The Laboratory maintains standards and provides
calibration and repair services for...

+++Electrical /Electronic instruments (73%)
voltage, curreni, resistance, capciltance,
inductance

and

...?imensional/Optical instruments (7%}
length, angle, hardness etc.
«..Physical Meagurement instruments and
transducers (19

mass, force, torque, temperature, acoustics,

vibration, optical and nuclear radiation)

ves imeéfre%uency reference oscillators 91%)
%ﬁ? ilities better than 1 part in 10 fto the

Other Laboratory Services includes..

+«+«The W3NR Test Measuring and Diagnostic
Equipment (TMDE? program

...Field Calibration Services
in-place calibration
on site calibration
pickup and delivery to the main lab

...Performance of special measuremenis services of
calibration like tests
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WSMR calibratien processes have evolved over the
years from the classical calibration operations to
enphasize the acquisition of the best services
congigstant with the requirements for the money
We have been led to the automation (see appendixi
of many procedures within the lab and began with
the following considerations

REASONS FOR AUTOMATION...

+ssReduction of cost

«+eIncreass capacity (reduce queue waiting time)
++sReduction of service tine

«..Execution of consistant procedures, and making

consistant judgements

.+ +Replacement for competance

.+.Provide source data automation for the WSMR
Calibration data system

Although all of the above are directly or
indirectly related to the costs of calibration the
highlighted reason is +the subject of this
discussion. The effects of making consistant
judgements could not have been so easily analyzed
without the validation process which we use in the
ingstallation of automated processes.

A WSMR EXPERIENCE:

In the late 1970'a WSMR studied the reliabilitg of
signal generators and found from a fitted Weibull
digtribution that the estimated re%iability ranged
from 45%to 62% for various moedels.(1,2,3) ~ At this
time automation was available to increase the
capacity to double the calibration frequenC{.
This inc¢rease in frequency theoretically would
rovide the improvement of reliability to our goal
or this opulation. An extensive process
validation est was performed with parallel
testing on the automatic station and the manual
station. This resulted in collection of data on
in or out of tolerance judgement comparisons for
the two methods of test. he measured value of
reliability proportion good) on reeiept for
calibration was found to be inaccurate. This
inaccuracy equalled 15% of the judgements made.
For models with the near 60 defective the
expected error in the ©population proportion
defective would total 9% of the total population.
Since the error was commonly found to be an error
of the firgt kind the excess costs associated with
this are caused by over-calibration in two forms:



«».the cost of trouble-shooting the current action
and the unnecessary extra service

.oeoand the costy asgocliated with the needed extra
calibrations indicated by the analysis of the
reliability

This type of error produces the requirement to
calibrate at a frequency which is greater than is
necessary to achieve a selected rellability goal.

EXCESS COST COMPUTATION

Using the exponential distribution as a good
approximation of the reliability of instruments
submitted for calibration and: Given a constant
failure rate and a time interval T (in years) we
wish to investigate the effect of data accuracy on
the computation of a service interval. Assuming a
%oal of 8 reliability and a constant failure rate
bambda the required interval for calibration would
e:

=xT

Solving R= Ce for T {C=.9559
outgoing quality)
1
T= - X log %
=-1/.2 log(.8/.9559)
= .38 Years = 141 days = req interval

These expressions will be used throughout this
discussion to calculate service intervals for
different levels of reliability.
If we make different assumptions on the accuracy
of the reliability data, we can derive the
followin%:
1f the data accuracy is .85
then good = in-tolerance
bad = out-of-tolerance
Currect 'good " instruments = (.8)(.85)=.68
Current 'bad' instruments = (.2)(.85)=.17
then current reliabllity = .68 + .03 at the time
of receipt for calibration.

Therefore for .85 data accuracy the instruments
supported are being under calibrated.

Service Costs due to this Under Calibration
162 days 2.25

cal/yr 141 days 2.58
delta = .33 cal/year

]

cal/yr

under calibration

If the outgoing gquality level of calibration is
+9559 and ou assume .8 reliability with .85
accuracy with an error of the second kind the
current true reliability is .71. Therefore, .09
I the good instruments are actually defective
?ignoring errors of the first kind}. If we
eliminate this .09 by increased calibration and
use the approximation of 1/2 of the .09 ;ro ortion
defective as the average proportion defective in
the hands of the could be
computed:

INVENTORY COST
(.09)(1/2)(.9559)(25,000){$1741/inst }=$1,872,210

ugsers the savings
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ADDED SERVICE COSTS

(.33)(25000)(1.67(34.65) = $457,380
TRUE SAVINGS

Inventory costs $1,872,210
Added service cost -457,380

$1,414,830
The following chart is based on these assumptions:

13 Reliability

oal for the inventory; .8
Time interva

2 established for iunventory; 141
ays

3} Cost of service; $34.65/hr

2} Total units in the gopulation; 25,000

5) Average Cal/yr; 2.5

§) Error in data is equally %ikely to affect ¢
defective as in tolerance

7) Laboratory output quality at T=0; .955

NET SAVINGS IN CORRECTIOR OF DATA ERRORS

ooy BT T W B sl
50% 504 141 205 -.79 $5,132,578
60 56 141 192 -.69 4,036,324
65 59 141 187  -.63 3,497,906
70 62 141 181 -.56 2,963,514
75 65 141 175 -.49 2,441,210
80 68 141 169 -.42 1,913%,8%2
85 71 141 162 -.%33 1,290,090
90 74 141 156 -.24 915,145
95 T 141 149 -.13 443,425
o7 78 141 146 -.08 263,562

COSTS OF ERRORS OF THE FIRST KIND

In considering the costs related to errors of the
first kind (rejecting a good Instrument), the
condition that we found to be the most common we
must congider the two elements of cost mentioned
previgusly.

If we look at defectives which are, in faet, in
tolerance at a mesured reliability of .8

.2 defective (.85 data accuracy)

.0% the proportion good {of the population)
which is in error called defectives.

The service costs which are unnecessaﬁg =
&}20321(1.6hr/c31(3(25 000) (2.58¢cal/yr) = $3096.
ich at this level of reliability is negligible
but becomes significant when the proportion of
defectives is high.

costs for the
frequency is

service

However, the excess ) 3
calibration

igdig%ted t increased
Slgnlliicants
T = 1og(.77/.9559)/(~+23) = .40

The excess costs are then:

(2.34)(25,000)(1.6)($34.65)(.06) = $194,594

normal distribution)
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CONCLUSIONS

Although the data presented in this discussion
have not been exact the generalization of the
order and sensitivities of cost to variationa of
%Eigr should be representative of the situation at

It is concluded that errors of the first kind
roduce insignificant excess costs for the added
esting durin an action. However if  the

calibration inlterval is established wusing +this

faulty data excess service costs will be suffered,
for a greater number than necessary calibrations
will be performed.

Errors of the second kind result in significant
inventory costs which if saved will in virtually
all cases offset the required additional service
cost.

It should be noted that if the reliability is not
of the high 1level assumed in this discussgion:
Service costs caused by errors of the first kind
for the current action can become significant and
in case of errors of the second kind the saved
inv%ntory costs may not offset the added service
costs.

Consideration should be given to the probability
of larger errors and therefore greater risk of
excess costs when using the techniques _of
adjusting intervals for items by serial number
where few degrees of freedom are available in
computation of the estimates of error. Usin§
service and inventory costs only as the baais o
adjustgent justification might make this technique
invalid.

As in any measurement process in order to take
action based on the analysis of the data taken in
the measurement we must first evaluaste the gquality
and applicability of the data.
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APPENDIX

PRESENT AUTOMATED SYSTEMS...
.- .Hewlett Packard 8580

Analyzer
Signal Generators, Spectrum

Frequency Counters

«+oHewlett Packard 8542 Network Analyzer
Passive Microwave Components

Automatic Spectrum

Analyzers, and

+oeHewlett Packard 5451 Fourier Analyzer
Accelerometers, Low Freq Noise Generators,
Microphones, and Blast Transducers

«++Julie Research Labs Locost 106
Meters, AC/DC Tranafer, Standards Maintenance,
and application development

.+.Ruska High Pressure System (0-2500 PSI
Gages, ransducers, and Pressure

easuring
Systems

«seWallace and Teirnan 30 inch Sonar Manometer
Low Pressure Devices

+« o Tektronix WP-1200
7000 series Plug-ins

+++Fishbach and Moore
Environmental Monitor

+++P5L Counter Calibration Systen
Frequency Counters, Plug-ins, and oscillators

«eeJohn Fluke 5101 Meter Calibrator
On-site Meter Calibration

»++Gilmore Industries 13,300 and 133,000 1lbs Force
Machines
Load Cell Calibration

+++Keithley Solar Radiometric Calibration System
Pyronometers, pyrheliometers

EPILCGUE
We almost didn't tell of the end of the saga of
the wsignal generators. In the rocess of

adfusting the interval te half of 1it's former
value we improved the management data accurac¥.
You may have guessed, the estimated reliability
exceeded our gzoals and by returning to the
original interval we can meet our goal and avoid
the costs of over calibration.



CALIBRATION COST: A FUNCTION OF CALTBRATION DATA ACCURACY

by H. F. Gonzalez and J. A. Harmon
Calibration Division
White Sands Missile Range, New Mexico 83002

ABSTRACT:

This paper discusses the effect of inaccurate
management data on the costs of calibration. The
cost sensitivity is discussed for errors of the
first and second kind in recorded data of in or
out of tolerance condition where this data is used
to determine the calibration interval. White
Sands Missile Range experience is related to the
use of computer alded determination of Inatrument
condition upon receipt for calibration. The cost
model includes inventor{' and service cost, but
does not include computation of intangible or
unauditable costs associated with measurements
made with a defective instrument. It is concluded
that considerable cost savings can be achieved
with improvement in management data quality.

INTRODUCTION:

The White Sands Missile Range (WSMR) Calibration
Laboratory is e largezt internal mission
facility in the US Army. The Laboratory performs
over 38,500 calibration and repair actions per
year, while supportin ap%roximately 25,000 active
ingtruments. e laboratory als¢ maintains the
calibration/repair history records for over 30,000
instruments with over ten year histories.

The Laboratory maintains standards and provides
calibration and repair services for...

.-.%lectricél/Electronic instruments (7}?)
voltage, current, resistance, capcitance, and
inductance

es+Dimensional/Optical instruments (7%)
length, angle, hardness etc.)

+++FPhysical
ransducers

E%ea urement instruments and

9%
mass, force, torgue

i . . temperature, acoystics,
v1bra%1on, optical an

nuclear radiation

reference oscillators g1%)

++«.Time/frequenc
% part in 10 to the

atabilities better than 1
thg

Other Laboratory Services include...

+++The WSMR Tgat Measuring and Diagnostic
Equipment TMDE? program

+++Field Calibration Services
in-place calibration
on site calibratiem
pickup and delivery to the main lab

»voPerformance of special measurements services of
calibration like tests
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WSMR calibration processes have evolved over the
years from the classical calibration operations to
emphaaize the acquisition of the best services
consistant with the requirements for the money.
We have been led to the automation (see appendix
of many procedures within the lab and began with
the following considerations

REASONS FOR AUTOMATION...

«»sReduction of cost

...Increase capacity {reduce queue waiting time)
«esesReduction of service time

«««Bxecution of consistant procedures, and making

consistant judgements

-« .Replacement for competance

«+««Provide source data automation for the WSMR
Calibration data system

Although all of the above are directly or
indirectly related to the costs of calibration the
highlighted reason is +the subject of thig
didcussion. The effects of making consistant
judﬁementa could not have been so easily analyzed
without the validation process which we use in the
installation of automated processes.

A WSMR EXPERIENCE:

In the late 1970's WSMR studied the reliabilitg of
signal generators and found from a fitted Weibull
distribution that the estimated re iabil%ty ranged
from 45%to 62%¢ for various models.{1,2,3 At this
time automation was available to increase the
capacity to double the calibration frequenci-
This increase in frequency theoretically would
rovide the improvement of reliability to our goal
or this %opulation. An extenaive process
validation est was performed with parallel
testing on the automatic station and the manual
station. This resulted in collection of data on
in or out of tolerance Jjudgement comparisons for
the two methods of test. he measured wvalue of
reliability proportion good on reclept for
calibration wds found to be inaccurate. Thie
inaccuracy equalled 15% of the judgements made.
For models with the near 60% defective the
expected error in the population oproportion
defective would total 9% of the totel population.
Sin¢e the error was commonly found to be an error
of the first kind the excess costs associated with
this are caused by over-calibration in two forms:

“



«..the cost of trouble-shooting the current action
and the unnecessary extira service

.«sand the costs aspociated with the needed extra
calibrations indicated by the analysis of the
reliability

This type of error produces the requirement to
calibrate at a frequency which is greater than is
necessary to achieve a selected relliability goal.

EXCESE COST COMPUTATION

Using the exponential distribution as a good
approximation of the reliability of instruments
submitted for calibration and: Given a constant
failure rate and & time interval T (in years) we
wish to investigate the effect of data accuracy on
the computation of a service interval. Assuming a
%oal of 8 reliability and a constant failure rate
bambda the required intervel for calibration would
a:

AT

for T (C=.9559

Solvin

= .
outgoing qual%ty) R= Ce

1
R
T-n-)\— log C

=-1/.2 1og(.8/.9559)

= %8 Years = 141 days = req interwval
These expressions will be wused throughout this
discussion to calculate service intervals for

different levels of reliability.

If we make different assumptions on the accuracy
of the reliability data, we can derive the

following:
If %he data accuracy is .85
then good =
bad = out-of-tolerance
Currect 'good' instruments = (.8)(.85)=.68
'bad ' = (.2)(.85)=.17

in-tolerance

Current ingtruments

then current reliabilify = .68 + .03 at the time

of receipt for calibration.

Therefore for .85 data accuracy the instruments
supported are being under calibrated.

Service Costs due to this Under Calibratiom
162 days = 2.25
141 days = 2.58

cal/yr
cal/yr
delta = .33 cal/year under calibration

If the outgoing quality level of calibration is
+9559 and ou assume .8 reliability with .85
accuracy with an error of the second kind the
current true reliabiliﬁg is .71« Therefore, .09
f the good instruments are actually defective
ignoring errors of the first kind). If we
eliminate this .09 by increased calibration and
use the approximation of 1/2 of the .e?:?ro ortion
defective as the average proportion defective in
the hands of +the users the =savings could be
computed:

INVEFTORY COST
(-09)(1/2)(.9559}(25,000) ($1741/inst}=$1,872,210
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ADDED SERVICE COSTS
(+33)(25000}(1.6)(34.65) = $457,380
TRUE SAVINGS

Inventory costs  $1,872,210
Added service cost -457,380

$1,414,830
The following chart is hased on these assumptions:

13 Reliability goal for the inventory; .8

d2 Time interval established for inventory; 141
ays

%) Cost of service; $34.65/hr

4) Total units in ine gopu ation; 25,000

5) Average Cal/yr; 2.5

§) Error in data is equally likely to affect ¥

defective as in tolérance (normal distribution)
7) Laboratory output quality at T=0; .9559

NET SAVINGS IN CCRRECTION OF DATA ERRORS

DATA COMP SPEC COMP DELTA NET
ACCURACY REL INT INT CAL/YR SAVINGS
50% 50% 141 205 -.79 $5,132,578
60 56 141 192 -.69 4,036,324
65 59 141 187 -.63 3,497,906
70 62 141 181 —.56 2,963,514
5 65 141 175 -.49 2,441,210
80 68 141 169 -.42 1,913,832
85 il 141 162 -«33 1,260,090
90 T4 141 156  -.24 915,145
95 TT 141 149 —.13 443,425
97 8 141 146 -.08 263,562

COSTS OF ERRORS OF THE FIRST KIND

In considering the ~osts related to errors of the
firat kind (reje..ing a good instrument), the
condition that we found to be the most common we
must consider the two elements of cost mentioned
previously.

If we look at defectives which are, in fact, in
tolerance at a mesured reliability of .B

.2 defective (.85 data accuracy)

.03 the proportion good {of the population
which is in eg;or called %efectives- pop )
(25,000)(2.58¢al/yr) =

?he servi
5503 1.6hr/ial .%6.
ich at thia level of relieblility is negligible

but becomes significant when the proportion of
defectives is high.

e costs which are unnecessaﬁy

However, the excess @gervice costs for the
indicated increased calibration frequency is
gignificant.

T = log(.77/.9559)/(-.23) = .40

The excess costs are then:

(2.32)(25,000)(1.6)($34.65)(.06) = $194,594



CONCLUSIONS

Although the data gresented in this discussion
have not been exact the generalization of the
order and sensitivities of cost to variations of
ﬁrror should be representative of the situation at

-

It is c¢oncluded that errors of the first kind
groduce insignificant exzcess costs for the added

esting durin an action. However if the
calibration interval is established using this
faulty data excess service costs will be suffered,
for a greater number than necessary calibrations
will be performed.

Errors of the second kind result in asignificant
inventory costs which if saved will in virtually
alltcases offset the required additional service
cost.

It should be noted that if the reliability is not
of the high level assumed in this discussion:
Service costs caused by errors of tHe first kind
for the current action can become significant and
in case of errors of the second kind the saved
inv%ntory costs may not offset the added service
costs.

Congideration should be given to the probability
of larger errors and therefore greater risk of
excess_ costs when using the ~ technigues of
ad justing intervals for items by serial number
where few degrees of freedom are available in
computation of the estimates of error. Usin
service and inventory costs only as the basis o
gdjuﬁygent Justification might make this technique
invalid.

As in sny measurement process in order to take
action based on the analysis of the data taken in
the measurement we must first evaluate the gquality
and applicability of the data.

ACKNOWLEDGEMENT

The authors would like to thank Steve Gonezales,
Requirements and Analysis Branch, Calibration
Division, White Sands Missile Range, NM. His
assistance was greatly appreciated.

REFERENCE

(1) Downs, R. S., Abravenal, E., "Estimation of
Calibrtion Intervals Using the Two-Parameter
Weibull Distribution", Calibration Division,
White Sands Missile Range, NM, 1 March 1976.

(2) Downs, R. S., TProgram for Computing
Reliabilities and Calibration Intervals
Assumin% a8 Weibull Distribution of Failures™,
Calibration Division White Sands Missile
Range, WM, 17 March 1§76.

{(3) Downs, R. 8. "Increased of Observed
Reliability of dignal Generators as_a Result
of Reducing the Calibratiocn Interval™, Quality
Assurance 0ffice, White Sands Migsile Range,
NM, 1% October 1976.

74

APPENDIX

PRESENT AUTCMATED SYSTEMS...

»+Hewlett  Packard 8580 Automatic Spectrum
Analyzer
Signal Generators, Spectrum Analyzers, and

Frequency Counters

-+ .Hewlett Packard 8542 Network Analyzer
Pasaive Microwave Components

«»+Hewlett Packard 5451 Fourier Analyzer
Accelerometers, Low Preq Noise Generators,
Microphones, and Blast Transducers .

»ssJulie Reasarch Labs Locost 106
Meters, AC/DC Transfer, Standards Maintenance,
and application development

«««Ruska High Pressure System (0-2500 PSI
Gages, ransducers, and ressure

easuring
Systems

«+sWallace and Teirnan 30 inch Sonar Manometer
Low Pressure Devices

+++ Tektronix WP-1200
7000 series Plug-ins

.+« Fishbach and Moore
Environmental Monitor

«++P3L Counter Calibration System
Frequency Counters, Plug-ins, and oscillators

«ssJohn Fluke 5101 Meter Calibratoer
On-site Meter Calibration

«..Gilmore Industries 13,300 and 133,000 1bs Force
Machines
Load Cell Celibration

»+eKeithley Solar Radicmetric Calibration System
Pyronometers, pyrheliometers

EPILOGUE )
We almost didn't tell of the end of the sags of
the signal generators. In_ the process of

adfusting the interval to half of it's former
value we improved the management dats accurac¥.
You may have guessed, A the estimated reliability
exceeded our goals &nd by returning +to the
original interval we can meet our goml and avoid
the costs of over calibration.
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ABSTRACT

One of the most ubiquitous of electronic test in-
struments in use today is the cathode-ray oscil-
loscope. The quantities of these units are ex=
ceeded only by small multimeters, As a complex
instrument, verification of performance is gener-
ally performed one to four times per year in well
directed quality assurance programs. Since
checks made with manual test equipment, such as
amplitude calibrators and time mark generators,
can require from two hours to a full day, and re-
quire high skill level technicians, the cost and
time spent to verify, calibrate and maintain an
oscilloscope inventory of as few as 40 instru.
ments can be a substai:tial overhead expense,
Computer controlled oscilloscope calibration sys-
tems are now available to address such testing
and to provide quality controlled checks, at high
speed with a most salutary effect on cost reduc-
tion.

INTRODUCTION

Most oscilloscopes are equipped with some simple
front panel available calibration signal allowing
minimal checks of wave shape performance, timing,
and more usually, adjustment of probe compensa-
tion. These internally provided signals cannot
be uged for general performance certification.

Standard bench instrumentation such as square
wave generators, oscillators, frequency counters,
time mark generators and pulse generators can be
adapted for more complete testing; but since they
are general purpose, their operation requires
manipulation and sdme computation to track with
the oscilloscope's front panel range markings.
For example, checking one vertical channel ampli-
tude range calibration with a square wave source
requires that the calibration signal be adjusted
and monitored. to give a trace the desired number
of divisions on the CRT display for the range
being tested. Any deviation of the trace from
the exact number of divisions set constitutes the
calibration error, but this deviation must be
estimated visually and the percentage of devi-
ation, or error, then calculated. Similar
ad justments, reckoning, and computation occur for
other scope functions such as time bases (fixed
and delayed) and more.
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The burden of testing with general purpose in-
struments was relieved commencing about ten years
ago, with the introduction of dedicated oscillo-
scope calibrators which include the Ballantine
6125B and the Tektronix PG501/TG5C1. These urits
produce calibration signals to check all major
oscilloscope functions and parameters, The Balw
lantine €125B 1is a single cabinet instrument,
while the Tektronix PG501 and TG501 are modular
elements that plug into a required main frame and
power source, Both instruments are designed with
front panel controls that track amplitude and
time ranges in the same sequences found on con-
ventional meodern day oscilloscopes, and reduce
the need for much computation by reading devia-
tion directly in percentage on a digital display.
They alsc provide fast rise pulses to check vert«
ical amplifier rise time, as well as other con-
venient outputs to verify trigger sensitivities
and sync modes. Such instruments have increased
the calibration technician's.speed; but still re«
quire manual operation and data taking.

With the advent of the IEEE-488 bus, and bus com-
patible inexpensive controllers and micro-comput-
ers, automation of scope calibration became a
natural and achievable step. The first step in
this direction was the Ballantine 6125C-~Option 60
(Figure 1) a bus interfaceable version of the
manual 6125B, It provides full oscilloscope am=
plitude calibration capability from 10 microveolts
to 220 -rolts using 10 Hz to 10 kHz flat topped
square waves and dc of either polarity, with +
10.00% deviation and accuracy of 0.25%. Its time
source can cover scope ranges from 2 nsec to 50
sec intervals and provide 10, 5, 3 or 2 markers
per sweep at an accuracy of + 0.02% of setting.
Again, deviation can be ranged + 10.00%. A 1low
cost frequency doubler can provide a 1 nsec in-
terval capability.

The calibrator also provides a rise time and
trigger output; pulses at repetition rates from
100 nsec to 1 sec (10 MHz to 1 Hz) with a rise
time of better than 1 nsec into 50 ohms. Ampli-
tude is adjustable 200 mV to 250 mV into 50 ohms.
A filtered sine wave at power line frequency, ad-
justable from 0 to 1 volt peak to peak is availa=
ble for sync mode and sensitivity testing,

Thus, all the elements for

"automating” scope



calibraticns were in place, except for scftware,

Ballantine now has developed software to run a .

complete turn key compuler controlled system com-
bining the 6125C-Option €0, a personal computer,
a dual disk drive, and a printer, and provides
this as the Ballantine COMFUTEST 4000A System
{Figure 2). The system's structural concepts,
and the objectives teo be satisfied in its use
will be discussed later,

AUTOMATED CALTBRATION

The decision basis for the -level of automation
the system deaign was %to achieve, was based in
good part on the following considerations.

The complexity and degree of sophistication of
"automated" calibration can be categerized into
four major levels:

(1) Straight forward setting of & series of
calibration outputs from a prepared machine, or
tape-read test routine, with comparison of tested
accuracy against specification limits, usually
accomplished automatically. Operator involvement
requires choice and setting of range and function
controls on the unit under test (UUT), read ocut
of the UUT display, and feedback of results to
the system,

{2) Control by computer of the calibration test
settings in a pre-programmed sequence; automatic
specification checking; storage and/or printout
of the results. The operator still is invelved
in readout of the UUT and may have options to
make adjustments in the UUT when failures occur.
Some decision making is preferably left to the
operator to maintain interest in performing the
tests.

(3) Closed-=lcop calibration. Ceomplete computer
control of the calibrator. Application of the
test signals to a programmable UUT with talk/lis-
ten capability. Operator involvement consists
solely of comnectihg UUT te the system and com-
manding the calibration system to calibrate,

{(4) Self-check capability within the UUT itself
under internal microprocessor control. ©No exter-
nal calibration system required, State of the
art permits further extension to make the UUT
self-ad just when an external accurate source is
used.

The fundamental question 'why autcmate" also
needs to be addressed in launching any ATE de-
sign. Principally the needs eminate from the
following requirements.

(a} Calibration, on a managed and timely basis
is required for both the quality assurance that a
company's products have been properly tested, and
in many compsnies alsc because it is required by
government or commercial contracts,

{b} 8Skilled calibration technicians are in short
supply. Simple instruments provide no challenge
to such technicians and repetitive calibration of
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large numbers of unsophisticated units can cause
job disinterest,

{c} Certification and verification of instrument
performance by manual methods usually requires
more time than repair and recalibration, and uses
high skill level perscnnel. Labor rates become
costly and bear heavily on overhead budgets.

(d) Down-time for instrument verification or
cglibration reduces production and lab test effi-
ciency while such departments await return of
test equipment, with attendant added time and ex-
pense,

(e) The non-productive overhead costs repre-
sented by calibration {unless the business of the
company 1% calibration services) requires that
all means be employed that will reduce calibra-
tion time and required skill levels.

{f} The complexity of present day instruments
requires much complex festing, Manual procedures
are subject to human error. Automated systems
provide the rigid quality control that insures
all tests are fully performed, and in proper se-
quence,

{g} Manual recording of results is tedious, time
consuming, expensive, and again error-prone,
Typing transcriptions of manually logged results
adds to expense and potential error. Storage of
results wastes space and look-up time., Automated
systems can perform accurate record keeping, type
certificates, and stcre enormcus banks of data on
small disks,

Overall then, an automated calibration system
should reduce throughput time; allow lesser skill
levels to operate the system leaving the higher
skilled technician more available for the more
demanding jobs of instrument maintenance on the
more technically challenging instruments that may
require manual calibration; perform recoerd analy-
gis and storage, time the calibration process if
needed, and printout calibration certificates.
Cptionally, it can provide the data base for
record manipulation reguired in managing the cal=-
ibration records, instrument recalibration sched-
uling, equipment location and general instrument
inventory management,

SYSTEM DESCRIPTICON

Ballantine chose, as the direction of the future
of automated systems, to structure systems fol-
lowing the requisites of item (2} above.

The software is configured tc be used by technia
cians and operators having no knowledge of pro-
gramming, Since every calibraticn activity per=-
forms various levels of verification and calibra-
tion to meet specific company needs, calibration
procedures should not be pre-prepared and
"canned" for users by the system manufacturer.
Much time would be wasted by the user in learning
to modify and convert a canned program to his re-
quirements, and presumes that programming profi-



ciency 1s resident on the user's staff, which is
of'ten not the case.

The Ballantine COMPUTEST software allows a tech-
nician to structure as complex or simple a test
procedure as needed by providing a fully menu
oriented program that uses no programming jargen,
presents clear graphics and tables for fill in,
and prompts, and instructions., Neither the tech-
nician generating the procedure, or the operator
who uses it requires any programming experience.

4 block diagram of the Ballantine 40008 COMPUTEST
System is illustrated in Figure 3. The computer
chosen as the system controller is a reliable,
inexpensive, personal computer made by Commcdore
Business Machines, and the entire system runs on
the IEEE bus, The Ballantine COMPUTEST program
is written mainly in BASIC, and being complex and
in excess of the 32k bytes of RAM in the compu-
ter, it uses swapping techniques (virtual memory)
to make the dual disk drive an extension of the
system's main memory. The drive adds another
320k bytes of memory to the system, Optiocnally a
T M byte drive can be substituted. The large ca-
pacity dual disk drive allows many fest procede
ures and results to be written teo disk without
the need for frequent disk changes.

The COMFUTEST prcgram also requires the cperator
to enter a password if he selects a "View/Edit"
or "Delete" function, This protects the integri-
ty of test procedures written to disks by dis-
allowing modification of a test procedure by un-
authorized personnel, The program also provides
opticns to give a hard copy printout of the test
procedure itself.

Additicnal functions in the program not shown
here, include "Extra Checks" which allow inser-
tion of tests not provided in the main or sub
menus, and "UJtilities" which "atter provides in-
structions on formatting and initializing pro-
cedures and results disks, and preparation of
back=-up disks.

On loading the master program in Drive @, the
main menu {Figure 4) is displayed. The operator
can then chose to generate a new test procedure
by selecting options from the left column and
following screen instructions, or, if he seeks a
procedure tec calibrate a UUT the operator would
enter from the right column the optiocn to select

procedures (Read data) already on file on the
Drive 1 procedures disk. After a procedure is
loaded the '"procedures" (data) disk .s replaced

by a "results" disk.

To begin the calibration sequence the letter "Cn
(calibration) is entered, or if only one function
of the calibration is desired "C3" or "C5" etc,
can be typed.

The system will ask for identification of the
scope (manufacturer, model, serial number) and
operator's name, date, and how the results are to
be stored. Let us assume the operator has chosen
a procedure which has a "Functional Check"™ in its
sequence to test the UUT's coupling, The
"DC-GND-AC" check previously put on disk will be
presented with the graphics and instructions
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shown in Figure 5. Since the system is intended
for use by operators with lesser skills than the
calibration technician who prepared the proces
dure, the operator 1s given this clear, easy to
read display and instructions to insure correct
settings of the UUT, and asked to enter the re-
quired data.

When an Amplitude or Time check is being made, a
similar display instructs the operator to adjust
the "Deviation" contrel on the 6125C until it is
the proper number of divisions high (Amplitude
check) or until time markers line up with verti-
cal graticule 1ineg (Time check),. A fellowing
instruction tells him to press the keyboard space
bar, at which entry the percentage error dis-
played on the 6125C is recorded, compared to the
allowable error in the procedure, and "Pass" or

Fail® flags appear, If the check is a "Fail",
he is given an option to make adjustments and
retest.

When the next test point in a check is to he
made, the display flashes those UUT controls to
be changed, At the end of a test sequence, the
system totals all failures and gives further op-
Ltions to adjust and retest. If the option to log
calibration time has been chosen at the start of
the procedure, the time is recorded, and the op-
erator has some final options to enter comments
at the bottom of the certificate and to elect to
print the system (6125C) specifications. Final~
ly, print opticns can then be activated.

When generating a new test procedure, after chos-
ing from the left side of the main menu and fol-
lewing sub menus as typed in Figures 6 and 7, the
calibration technician simply answers questions
and fills in tables, Before committing the pro-
cedure to a disk, it can be tried and corrected,
as needed, with the View/Edit facility. The
procedure when written to disk with the "W"
function is then identified by instrument manu-
facturer, model, and precedure I.D,

The prirt "p" function allows printout of the
calibration certificate (Figure 8), either for a
Jjust completed c¢alibration, or for a unit which
may have been stored on a results disk for months
or years, In chis function, the certificate can
be viewed on the CRT screen only if no hard copy
is needed,

The Ballantine 40008 System will verify and cali-
brate oscillescopes with bandwidths up to 500
MHz. For calibraticn of state of the art scopes
of 1 GHz or better capability, the Ballantine
40028 System using the Ballantine 61274 Program-
mable Oscilloscope Calibrator, can be used, The
61274 (Figure 9) has amplitude ranges similar to
the 6125C-0pt.60, but provides timing signals
from 500 psecs to 5 sec, It alsc provides a fast
rise time pulses tc 1 volt peak to peak with a
better than 200 psec rise tire into 50 ohms, and
a low distortion pulse mode from 1 to 100 volt
peak to peak, 1 kHz to 1 MHz. It has provisions
for checking the accuracy of a UUT's internal
calibration signal, and a current signal for
checking current probes. The integrity of the
€1274 is automatically ~hecked on every power up
or CLEAR command by an internal uP run program



verifying all major operating functions including
front panel, displays, and the unit's RAM, The
4002A System includes the 40208 COMPUTEST
software package, which runs similar to the 40104
(6125C) program, and uses the same Commodore com-
puter, disk drives and printer,

CONCLUSICNS

(1) Automated oscilloscope calibrations now are
available as catalog items, fully configured for
operaticn by personnel who are not required to be
programmers.

(2} Such systems are highly cost effective.
Where regular verification and calibration is
required in scope inventories of 40 or more in-
struments.

{3) Such systems are highly flexible allowing
preparation of user-tailored procedures and elim-
inates the necessity to use Y“canned" rigid and
hard to change programs.,

(4) Throughput can be increased by factors of 4
to 5 times that of manual methods.

(5} Automated systems provide better control of

the quality of testing and accurate and faster
record keeping and certificate hard copy.

78

(6) Skilled perscnnel can be freed for more
challenging, satisfying, and complex work assign-
ments,

It should be noted that considerable impetus to
the development of automated and portable cali-
bration systems was given by the U.S, Navy's Me-
trology Engineering Center, who for about 7 years
have been setting the standards and specification
requirements for the MECCA program {Modularly
Equipped and Configured Calibration Analyzer) in
conjunction with equipment purchased f'rom
commercial manufacturers, Suppliers to the Navy
of programmable "MECCA" Oscilloscope Calibrators
include Ballantine and Tektronix. Fluke Mfg,
Company provides their 1720A as the "MECCA" Con-
troller,

REFERENCES

{1) Instruction Manual, Ballantine System 40004
and 40027 Automated Oscilloscope Calibration Sys-
tems.

(2} Instruction Manuals, Ballantine 6125C-0Opt.60
and 6127A Programmable Qscilloscope Calibrators.,

(3) TIEEE Standard 488-1978 Interface Bus.
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CERTIFICATE OF

Marmifacturer, ... .Ballarntine
Model At eeaene.

1az2zA

Serial No.eeee.. 221053

CHANMNEL

TIME BRZE

IZTHL I EFRFRAT IO

Procedure Ho.

DE—-GHD-AC

ATTEM. EAL.
VAE ATTEM. DC BAL.

Do --GHO-AC

ATTEM. BAL.

YHRE ATTEN. [ BAL.

WOLTS GAIN G102

VAR WIRLTS GHRHIM <12

VOLTS GRIN (il

YAR YOLTS GAIN <x1>

BT TRIG. MODE
TRIG SEMSITIVITY

TIMING RACCURACY

TIMING RCCURACY (x> 18>

RISE TIME CHECKS

RITSE TIME CHECKS

K- {phaze shift)

CH
ZH
CH
oH

CH
CH
CH
CH

cH
CH
CH
cH
EH
CH

CH
CH

T R 3 0 P fO [ S Y

B Ry By By B DD

A+
A+
AC—2x

2TPD2ITD

1-TB
1/TB

2-TE
2/7T8

T I

s s RFA-IIT1CFiNal)

Orerator... ... Roaer A. Staanol
Date. . e nananen 12-18-82
TEST GIVEH MERSURED PASS.”
YALUE TOLERAMCE ERROR FRIL
D~ GHLD .10 20 Fass
GHD—AC .10 LB O Pass
eIV e I ~1 0 .81 0 Fazs
B L1 O B D Fass
D —BHD .1 D .21 N0 Fas=
GHO—-AC .1 D an Fass
23 .1 D an FPag=
S .1 D .82 D Pass
Sy +o IR —-69., 8l Pass
1 S - 3H -Ea, 14 Pass
28 T C s -aa. 1% Pass
S8 + - 3 -@@, 1% Passz
1Y) +/— B A, 2% Pazs
S Z.4 D 2D Pass
S, +— 3 -39, 2K Fass
1@ += 3R —-83, ax Pass
28my +-— A +0a, BH Pazs
S8 +7- 3R +898, 8x Pazs
i +7'— 3% +88, 1% Pase
S 2.4 0 1.3 D Pass
. ImS re'a rir B Pass
. 1mS .2 D .3 D Fail
AmS .2 D .2 D Pass¥
- im3 e D = 0 Fass
15 +/— 33X +688. 13X Pazg
16uS A= AN +30. 4% Pass
SuS +7= 3R +88.5% Pazs
. 1ImS += 3H +0e. 7R Pass
.15 - A +30. 4% Pass
1us +/— 5 +82.1% Pass
1uSix 192 5% 3.3% Pass
luSdix 18> 24nS 16.5n5(21. 2MHz)Pass
tuSdx 142 5% 2.5% FPass
uSdx 165 2413 16.8nS(28.8MHZYPass
18kiHzr 3 Degrees 2 Degrees Fass

SmYACH. 1 & DC to

¥ Indicates results after scdjustnents.

Calibration time...B8H.
Produced on a2 Ballantine 4888A COMPUTEST Rutomated Calibration System.

BEM.

Pa=xzed on 11 tests.

TasazwsaEBrNSsEESFABENARNS TS

FIGURE 8. TYPICAL BALLANTINE COMPUTEST

SYSTEM CALIBRATION CERTIFICATE.
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AUTOMATED CALIBRATION SYSTEMS AT NBS
AN OVERVIEW

Arthur 0. McCoubrey
National Bureau of Standards
Washington, D.C. 20234

INTRODUCTION

Automation of calibration systems at the National Bureau of Standards
began when minicomputers suitable for dedicated applications became
available more than fifteen years ago. Progress was substantially
accelerated, about ten years ago, when a special NBS program was initiated
to make minicomputers available and encourage their use for laboratory
automation. This program involved the establishment of a technically
competent support group to provide consulting help and the purchase of
standardized hardware in quantity lots. A significant part of the
computer technology now incorporated in automated calibration systems
resutted directly from this program. Progress was further accelerated
by the advent of microcomputers and particulariy, during the past six or
seven years, the availability of increasingly large random access memories
and low cost mass storage media.

The policy of making computer technology readily available to NBS
engineers and scientists has continued and a coordinated selection of
board level microcomputer components, peripheral devices and commercial
software, has been available from storeroom supplies for the past three
or four years.

The storeroom components, originally selected for eight bit micro-
processor compatibility, are gradually being extended to include the

sixteen bit microprocessors. It is possible to assemble a wide range of

Note: Certain commercial equipment, instruments, or materials are identified

in this paper in order to adequately specify the experimental procedure. Such
identification does not imply recommendation or endorsement by the National
Bureau of Standards, nor does it imply that the materials or equipment identified
are necessarily the best available for the purpose.
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special purpose computer configurations using storeroom components, and
their availability tends to promote a higher level of hardware and

software coordination among different users.

General Considerations

Calibration automation at NBS involves a number of unique consider-
ations; for example:
o the automated systems must function at, or very close to, the state-
of-the-art for realizable accuracy within each specific measurement
technology;
o calibration results of each automated system must support acceptable
methods for the dissemination of units of measurement at the highest
Tevels of accuracy; (uncertainty statements, etc.)
o 1in contrast to the dominant requirements for industry and for military
system support facilities, automated calibration systems at NBS are
usually not required to process large numbers of devices submitted for
test. However, they are generally required to acquire large volumes of
data for each unit tested and data processing operations are usually more
extensive.
o a significant number of automated calibration systems at NBS have
been developed for calibration operations that otherwise would not be
possible or practical because of the cost and time involved or because
there is no alternate way to acquire the measurement data in the time
available.

These considerations not only tend to distinguish the automated
calibration systems at NBS from those developed elsewhere, they also
lead to very different approaches to automation in the different MBS

calibration laboratories.
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AUTOMATED CALIBRATION SYSTEMS AT NBS

The calibration systems that have been automated at NBS are listed
in Table I within groups for the different measurement quantities involved.
With only the few exceptions indicated, all of tﬁese systems are utilized
for routine NBS services described in NBS' catalog of calibration services,
Special Publication 250. Two of the systems, marked by asterisks, are
usea only for internal NBS calibration requirements. Four of the systems
listed in Table I are in advanced stages of construction; they will be

used for routine services when they are complete.

Automated Functions

Functions that are autemated in the various calibration systems are
summarized in Table II. Not all of these functions are automated in
every system and some functions, particularly in some areas of information
storage and retrieval, are automated in only a few systems to a very
limited extent. In fact, there has been almost no effort, up to the
present time, to create or utilize files for administrative purposes.

In many cases the cost to do this would be relatively low.

[t is interesting to consider the dominating driving forces that
have motivated calibration automation at NBS; they have not been the
same, of course, for every case. In the earliest days, data acquisition
appears to have been the motivating objective in most cases. Most of
the data processing was probably done by a computer at that time, but an
off-1ine data transfer to an independent machine was often involved. As
the cost of computer capacity decreased, the data acquisition and data
processing functions were more often integrated within a single automated
system. however, in some cases two dedicated central processing units

have been used.
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There are several calibration systems at NBS for which data processing
provides the motivating objective for the use of a computer. In some of
these cases measured data are still entered manually. Such systems have
not been included here.

There is at least one case for which the automation of apparatus
control constituted the dominant motivating objective. In this case,
involving pressure calibrations, the test cycle requires 336 observations
in less than 3 seconds. The procedure would not be possible without
automation of the apparatus.

The several specific functions listed under the general function
headings in Table II are self-explanatory in most cases. Systematic
error sources are intended to include departures of calibration apparatus
from ideal performance. For example, in some cases the apparatus may
include a Tead screw to implement a necessary motion. Departures from
lTinearity of the lead screw cause errors in the knowledge of position.
Such departures may be carefully measured and stored in a file as part
of the characterization of the apparatus. Thls file may then be called
to adjust position values in measured data in order to increase the
accuracy of results.

Most of the automated calibration systems at NBS include the use of
relatively complex statistical routines including such operations as
convolution and deconvolution. The Fast Fourier Transform is used in
two systems and curve fitting routines are used in several cases. In
general, the specialized programs for the mathematical routines are

resident in accessible files and called by the data processing program.



The data processing functions Tisted in Table II include Go-No-Go
decisions. Such decisions are based on the comparison of measured
quantities, or quantities derived from measurements with predetermined
criteria and, depending upon the result, causing some action to take
place under the control of the computer. Such actions include special
signals to the system, printing appropriate text in reports, stopping
the calibration procedure or changing the calibration protocol to a more
appropriate option.

The apparatus control function generally involves the control of
the adjustable parameters of the apparatus in accordance with a calibration
protocol that has been incorporated in a stored program. In principle,
environmental conditions prevailing during test, as well as other factors,
may also be controlled by the automated calibration system facilities.
However, at the present time such factors are controlled independently
in the systems at NBS with the possibility of limited exceptions in a
few cases.

Table III suggests the extent to which the functions listed in
Table II are automated in the calibration systems listed in Table I.
There is far too much information to discuss in any detail, however, the
trends are of interest. In particular, this chart indicates that all of
the automated calibration systems at NBS include extensive control of
data acquisition functions and data processing functions. While the
automation of apparatus control is not broken down into much detail,
there is also a substantial amount of automation in this area. In the
case of functions related to report generation, the automation is more

limited. While all systems store system related information to some



extent, the automation of storage and retrieval functicns is still ver:
Timited in other functional areas. The expansion and manipuleticr of
data bases for administrative purposes has not been included to any

significant extent, if at all.

Computer Technology Utilized

Table IV lists the elements of computer technology that have been
incorporated into NBS automated calibration systems up to the present
time. The most recent generation of microcomputers, based upon the
sixteen bit microprocessors, are not yet represented among the systems
in routine use; otherwise, the scope‘of the technology used reflects the
state of the art. In the software area, most of the applications
programs have been written in the high level languages, particularly
BASIC. Only a limited amount of software for calibration purposes has
been written in the assembly language for the machine involved. In the
recent development of the automatic calibration system for water flow
measuring devices a commercial data base management program package has
been incorporated as an element of the software. This approach adds
very powerful capabilities to the system. Such capabilities would not
be practical to achieve through the use of internal programming resources.
It is reasonable to anticipate that the use of specialized commercial
software packages will become more frequent in future automated calibration
systems.

Table V indicates the application of the elements of computer

technology listed in Table IV to the different automated calibration

systems listed in Table I. Again, there is too much information to
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discuss in detail; however, this chart will be made available to
anyone who is interested. More extensive technical information may be

obtained by contacting the persons Tlisted in this chart.

Impact of Calibration Automation at NBS

While the benefits of automated calibration systems at NBS are very
significant, it is important to recognize that they differ substantially
among the several systems. Therefore, it is not possible to define
benefits of an entirely general nature. However, it is useful to identify
the areas in which the benefits of automation are most often realized.

(] Increased accuracy and/or precision

A significant number of calibration systems at NBS perform at
accuracy levels and/or precision levels that are increased by automation.
These benefits usually result from the use of more extensive statistical
routines to process larger quantities of measured data than otherwise
practical. Accuracy and precision are also improved by more extensive
treatment of systematic errors using complex mathematical models for the
apparatus and larger quantities of measured data that characterize the
systematic error sources.

) Control of calibration quality

Whether or not the automation of calibration systems results in
increased accuracy and precision, there is a very substantial enhancement
of calibration uniformity and control of factors that cause unexpected
and degrading results. To a large extent this benefit results from the
elimination of human errors caused by fatigue and related factors.

However, there are additional contributions from the capacity to process
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redundant measurements, detect anomalies in reference standards and

measuring apparatus and to sense unexpected variations in test conditions.

) Reduction of Tlabor intensive procedures

There is a clear benefit from the automation of calibration systems
in terms of increased work volume based upon a smaller amount of human
labor. Two factors are involved in increased productivity. In the
first place it is not necessary to employ technicians for the routine
task of changing test parameters and recording data; in the second place
the skilled people that must be available generally need not devote
continuous attention to the calibration system operation. They become
free, in many cases, to use a substantial amount of their time engaged
in other activities.

While the Tlabor productivity benefits of calibration automation are
very positive, it is important to recognize that the technical demands
upon the metrologist and the metrology technician are increased. It is
necessary for these people to understand, in depth, the computer tech-
nology they utilize and play a major role in the implementation and
support of it. Computer experts may make important contributions to
system design and construction but their lack of detailed knowledge of
the metrology involved makes it necessary for the calibration system
experts to play an important and continuing role related to the use of

computer technology. This applies to software as well as hardware.

. Implementation of otherwise impossible procedures

A significant number of the calibration procedures now used at NBS

would not be practical in the absence of automation; in some cases they
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would not be possible, since the required quantities of measured data
are beyond reasonable capabilities for manual systems. In other cases
the complexity of the data processing is the controlling factor. In
still other cases the measured data must be acquired in such a short
time interval that non-automated procedures are not possible.

An example of the first case is found in the calibration of surveyor's
leveling rods that now must be calibrated at each of 60@ intervals. At
each interval a statistically significant sample of data must be acquired.
The volume of data, as well as the related processing, is the dominating
factor in the requirement for automation.

Examples of the second case are found in the calibration of acoustic
transducers and in time domain metrology. In both of these cases the
data processing requires the use of the fast Fourier transform to obtain
the parameters of power spectra and pulse shapes. In the case of time
domain metrology deconvolution routines are also used to obtain pulse
shape parameters from measurements overlaid by noise.

An example of the third case is found in the pressure calibration
system based upon the acoustic manometer. In this case the procedure
involves the measurement of manometer column lengths using an acoustic
interferometer. Statistically significant samples of data must be
obtained at each pressure setting. Very small pressure drifts occur as
a result of temperature fluctuations in the millikelvin range, and it is
necessary to obtain more than 308 individual measurements within a two

or three second interval for which the pressure drift is not a limiting

factor.
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The Future

The automation of calibrations at NBS will certainly continue with
emphasis on data acquisition, data processing and apparatus control. It
may be expected, however, that there will be an increasing emphasis on
the manipulation of larger data bases, including the storage and
retrieval of long term records on standards submitted for calibration.
Such records now exist in many cases in traditional files. More extended
use of powerful commercial software packages should prove to be very
helpful in this connection.

It may also be expected that advancing microprocessor technology
will be rapidly utilized in NBS automated calibration systems, particularly
in view of the larger random access memories that are available for use
with it. Finally, it is recognized that improved techniques, including
array processors, for increasing the speed of processing large quantities

of data will become important in future generations of automated calibration

systems.
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Table |

Automated Calibration Systems at NBS

Electrical Quantities (d.c. and low frequency)

Standard Cell Comparator
Resistance Calibrator (I-ohm)
A.C./D.C. Voltage Difference
A/D and D/A Converters

Electromagnetic Quantities (involving coaxial lines,
wave guides and optical fibers)

Automatic Network Analvzer | (first generation)
Automatic Network Analyzerll (six-port)

Near Field Antenna Systems

Time Domain Waveform Metrology

Dimensional Quantities

Line Scale Interferometer

Surveyor’s Leveling Rods

Three Dimensional Measurement Facility
Gage Blocks

Angle Gage Blocks

Measuring Wires for Threads

Optical Flats

Surface Finish

Time and Frequency

‘Routine calibration service (SP-250) not available
+Automation in progress.

Temperature

Thermocouples

Cryogenic Thermometers

Temperature Fixed Points

Gas Thermometry’

Platinum Resistance Thermometers

High Sensitivity Temperature Transducers’

Volume and Flow

Water Flow Rate+
Gas Flow Rate+

Force and Acceleration

Accelerometers System | (vibration transducers)
Accelerometers System Il (extended high frequency testing)+

Optical Radiation Quantities

Spectroradiometer (FASCAL)
High Accuracy Spectrophotometer

lonizing Radiation Quantities

X-ray and Gamma ray Dosimeters
Dosimetry {or High-Dose Applications




Table Il

Automated Calibration Systems at NBS
Automated Functions

1.0 Data Acquisition

1.1 Primary data

1.2 Influence factors (temperature, pressure, humidity, etc.)
1.3 Systematic error sources (apparatus anomalies, etc.)
1.4 Characteristics of local reference standards

2.0 Data Processing

2.1 Raw data reduction

2.2 Adjustments for systematic errors

2.3 Adjustments for influence factors

2.4 Mathematical routines (statistics, convolution, deconvolution,
F.F.T., curve fitting, etc.)

2.5 Go/No-go decisions

2.6 Trend analysis

3.0 Apparatus Control

3.1 Test parameters
3.2 Test conditions

4.0 Report Generation

4.1 Graphics

4.2 Charts and Tables

4.3 Test reports

4.4 Local reference standard status reports

5.0 Information Storage and Retrieval

5.1 System information

5.2 Local reference standards history
5.3 Customer standards history

5.4 Calibration activity levels

5.5 Administrative information
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Table HI

NBS Calibration Automation
Automated Functions

PRy
w® ~ ""\\oz“w
o O&zé“\g < Q@&"’; cho;(\ o \“\o‘e. &
i N O.o\ I Q,.P‘ o\‘o . oe,‘ e ‘rbg
General Functions e 0 c° o® g
Specific Functions  (See Table II) 1 2 3 4|1 2 3 4 5 6|1 2 12 3 4}1 2 4
Standard Cell Comparator X X XX X X X X1Xx X X X XX X
Resistance Calibrator {1-ohm) X X R|X R R R RIX X]JR R R R}X R
A.C./D.C. Voltage Difference X X X|x X X X X XX X X
A/D and D/A Converters X X{X X X X[x x =% X
Automatic Network Analyzer | X X XX X X X XX x X X
Automatic Network Analyzer Il X X X XX X % X XX X X
Near Field Antenna System X X XX X X X X X X
Time Domain Waveform Metrology X X XX X X X X X (X X X
Line Scale Interferometer X >k X]x x X X X XX X *x X
Surveyor's Leveling Rods X X X X X X X X X X
Three Dimensional Measuring Facility X X X X X X X X | x X X X X
Gage Blocks X X x| x X X X X x X X X |x X
Angle Gage Blocks X X X X X X X |x
Measuring Wires for Threads X X X X X X X
Optical Flats X X X X [X
Surtace Finich X X X1 X X X % 0 X X X | X X

A - Implemenied on a remote system using a

*- Planned
O - Partially automated

Note: Column numbers correspond to subheadings in Table II. For example, column 1

under Data Acquisition in Tabie III refers te 1.1 under Table I, column 2 refers

to 1.2 in Tabie II, elc.
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Table Ill continued

4 a“‘oti
General Functions é\‘.‘\o O&Zé\"\g Q""‘:: Q‘QQ°:(\O° \o\o(:\%_Qe.
iy 000 . (\\“ . (\0‘ - o“bg
< o° &

Specific Functions 1 2 3 4 1 2 3 4 5 6 1 2 |1 2 3 4 1 4 5
Thermocouples X X x |x x X X X X

Cryogenic Thermometers X X X X |[X X X X X X X X X X |X

Temperature Fixed Points X X X X |X X X X X X X X

Gas Thermometry T X X X X |X X X X X | x

High Sensitivity Transducers t X X X X |[X X X X X X|x X X

Ultrasonic Manometer X X X X |X X X %k X 0 X

Water Flow Rate X X X X|X X X X | 0 k| X X O x|X 0
Gas Flow Rate k% X |k k ok %k * * sk %k ok %

Accelerometer System | X X X[X X X X } 4 X X X X

Accelerometer System |l X X X X X[ X X X X

Acoustic Emission Transducers X X X X X X
Spectroradiometer (FASCAL) X X X|X X X X X X X| X X X

High Accuracy Spectrophoiometer X X X| X X R X X X|R R X

X-ray and Gamma ray Dosimeters X X X| X X X % X X X[ R X R X

Dosimetryfor High-Dose Applications | % X X X |[% X X X X X X XX X X X |X

Time and Frequency X X X X|X X X X XX X X X X |X

R-Implemented on a remote system using a communications link

1 - Internal NBS services
*- Planned
0 - Partially automated




Table IV

NBS Calibration Automation
Computer Technology Used

1.0 CPU

1.1 Microcomputers
1.1.1 Custom Z-80/5-100
(NBS Storeroom Components)
1.1.2 Commercial Z-80/5-100
(Cromemco or Industrial Micro Systems)
1.1.3 Desk Top Computers (H-P 85 or H-P 9800 Series)
1.1.4 Apple 1l
1.1.5 Tektronix 4054

1.2 Minicomputers

1.2.1 Perkin-Elmer 7/16
1.2.2 Perkin-Elmer 7/32
1.2.3 H-P 2116-C

1.2.4 NOVA 1200

1.2.5 PDP 11 Series

1.3 Central Mainframe
1.3.1 Univac 1182

2.0 RAM
2.1 Semiconductor
2.2 Magnetic core

3.0 Mass Memory
3.1 Floppy Disks
3.2 Hard Disks
3.3 Tape (cassette)
3.4 Tape (9 track)

4.0 {input/Qutput
4.1 Console
4.1.1 CRT

4.2 Hard Copy
4.2.1 Printer
4.2.2 Plotter

4.3 Instrument Interface
4.3.1 IEEE/488 and HPIB
4.3.2 MIDAS
4.3.3 Custom
43.4 RS 232

5.0 Programming Language(s)
5.1 Assembly
5.2 Fortran
5.3 Basic
5.4 Pascal
5.5 HPL
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CPU RAM Mass Input/ Frogramming
Memory Qutput Languages
Table V Micra Mini instrument
Interface
NBS Automated Calibrations =
(=]

Computer Facilities Utilized o | &

K] N - 2

;] ’ - @ —

NI E|la 2le| s |28 224 Slsl2[=)|¢2 = = Sle

HHHEHHEETHE R HEHHE R H R R ERHE

ZlE|f a3 |8|E(al2]|a £ ? alBlalid|=lz|5|dlals|2]8]lS|z]|8|&d|=[2

glélaiglelzlg[zI2181 & 2 SlE|g|e|G|g|2|u E|d|2|2|S|a|&|%|=|&] vecnnicalin an
Standard Cell Comparator X X x| x X [xX | X A | A ~ J. BMS IV -3 1-30UD
Resistance Calibrator {1-ohm}) X 64K X X | x X X X X R. Dziuba 301-921-2715
A.C./D.C. Yoitage Diflerence X 64K X X [x |[X | X x| X K. Lentner 301-921-2727
A/D D/A converlers X 64K X X [X | X | % X x | x X M. Souders 301-921-2727
Automalic Network Analyzer {l) X 32K X X |[x [ X | X x X C. Hoer 303-497-3705
Automalic Network Analyzer {11} X 256K X X [ X X X X X C. Hoer 303-497-3705
Near Field Antenna System X 64K X X [ X | X x % X X A. Newell 303-497-3743
Time Domain Wavelorm Metrology X 64K X [x|x X [x | X |x X | x X | W. Gans 303-497-3538
Time and Frequency x{2) 256K,375K | x | % X| X |x |X X x| x X | X | s Stein 303-497-3335
Line Scale Interterometer X 188K X X[ x| XX X X X | J. Beers 301-921-2216
Surveryor's Level Rods X 768K X XX | X x Xy X L. Caroll 301-921-2216
Three Dimensional Measuring Facilily X 768K X [ X X | X % x| x| x| ® X X T. Charllon 301-921-221¢
Gage Blocks X 768K X x [ x X X X X L. Caroll 301-921-2216
Angle Gage Blocks X 768K X X | X X b X L. Caroll 301-921-2216
Measuring Wires for Threads X 768K X X |x X X X X L. Caroll 301-921-2216
Optical Flats X 768K x x | x x X X L. Carol 301-921-2216
Suriace Finish X 256K X X| X[ x| X X X X | T. Vorburger 301-921-3838
Thermocouples X 64K x x| x X X | M. Scroger 301-921-2069
Cryogenic Thermomelers X 64K X | X x| x X X X | E. Pfeitfer 30%-921-2741
Temperature Fixed Poinis * 64K * x| X X X * J. Schooley 301-921-3315
Gas Thermometry X 64K X x| X X X X | A. Edsinger 301-921-2076
High Sensitivity Transducers (3) x 64K X x| x| x| X X X | % | C.van Degrifl 301-921-2753
Ultrasonic Manameler X 62K x x| x X X X C. Tilford 301-921-2121
Water Flow Rate x 64K x| x x| x| x| X x! X J. Whetsione 301-921-3681
Gas Flow Rate * 64K * |k k| k| k| ok * * J. Whetslone 301-921-3681
Accelerometer Syslem | X 187K X x| X| X[ X X X x M. Serbyn 301-921-3607
Accelerometer System )l X 128K X| X| X| X X X X M. Serbyn 301-921-3607
Acouslic Emission Transducers X 500K {2} X [x x| x| x X X | X F. Breckrenridge 301-921-3646
$peciroradiameter (FASCAL) X 64K X x| x| X|x [x X X X J. Walker 301-921-3613
High Accuracy Spectropholomete:(3) X 64K X x| x| x X X X | X | K.Eckerle 301-921-2781
X-ray and Gamma ray Dosimelers (3) * X 64K x | X X[ X| R |% X X * X | X | T.Lottus 301-921-2381
Dosimelry for High-Dose Applications X 48K X x| x| x X X X | J. Humphreys 301-921-2201

{1) - This system also uses a commaercial data base management software

package.

‘Planned

{2) - Shared system; 40K used for this service.

{3} - This system also uses Central Mainframe {1182} .




CALIBRATION SYSTEM AUTOMATION

AT GRUMMAN AEROSPACE CORPORATION

Charles E. Weber
Engineering Supervisor
Measurement Standards Section
Quality and Safety Operations
Grumman Aerospace Corporation

Bethpage,

CALIBRATION SYSTEM AUTOMATION AT GRUMMAN AEROSPACE
CORPORATION

Calibration automation at Grumman Aerospace Corpor-
ation had its beginnings in the late 1960s. At
that time, the company's calibration facilities
were under great stress dealing with a peak work-
load which exceeded 80,808 calibration and repair
operations per year. Active aerospace programs
supported by the calibration laboratories covered
an extremely wide application range resulting in a
very diverse calibration and repair workload.. The
major programs included:

e Lunar Module (LM} - Moon lander, Project
Apollo

® F-14 (Tomcat) = Fleet defense aircraft

¢ A-6 (Intruder) - All weather fighter/
bomber

e EA-6 (Prowler) = Electronic warfare
system

¢ E-Z (Hawkeye) = Fleet surveillance and
control system

® C-7Z (Greyhound) - Fleet cargo aircraft

OV-1

(Mohawk)

Army surveillance
system

® Gulfstream IT - Corporate jet
Approximately 2580 personnel were directly involved
in the calibration effort at the Long Island
laboratories in 1969, the peak workload year.
Fourteen years Tlater, the Measurement Standards
section of Grumman Aerospace Corporations'

Quality and Safety Operations Department is utiliz-
ing 98 personnel to process 56,008 calibration and
repair operations per year. The number of person-
nel involved has decreased at a rate two times
faster than the decrease in workload. While some
of the productivity increase is due to organiza-
tional and procedural changes, a substantial
portion is attributable to the successful applica-
tion of automation to the calibration process.

The balance of this presentation will describe the
automated calibration systems that have been
utilized by Grumman Measurement Standards and the
next generation of automated calibration systems
which will be in operation at Grumman during 1983.

It is interesting to note that the major aerospace
programs supported by the Measurement Standards
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calibration laboratories today are to a very Tlarge
extent the same ones that existed in the Tate
1960s. Today's major programs include the pre-
viously mentioned F-14, A-6, EA-6, E-Z, C-Z and
and OV-1 aircraft with the following additional
programs:

® EF-111 - Air Force electronic warfare system
® Space Shuttle Wing
e Aerostructures = subassemblies for Boeing
757 and 767,
- subassemblies for Cammacorp
re-engining of McDonnell-
Douglas DC-8

While the supported programs appear to be very
similar to those existing previously, their impact
on Measurement Standards' workload has changed con-
siderably. The Tater model aircraft, along with
the new programs, have greatly increased the com-
plexity of the workload. Requirements for tighter
tolerances and broader ranges have impacted every
measurement parameter.

AUTOMATED PRESSURE CALIBRATION SYSTEM

The first automated calibration system at Grumman
became operational in 1968 (Figure 1). It was
specifically designed to calibrate the large
quantities of pressure transducers used on the LM
program and the flight test programs for the
various aircraft. The system is composed of a
control and data acquisition section provided along
with proprietary software by Hewlett Packard. The
computer used is a Hewlett Packard 2114A. Measure-
ment Standards interfaced this with a set of
Gilmore, Model 289, programmable pneumatic dead
weight pressure calibrators. Programs were
originally on punched tape with operator data
input and data output made through a Teletype.
However, this system was shortly thereafter up-
graded to use a Texas Instruments 700 dual tape
cassette terminal for program input and data input
and output

The automated pressure calibration system covers
the range of 1 to 6,000 psi at an accuracy of
@.85% of reading.

The calibration program for transducers includes
absolute accuracy, linearity, hysteresis, and



repeatability. Up to 1@ transducers of similar
range can be run simultaneously. Automatic data
acquisition and analysis provides a complete data
package including necessary correction factors
required by the end user of the transducers. On
average, calibration and data reduction times have
been reduced by approximately 75% as compared to
manual methods.

Unfortunately, a combination of old age and new re-
quirements has caught up with this system. It is
now in the process of being phased out. During
the past few months, control and data processing
has been shifted to a new Fluke 1720A computer.

New software, developed by Measurement Standards,
is stored and used in disk form. Replacement of
the programmable pressure calibrators and the data
acquisition system will occur in the near future.

AUTOMATED AIR DATA TEST SET CALIBRATION SYSTEM

A new, smaller scale, automated pressure calibra-
tion system (Figure 2) has been developed speci-
fically for calibration of air data test sets.
These test sets are widely used for flight Tine
checking of aircraft air data computers. The
calibration system consists of a Ruska 6000
Automatic Air Data Test Setcontrolled via a
Fluke 17208A Computer. This system covers the
range of 32 in. of mercury absolute and up to
200 in. of mercury differential pressure. Cali-
bration data for the unit under test is pro-
duced automatically (Figure 3).

AUTOMATED THERMOCOUPLE CALIBRATION SYSTEM

The original pressure calibration system proved to
be so effective in reducing calibration time that
it was soon obvious that there was sufficient
availability of the data acquisition and control
system to allow its use for other tasks. The date
acquisition system was designed for high accuracy
at miTlivolt input Tevels making it ideal for
thermocouple calibration. An existing thermo-
couple calibration furnace was made oroorammable
and interfaced with the computer control Svstem.

Software was developed by Grumman. The thermo-
couple calibration system had a capability of
calibrating up to 18 thermocouples over a
temperature range of 200" to 180@°F. Accuracy
levels were *3°F. In operation, the system
compared thermocouples under test against a
reference thermocouple. Thermocouple outputs
were Tlinearized by the computer, compared
against allowable tolerances and presented on
an automatically produced data sheet.

On average this system reduced calibration 1labor
by approximately 95% per unit compared to manual
calibration methods. In addition, the queue for
thermocouple calibration was greatly reduced since
the operation could run untended at night and over
weekends and holidays.
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Higher accuracy requirements and increased workload
have necessitated the development of a completely
separate thermocouple calibration system. The new
calibration system was put on Tine in 1982

(Figure 4). This system utilizes the same thermo-
couple furnace with a Grumman designed control

end data acquisition system. A Hewlett Packard
98458 computer is used for control and data pro-
cessing functions. Software was developed by
Grumman. The system again develops a complete
data sheet (Figure 5) during the course of a
calibration. Calibration accuracy has been im-
pr .d to #1°F, using the new system over the

sare 200" to 1800°F. temperature range. This

was made possible by tighter control of the
furnace and improved data acquisition.

AUTOMATED METER CALIBRATOR

Grumman's first venture into automating the
calibration of electrical measuring equipment
focused on the Towly multimeter which existed and
still exists in Targe quantities in the Grumman
inventory. An ESI System 70 Meter Calibrator was
placed in service in 1978. This system, designed
specifically for multimeters and other analog
meters, was controlled by pre-programned punch-
cards and proved to be quite effective. As a proof
of Murphy's Law however, shortly after this system
was operational it was determined that most multi-
meters were not being used for qualitative measure-
ments. As a result, they were placed on a "No
Calibration Required" status, thus eliminating the
major portion of the ESI-78s workload. Accuracy
constraints prevented this system's use for calibra-
ting the oncoming wave of digital multimeters.

AUTOMATED DC-LOW FREQUENCY CALIBRATION SYSTEM

Although Measurement Standards continued investi-
gating many proposed automated calibration systems
for electrical and microwave instruments, it was
not until 1974 that systems having adequate per-
formance and broad application began to appear on
the market. An evaluation and competitive bid
procedure led to the purchase of a Julie Research
Locost 106 System (Figure 6). The system was
delivered and placed in service in May O0f 1976.
The Julie System as originally configured consisted
of Julie AC and DC voltage and current sources, a
resistance source, a voltage divider, a digital
multimeter and necessary interface and control
hardware. The controller was a Hewlett Packard
9830A computer. Proprietary software was supplied
by Julie Research on tape cassettes. Nominal
specifications for the system as it is configured
today are shown below although many can be upgraded
by simple self calibration, transfer, or laddering
techniques in order to meet the need for higher
accuracy:



Parameter Mode
DC Volts Generate
Measure
AC Volts Generate
Measure
DC Current Generate
Measure
Resistance Generate
Measure
Ratio Measure
AC Current Generate
Frequency Response Generate

Units to be calibrated having parallel BCD data out-
put can be interfaced to the system via simple
signature cards which are used to match the unit to
the universal data input. System availability has
been better than 95% for the almost seven years that
it has been in service. The JRL-106 handles the

calibration of a wide variety of instruments
including:

Digital and analog meters
Voltage calibrators
Current calibrators
Resistance decades
Resistance bridges
Potentiometers
Temperature indicators
Current shunts

Voltage dividers
Amplifiers

A full calibration data sheet is prepared auto-
matically for each instrument (Figure 7). Calibra-
tion times for the instruments listed have been
reduced by as much as 90%.

The successful utilization of this system was a key
factor in Grumman's decision to enter the commercial
calibration and repair services field. The services
provided to our commercial customers now approximate
20% of Measurement Standards' workload.

AUTOMATED DC-
UPDATE

LOW FREQUENCY CALIBRATION SYSTEM

It might be reasonably thought that a seven year old
system couldn't be "state of the art" as this years'
Measurement Science Conference theme stresses. How-
ever, a combination of the initial high performance
level of the system, judicious hardware upgrades

Ranges

0-1200v
1.2u¥ to 1200v

100uV to 120v

100V to 1200V

0-1000V

g to 12A

@. to 12A

g to 10 Megohms
g to 10 Megohms
g to 1.2

g to 2A

10Hz to 12MHz

Accuracy (% Rdg)

a.
0.001 - 0.003%

SIS

[SESES]

@01 -~ @.005%

.025% 20Hz - 20kHz
.05% 20kHz - 100kHz
.2% 100kHz - 1MHz

.035% 50Hz - 10kHz
.05% 20Hz - H0Hz
.1% 10kHz - 100kHz

.81% DC - 50kHz

.003 - 0,005%
L01%

.005 - 2.01%
.002 - 0.005%

.00025%
.@5%

5% to 2% of level

made possible by modular design, and adaptable soft-
ware has kept this system at state of the art

levels.

System capabilities have been significantly up-
graded in the following areas (Figure 8):

e DC voltage measuring capability was extended
to 1 millivolt full scale by adding a Julie
Research BA-108 amplifier

e AC voltage measuring capability was added
through use of a Ballantine 1600A Automatic

Thermal

Transfer Standard

e Extended frequency response capability was
added through a Fluke 6011A Synthesizer

e Multi

input measuring capability was added

through a Julie Research scanner
® IEEE-488 bus capability was added via a Hew-
lett Packard computer interface.

Proprietary system software provided by Julie Re-

search to meet Grumman requirements is currently in
its third generation.
1y", requiring no computer programming knowledge to
prepare calibration procedures for discrete instru-

ments.

To date,

over 80@ individual

The software is "user friend-

instrument

models have had custom calibration procedures pre-

pared.

The average preparation time for such a

procedure is less than 30 minutes, making it prac-

tical to automate

"one shot" calibrations for

instruments which may never be calibrated on the

system again.

The system controller remains the Hewlett Packard
9830A. It has, however, been updated with a num-

ber of Infotek ROMS.

Program storage has been

shifted from sixteen cassettes to one-half of a

floppy disk.
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An Infotek FD9830 disk system has



dramatically enhanced program access capabilities
without requiring any software changes.

AUTOMATED OSCILLATOR, FUNCTION GENERATOR, PULSE
GENERATOR CALIBRATION SYSTEM

A desire to improve Measurement Standards' "in-
house" design and development capabilities has led
to a system for calibration of oscillators, func-
tion, pulse and other waveform generators (Figure 9).
This is an IEEE-488 bus controlled system com-
posed of a Tektronix 4851 computer, Comprint print-
er, Krohn-Hite 6888 distortion analyzer, Racal-
Dana 9015 Counter and Fluke 8922A True RMS digital
voltmeter. Programming and interfacing were done
by Measurement Standards. This automated system
can measure:

Frequency
Distortion
Amplitude
Frequency response
Rise/Fall time
Pulse width

Data sheets are prepared automatically (Figure 10).
Calibration times for instruments calibrated by this
system have been reduced up to 75%. Further
development of this system, including a new computer
and floppy disk addition, will be completed in 1983.

AUTOMATED MICROWAVE CALIBRATION SYSTEMS

An automated system for calibration of microwave
components and active microwave devices has been a
goal of Measurement Standards for many years. The
major drawback of all systems available until
recently was a lack of sufficient dynamic range. A
Wiltron system (Figure 11) utilized in Measurement
Standards' Calverton, Long Island Taboratory is a
case in point. It is a broadband system controlled
via an IEEE-488 bus by a Hewlett Packard 85A com-
puter. While this sytem can handle the calibration
of many microwave components, its approximate 60dB
useful dynamic range rules out its use for high
value attenuators, filter rejection and directional
coupler directivity tests where a greater range is
necessary. In addition, it cannot perform the
calibration of active microwave devices such as
signal generators.

The most recent addition to Grumman's complement
of automated calibration systems does, however,
fill the need for calibration of virtually all
microwave components as well as active instru-
ments. A Microtel Automated Microwave Calibra-
tion System (Fiaure 121 was installed during

the past few weeks.

The Microtel System designed for Grumman provides
the following capabilities:

o Attenuation measurement to 100dB from 1QMHz
to 18GHz

¢ VSWR measurement (using custom Wiltron
bridges)

e Frequency measurement

Power measurement

® Modulation measurement.

The heart of this system is a broadband programmable
IF substitution receiver which is a direct descen-
dant of the original manually operated Microtel
GC-1280 Signal Generator Calibrator. The GC-1280
was created to meet Grumman's 1974 request to pro-
vide a self contained system to track signal
generator attenuator linearity to -100dBm from

10MHz to 1BGHz.

Preliminary figures indicate that calibration time
for broadband microwave components can be reduced
by up to 90% using the automated system as compared
to the previously used method of using multiple
narrow band swept setups.

Signal generator calibration time reductions of
50% to 75% are anticipated.

FUTURE AUTOMATED CALIBRATION SYSTEMS
Load Cell System

In-house development is currently underway to auto-
mate the calibration of load cells. This system
will utilize a Fluke 172@A computer for data
collection and analysis.

RF Power Sensor System

Purchase of a Weinschel System II Power Meter Cali-
brator (Figure 13) will automate calibration of
power sensors which currently is a very labor
intensive task. Grumman's evaluation of this sys-
tem showed a reduction of calibration time for a
typical broadband thermoelectric type sensor

from 16 hours to 15 minutes. This system is
anticipated to be in service in mid 1983.

Oscilloscope System

Acquisition of a Ballantine Laboratories Oscillo-
scope Calibration system (Figure 14) 1is in process.
The calibrator itself is the commercial version of
the unit developed for the Navy MECCA frogram.

Record Keeping

Calibration time for many instruments has been re-
duced by automation to such an extent that in many
cases it is exceeded by the handling and paperwork
time associated with calibration. While an exten-
sive computer system provides record keeping and
tracking for the calibration system there are still
areas where a considerable labor effort is involved.
A prime example in Measurement Standards' operation
is the point of input of information into the
tracking system. Each item processed by the
laboratories requires a minimum of two separate
entries typed in through a terminal's keyboard.
Over 1213,000 such entries are made per year. Even
a very low error rate in entering this informa-
tion causes an administrative headache of major
proportion.

Measurement Standards is currently implementing a
bar code entry system to eliminate most manual data
entry to the tracking system. The proposed work
order which will accompany each instrucment will
have that instrument's identify number encoded
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upon it in bar code. The code will be scanned by

a reader wand as the instrument is received for
service. A menu will be provided to allow scanned
input of dates, repair and calibration times, tech-
nician identify, performance ratings, etc. This
system is highly error resistant and should also
significantly reduce terminal operator time. A

mid 1983 operational date is anticipated for the
bar code system.
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Conclusion

Grumman Aerospace Corporation, through its Measure-
ment Standards section, has compiled an outstanding
record of successfully applying automation to the
calibration process. The key ingredients for
successful automation have proved to be careful
selection of hardware and software, diligent over-
sight of system operation and most importantly

a willingness to be innovative and creative.



AUTOMATED PREMIUAE
CALIBRATION $TATION

Figure 1 Automated pressure calibration system

Figure 2 Automated air data test set calibration system
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Figure 3 Data sheet - automated air data test set calibration system

Fig. 4 Automated thermocouple calibration system
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Figure 5 Data sheet - automated thermocouple calibration system
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Figure 6 Automated dc-low frequency calibration system
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Figure 7 Data sheet - automated dc-low frequency calibration system

Fig. 8 Automated dc-low frequency calibration system-update
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REPORT OF CALIBRATION

Fig. 9 Automated oscillator, function and pulse generator
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Figure 1@ Data sheet - automated oscillator,
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Figure 11 Automated microwave calibration system

Figure 12 Automated microwave component and signal generator calibration system
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Figure 13 Automated rf power sensor calibration system

Figure 14 Automated oscilloscope calibration system
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ATE SOFTWARE - A PRODUCTIVITY TOOL

Frank Sevean
Supervisor - Applications Software
Bendix Test Systems Division

Teterboro,

ABSTRACT

The use of Automatic Test Equipment and its test
software has entered into all Tlevels of elec-
tronic testing and is growing. This is due to
the cost savings which this equipment and soft-
ware provides, especially when compared to manual
testing methods and techniques. With electronic
equipment becoming more complex per square inch
of board real estate, more and more highly
skilled technicians are needed to provide the
proper manual support. Automatic testing does
much to alleviate this problem but certain soft-
ware elements could, if not properly identified
and controlled, cause these savings to be less
than anticipated.

INTRODUCTION

The widespread use of Automatic Test Equipment
(ATE) throughout industry and the military ser-
vices has resulted in substantial cost savings in
the area of electronic testing. These savings
are primarily due to the utilization of test
program software to replace many of the time
consuming and error prone operations previously
performed manually. In order to benefit from
these cost savings, however, certain initial
trade-offs must be performed which must address
the support costs of the various software ele-
ments inherent in ATE of all sizes. For the
purposes of this discussion, it will be assumed
that the initial trade-offs concerning the
particular needs of the targeted units for which
test software will be developed has been
accomplished and the use of ATE has been found to
be cost effective. This paper will address all
of the software elements of ATE and examine the
benefits afforded by these elements in performing
the test/maintenance functions.

AUTOMATIC VS MANUAL TESTING

Comparing automatic and manual testing highlights
more similarities than differences; especially
when examining the functions required. A manual
test bench or setup for a particular unit under
test (UUT) consists of various power, stimuli and
measurement devices, a means of electrically and
physically connecting and disconnecting these
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agevices at the UUI interface, a knowledgeable
operator and a test specification or procedure.

An automatic test system is very similar in that
it too consists of power, stimuli and measure-
ment devices, a means of routing these devices
to the UUT interface and a knowledgeable opera-
tor. The test specification is replaced by the
test program for the particular UUT; in effect
one type of software is substituted for another.

The difference between the two types of testing
approaches becomes apparent when the operation

of each is examined. During manual testing, a

heavy burden is placed upon the operator since

he must:

e Set all devices to the proper mode

e Perform all UUT interface connections/
disconnections

e Make all pass/fail decisions

® Laboriously follow the test specifica-
tion exactly

During each action required, there is the
possibility for human error resulting in an
erroneous test determination at best; damage to
the UUT or test equipment at worst.

Executing the same tést on automatic test
equipment alleviates the operator from all
activities except the initial interfacing of the
UUT and starting the test program. The ATE
controller assumes the major burdens of the
operator and controls all of the devices as
defined in the test software. The test is
executed identically each time it is rum and
most, if not all, test result determination is
contained in the software. All testing is done
quickly and safely enabling the operator to
complete his testing tasks with greater produc-
tivity.

OPERATOR SKILL LEVELS

Electronic equipment, especially in military
applications, 1is becoming more and more complex
and imposing higher demands on maintenance
technician training and experience. Conversely,
the services are having much difficulty in



retaining experienced technical personnel and
attracting the quantity of high quality recruits
for training. The use of ATE at all levels of
maintenance allows a reduction of the skill Tlevel
required while boosting productivity. "A good
example of this was recently experienced by the
U.S. Navy on the TRIDENT class submarine con-
cerning the alignment of the Steering and Diving
Position Control Unit (PCU). A controlled and
monitored test was conducted where a highly
skilled technician, very familiar with the
tactical equipment, was required to perform the
manual alignment procedures. This activity took
four hours and ten minutes to complete; occasion-
ally requiring assistance from another person.
The same alignment was then performed by a
virtually untrained operator using the Bendix
Ship Control Tester - Organizational. The
complete alignment was accomplished in a little
less than forty-five minutes by having the
operator simply follow the displayed instruction
when adjustment was necessary. This complex task
was simplified, accomplished faster and was
performed by an untrained operator guided by the
test software.

SOFTWARE ELEMENTS

Test programs do not operate in a void nor are
they developed without the use of development and
verification tools. While most test program set
(TPS) development activities concentrate on the
development of effective test programs; the
identification and control of the other ATE
software elements must not be overlooked. These
elements will vary in type and complexity
depending on the size and requirements of the
particular ATE system.

The following is a 1ist of general software
elements existing throughout the entire spectrum
of ATE:

ATE Operating System

Test Execution System (Executive)
Support/Utility Software
Instrumentation Software
Facilitating Software

A11 of the above elements are vital for either
the development or the execution of the test
software. As such, each specific element
requires control of its configuration and support
personnel who understand the interrelationships
between the elements. A revision to 'any of the
above. listed packages, especially after field
deployment of many test programs, could result in
problems ranging from none to disastrous. The
same statement can be made for revisions to the
ATE hardware of course. The requirement for
revisions in either the hardware or software
systems would depend on the maturity of the
systems to a great extent.

ELEMENT DEFINITIONS

The following is a brief description of the types
of functions provided by each of these elements:
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Operating System: This type of software is
usually found in larger ATE systems and contains
the control and service routines which brings
the system to life. The functions provided
generally consist of:

s Resource Management
Peripheral Control

e File Management

o Text Editors

e Utilization Reporting System

The above 1ist is certainly not all idinclusive
and depends greatly on the range of requirements
for a particular ATE system. Any revision to an
operating system must be carefully analyzed and
implemented with a great deal of testing and
under tight control.

Test Execution System: This system is often
called the Executive and is found in both Targe
and small ATE systems. In effect, the Test
Execution System executes the test program and,
in larger systems, will often utilize operating
system functions. Some of the functions con-
tained in this system are:

e Device Controller Routines
e Dperator Interface Software
# Test Mode Selection Software

In general, all the software necessary to
perform the testing as defined in the test
software; control of the stimuli, power and
measurement devices, test result determination,
etc. Due to the close relationship of the
Executive to the test software, the probability
of a revision causing a problem is very high.
Any changes must be undertaken with great care.

Support/Utility Software: This is a catch-all

term and generally refers to the software
modules used for test software development,
system maintenance and operator tools.

Depending on the size and utilization of the ATE
system, some of these functions could be
imbedded in the Operating System or the Test
Execution System. The support or utility
software could consist of:

Language Translators

Test Language Compilers

Automatic Test Program Generators
UUT Simulators

Software Debuggers/Monitors
Emulators

The functions are used to develop and verify
test programs on the whole. A revision to these
types of software modules will generally have no
impact on previously developed test software but
could cause problems should the test program
require changes.

Instrumentation Software: An increasing number

of stimuli and measurement devices contain their
own control and communications software. This
is usually provided by the manufacturer of the



instrument and is seldom, if ever, modified. The
ATE developer and the end user generally have no
visibility of this software. While the potential
for problems is very slight, an instrumentation
software change could cause field proolems.
Control, however, of this software is usually not
available to the ATE developer and, subsequently,
the end user.

Facilitating Software: This software is really
the baseline upon which all of the other ATE
software is developed. It refers to the language
assemblers or compilers which are needed to
develop the system elements. An example of
facilitating software would be a FORTRAN or
PASCAL compiler which would be used to develop a
translator or test execution system. This type
of software is generally very mature and, since
it is primarily used for system development,
contains very 1little potential for problems in
the field.

SUMMARY

Test software can result in substantial cost
savings in electronic equipment maintenance due
to providing a means of achieving greater produc-
tivity. This productivity is achieved by the
time savings accrued and the utilization of Tow
or moderately skilled personnel. Control of the
test software and the system software elements
must be exercised in order to maximize the
savings of any ATE system. Without the support
of personnel knowledgeable in the software system
and a structured change control procedure after
field deployment, the possibility of expensive
field problems will exist. Examining the various
elements for a particular ATE system can high-
1light those modules whose change would cause high
risk. Recognizing these risks and providing the
proper control procedures will minimize costs and
surprises.
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SYSTEMS APPROACH TO AUTOMATIC

CERTIFICATION AND CALIBRATION OF ATE

Ronald Ruotolo
Grumman Aerospace Corporation

ABSTRACT

Major certification and calibration problems
exist with sophisticated Automatic Test Equip-
ment that contains extensive analog, video and
RF test capabilities. Generally, individual
instruments within such ATE require certifica-
tion against a secondary standard located at
some remote calibration facility. The remote
calibration of individual instruments creates
numerous problems and results in inefficient
and ineffective utilization of ATE. Some of
the more sever problems are:

(1} Excessive ATE down time due to
instrument removal for certification
and calibration.

(2) Damage to instruments and/or loss of
instrument accuracy due to transporting
or shipment.

(3} Uncertain ATE system performance
specifications that bear no relation-
ship to instrument calibration para-
meters.

{4) Unnecessary calibration of instrument
parameters that have little signifi-
cance at the ATE system level. Con-
versely, parameters that are important
at the system level are often not
calibrated at the instrument Tevel.

{5) Unnecessarily high and costly traffic
through a Timited number of calibration
facilities.

In summary, expensive ATE is often shut down
for extended periods while its system elements
are remotely certified to unrelated instrument
specifications. The cost is high and the cali-
bration turn-around cycle tends to be lengthy.
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The proposed paper will address system approaches
to providing efficient and practical automatic
ATE field certification that solves the types of
problems highlighted previously. The techniques
that will be explored in the paper will consider
impacts on:

ATE System Hardware (particularly RF
elements)

ATE System Software including ATLAS and
its associated Operating System
Transfer Standards

Calibration at the ATE/Unit Under Test
Interface

Traceability from System Performance
Specification to Primary Standards
Automatic Software Correction of Out-0f-
Tolerance Conditions

Examples of current ATE systems employing various
techniques will be discussed. The trend for
next generation ATE systems will also be covered.

The fundamental theme of the paper will be to
propose practical solutions to today's well
documented problems with field calibration of
ATE systems.



GAGE BLOCK CALIBRATION WITH COMPUTER ASSIST
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INTRODUCTION

In the past we have had the same problems with re-
peatability on gage blocks as have many others.
Among the steps we took to eliminate this problem
was the initiation of a semi-automatic calibration
program. The heart of this was to be a micro-com-
puter. To this end we wanted a unit that would (A)
Store data from our Standard Blocks, (B) Store data
on each set of blocks brought in for calibration,
(C) Store the tolerance for each block brought in
for calibration, (D} Store the in tolerance or out
of tolerance condition found on each block, (E)
Determine whether or not a set of blocks must be
down-graded, (F) Print a Certification for each
block set brought in for calibration, {G) Measure
each block for 1length, (H) Calculate parallelism
for each block, (I) Perform calculations to deter-
mine if the block set in for calibration is within
tolerance, (J) Close the measurement loop on the
standard block to insure the measurement was good
and determine the uncertainty of the particular
standard block, (K) Store measurement assurance
data for determining random uncertainty at any
give" time.

CHOICE OF A COMPUTER

Since TRS-88 micro-computers were in use at SIMCO
for several other automatic calibration areas, it
was decided to use the TRS-80 with this program
also. It was decided a 48k bytes of RAM with 2
floppy disc drives would be suitable.

SOFTWARE

The software is arranged into two separate discs.
The Data Manager disc always resides in the Operat-
ing System drive. It contains the instructions for
operation of the Gage Block Measurement Assurance
System. The second disc is for the storage of data
on the Unit Under Test (U.U.T.). These are general-
1y broken down by companies. A separate disc is
used for each major company to simplify future com-
piling of historical data. The Data Manager disc
also contains the data used to generate the Certifi-
cation and the Data Sheet for each gage block set.

This program has all the features of a commercially
available data base management system. Figures 1
through IV show data entry forms as they appear on
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the screen.

This program has been made to operate with the
minimum chance of mistake. Place the Data Base
Manager in the appropriate disc drive, select the
data disc for the company that owns the blocks,
and at the touch of one button a menu is produced
in plain English.

We will study the use of the program from the menu,
Figure V. This will allow us to view the many
checks that have bee" built into this system to
eliminate errors.

CALIBRATING GAGE BLOCKS

Some of the work must be done before the first set
of gage blocks come through the door. To start

the system prior to the first set of blocks we must
use {S>tandard set manager*. It must be remembered
that anything in the computer memory will be Tost
when we go to anything followed by *, so be sure to
save everything to the disc before going to <5
Figure VI shows the data from the standard gage
block set that must be entered prior to using the
program for measurement of gage blocks.

The material will be used to compensate for temp-
erature variations at the time of calibration.
The Last(L), (L-T), and (L-2) readings are the
history of the deviation of your standard gage
bTock.

Another step that must be completed prior to meas-
uring the gage blocks 1is the standards information
that will be used on the Formal Certification.
Since specifications, calibration test numbers,
date do re-calibration, etc., are not the same for
all blocks to be used as standards, we enter "Stan-
dards Used" information in the order asked for in
Figure VII. The *Note area is where we keep the
NBS test# and date of test.

Following this we enter or {E>dit traceability
test *, for the text of the statement of methods
and uncertainty. As the methods change or uncer-
tainty is decreased we will be able to edit this
statement without going into the basic program
itself.

After that we are ready to use the program on a
set of blocks. If when we check the data'disc we



do not find the set Tisted that we are about to
calibrate we will go to <A>dd U.U.T. blocks.

The dark border will appear around the Standard

Set area of Figure I. Using the up-down arrows we
will advance the Standard Set block size until it
is at the same size as we wish to enter for the un-
known set. If the size we want to enter is not in
the Standard Set we will not be able to enter this
block because we will not be able to calibrate it.
When we find the proper size (they are stored num-
erically) we key in ENTER . At this time the

dark border shifts down to the Unknown Set area of
the screen and the size is entered in the Unknown
Set area. For sizes less than 1 inch the paralle-
lism tolerance and the + and - Tength tolerance is
also automatically entered. The fields are opened
for data entry in the unknown block serial number
and type material. When all the appropriate infor-
mation has been entered on this block, ENTER again
and the dark border shifts back to the Standard Set
for the next block. Upon exiting this mode all
entries are sorted for size and put in ascending
order by length.

If this particular set had been calibrated with this
system before this time, we could have gone to the
A>.U.T. file handler. This would have brought up a
screen as in Figure VIII. From there we could have
gone into the mode to {R>ecall the particular set
we were working on. From there we could have gone
back to <{C>hange U.U.T. blocks, to verify that all
the serial numbers were still the same. Any changes
or deletions may be done from this mode. Also from
this mode, we may go the /C/heck mode.

When we key in the /C/heck, we get a screen as in
Figure IX and the choices of <Pyrecheck or{Foull
check. In<F»ull we go through a series of truths
as can be seen in Figure X. First we go through
the comparator to make sure we still have the Stan-

dard of the same size in our Standard Gage block set.

If not, all the information we have entered on that
block prints out on the printer and the block is
deleted from the list of blocks to be calibrated.

If we do still have the Standard it compares the
size and serial number of the block with the block
before and the block after it in the memory. Since
the blocks have all been sorted by size this will
show whether or not there are any duplicate entries
in the 1ist. If there are, as before, it will print
all the information and delete the duplicate from
the 1ist. If there are no duplicates, it will step
on down the check.

The next check is whether or not there is anything
in the serial number block. On blocks with no ser-
ial number we will have entered (NONE) so any with
nothing in the serial number block will be an error.
If a blank is detected it will wait on that space
for the correction. After the correction is com-
pleted we must hit <ENTER> to continue. The next
check is whether there is a C for carbide or § for
steel in the material block. Any other entry or no
entry will fault and wait for you to correct it.
The next check is to verify there is a tolerance
listed and that the polarities are correct.

The Tlast check-of this sequence is to check the
inputs on the Last Chk: block. This will only
allow F, *, P, or a blank to be present, and the
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letters will only be allowed to be in the appropri-
ate place.

In (PDrecheck the same steps are down except there
is no comparison to the Standards Blocks. This will
be used whenever you wish to run a check except when
the blocks have just been re-entered from disc.

After this we are ready for calibration of gage
blocks. The first thing after cleaning is flatness.
If the flatness is out of tolerance we must enter
anCF>in the Last Chk: block in the ¢Change U.U.T.
blocks mode. Then the blocks are placed on heat
sinks for 24 hour soaking and all data in the com-
puter is stored on disc using <U>.U.T. file handler.

When the soak time has been completed, measurements
are made for length and parallelism. This data
with out-of-tolerance information is input into the
computer in the<Change U.U.T. block mode.

A formal certification, Figure XI, is then printed.
First we do to the {T>raceahility report, entering
the temperature, humidity, date calibrated and date
due. Then <Crontinue is keyed in and the Standards
listed as having been used for calibration are
checked to verify they are proper standards. Next
<{P>rint is keyed in and the formal certification

is printed. The {D>ata is keyed in, the paper a-
Tigned and ¢P>rint is keyed. The computer counts
the number of blocks that were out of tolerance for
(F) flatness, (*) length, or (P) parallelism and
determines what percent of the complete set was

out of tolerance. It then prints the data sheet
(Figure XII). If the gage block set had 25% or
more blocks out of tolerance, a statement is prin-
ted on the data sheet that the set no Tonger meets
the grade for which it was bought.

At this time we would key in the {I)nitialize U.U.T.
key. This would erase all data from the computer
memory, losing everything that had not been stored
on disc, readying the computer for the next set of
gage blocks.

FUTURE

As you have probably noticed we have not talked
about the <{M>asure U.U.T. function of the Menu.
The program has been developed and at the writing
of this paper is in the finalizing stages of
development for measuring the Tength of the gage
block semi-automatically.

When we make the measurement we will first place
our Standard block of the same size as the one to
be tested between the contact points of the Gage
Block Comparator. After the computer -has read
this block we will remove the Standard and place
the block to be calibrated between the contacts,
when the computer has read this point we will
move the block to the second point and then the
third. After reading the third point on the block
being calibrated, the Standard Gage Block will be
placed between the contacts to be measured again.

The first reading of the Standard block will re-
ference the calibrator. As the computer knows

the actual length, including deviation, we can use
this as a reference point. The three readings



taken on the block being calibrated will tell, by
their average, what size the block is as compared

to the Standard. Also by the deviation of the three
readings, taken on different parts of the block, the
computer can determine the parallelism of the block.
The last reading is taken on the Standard to close
the loop on the measurement and to determine, by
comparison to the first reading on the standard,
that no major problem has come up within the
measurement system.

The computer will be keeping track of the devia-
tion between the first and last reading on each set
of readings made for a specific size. From this,
standard deviation, or sigma, will be determined and
evaluated for each Standard block individually. Other
data, for Quality Assurance Management use, will be
stored, compiled, and evaluated. With this we will

be able to maintain historical records on the stan-
dard blocks.

In addition to all this, the {(Mdeasure U.U.T. will
increase the readability of the mechanical compara-
tor from an interpalation of about .3 millionths to
001 millionths or better. As is obvious this will
decrease the uncertainty by more than a half a mil-
lionth in reading the comparison in length between
the standard and unknown block alone.

CONCLUSION

Repeatability has been questionable on gage blocks.
With the introduction of the computer to our gage
block measurement system we have been able to cut
down the uncertainties that were causing the problem
in repeatability. With the advent of the final phase
of the computer program the speed with which a gage
block set can be calibrated, increase in repeatabili-
ty, and the decrease in uncertainties will be greatly
enhanced.
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Standard Set MO352/E2

Block size: 010 Serial #: HDHP Chk: ., . %%k*
Unknown Set
Block size: Serial #: Material:
Ptol: S+tol: S-tol:
Last reading: Last Chk:
Measurement,
Temp Deg. ¢ Std.: This Chk:
Unk.:
Std':

V-arrows move std. blocks (ENTER) adds to unk. set <b7Menu

Figure I
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Standard Set M0352 /E2

Block size:.......... Sevrial#:....... Chk: . . .
Unknown Set TEST/VAR
Block size: 010 Serial #: Material:
Ptol: 4  S+tol: +4 S-tol: -2
Changing block 1 Last reading: Last Chk:
Measurement
Temp Deg. ¢ Std.: This Chk:
Unk.:
Std':

V-arrows move blocks  H-arrows move cursor .C.hk .D.el {@)Menu

Figure II
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Traceability Report
-Header —

Unknown set —s TEST/VAR Make: WEBER Serial#: 323322
Grade: 2 Property of:

SIMCO ScP: 44432 #/blocks — 3

- STATEMENT -{ <E>dit from menu.)

— Footer--.
Std-1: 3-0352 Std-2: 3-@357 Std-3: Std-4:
Ambient temp: 23.4 deg.c Recall date: 8/14/83
Rel. humidity: 40% Prepared by: L. Foutche'
Issue date: 8/14/82

Approved by: L. Carver

{Irnput (Chontinue <@ >Menu

Figure III
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Standard Set MO352/E2
Block size: .010 Serial #: 5DHP Chk: . ., %%

Unknown Set

Block size: Serial #: Material:
Ptol: S+tol: S-tol:
Last reading: Last Chk:
Measurement
Temp Deg. ¢ Std.: This Chk:
Unk.:
Std':

V-arrows move std. blocks <ENTER) adds to unk. set ¢ @ )Menu

Figure IV
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S569/Gage Block Comparator 12/13/82

- MENU - (I nitialize U.U.T.
<A> dd U.U.U. blocks
<C> hange U.U.T. blocks
¢{M> easure U.U.T. blocks
{T> raceability report
<D> ata report
Uy.U.T. file handler
(S$> tandard set manager*
(E> dit traceability test*

{
@ >D.0.S.* STD: M0352/E?

*J.U.T. block data in memory will be Tlost. UUT:

Make selection

Figure V
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Block-size: ##.#HHHHHH Serial #:....... Material: .

Ptol: . . . Sttol: . . .. S-tol: . . . . Check: . . .

(L-2)reading: .... (L-T)reading:..... Last(L)reading:..

(L-4)delta: .... (L-4)date: mm/dd/YY

(L-3)delta: .... (L-3)date: mm/dd/YY

(L-2)delta: ... (L-2)date: mm/dd/YY

(L-1)delta: .... (L-1)date: mm/dd/YY

Last-delta: . . . . Last-date: mm/dd/YY

Delta-avg.: . . . . Sigmafu): . . . . Note:........
Figure VI
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CONTRACT#/ITEM#: #-#HHH#
DESCRIPTION: oottt
SERTAL#: ..........
CALDATE: MM/DD/YY
DUEDATE: YY/MM/DD
ACCURACY: .
*NOTE:

Figure VII
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DRIVE :1 SIMCO MOO13/E2 MOOT4/E2
SA003356 SB002256 S1003366 51007483
SCOB3356

----------------------------------------------------------------------

LRY ecall (S) tore SR {6 ) Menu

Figure VIII
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Standard Set MO352/E2

Block size: .......... Serial#: ..... ... Chk: . . ..
Unknown Set V4123032
Block size: .03125 Serial#: Material:
Ptol: 4 St+tol: +4 S-tol: -2
Changing block 1 Last reading: Last Chk:
Measurement
Temp Deg.c Std.: This Chk:
Unk.:
Std':
<{P> recheck {F> ull check {Eyxit
Figure IX
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LOGIC FLO!! DIAGRAM
GAGE BLOCK CALIBRATION

V4
" Check Material L
L

Start <

5

\Vi
Search for Std.
Block of Equal
Size of U.U.T.

\/

N Print Message
and Delete DD
Y
\V/

Compare Size and

Y ~,|Print Messagel |
L7 and Delete

S/N of Block "N"
and Block "N-1" Check "Check .
Field"
\/ '

N
Vi .

Check S/N &35

Al Y

Continue
B]:nks ([./\/i Ed'lt !

Figure X
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alsctronias

STANDARD CERTIFICATION and SERVICE LABORATORY

382 Martin Avenue, Santa Clara, California

REPORT
FOR
anse BLOCK str

Hfgr. /Model:Mitutoyo
Serial No: 97341

SUBMITTED BY

SIMCO
SCP, Xo: 31639

DATA

The tested gage blocks have been intercompared with a master
gage black set that was calibrated traceable to the U.S, Nat-
ional Bureau of Standards,

The comparison was made by an automated system that minimizes
systematic and random errors. A real time historic analysis
is performed on the standard blocks each time it is used to
verify their repeatability. This verification is a part of a
general Measurement Assurance Program instituted at SIMCO.

The uncertainty of intercomparison varies with time and block
size but it is in the order of 3 microinches per inch up to 4
inches.

Far deviations from nominal size, and block qualifiers see the
attached sheet which is an integral part of this report.

Standards Used Serial Numbers Certification Dates Accuracies
Federal 1038-24 Gage Block Comparator az208 3/4/82 (+/~) 1 u inch*
Federal E2-151 Gage Block Set 9343 1/20/82 Grade 2*%*
Mitutoyo Ne:157 Optical Flat Set 1003-0295 5/7/82 1T u inch**

*NBS test# 738/224984 date 5/1/81
**HBS testd 738/224984 date 5/1/81
***NBS test# 738/224131 date 11/21/80

Ambient T!mp: 20.3 Degt praprad By: L. Foutche'

Rel. Humidity: __39%

Date: 1/2/82 Approved By: L. Carver
Figure XI
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CALIBRATION REPORT FOR ENGLISH GAGE BLOCK
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81

SCP ND. 31639 GAGE BLOCK SET S/N 9734] Grade 3 No. of Blocks

Block size Devy. 1.D. Block size Dev. 1.0,
inches in. No. Note inches in. No. Note

L0500 -1 81247 140 -6 8002722

.1000 +5 7190110 14 +2 800092

1001 -3 800108 .142 -3 s01217

. 1002 +1] 801080 .143 -3 BOT1T3

L1003 1] 801344 144 o] 801112

L1004 +2 Bog122 .145 -3 801120

. 1005 -2 801037 . 146 803112

. 1006 -2 801027 147 -5 BOGITY

L1007 -3 800105 .48 +1 801104

.1008 +2 801013 .149 i 801135

L1009 +2 800344 .150 -5 791041

10 +] 801241 L200 0 770418

..102 -2 800225 250 +1 761365

.03 0 BO013 L300 +2 800326

.104 -1 BO1040 .350 -2 800119

L1065 0 800310 400 -3 BoG222

.106 -3 801481 450 +4 B00245

107 -1 801426 .500 -3 800448

.108 -4 800249 .550 -1 800274

109 -2 801062 600 0 8000

110 -3 B01239 .650 +4 sooy

1 -3 801230 700 +1 790076

112 -2 801052 150 43 800428

113 -1 801135 .800 -3 800409

114 -4 800084 .850 +1 200370

115 -1 780204 .900 -2 800092

116 -2 800322 .950 0 790279

N7 -2 800042 1.000 +3 800244

.18 -2 800238 2.000 -8 80098

119 -1 80130 3.000 -7 700218

.120 -3 807330 4,000 -4 800077

121 -1 801434

.122 -1 2300141

123 +] 801445

.124 -5 801118 Note: Does not meet tolerance for:

125 +4 790222 {*) length

126 -5 750097 {F) flatness

27 0 201316 (P} parailelism

-128 0 800324

129 -7 800123

130 -5 801348

k) -7 800214

2132 -3 751140

.133 -4 800149

2134 +1 801092

135 -2 800181

136 0 801245

137 -7 800302

138 -4 801486

139 -3 801425 Figure XIT
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ACCURACY AND AUTOMATION IN WINE PRODUCTION

Larry E. Brink
Director of Winemaking and Blending
Paul Masson Vineyards

The wine industry, over the past decade, has made revolutionary advances in the application of science to
the farming of grapes, fermentation technology, and preparation of wines for bottling. However, we can-
not explain wine making in a completely scientific manner since neither the chemical composition of the

grape or of wine is fully known.

We at Paul Masson are continuously applying the Tatest technologies in our production process so that

consistent quality fine wines will always satisfy our customers expectations.

VINEYARD TESTS

Before any grapes can be processed, various test factors are considered in the vineyards to determine
the correct time and method of harvesting which will ultimately reflect in the style of the wine
produced. Grape maturity are measured by the analysis of sugar concentration, total acid concentration

and pH measurement, along with general non-measureable observations of fruit and vine conditions.

To measure grape maturity we first take a statistical sampling of each vineyard by grape variety each
week. This sampling, can often result in misleading results because of variations of grape maturities
from vine to vine and even within the same vine. To overcome this sampling problem, our final sample
consists of actually a small scale harvest of the vineyard which will finalize our decision to harvest

or not.

These grapes are crushed and the pulp solids removed by centrifugation in the Taboratory. The juice

is analyzed for total sugars by refractometer or hydrometry, for total acid by titration with a strong
base, NaDH, to an end point at pH 8.2 (phenolphthalein indicator solution), and for pH by pH meter.

It is important for the winemaker to have a thorough knowledge of the composition of grapes to be
harvested because the composition and quality of the finished wine depend largely on the proper maturity

and condition of the grapes.
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WINERY TESTS
Once grapes begin to arrive at the winery, each truck load, is sampled and the following tests are
performed before processing begins.
1.) MOG (Material Other than Grapes)
Example: Teaves, canes, debris less than 3% by weight acceptable.
2.) % Rot - Substandard grapes will have moldy or rotten grape bunches. A percentage of moldy or
rotten grape bunches will be determined by visual sorting.
3.) Sugar concentration by hydrometer.
4.) Total acidity by titration.
5.) pH by pH meter, in biological systems the pH is often of greater significance than the total
acidity.

6.) Temperature of each Toad is measured. Cool temperatures are preferred.

The grapes are then crushed into tanks where the more honogeneous juice is again analyzed for sugar,
acid, pH and temperature. From these results along with the understanding of the wine style desired, the
juice is clarified and innoculated with yeast culture, or in the case of red and rose varieties Teft in

contact with the skins and innoculate.

The fermenting juices are then tested daily for the following:

1.) Sugar concentration by hydrometer to monitor the fermentation conversion of sugar to alcohol.

2.) Temperature to monitor the rate of fermentation, desired between 50° - 65°F for white and
rose wines and warmer for red wines.

3.) Tasting - The organoleptic evaluation of fermenting juices is performed daily to monitor the
fermentation and detect any defects as early as possible. In the case of red wines the
decision to separate a wine from its skins is based on taste and tannin level.

4.) Color - For rose wines the color is measured by the change in absorption at 42@0nm on a Bausch
and Lomb Spectrophotometer. The color is not measured on white or red wines, only visual

observations by the winemaker.

Once the alcohol fermentation is completed, the wines go through a series of "racking" to decant or
separate the wine from the insoluable solids which remain after fermentation. Each tank of wine is being
tasted daily to monitor its quality. Finally, the white and rose wines are clarified by centrifugation
and/or filtrations. The red wines are generally clarified by allowing them to settle naturally with
gravity. Each wine variety and/or tank is clarified differently in terms of method or timing, dependent

on the style of wine to be made. These are decisions of the winemaker. Some wines, usually red wines,
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are put through a secondary bacteria fermentation to reduce acidity, called the malo-lactic fermentation.
Some wines will have additions of "fining" agents of bentonite, gelatine, silicon dioxide and sulfur

dioxide to further clarify or stabilize their condition.

The wines next begin their aging and blending programs, which vary, dependent on the style of the final
blend to be bottled. Generally white and rose wines are always aged cool, 45" - 55°F, only in stainless
steel for six to eighteen months before bottling. The purpose being to hold the freshness and aromatic
characteristics in these wines while preventing oxidation. Red wines have aging programs which consist
of stainless steel, redwood tanks and oak barrels for various time periods dependent on the desired style

of the finished wine.

Once aging and blending is completed the wines are prepared for bottling. Each tank of each blend is
tasted for quality and consistency. A "complete analysis" 1is performed at this time to satisfy in-house
specifications, as well as to comply with government regulations. The "complete analysis" consists of
analysis of alcohol, sugar, total acidity, volatile acidity, oxygen, carbon dioxide, sulfur dioxide, pH,

iron, copper, malic acid, lactic acid, and stability to heat and cold storage.

Our alcohol concentrations are determined by gas chromatography method. The gas chromatography is
calibrated with a National Bureau of Standards certified alcohol-water solution, and gives results
reproducible to #.1% alcohol. The alcohol concentration legally has to be within = 1.5% of the stated
alcohol on the Tabel. The alcohol concentration contributes significantly to any calorie claim made on

the label, in the case of Light wines.

During bottling, fill volumes are determined by gravimetric method and all inventory is controlled by

computer.

By now, you can understand that the production of wine is a natural event carried out mostly by Mother
Nature and only guided by the winemaker. The accuracy and automation in wine production is not highly
technical compared to other industries, but the application of modern technology in instrumentation and

process equipment has taken place. For this reason the wines produced today are of better quality and

more commercially salable than they were only thirty years ago.
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Enjoying The Pursuit of Quality
By Operating a Small Winery

Reinhold Banek and Dennis Bassano
Co-Owners of Grover Gulch Winery
7880 Glen Haven Road
Soquel, CA 95073
408) 688-4335
408} 475-0568

ABSTRACT

Concern for quality in producing premium red wines
is a foremost objective. The road to developing

a winery is strewn with obstacles, trials and pit-
falls. The authors take the readers through the
whole process from applying for governmental per-
mission to marketing the finished product.

Once the decision has been made to establish a win-
ery, the first order of business is to acquire the
Bureau of Alcohol, Tobacco and Firearms application
forms. Their stamp of approval is essential if one
is to operate an official and legal winery. Once
we had retrieved the fat package of forms from the
mailbox, we had that sinking feeling that we might
be getting in over our heads. Our suspicions were
certainly confirmed once we opened it, and leafed
through page after page of forms and questionsthat
we could hardly even read or understand. We were
tempted to call our Tawyer for help, but being stub-
born, we thought that we could at Teast give it a
try. We got ourselves a glass of wine - that's
what it's all about, right? - and sat down with the
task.

As a start, each and every sheet requires your name
with most needing your address as well, and so hav-
ing written that much in, we were on cur way. After
we had completed all that we were capable of, it

was obvious that we needed some help, and free help
was available at the heart of the problem, the BATF
Office in San Jose. For those of you who don't have
a mental image of a Bureau of Alcohol, Tobacco and
Firearms (BATF) Agent, I'11 try to create one. They
are an enforcement arm of the IRS, the "T" Men, the
"Revenooers", who beat the bushes in the back coun-
try trying to bust "Snoopy Smith, and his neighbors
for making moonshine. That was one of our visions,
but actually the people there were very nice, as
regular as can be, and trying hard to help us. One
of the agents there showed us a typical application
package, answered all of our questions and gave us
the final bit of understanding needed to finish. We
mailed in the forms, received an initial acceptance
and made arrangements for a BATF on-Site inspection.
In a remarkable short time our final approval arrived.
We were an official bonded winery, and we were ready
to make wine, or so we thought.

Just to be on the safe side, we checked with the
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State Alcoholic Beverage Control Office to see if
we needed their blessinos, which indeed we did. We
filled out more forms, paid our fees and were duly
fingerprinted which constituted our application for
a liquor license that would allow us to sell our
wine. Last, we thought, but not Teast was the
county level approval in the form of business 1i-
cense, registration of fictitious name statement,
and as it turned out, a use permit. We wereworried
but there was no turning back now, as we had already
crushed our 1979 vintage, and the wine was in the
winery. Approval was possible and we got to think-
ing that we might be home free, but there was anoth-
er surprise coming. Some of the neighbors panicked
at the thought of having a winery in their neighbor-
hood, and they blocked out approval. We had begun
our approval process at the Federal Goverment Jevel
and we had worked our way all the way down to the
grass roots. The concerned neighbors were invited
to the winery for wine, cheese and to share Our
dreams, and we won them over. By the terms of our
use permit we are restricted to the production of
5,000 gallons of wine per year, and tours and
tasting by appointment only.

We were now a bonded winery with every kind of
approval we could imagine, and we were making wine!
Actually, if the whole truth were to be known, we
made our first wine in 1969. Our first winery
building, which was also Dennis' old barn, burned
down along with our '69 vintage wine, and so we
were forced to build another. It was sort of a re-
habilitated chicken house that we reconstructed
amongst the trees. We made some nice wine in that
little shack, and we also made some "not-so-good"
wine, some discoveries and mistakes and generally
paid for our winery education with hands on experi-
ence, By 1977, we had outgrown our Little Shack
and built what we considered to be a huge modern
winery, which was to become part of our bonded
winery.

You may be wondering what sort of equipment we used
and how we found it. For the first couple of ¥&ars
we fermented in plastic lined cardboard drums &
borrowed a small basket press from a friend down
the road, and when we outgrew that operation, the
same neighbor sold us his crusher and big press.



The press seemed giant at first, but as our reali-
ties, capabilities and capacity expanded, we grew
into our press size and eventually grew out of it
as well. In 1975 and 1977, we borrowed a crusher-
destemmer and a fermenting tank from a winery
friend and crushed 2% tones each year.

One day, when we were visiting a scrap metal yard
looking for a stainless steel pump, we spotted a
huge old tired crusher-destemmer. Upon inspection,
it seemed too big and too worn out, but the owner
of the scrap metal yard was an old friend of Dennis'
grandfather, and a deal was struck that we really
couldn't go wrong with. Before we even realized
what we had done, that big devil was on our truck
and we were on the road home not even knowing how
we were going to get it off. It was disassembled
and sent to the machine shop with $200 to get its'
roller shafts turned and fitted with new bushings.
After a fair amount of welding and grinding, head
scratching and drinking beer, modifying and paint-
ing, we had put together a functional machine at a
fraction of the cost of a new one.

Other winery hand-me-downs are probably the best
source of reasonable priced equipment. We pur-
chased two of our fermenting tanks new, but the
third tank bought used at one third the price of
new ones works just as well. The most recent ac-
quisition was our second hand labeling machine.
Seeming functional, it still took a fair amount of
cursing and head scratching, phone calls and adjust-
ments and even a couple of panics to get it to put
our Tabels on the bottles.

Another source not to be overlooked is ones' own
imagination and special skills. We use our prac-
tical skills to build all of our own buildings, do
plumbing and electrical work, build barrel racks and
fabricate just about any Tabor saving gadgets we
might dream up. One of our proudest "built from
scratch" tools is a barrel washer that works great
and saves us hours of barrel washing time and work.

We are now down to the part of the story where we
actually make wine. We have all our equipment here,
a building to make the wine, some expertise, but
now we need fruit.

Some wineries grow their own grapes or at Teast
part of their grape needs, but mostly farmers grow
grapes and wineries buy them. We buy all of our
grapes, getting them somewhat here and there, wher-
ever we can find the high quality we Tlike. Our
first choice is grapes from old vines that are grown
without the benefit of irrigation. You may not be-
lieve this, but the secret to making good wine is
to start with good grapes and make a minimum number
of mistakes. Really good wine cannot be made from
mediocre grapes. Consequently, we are always on
the Tookout for available, high quality red grapes.

Wine quality control begins in the vineyard. We're
interested in checking out the overall condition of
the wineyard. Start with the not so subtle things
1ike are the weeds taller than the grape vines?
That's not to say that if there are few tall weeds
the grapes will be bad, but that is the type of in-
dicator to start with. Generally, the overall pic-
ture of the vineyard is one of beauty and sometimes
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it's even overwhelming. Visiting the vineyards is
one of our favorite aspects of winemaking. But how
dees the vineyard really look? Have the vines been
cared for? Do they look healthy with Tots of nice
green foilage, grapes hanging down in nicely develop-
ed, clean, uniform bunches? How old are the vines?
Have they been irrigated? How do they taste?, Oh
yes, we get to taste. le start tasting thr first
grapes we see, as tasting is the most important of
the field tests. If the grapes taste good in your
mouth, there is a good chance that the wine will
also taste good in your mouth. This is, of course,
an over-simplification, but the attitude is correct.

Our main field tool other than our senses of sight,
smell and taste is the hydrometer. We use a hydro-
meter instead of a refractometer because the sample
needed to flat the hydrometer gives a better over-
all picture, as it includes lots of berries. If
the grapes have a good acid-sugar balance in our
mouth and the hydrometer reading is 22% suaar or a
little more, the" the fruit is ready to pick. We
try to buy grapes with a high acid content in order
to make the style of wine that we Tike to drink.
Government quality control allows wineries to add
acid or any of five pages of chemicals to grapes or
wine to compensate for deficiencies or effect chanages
We've chose" to keep our additionsto a bare minimum
adding only yeast culture, maio-lactic bacteria cul-
ture and bi-sulphites. This puts us in the category
of being somewhat old fashioned and making more-or-
less "handmade" wines.

After talking to the grower, seeing and tasting the
grapes, we must make a judgement as to whether we
can make a satisfactory wine from those particular
grapes. This is a difficult judgement and we are
not always perfectly correct. It is one of the most
challenging, exciting and educational aspects of
winemaking. Once these subjective qualitative jud-
gements are made in the vineyard, the rest is just
business and timing. The growers try very hard to
make their product available to you in such a way
as to accommodate your special needs. Scheduling
for the winery 1is as important and difficult as it
is for any business. For us, it is doubly import-
ant, as both of us work full time at other occupa-
tions.

A11 of the grapes in a given area tend to get ripe
about the same time and the growers like to get
them out as quickly as they can after they are
ready.

We have only three fermenting tanks, so we can fer-
ment only two or three batches at a time. The
picking of the grapes for us must be scheduled to
coincide with having a" empty tank. To maintain
top quality, we 1ike to get the grapes to the win-
ery and crushed, as soon after picking as possible.

For simplification of grape handling, we have
evolved a system using our own trailer and empty
boxes are take" to the vineyard and left there.

The grower picks directly into our boxes and puts
them back on the trailer. We drive over to the
vineyard, hook up the Toaded trailer and tow it
back to the winery. You can well imagine that it
doesn't often work out like that, but it still works
better than most small winery methods we have see".



When the grapes are in transit, our spirits are
high, as are worries about rain, heat, cold
weather, too much or too Tittle sugar are behind
us, at least for this batch. Barring mechanical
failure or interference from the highway patrol,
the grapes will make their way to the winery and to
the "crush".

The "crush" is the process of breaking the berries
but not the Seeds, separating them from the leaves
and stems, and delivering the result into the fer-
menting tank. I know that all of you thought

that we had to do that with our feet, but we accom-
plish it by dumping the fruit into the top of the
big crusher-destemmer, that we discussed earlier,
and the crushed fruit comes out the bottom into the
fermenting tank. With three people, and our pre-
sent System, we can crush two tons of grapes in
thirty minutes or less. That makes crushing one of
our more minor Tabors. Once theberries are crushed
and in the fermenting tank, the fermentation process
is about to begin.

There is a difference of opinion among winemakers

as how best to initiate fermentation. It is possi-
ble to ferment with just the nqtura1 yeast that is
on the outside of the berries, or one can add any
number of commercially prepared yeasts. The method
that we have chosen is to add a culture thatwe have
prepared from a liquid yeast culture, sugar, water
and yeast nutrient. We buy the Tiquid yeastculture
from the wine Tab, and have chosen one thatmaintains
good color and fruitiness. If we have our culture
prepared and ready to use, we don'tfee11t necessary
to add a bi-sulfite sterilantto the crushed fruit to
suppress the natural yeast. The inoculant that we
add has such a superior number of yeastcells that it
begins quickly and accounts for the bulk of fermen-
tation.

The temperature and sugar content are checked twice
daily during the fermentation process. We also pump
the wine over the floating skins, whichis called the
"Cap" , in am effort to extract the most color possi-
ble from the skins. When the sugar is down to about
5% (5 degrees brix), we add the prepared liquid malo-
lactic culture. This starts a secondary fermentation
with the breakdown of malic acid and it's conversion
to Tactic acid. This would probably take place some-
time anyway, but by adding a cultureit is encouraged
to go through the process at a more optimum time. If
the wine goes through malo-Tactic in the bottle, it
will result in spoilage.

When the hydrometer reading is zero, all of the
readily available sugar has been converted into al-
cohol and the real active fermentation has ceased.
The wine 'then has been with the skins as long as it
is safe to leave it, and it is now "press time". It
has taken us somewhere between seven and fourteen
days since the crush to get to this point.

Only the cap on top of the wine and the seeds in
the bottom of the tank need to be pressed. The
other two-thirds of the volume is Tiquid and is
merely pumped. Press time means a late nighp for
us unless it comes on a weekend. When the wine1is
ready, we have to get ready and So we do it after
work. With the barrels ready and in place on the
rank, we pump the available wine directly into the
barrels with the same pump that we've been using
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to pump over the cap. When there is no longer
enough liquid in the tank to keep the pump primed,
the tank must be emptied into the press. The skins
and seeds are called "pumice" at this stage and
are simply shoveled into the basket of the press.
Lucky for our aching backs we were able to trade
our old hand crank press in on a bigger old elect-
ric powered one, and after a minor rebuild, it
works like a champ. We just load it up, turn ijton
and have a beer, watch the pump, don't overfill
those barrels, clean up and get ready for dinner.

This is a good place to fill in Some of the blank
spaces in our winemaking philosophy. First and
foremost, we try to make the kind of wine that we
most 1ike to drink. We make only red wines in a
style we call "California-Italian" wine. That is
in contrast to what we call "California-French"
wines. By our over simplified definition here, a
California-Italian wine is one in which the major
influence is the fruit itself with very Tlittle
barrel influence. The oak influence does add to
the wines' complexity, but it also masks its'good
qualities as well as its' flaws. Our winemaking
style allows us to use used brandy barrels, which
have been scraped down to new wood. These barrels
add only an incidental oak taste, and allows the
wine to stand upon the feet of the grapes that
went into its' production.

Back to the winery, let us say that all the wine

is in 50 gallon barrels, sitting happily on the
racks with gas locks in place to allow the Secon-
dary fermentation gases to escape without thewine
being exposed to contaminants in the air. If you
are only making a single batch of wine, then this
is a time you can relax as the big push is over.
Otherwise, of course, you are still driving to
vineyards, making phone calls, fixing boxes, crush-
ing Some grapes, pressing others and generally try-
ing to keep on top of it all. For the sake of
simplicity, let us say the wine is safely inbarrels
and we've got time to discuss what we are going to
do now.

At the time we put the wine into the barrels, there
were a lot of solid particles in suspension, par-
ticularly in the wine coming out of the press, and
we've got to have it out of our finished wine. A
sound wine will generally become brilliantly clear
by itself during its' aging process, as the par-
ticles naturally settle out. The process can be
hastened by fining or filtering. Fining is a pro-
cess where an agent is added to encourage the fine
particles to form Targer particles and settle out.
We avoid fining and filtering when it appears that
we can clarify the wine by "racking" along. Rack-
ing is the process of removing the clear wine from
off the top of the sediment. We prefer racking to
fining or filtering because those processes seem
to remove too many good things from the wine along
with the particles. Qur approach is an added
amount of work as the wine must be handled many
move times, but we believe the end product justi-
fies the added trouble.

We try to rack the wine the first time within two
weeks of pressing. The wine quickly drops the

bulk of the Suspended solids and these first Solids
are the most harmful. Spent yeast cells along with
skin and stem particles will impart a characteristic



negative taste to the wine if allowed to breakdown
in the bottom of the barrel. The taste is rather
bitter, muddy taste, quite the opposite of a clean
wine. Because we don't like a heavy oak tannin
taste in our wine, it is especially important for
the wine to be as clean as possible. We rack for
the second time one month after the first, again

in two months, again in three or four and with this
last racking, the wine has gone into the barrels
that it will live in for the next two years or until
it is bottled. Granted, our approach is "old fash-
ioned", but it does produce a wine that we enjoy.

Now that the wine is comfortably in the barrels,
where it will age, we can get into an explanation

of the Taboratory chemistry that goes into our pro-
duction. We attempted to set up a Tab to do our

own testing and set about to learn the necessary
methods and techniques. We gave it a real try, but
after getting results we didn't trust, we re-esval-
uated and found the cost of having our lab work done
outside did not warrant the trouble and expense of

doing it ourselves. Actually, we were veryrelieved.

The tests that we need to have done, and a simplifi-
cation of the methods used are as follows:

1. Amount of alcohol by volume. This is impor-
tant mainly because the amount of tax paid on wine
is relative to the amount of alcohol. For winery
purposes, the potential alcohol 1is read off the
hydrometer before fermentation even begins. Accurate
determination is made using an ebulliometer. "Alco-
holic solutions boil at lTower temperatures than
water, and ebulliometers determine differences
boiling points, which are referred to tables or
sliding scales to find the corresponding percentage
of alcohol" 1.

in

2. Total Acid. Acid is expressed in terms of
grams per 100 ml. It is determined by adding a
phenolpthalein solution to the wine sample and tit-
rating with a sodium hydroxide solution to acolored
endpoint. The amount of acid is calculated from
the amount of titrate solution needed.

3. Free and total sulphur dioxide. Determina-
tion is made by adding sulphuric acid to the wine
sample and titrating with iodine using a starch in-
dicator. It is titrated to a colored endpoint and
the amount of sulphur dioxide is calculated from
the quantity of titrate solution used. Sulphur is
used in wine to inhibit oxidation and spoiling.

Actually, we made wine for 1@ years without doing
any lab testing at all. That's a relatively bad
gamble when there is so much money invested. How-
ever, with or without the services of a lab, the
non-Tab checks are valid and important and should
be conducted on a regular basis. The main test in-
volved is no hardship at all, as it entails tasting
the wine. If the wine is clear, brilliant in ap-
pearance, ruby to garnet in color without any brown-
ing, smells clean, vinous and fruity and tastes
1ike we think it should, then we are truly on the
right track. If this test is run regularly

1BATF, part 248 of Title 27, Code of Federal Regu-
Tations.
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and often, any problems will probably be noticed in
time to avert serious problems. Most potential pro-
blems are avoilded by keeping the sulphur dioxide
content at the proper Tevels and, of course, keep-
ing all barrels absolutely full at all times.

When the wine has reached the ripe old age of three
years, it is usually ready to bottle. If by chance
we have a wine that is very high in acid or shows
great potential then we might consider holding it

in the barrel for some additional time. At bottling
time, we raise the free sulphur dioxide Tlevel to
about 40 parts per million to carry the wine in the
bottle until it is opened.

As winemakers, most of our worries are over once
the wine is in the bottle. We hold our wine for

at Teast six months of bottle age before releasing
it for sale. The reason for this is because of the
quantum improvement that it makes in those first
six months. Immediately after bottling, the wine
is bruised from handling and we feel it is a shame
to drink it before it has begun to reach its' poten
tial.

I hope that by now most of you have gotten into the
romance of winemaking and have enjoyed the respite
from the hastles of making wine under the watchful
eye of government. We'll try to ease out of the
romance here, and back into the day to day realities
of keeping them informed of our activities. I sup-
pose that there are some rare people who like keep-
ing records and filling out forms and sending them
in at the proper time. If you know someone 1ike
that, we have just the job for them. You can pro-
bably tell by the attitude here that paperwork is
not our forte'. It is one of our chores and I
guess that is the way in which we deal with it.

We have Federal and State monthly forms to file
which are a record of our months activities. This
information must be physically verifiable should we
have a surprise inspection by the BATF. It is sort
of like the threat of having your taxes audited by
the IRS. Also, there are the federal wine tax pay-
ment forms to be compiled and sent every two weeks,
the state wine tax every month, the sales tax pay-
ment each quarter, the Food and Agriculture Forms
and tax yearly along with income tax and all of the
various Ticense fees. The "Big Brothers" try to
watch wineries pretty close.

In addition to the formwork related to taxes, there
are the records required for qualitative verifica-
tion. We must be able to prove that the wine in a
bottle labeled Cabernet Savignon is indeed Cabernet
and not too much of other varieties. This starts
by showing that we purchased enough Cabernet grapes
to produce the number of gallons of Cabernet wine
that we have on hand and that we bottle that same
amount of wine with Cabernet labels on the bottles.
Need I say more?

It is certainly a fine feeling when people taste our
wine with enthusiasm and give us positive feedback.
We have beentastingthe wine all along and hopefully
have a realistic evaluation of it, but the positive
reinforcement is gratifying. It gives a person

that warm feeling 1ike when all of the pieces of the



puzzle have been put together and the picture pre-
sented was worthwhile. It is a wonderful feeling
to see that you have created something of beauty
from basic raw materials. The farmer who grew the
grapes should have this feeling, and the winemakers
who grow their own grapes should find it doubly
gratifying.

We would Tike to grow all our own grapes, byt these
times we find ourselves in, make that impossible.
We will have to be content to buy the very best
grapes that we can find, and make the best wine

we can from them. We attempt to give winemaking
the time, attention and love that is needed.

By having our wine sales at the winery almost ex-
clusively, we put ourselves in the position of
having our whole operation open to the inspection
of our customers. We think that our attitude about
the winery is there for everyone to see and feel.
We have created a space that we enjoy visiting and
working in and we hbpe that everyone who visits it
will enjoy it,also.

We Tike to think that the values by which we 1ive
our lives, and by which we make our wines are the
same. MWe strive to do the very best we are capable
of, with every facet of our lives, including wine-
making.
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DEVELCPMENT OF TEST EQUIPMENT CALIBRATION REQUIREMENTS DOCUMENTS

R.A. Schultz
Physi ci st
Navy Metrology Engineering Center
Ponona, California

INTRODUCTION

The Navy Metrology Engineering Center,Pomona has
the responsibility of providing technical guidance
and direction to the Navy Metrology and Calibration
(METCAL) Program. ne of the key elenments in this
program is the preparation and distribution of In-
strument Calibration Procedures (IcP's), including
the review of Local Calibration Procedures (LCPF's)
prepared by various Navy activities and ICP's pre-
pared by centractors prior to distribution. How
ever, differences in the availability of calibra-
tion equipnment, the calibration nethod used and in-
terpretation of test requirements have led to con-
Siderable wvariations in calibration docunentation.
A large expansion of test instrument (Tl) inventory,
conbined with the continual introduction of new cal-
ibration equipment including automated calibrators,
has nmade it necessary to prepare many new ICP's and
also change, revise and expand existing ICPs. It
has becone apparent that a new approach to calibra-
tion procedure preparation iS necessary to cope
with the increasing workload and diversity of Navy
requirenents.

THE PROCEDURE PREPARATI ON  PROBLEM

The increasing procedure preparation workload has
escal ated the need for wuniformity and standardiza-
tion in calibration procedure preparation. Military
Specification ML-M38793, Mnuals, Technical: Cal-
ibration Procedures, Preparation of, provides in-
structions on the organization, structuring and gen-
eral contents of a calibration procedure. However,
additional information is required to establish a
consi stent technical approach with respect to the
tests performed, calibration test points and ranges
selected, and the measurement methods enployed.
Such guidance is needed to emnsure valid calibrations
and to achieve maxinmum efficiency in performng cal-
ibrations consistent wth prescribed acceptance/
rejection criteria and desired confidence levels
for each TI. The current lack of wuniformty and
consistency in defining test requirements and cali-
bration methodol ogy anmong various Navy activities
and government contractors has limted the service-
ability of calibration procedures for Navy-wide use.
The above factors have also limted the inter-
changeability of procedures prepared and used by
the three nilitary departments - Air Force, Any
and Navy.
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THE CALI BRATI ON REQUI REMENTS DCCUMENT CONCEPT

" view of the problenms noted above, the Navy's
Metrol ogy Engineering Center has initiated devel-
opment of a series of docunents designated as Cal-
i brati on Requirements Documents (CRD's). These
docunents establish technical policy for the Navy
METCAL Program and provide calibration test re-
guirements for generic famlies of instruments.
The crkp will form the basis for uniform ICP pre-
paration and can also be used far technical guid-
ance in the preparation of LCP's when a" approved
ICP is unavailable. Use of CRD's by procedure

preparation contractors or governnent activities
will assist in achieving consistency, standardi-
zation, and proper technical content in calibra-

tion procedures. The CRD can also be used in cal-
ibration courses of instruction to explain cali-
bration policy as applied to famlies or groups of
i nstrunents.

INTERSERVICE APPLI CATI ONS

The Calibration Procedures Wrking Goup, as es-
tablished under the DOD Joint Technical Coordina-
ting Group, far Metrology and Calibration (JTCG-
METCAL), has representatives from the three ser-
vices with a strong commtnent to establish common
technical requirements for calibrating selected
groups Of test equipnment. The long range objec-
tive of the working group is te promulgate policies
and procedures to ensure that the three services
devel op common, interchangeable calibration pro-
cedures. CcRD's on Signal GCenerators, El ectronic
Counters. Digital Multimeters, RF Wattmeters, CO-
axial Attenuators, Waveguide Attenuators, Liquid-
in-Glass Thernoneters, Cable Tensiometers, Pres-
sure Cages, Mcroneters and Tachoneters have bee"
distributed to the services for study. review,
changes and final approval.

THE CALI BRATI ON REQUI REMENTS DOCUMENT | N DETAIL

As presently fornulated, the CRD iS separated into
five sections. Section 1 establishes the basic
scope of the docunent, including a definition of
the peculiar category of test equipnent addressed;
categories excluded from the CRD may also be de-
fined far clarity. Section 2 states the purpose of
the crp, which is to provide technical requirements
for achieving and maintaining consistency in the



devel opnent of calibration procedures and calibra-
tion of test equipment. Section 3 refers to appli-
cable reference documents. Section 4 generally con-
sistsOf a Tabl e and Footnotes, as required. Table
1 describes the basic calibration test requirements
i ncluding performance parameters to be tested, ra-
tionale for conducting tests and choice of test
points, and provides guidance for conbination and
sequence of tests to nmininmze testing tine. The
test type is defined by a letter code. Test type A
is a paraneter/test which verifies specific val ues/
tolerances and Which must be performed. Test type B
is a test without quantitative tolerances but is
critical to the calibration. Test type Cis gen-
erally tested by inference during successful per-
formance of the prescribed A and B type tests. This
section is of major significance in the CRD. Sec-
tion 5 contains an Appendix wth useful information
subdi vi ded into four subsections: Subsection 1
lists the applicable reference docunments. Sub-
section 2 provides supplementary information not
addressed in Table 1, such as preparations for
tests, adjustments, special requirenents/conditions
i nposed on the calibration, and calibration test
specifications other than the manufacturer's speci-
fications. Subsection 3 describes functional checks
that nay be required. Subsection 4 provides a
listing of generically-related docunentation, such
as Measurenent System Operation Procedures (MSOP's)
and Measurenent Method Mdul es (MMM's). The NSOP
describes the operation of a conbination of cali-
bration standards or a calibration systemin nea-
suring all parameters peculiar to one category of
test equiprment. The MMM descri bes the operation of
calibration standards or systems for neasuring a
single paraneter which may be applicable to one or
nore categories of test equipnent.

FUTURE DEVELOPMENTS

Al though CRD's are required in all the neasurenent
areas, those of greatest inportance are categories
of test equiprent involving newy devel oping tech-
nol ogy or "state of the art" neasurenents and areas
where test requirements are not well defined. These
areas include infrared, gas analysis, nondestructive
test (NDT), and electro-optical. Priority will also
be given to areas subject to widely divergent cali-
bration practices in an effort to achieve early

st andar di zat i on. Exanpl es of the latter are the
various types of Autonmated Test Equipnent (ATE) be-
ing utilized by the Navy.

SUMMARY

The newly enmerging CRD, properly formulated, prom
ises to be an effective coal in standardizing, im
proving and accelerating calibration procedure de-
vel opnent in the Navy and other services. Addition-
al benefits will be a mare efficient utilization of
manpower in witing calibration procedures and in
performng test equipnent calibrations.
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Product Assurance of Test Software
by
R. N. Miller, TRHW
Redondo Beach. Cal.

As the making of test measurements becomes increasingly automated, it is
increasingly important to assure the accuracy and robustness of the computer
software which drives the measurement process. Latent faults in software
can manifest themselves in several ways, among them being:

@ improper display/storage of test data;

¢ making of inaccurate measurements;

@ damage to deliverable end items caused by exposure to
inappropriate test conditions

o Computer crash

The effects on test schedules and test validity due to the occurrence of the
above or other software induced test anomalies can be significant due to
schedule delays resulting from repeated tests or computer downtime. Also the
risk inherent in the acceptance of potentially defective equipment which was
improperly tested or measured must be considered.

This paper addresses Quality Assurance,Configuration Management, and Reliability
Controls found useful to reduce the incidence of latent defects in test software.
In addition to qualitative procedural controls and test validation of software,

some quantitative approaches to estimating the impact of software on test set
availability are discussed.
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PLANNED SCREENS TO IMPROVE QUALITY AND RELIABILITY

Irving Quart and Albert Samuels: Hughes Aircraft Company

Key Words: Environmental Stress Screening, Product Improvement, Quality Growth,
Reliability Growth, Thermal Cycling.

ABSTRACT

To achieve modern field reliability requirements, the quality and reliability effort
must go beyond the use of standard quality control techniques, high reliability parts
and intensive design analysis. Planning and subsequently implementing effective
quality and reliability programs has become crucial. An unfortunate separation of
quality and reliability has taken place over the years which no single effort will undo.
Recently, however, there has been recognition and some correction of the problem.
One such recognition concerns the fact that, although good reliability is conceived in
design, it is born alive in manufacturing operations.

Experience has shown that to assure achievement of the reliability goal at mini-
mum cost, it is necessary to include, as part of the growth program, an environmental
screening regimen that is monitored and supported by a vigorous corrective action
system. This policy is perhaps best exemplified by the Hughes F-15 and F-18 Radar
production programs.

This paper will summarize some of the concepts and underlying theory developed
at Hughes to facilitate the planning of screening regimens and quality/reliability
growth programs. It discusses a production-oriented technique which should aid in

the early ferreting out of quality and reliability defects.

HUGHES BACKGROUND

In 1966, Hughes obtained a contract to improve the reli-
ability and maintainability (IRAM) of the MA-I fire control
computer. An important element of this project concerned
the development of a burn-in regimen for various assembly
levels. The effort eventually produced an analytical burn-in
model, which formed part of the basis on which Hughes
subsequently (in 1970) accepted the reliability requirement
for the B-52 FLIR (forward looking infrared) and F-15 radar
programs. In the former case it was concluded that with
proper in-house screening, the reliability commitment could
be met by purchasing MIL-SPEC parts instead of high reli-
ability parts, thus saving the customer at least one million
dollars. The B-52 FLIR successfully passed its reliability dem-
onstration test, and field experience exceeded the required
reliability. The F-15 Radar has also passed all reliability
demonstration tests to date.

RESEARCH ANO DEVELOPMENT

Since 1973, Hughes has continually funded a research
and development program to evaluate the effectiveness of
introducing various forms of environmental stress during
screening. These investigations include large statistically de-
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signed experiments, as well as detailed analyses of the
screening data generated by several large production
programs.

Screening models currently employed at Hughes were
derived analytically and verified by data generated by a
number of production programs. The models were further
refined by the results of the statistically designed experi-
ments. The initial experiment utilized 954 assemblies and
accumulated 6.7 million part-hours (Reference 1). A second
experiment included 468 assemblies and 1.1 million part-
hours (Reference 2), while a third major experiment involved
800 assemblies and 6.2 million part-hours (Reference 3). The
experiments, employing a factorial design, studied the ef-
fects of temperature range, rate of change of temperature,
and random vibration. Assemblies under test were powered,
uncycled and cycled, and unpowered for various time peri-
ods. Smaller experiments employing unit level equipment
were also performed.

The models resulting from this effort were used to design
the screening regimens for the F-18 fire control radar and
the A-6 TRAM DRS.

A further development pertinent to the application of the
models provides a graphic control chart monitoring tech-
nique for the individual screens. Thus, as long as the ob-
served failures versus the number of equipments tested for
each screen is in control, the production process is on
course and the required reliability will be achieved.



UNDERLYING POSTULATES AND DEFINITIONS

Hughes reliability growth theory is based on the follow-
ing postulates (Reference 4).

1 Flaws are latent failures arising from imperfections
in design, workmanship or material. Flawed items
form a separate population possessing a significantly
shorter stress life than the typical long life of high
reliability items.

2. Even state-of-the-art quality inspection systems in-
volving optical and IR scanners will not uncover all
flaws.

3. A failure is the precipitation of a flaw into an observ-
able anomaly of performance. All observable anoma-
lies are not observed; hence, unobserved failures
must be taken into account.

4. A screen is the application of stress to precipitate
failures at a convenient time.

5 The rate at which flaws are forced into failures by a
screen is proportional to the number of flaws in the
equipment being screened.

6. The number of flaws in a piece of equipment will
decrease as more pieces are manufactured and tested,
since normal quality control and reliability proce-
dures will correct flaws resulting from assignable
causes.

7 Flaws eliminated by the learning process are theo-
retically nonrecurrent, while flaws removed by the
screening process may exist in subsequent equip-
ments.

THE THREE DIMENSIONAL CONCEPT

Product improvement occurs as a result of two simulta-
neous processes. One process is production learning and is
measured by production sequence or time, usually coinci-
dent with product serial number. The second process is
screening, and is measured by screen time.

The relationship of the two processes is shown in Fig-
ure 1. The instantaneous unreliability, that is, the number of
flaws of a product, U, represented on the vertical axis, is a
function of two independent variables, each representing a
different interpretation of time. The effect of learning is
represented in the M, U plane, and the effect of screening is
represented in the t, U plane. Thus, U(M,t) depicts the num-
ber of flaws of the Mth production equipment at screen time
t. The fundamental mathematical model, which combines the
learning and screening concepts to produce the three dimen-
sional figure, can be expressed as

UM,t) = ULOM "1 —bje ™ M > 10
where:
p = the environmental severity rate,
UM,t) = the number of flaws contained in the equip-
ment serial number M at time ¢,
M = equipment serial number,
b = the constant learning factor.

Each of these factors must be carefully addressed to plan and
control a reliability growth program. The following sections
further describe the learning and screening processes.

PRODUCTION

LEARNING CURVE EFFECTS OF SCREENING

SERIAL FLAWS U

NUMBER, M

Figure 1.

Three Dimensional Concept of
Reliability Growth

THE LEARNING PROCESS

For many years the time to manufacture a product was
estimated using the classical learning curve model (Ref-
erence 5):

H, = ax ® (1)

where:
H, = the cumulative average time to produce the first x
equipments,
a = the time to produce the first equipment,
b = the learning curve slope.
Furthermore, the time necessary to produce the xth equip-
ment is defined by
h. = ax "(1— b), x > 10 @)

On log log graph paper, expressions (1) and (2) can be
plotted as the straight lines shown in Figure 2.

1000 1T T 1 j T T T T T 11
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40
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T
1

Figure 2. Typical Learning Curve Used in
Production Time Estimation
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Improvements in workmanship and processes and the
implementation of design changes to correct problems are
among the reasons for the reduction in time to produce
successive equipments. Since these activities also remove
flaws in the equipment, expression (1) can be rewritten in
terms of flaws to conform to the time designations previous-
ly discussed. Thus,

UM.,0) = U(L,OM™®

where:

©)

U(M,0)= the cumulative average number of flaws for
equipments 1 through M at screen time of 0,

U(1,0) = the initial number of flaws in the first
equipment,
b = the learning curve slope.

Furthermore, the number of flaws of an individual equip-
ment at any screen time, t, can be written as

UMt = ULHM ™ (1— b), M > 10 (4)

The latter relationship was successfully verified by three
Hughes production programs, each of which produced ap-
proximately 250 systems (shown in Figures 3a, b, and c). The
classical learning process relationship expressed in terms of
time to produce the xth equipment given by expression (2)
properly holds when expressed in terms of the number of
flaws of the Mth equipment at stress screen time, t, as given
by expression (4). The effect of the stress screen time on the
number of flaws will be derived in the following section.

THE SCREENING PROCESS

Three different screening models employed by Hughes
are LOOK AHEAD, CREDIT and AFAR. The three models
evolved from the same basic approach and differ only in the
Level of detail that may be attained and the method of calcu-
lating the strength of a screen.

The models are based on the postulate that for each and
every serial number, the rate at which flaws are forced into
failures by a screen is proportional to the number of flaws in
the equipment being screened; i.e..

AU
——x U
At
where:
U = number of flaws in an equipment
AU = the incremental change in U, and
At = the incremental time the equipment is exposed to
an environment.
Thus,
au
at eV

and by integration,
[}'Og Ulml = [”ptlol
U, =U,e ™™ ()

By definition, p is the environmental severity rate (ESR).U,
represents the number of flaws in the equipment at the end
of screen time t and U, represents the number of flaws in the
equipment before the application of the screen.

It follows from expression (5) that the number of flaws in
the first equipment at time t can be determined by

U(Lt) = U(LOe ™
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Figure 3. Cumulative Average Failure Reports per System
versus System Serial Number

and appropriate substitution of the above into the learning
process relationship given by expression (4) yields the fun-
damental AFAR growth model

UM =U(1,0M ™ (1 —b), M > 10 (6)

An expression analytically usable for all serial numbers
is:
U(M,t) = U(L,0)[M' -

The asymptotic form shown in expression (6) is sufficient-
ly accurate for regions of practical interest.

M - 1) e



The fundamental quantitative result of a screen or a test is
the number of failures observed. In this case, the expected
number of failures, f, that will be observed upon applying a
particular screen is calculated by

f=DU(l—e™ @)

where D represents the detection efficiency. This result can
be justified by recognizing that the number of observable
failures for a particular screen is U,— U, and the expected
number of observed failures depends on the ability to detect
the observable failures, thus

ft=D (U, —U) (8)

Substituting expression (5) for U, in expression (8) yields
expression (6).

DETECTION EFFICIENCY

The number of failures detected by a particular screen is
influenced by the diligence and precision with which
anomalies are sought. This factor is taken into account by the
growth model in the form of the detection efficiency param-
eter, D.

Historically, detection efficiency is not routinely mea-
sured. Often, narrow interpretation or bias to prevent self-
incrimination can lead to inflated estimates of achieved de-
tection efficiency. Also, since D is the product of many
probabilities, it is easy to understand why detection efficien-
cy can be low.

Other factors that affect detection efficiency include the
change in test tolerance as equipment becomes more com-
plex, the design schemes employed to make the equipment
less sensitive to major changes in part values, and the num-
ber of built-in tests conducted.

THE ESR

The environmental severity rate (ESR or p) is dependent
on the equipment and the environments imposed on the
equipment by the screen. Since ESR is a rate, it must be
expressed per some unit of time. Since the number of cycle

repetitions is a paramount factor in screening effectiveness,
the duration of one complete cycle, t, becomes a convenient
unit of time.

As a first approximation, it is assumed that the numerator
is the product of two independent factors. One, f(E), is a
measure of susceptibility as a function of equipment type;
the other, h(S), is the effect of environmental stresses.

Thus,

f(E) h(5)
P =ft

It turns out that f(E) is well-fitted by a ratio of part types,
called E for convenience. However, h(S) is a complex func-
tion of the strength and type of applied environmental
stresses.

K. L. Wong s paper (Reference 6) covers failure rate mod-
els for five stresses. These stresses are shown in Table 1. The
current and voltage stresses will be combined into a single
multiplier in this paper. In two experiments performed at
Hughes (Reference7), the power On results were com-
pared to power Off. The application of power was found to
double the failure rates. The temperature model follows the
form used in MIL-HDBK-217C (Page 2.1.5.3), but with a
slight modification regarding the lower than 25°C region.
Since most electronic parts are manufactured at room tem-
perature, equal temperature deviations from either side of
25°C should cause the same increase in failure rate. For
example, -50°C should be as effective as 100°C.

Thus, a generalized model for p assuming no other inter-
active terms and no other stresses is:

E
P='t_'[PT+Pi+PV]

dT

Tis shorthand for rate of change of temperature, it

where:

Py =St Z Pie” M1

i=1

TABLE 1. SUMMARY OF STRESSES AND RELATED FAILURE RATE EXPRESSIONS FOR SELECTED PROCESSES

stresses

Failure Rate’ Expressions

Remarks

Temperature, T e 7T

N b
Number of Thermal Cycles, N T(AT) KQ,TQ R3/T

(For most of the processes)

(Effects of low cycle fatigue)

Voltage, V TV

(Effects of insulation breakdown)
Current, [ IT o KT

(Effects of electromigrations)
Vibration v Fe— KT, g%

(Effects of both low and high cycle fatigue)

Tin °K

t= time

T = cycling temperature range

n varies from 1 to 3

v = frequency
g = acceleration in number of gs

K, = varies with equipment (a value of
roughly 4 for some air-to-air missiles tested)

*All Ks are positive numbers and are equipment dependent constants,




3 dr, ke

. =; z P
pr T o dt bt

m=1

pv = Sy z Pt g,"7e 8™
1=1

t,= time to complete one cycle

. ( 1 _ 1 ) which is the normalized
=1298 + IT — 251 298 /temperature coefficient

T = average part temperature ( C)
P=1or 05 depending if power is On or Off
Sr= temperature susceptibility rate
5;¢= rate of change of temperature susceptibility rate
Sy= vibration susceptibility rate

and K,, Ky, K; and K, are positive number constants.

Note that the environmental portion of p, h(S), also con-
tains susceptibilities. These are specific susceptibilities, i.e.,
linear fitting coefficients for each of the specific types of
environments applied. In reality a matrix of susceptibilities,
5, probably exists, relating each environmental type with
each equipment type. Yet the above simplification into the
product of two independent factors, one relating to equip-
ment type, the other to applied stresses, gives excellent
results.

The model for pcan be further simplified by the follow-
ing assumptions:

1. K, and K; are equal. The value used will be 2298,
which has been used on at least two successful
screening programs. This represents the normalized
failure activation energy.

2. K; and K; are assumed to be equal to unity for the
equipments considered. If K; =1 then t dT/dt =
AT, range of temperature excursions.

3 The equipment susceptibility (E) is equal to the total
number of parts divided by the number of ICs and
hybrids:

E _ Number of Parts
ICs + Hybrids
The E factor indirectly reflects many things, includ-

ing vintage of design, mix of parts and whether the
equipment is analog or digital.

Thus, for a given equipment and screening profile, the
model has only three unknowns, i.e., Sy, St and Sy. These
unknowns need to be determined from the effects of screen-
ing on the equipments of interest.

SOLVING FOR &, 8; AND 8y

These three unknowns were solved using data from a
FLIR system and two radars. Bear in mind that the values
obtained for these unknowns may be applicable to these
systems only. The characteristics of the systems with respect
to part-count complexity are shown in Table 2. The unit-level
screening data for the FLIR and Radar I were used for this
analysis, and were combined and treated as one set of data.
The system screening data were used for Radar II because not
all of the Radar II units were screened at the unit level. The

ESR model was developed to use actual part temperatures
and not the chamber temperatures that are usually specified.

TABLE 2. SYSTEM CHARACTERISTICS

Program Approximate | IC + Hybrid | Number of Systems
Designation | Parts Count Count Included in Data
FLIR 8,100 374 100
Radar 1 27,703 2,956 50
Radar II 17,578 5,937 74

The ESR for each equipment was determined using fail-
ure and screening time data from many systems. The best fit

twod on the equipment from which the

St pSrinent data required to cadculSv:

21.7
FLIR107* - S:+  Sp 4318y
RADAR I: 178 X 10°* (16519 S; 45.45y)
2.9 ) ;
RADAR I1: 106 X7 {5 .5¢5 S5; + Sy

The above set of equations can be used to calculate the
following:

S = 3.3d0°%
S, = 0.55 x 107*
Sy= 3.310°*

_E —4 Z - 2298 1 1 )
P [3‘3 x10 Pite (298 ¥ T, — 251 298

107 z P, AT,

m=1

1 I
—4 — 90948 p—
+ 33 x 10 z Pitige ( 298 + IT,— 251 298 )]

1=1

9

“AT,." Note that
K;temperature change for

s

-
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8%
T +17% | +11% | +30%
+6% | +10% +4%
temp +6% [ +11% +1%




The assumed test conditions to which Radar I is to be
subjected are listed in Table 4.

TABLE 4. RELIABILITY DEMONSTRATION
TEST CONDITIONS

Temp range —>54 to 71°C

Dwell at high temp 2 hours after stabilization

Temperature rate

of change 5°C/min

Vibration 10 min/hour 2.2 £ 0.2 g, sine at a
single non-resonant frequency

Fixed time 100 hours on

Nominal cooling Same as during screening

The ESR is calculated by adjusting the original calcula-
tions using the data in Table 4. The number of flaws at the
start of the reliability test is equal to the number of flaws at
the end of the Radar I screen (Figure 3b). Although the
screen detection efficiency D is about 0.55, it is assumed that
a more comprehensive test will be used for the reliability
test. A compromise D value of 0.8 is used for the reliability
test.

The results of the calculations of expected number of
failures (F) are shown in Table 5. The probability of passing
the reliability test can be determined from the table. The
costs of changes to achieve the desired risks of failure can be
evaluated. Management can now trade off costs versus risks
and make more meaningful decisions.

TABLE 5. RELIABILITY DEMONSTRATION
FAILURES-RADAR |

Condition P U,/Sys t D F
Two systems 0.0223 18 90 | 0.8 | 25
One system 0.0223 18 181 | 0.8 | 14.2
Increase dwell time | 0.0158 18 126 | 0.8 |112.4
to 10 hours
Improve screen 0.0223 9 181 |08 | 71

From Table 5, one can see that:

1. Using one system results in less failures than two
systems, thus improving the chances ot passing the
reliability test.

2. Extending the dwell time with equipment ON, de-
creases the number of chamber hours as well as the
expected number of failures.

ECONOMICS

The payoff in these procedures is an important consid-
eration. Based on the experiments conducted at Hughes and
reported in the 1980 R&M Symposium, [Reference 7], proper-
ly designed screens can be economical. Simple unpowered
temperature cycling can reduce failures in the next higher
level of assembly by as much as fifty percent. One of our
high reliability radars, which is meeting its reliability
requirement in the field, has three levels of screening. As
complexity level increases, the number of total failures per
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system decreases. How much screening at which level is
most economical depends on each organization and only the
user can design an economical screening regimen for use in
his factory.

CONCLUSION

Using the concepts presented here and the failure data
developed by user organizations, it is possible to design and
monitor a screening regimen that will be economical for the
producing organization and will deliver high reliability
equipment to the user.
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THE APPLICATION OF QUALITY ASSURANCE
PROGRAMS TO SERYICE INDUSTRIES

Fred H. Sieg

SI MCO

382 Martin Avenue

Santa Clara, CA 95050

ABSTRACT

The concept that the quality of product can be better assured through a
formal program of planning and control is just as valid for organizations
that provide services as it is for manufacturing organizations. An
increasing number and variety of service organizations are recognizing
this fact and are finding that accepted quality assurance principles

can be effectively applied to their special needs.

This paper reviews and discusses the structure of a quality assurance
program, the benefits of such a program and finally presents each of the
quality assurance elements that must be considered in the development

of a program.

INTRODUCTION

Efforts by producers to assure that their products or services satisfy

customer's expectations have gone through many stages as production has
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evolved from lTow volume, Tabor-intensive craftsmanship to the high vol-
ume, high technology businesses of today. As our organizations become
larger, our products more complex, our workers more mobile, and con-
straints more binding, product quality becomes increasingly dependent

on good planning and organizational efficiency. The realization is being
forced upon us that a changing environment demands changing philosophies
and practices, and that the rewards go to those flexible enough to take
adequate and timely action. The ultimate goal of quality assurance is

to keep the customer's experience with the product satisfying and the

producer's efforts profitable in the face of these changes.

Taking Quality Assurance in the Targer context it is not necessary for
the product to be hardware in order for quality assurance practices to
apply. The quality and reliability of services is just as responsive

to a sincere commitment to quality as are manufactured items. Quality
Assurance programs are being adopted in many businesses today to provide
the systems that will result in consistent customer satisfaction. These
businessess are attempting to assure product quality throughout the pro-
cess, thereby avoiding the vicious firefighting cycle of letting pro-
blems happen then rushing around to correct them after the fact. The
applications of quality assurance to non-manufacturing businesses ranges
from R&D projects' , to banking* , to hospitals’, to the fishing indus-
try4 » just to mention a few. It is interesting to note that in gener-
al these applications of quality assurance are along the lines defined

by programs developed for manufacturing. In other words, quality problems
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seem to be rooted in the basic systems and practices of organization
with the substandard product, whatever it is, being the symptom rather

than the disease. Quality programs try to cure the disease.

STRUCTURE AND DEYELOPMENT

Developing a quality program begins with considering all aspects of an
operation that can contribute to customer satisfaction. Having identi-
fied these activities, each is defined in terms of what must be done,
who does it, and how it must be done. The interrelationship of the
various organizational units must receive careful consideration for it
is at these boundaries that most quality problems originate. If car-
ried out objectively this planning process will expose shortcomings 1in
policies and practices which, if corrected, will prevent many problems
downstream.  The final step in this phase of the program development is
documentation in the form of a program manual. This manual outlines
the various quality-related activities and identifies the what, who,
and how for each. Essential to eventual implementation of the program
will be training, instruction, and more detailed procedures in some of

the areas.

The development and implementation of a quality program in an established
organization can be traumatic to say the least, and its most vigorous
opponents are the staunch defenders of the walls of functional empires.

This is the most critical point since a smooth-flowing process increases
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the assurance that the job will be done right and functional discords
are the rocks and rapids in the flowwhich cansink the program as soon
as it 1is launched. Experience with the zero defects programs that were
popular several years ago taught us that the worker had no control over
at least 80% of the quality problems generated. The responsibility for
the bulk of the problems fell directly on management in the form of
inadequate training and direction at all 1levels, poor product design,
inadequate facilities, and incorrectly specified or substandard materials.
The point is that there must be a clear mandate from management that
quality and productivity are basic objectives of the company and that
obstacles to achieving them will not be to]erateds. Without this and
without topmanagement's active participation, attempts to implement a
quality program will be an exercise in futility. A management outline

of quality program development could include these five action areas:

Make quality 1leadership a basic strategic goal

Translate company quality strategy into clear customer-oriented pro-

duct specifications
Quality action throughout entire company
Clarify the work of the quality function itself

Continuous motivation, commitment, and measurement throughout the company

Fortunately, the growing quality consciousness in our society is helping
to open top management doors that have traditionally been closed to the

total quality concept. This has resulted in a rapidly increasing number
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of U.S. companies launching effective quality programs.5

BENEFITS

So far this has been a general discussion of what a quality program is
and some of the obstacles to establishing one. At this point we should
consider some of the specific results of an effective program. Stated
concisely, the purpose of a quality program is toassurethat you "do

it right the first time." Using customer satisfaction as the company's
prime objective, this means that every activity related to that end from
the time that an order is accepted to the time that the product is in
the customer's hands must be done right the first time. It sounds Tike
a big job and it 1is, but so is constantly correcting mistakes, explain-

ing late deliveries and processing warranty claims and customer complaints.

Customers frequently judge vendor performance on cost, delivery, and
quality. Tothese I would add suitability: was the customer's need in-
terpreted correctly? Each of the above areas benefits from an active

quality program.

The 1inadequacy of marketing and internal specifications to clearly define
the customer's quality use requirements 1is one of the weakest Tinks 1in

the chain of quality-related activity.6

The program must address the
methods of accurate interpretation and transmission of the customer's
need to each area involved in the conversion of that need to the finished

product.



The immediate cost of poor quality in terms of rework, scrap, excessive
inspection and warranty service can run as high as 15% of sales. These
costs normally find their way into overhead and become part of the price
of the product. The initial impact of an effective quality program in
an organization with serious quality problems can be a three-to-one
payback. Three dollars returned for each dollar spent on quality im-
provement. Obviously these savings if reflected in product price can

result in more competitive pricing.

The reasons given for missing promised delivery dates are legion. Sev-
eral of the more common causes that are addressed by a quality program

are:

1. Critical vendor parts and materials are late or are substandard
when received.

2. Necessary equipment or work instructions are not available to do
the job.

3. Errors in the product are detected and have to be corrected before
delivery.

4, Absence of key personnel without trained back-up for the job.

Control of the above items can not only reduce Tate deliveries but also

result in shorter lead times across the board.

Quality as a factor in judging vendor performance is measured in terms

of the percentage of a vendor's shipments that can be accepted and used
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without problems. If the vendor's product from delivery to delivery is
correct, complete and consistent, the quality rating will be high. In
the type of business most of us are in, paperwork and records are an
integral but often misunderstood part of the services we perform. The

3 C's mentioned above apply equally to the service and the paperwork.

Most businesses know how to produce to a given quality Tevel and they do
it some of the time. The problem in many cases is that an informal or
unplanned approach is used which does not result in a smooth-flowing
system of activities even though each person may be an expert on his

own job. What the customer sees is inconsistency, incorrectness, and
incompleteness of product or service. A system and the organizational
discipline necessary to direct all individual activities toward a com-
mon end are lacking. The quality program defines the network of admin-
istrative and technical procedures required in an organization to produce
and deliver a product of specified quality standards. The elements of
such systems have been documented for many years. Unfortunately, the
concept of total quality control (assurance) emerged from the quality
profession in the 5@8's and its first major application was a government
standard. Traditionally, both quality control and government standards
have been regarded at best as necessary evils and are given little if

any credence. It is thought-provoking to wonder if we would be facing
today's serious problems of quality and productivity if the total quality
concept had been introduced and promoted by Harvard Business School savants

as a new and effective management philosophy.
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ELEMENTS OF A QUALITY PROGRAM

Back to the subject, in 1961 A.V. Fiegenbaum, a quality control manager

with General Electric, published the book "Total Quality Control" which

emphasized the systems approach to product quality. / His studies showed
that as many as 300 elements could be encompassed in a quality system.

These he reduced to the following 1@ general categories:

1. Pre-production evaluation

2. Product and process planning

3. Purchased material planning, evaluation, control
4. Product and process evaluation and control

5. Quality information feed-back

6. Quality information equipment

7. Quality training, orientation, and manpower development

o

Post-production service
9. Management of the Q.C. function

18. Special quality studies

The concept created great interest in quality circles but no sweeping
changes in management philosophy of quality control. In 1959 MIL Q 9858,
"Quality Program Requirements" was issued and in 1963 superceded by

MIL Q 9858A which is in use today.8 This specification covered essen-
tially the same elements as those analyzed in Fiegenbaum's book. Origin-

ally, MIL Q 9858A was a contract requirement for high reliability items
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and most companies that tried to fit it to an inspection-oriented system
experienced great difficulty in adjusting to the prevention/assurance
concept of the document. Acceptance of the concept by commercial com-

panies was a slow process and tended to be regarded as "too expensive,"

1 n 1

"too restrictive,""too idealistic," ad infinitum. However, the influence
exerted by MIL-Q-9858, the quality programs developed by some of the
technical giants Tike IBM and Xerox, and by professional societies such
as ASQC kept the concept alive. Finally, to all appearances, today to-

tal quality assurance is an idea whose time has come.

APPLICATION

In developing a quality program to fit a specific business it is better
to start with a Tlarger number of elements and then condense and modify
as the situation demands. The ANSI/ASME NQA-1 Tists 18 hasic require-

ments that can serve as a manageable development outline. ? They are:

Organization

The structure, functional responsibility, Tevel of authority, and 1lines
of communication for all activities affecting quality must be documented.
Responsibility for the establishment of a Quality Assurance program and
its implementation shall be assigned. Persons or organizations assigned
this responsibility must report to a management Tevel such that required

authority and organizational freedom are provided, including sufficient

independence from cost and schedule considerations to make objective decisions.

164

l



Quality Assurance Program

Provision must be made for a documented quality assurance program to be
planned, implemented and maintained. The program must consider the ade-
quacy of equipment, environment, and assurance activities employed 1in
meeting the prerequisites for quality-related activities. The program
must also provide for the necessary training of-personnel performing
activities affecting quality. Regular assessment of the program to as-
sure its effectiveness shall be made by the management responsible for

each part of the program.

Design Control

The design must be defined, controlled, and verified. Design interfaces
shall be identified and controlled. Verification of design adequacy must
be made by persons other than the designer. In a service organization
this section will relate to the procedures and documents used to assure
that the customer's need is clearly identified and translated into what-

ever type of work order/job instruction used in that particular organization.

Procurement Document Control

Procurement documents shall require as necessary the supplier to have
a quality assurance program. These documents must reference applicable
standards and requirement. Provisions must be made for review of pro-
curement documents, usually by quality control, to assure that the items

or services will meet the specified requirements.
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Control of Purchased Items and Services

The procurement of items shall be controlled to assure conformance to
requirements - procedural as well as material. These controls include:
(a) vendor selection and approval, (b) control of procurement documents,
(c) acceptance procedures, such as receiving inspections (d) procedures
for handling non-conforming purchased parts and for obtaining correction,
(e) maintenance of quality assurance records related to purchased items

and services as well as vendor evaluation.

Instruction, Procedures, and Drawings

Activities affecting quality must be prescribed by documented instructions,
procedures, or drawings. This documentation should contain acceptance
criteria for determining that the prescribed activites have been per-

formed satisfactorily.

Document Control

The preparation, issue, and change of documents specifying quality re-
quirements or prescribing activities affecting quality must be controlled.
The control 1is to assure such documents have been reviewed and approved

and that the correct documents are being employed.

Identification and Control of Items

Items or services shall be identified from initiation of the process up
to and including delivery to the customer. The identification must re-

late the item or job to an applicable 'specifying document. Identification
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must extend to items or materials in stock.

Control of Process

Processes affecting quality of items or services must be controlled.
Control is by instructions, procedures, checklists, travelers or other
means. These controls must include process parametersand environmental
conditions when required. It should be noted that 'process' here re-
fers to support systems such as order processing and specification docu-
mentation as well as the actual production activity. I have seen many
companies with excellent controls in the processing area plagued with

quality problems generated in the "front office" paperwork.

Inspection
Verification of conformance of an item or activity to the specified re-
quirement by persons other than those who performed the work is required.

The inspection activity must be planned and documented.

Test Control

Tests required to verify conformance to specified requirements. These

tests must be planned, documented, and conducted by qualified personnel.

Control of Measuring and Test Equipment

This control system must address the selection of adequate equipment, its
calibration and control, its handling and storage and the documentation

and maintenance of records related to the system.
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Handling., Storage and Shipment

Handling, storage, cleaning, packaging, shipping and preservation of

items shall be controlled to prevent damage or 1loss.

Inspection, Test, and Operating Status

The status of inspection and test activities shall be identified through
indicators such as physical location, tags, markings, shop travelers,

stamps or other suitable means.

Control of Non-Conforming Items

Items that do not conform to specified requirements must be controlled
to prevent inadvertent use. Controls must include identification, docu-

mentation , segregation, and evaluation.

Corrective Action

Conditions adverse to quality shall be identified promptly and corrected
as soon as practical. Procedures for the identification, cause, correc-

tive action, documentation and follow-up must be established.

Qualitv Assurance Records

Records that furnish documentary evidence of quality shall be specified,
prepared and maintained. Responsibility for record maintenance should

be specified.
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Audits

Planned and scheduled audits must be performed to verify compliance with
all aspects of the quality program and to determine its effectiveness.
Audits must be performed to documented procedure and the results docu-

mented and reported to responsible management.

The development of a program that will meet the specific requirements of
a business is best performed by someone with experience at Teast in work-
ing with quality programs. Ideally the development of a program should

be done by someone outside the organization who will be less influenced

by the politics and ingrained practices that are present in every group.

The plan must be tailor-made to the producer's organization, market, and
capability. Thorough analysis of these items are absolutely necessary

to the synthesis of an effective plan.
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ABSTRACT

Semiconductor technology has placed challenging
demands on the metrologist to provide state-of-
the-art capabilities for measurements of
dimensional, electrical, thermal, and other
physical properties of semiconductor materials.
devices, and circuits in a form suitable for
meeting the practical needs of science and of
industry and its customers. The National Bureau,
of Standards is responding to these demands by
providing generic new measurement methods,
physical standards, and services, highlighted by
examples given in this paper.

1. INTRODUCTION

In broad areas of scientific, industrial, and
governmental measurement activities, the
traditional metrological services, such as
hierarchical calibration laboratory systems, that
have assured adequacy of precision and accuracy
in practical measurements in the past continue to
be an essential element of metrology, but they
are no longer sufficient in themselves.

There are several reasons for this change.

Practical measurements now require unprecedented
sensitivity, precision, and accuracy, over an
extremely wide range of material or system
properties and signal characteristics. This is
true in the research laboratory, on the
production line, in the field operations of the
military services, and in measurements in support
of governmental regulatory efforts concerned, for
example, with air or water pollution and
electromagnetic radiation intensity.

The requirements of these practical measurements
may be close to or exceed the state of the
measurement art, and yet reproducibility of the
measurements between various concerned parties,
and accuracy based on accepted national or
international standards, are important for the
legal requirements of regulatory agencies, for
equity in the marketplace, for reliability of the

Contribution of the National Bureau of Standards,
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performance of critical products or systems, and
for enhanced productivity in the manufacturing
and process industries.

In many cases, these measurements must be made at
very high speed, either because of the transient
nature of the signal itself or because of the
necessity for making a large number of repetitive
measurements in reasonable times. Often it is
impractical for measurements to be made
effectively by hand; automation of the process
becomes essential where the required speed and
quantity of measurements exceed human
capabilities, or where the measurement must be
performed in places unsafe for, or inaccessible
to, a human operator.

In particular, the pervasive application of
electrical and electronic systems for control and
communication and for energy generation and
transmission has both broadened the availability
of new measurement methods and extended to new
extremes the range of electrical signals and
properties to be measured and controlled. The
burgeoning field of solid-state electron devices
has produced new tools such as the microprocessor
to aid in automation of measurement. It has
simultaneously placed new demands on the
measurement art for sensitivity and speed in
measurements through its routine needs for part-
per-billion sensitivity in measurements of the
properties of solid-state materials used in the
manufacture of these devices, and for speed in
measurement of the properties of devices intended
for use in information systems operating in the
gigabit-per-second range.

Thus, to respond to these new levels of
sophistication and complexity, new services are
needed from our national measurement laboratories
and throughout the measurement chain extending
from national laboratories to the place where
practical measurements are carried out. These
new services may take the form of improved
measurement assurance programs, new physical
standards, or prototype instrumentation or design
data, but their purpose is to transfer directly
to a user essentially the same level of precision
or accuracy achievable at a national laboratory
in the making of a measurement that is needed for
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practical application in the research laboratory,
on the production line, or in the marketplace.

For the metrologists who respond to these
challenges the rewards can be very satisfying.
NBS, for example, has found that beyond the
original and primary purpose of improved
measurements for marketplace equity, its results
have been used in universities to improve
instruction and research; in industry to
stimulate new products, increased productivity,
greater reliability in product performance, and
new directions iIn research; and in other
government agencies to reduce costs, and to
improve significantly system reliability (1,2}.

To illustrate how the National Bureau of
Standards 1is responding to this challenge, this
paper introduces some of the NBS activities in
electrical and electronic measurements, and
describes in some detail the work in
semiconductor technoldggy, giving a few examples
of the transfer mechanisms used in disseminating
the results of this work.

2. THE EENTER FOR ELECTRONICS AND ELECTRICAL

ENGINEERING

The Center for Electronics and Electrical
Engineering provides a focus in NBS for
addressihg electrical, electronic, and
electromagnetic materials, components,
instruments, and systems. It provides well-
documented and evaluated measurement methods,
data, and interpretive theory; physical

standards, traceability to these standards or
measurement assurance programs; and associated
technology and technical services. It provides
these to government, industry, and the scientific
community, ultimately benefiting the consuming
public. Its emphasis is on solving measurement
and standardization problems which are essential
to equity in domestic and international trade; to
control of manufacturing material, equipment, and
processes by manufacturers and their customers;
and to the applications of a number of other
Federal agencies. The Center does not develop
new products or processes, except where these may
be required for its own measurement research, nor
does it promulgate performance standards or
specifications; these activities, of course, are
the responsibility of industry or other Federal
agencies.

The work of the Center has four principal
programmatic thrusts (Fig. 1), each addressing
closely-related technologies, a corresponding
market, and technical and societal problems of
current significance. These thrusts are in

(1) Semiconductor Technology, (2) Fast Signal
Acquisition, Processing, and Transmission,

(3) Electrical Systems, and (4) Electromagnetic
Interference. In this and the following two
papers, examples from three of these areas will
be described. Additional information about all
of the Center®s work is readily available, for
example in an extensive collection of
publications (3,4,5,6).
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3. SEMICONDUCTOR TECHNOLOGY

Semiconductor devices and integrated circuits lie
at the heart of the modern electronics

revolution. Semiconductor technology is
therefore central not only to electronics but to
the economic and social health of modern
industrial societies.

The semiconductor device industry provides
extreme challenges for the metrologist. It deals
with some of the purest and most perfect
materials known to man and with microscopic and
submicroscopic dimensions. It is concerned with
trace impurities at concentration levels ranging
from parts per trillion (parts in 1012) to parts
per million, with controlled variations in these
concentrations which range over several orders of
magnitude over a span of less than a micrometer;
with dimensional integrity of tenths to
hundredths of a micrometer; with circuit element
densities of hundreds of thousands of devfggs per
square centimeter; with signals in the gigahertz
range; with currents in the picoampere range and
less; and with a host of new processing
technologies which involve the interaction of
radiation with matter, plasma physics,
photochemistry of polymers, etc. Despite the
great success of this industry in providing new
and sophisticated products, it has outstripped
available metrology. New and refined techniques
are essentia for use both in manufacturing
control and h the marketplace. In response, NBS
is conducting-a major program in semiconductor
measurement technology comprising selected
research topics in each of the six broad areas
shown in Fig. 2.

DEFECT METROLOGY

Defect Metrology is concerned with measurements
for the identification, characterization, and
control of impurities and structural defects in
silicon; and with the development and production
af Standard Reference Materials {5RM's) needed to
transfer measurement calibrations to the

industry. The presence of selected impurities,
int&ntionally introduced in carefully controlled
densities and spatial distributions, gives an
otherwise pure semiconductor crystal the desired
properties of a controllable electronic device.
On the other hand, other impurities and defects
can have both beneficial and adverse effects on
the performance of semiconductor processes and
devices. They affect the brittleness and
dimensional stability of silicon slices,
electrical conductivity of the silicon, and the
switching speed of devices, for example.

These important influences result from the
presence of such entities in vanishingly small
concentrations, from typically a few hundredths
of a percent down to a hundredth of a part per
billion (parts in 10!1), and from their uniform
concentration in the crystal or their presence in
micrometer-thick layers with many orders of
magnitude changes in their concentration. Direct
measurement at these concentrations is seldom
possible, so the presence and behavior of the
impurity or defect in question is inferred by



measurement of their electrical or optical
effects.

Resistivity is the most important electrical
property used by the industry for material
specification and control, and for device design
and manufacture. Early NBS work with the
American Society for Testing and Materials (ASTM)
has led to improvements in precision of four-
probe measurements by a factor of 10, provided
the technical basis for five related industrial
standards, and led to the issuance of three SRM's
to calibrate 4-probe instruments. For those of
us who are concerned with the importance of
measurement science, it is interesting to note
that the economic benefits of this work were
estimated by the industry at over $30M (over 100
times the cost of the work) saved in marketplace
transactions alone, and perhaps ten times this
amount in manufacturing economies.

In follow-on work NBS modified and reissued one
of these SRM's to be compatible with eddy-current
instruments which measure resistivity of wafers.
To relate resistivity measurements to the carrier
mobility and dopant (that is, intentionally
introduced) impurity density that device
designers need to know, NBS research has led to
new reference data now incorporated in another
ASTM standard.

More recent work is addressing such topics as
spreading resistance measurements used for
resistivity vs. depth profiles in silicon
structures (a set of four SRM®"s fore- and F-type
materials with <100> and <111> crystal
orientations will be issued in 1983); and
improved measurement and understanding of ngh-
dopant materials, such as oxygen and carbon.

The plot of Fig. 3 exemplifies how the presence
of oxygen in silicon can be determined by
measuring the optical absorption coefficient at
an infrared wavelength of 9 um (approximately
1100 cm-"), where silicon itself is virtually
transparent. This absorption line results from
interstitial oxygen. Oepending on the thermal
history of the specimen, oxygen can affect the
electrical conductivity or the brittleness of
silicon, as well as other properties. It is
present in amounts up to a few parts per million,
near its solubility limit, and can be measured
optically over a concentration range from that
level down to about one percent of that level.

One difficulty in making this measurement arises
from the nature of the Fourier transform infrared
(FTIR) instruments that are widely used. These
instruments measure the Fourier transform of the
absorption spectrum and manipulate the
information digitally to produce a measure of the
absorption coefficient. The computer algorithms
used in instruments of differing manufacture are
not the same, and the absorption coefficients
that result do not always agree either among FTIR
instruments of various makes or with measurements
made on older, dispersive instruments. Under the
auspices of an ASTM task force chaired by a
member of NBS, the manufacturers of FTIR
spectrometers have been willing to reveal their
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algorithms and are working to find the sources of
the differences in the measurements and to
determine whether or not NBS needs to provide
reference standards. This is a particularly
timely effort because the Semiconductor Equipment
and Materials Institute (SEMI) is presently
trying to establish standard levels of oxygen in
silicon in their silicon materials specifica-
tions, specifications which are rapidly achieving
worldwide significance. Accurate and repeatable
measurements are thus needed very soon. NBS
staff are active in this SEMI work as well.

In keeping with silicon®s leading role in the
semiconductor industry NBS work emphasizes this
material. However, compound semiconductors, such
as gallium arsenide, have unique applications for
light-emitting devices and semiconductor lasers,
both vitally needed for fiber-optic communication
systems, for discrete semiconductor devices
useful at microwave frequencies, and for very
fast integrated circuits. Recent advances in the
production technology for gallium arsenide have
greatly improved the economics of such
applications and substantially increased
marketplace sales of this material. Consequently
we have recently undertaken a study of the
measurement needs in this field which may need
NBS attention.

PROCESS METROLOGY

The Process Metrology work is now aimed at
developing measurement techniques for
characterizing thin insulating films typical of
those used in integrated circuit manufacture.

The properties of these films are crucial to
proper operation of metal oxide-silicon (MOS)
devices, the largest class of integrated
circuits, including most memory and micro-
processor devices for example, and have important
effects on most other kinds of semiconductor
devices as well. An advanced research
ellipsometer is under construction to provide a
state-of-the-art optical tool for this work (7).
Theoretical error-analyses done in connection
with the design of this instrument have already
identified opportunities for improving
measurement accuracy of commercial instruments.
Two different oxide thickness SRMs will be
calibrated with the research ellipsometer, as one
of its applications, to assist in realizing these
improvements.

DIMENSIONAL METROLOGY

Dimensional Metrology in this program comprises
the development of measurements of linewidth to
high accuracy over the range from 10 wm down to
0.5 Pm and. ultimately, to 0.1 pm. Dimensions of
the smallest circuit feature are one of the
essential variables in integrated circuit design;
they influence nearly all of the performance
characteristics of integrated circuits, but
particularly their speed. These dimensions must
be carefully controlled throughout the
manufacturing process. NBS work since 1975 has
focused on optical linewidth measurements on
photomasks as one key commercial metrology



problem [See Ref. (6), Micrometrology, pp 21-22].
In this work, we have extended the theory of
optical microscopy. The development of this
theory and its implementation in measurement
procedures and prototype measurement
instrumentation, coupled with dissemination
efforts including the issuance of two SRM's and
workshop training to some 300 people, have
greatly improved accuracy in industrial linewidth
measurement. Nearly all domestic IC
manufacturers have adopted the NBS procedures.
Industry has developed new instrumentation,
rewritten microscope instructions, produced
secondary standards for sale, reduced systematic
errors found in all manufacturer®s measurements
(typically of the order of tenths of a
micrometer), and enjoyed improvements in device
manufacturing productivity (e.g., by 30 percent
in one case).

Figure 4 suggests how the measurement is done,
and why the accuracy of the measurement has been
so greatly improved. The solid line is a
measured trace of light transmission as the edge
of a dark-chrome-on-glass pattern, such as that
on the NBS linewidth SRM, is scanned across the
axis of the optical system used to calibrate the
SRM.  The points on the curve are calculated
without adjustable constants from a comprehensive
mathematical model that includes the optical
system, the object, phase changes at material
interfaces, and the coherent nature of the
illumination. The details of the trace are fully
accounted for. In addition, the physical edge of
the line has been shown from this analytical
treatment to be at 0.25 of the rise of the trace
from the minimum to the maximum asymptotes of the
curve, further reducing the error in identifying
the edge.

Each of the lines on the SRM (Fig. 5}, ranging in
width from 0.6 to 10 pm, is calibrated with a
repeatability of 0.01 um (1 ¢} and with a
certified accuracy of 0.05 ym. This is entirely
adequate for optical linewidth measurements of
dark chrome patterns on glass photomasks for
several more years, if the present trends in the
rate of reduction of the size of IC geometries
are maintained. Additional bright-chrome-on-
glass 3RMs will be available in the near future,
to cover further the needs for photomask
measurements.

There is a pressing need for similar measurements
of linewidth of patterns on silicon wafers.

These patterns are thicker than chrome-on-glass
layers and they have edges with varying profiles.
As Fig. 6 shows, the modeling of this measurement
is much more difficult than for that of lines on
photomasks. This problem is being addressed now,
and a prototype SRM for calibration of wafer
linewidth measurements is being fabricated. If
all goes well, a useful SRM will be available in
about a year.

Many semiconductor firms are using scanning
electron microscopy for linewidth measurement, or
are both fabricating images and examining them
with electron beam equipment. There are at
present no suitable calibration tools for this
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measurement. The problem is under study and SEM
equipment is being procured to allow NBS to
address this measurement issue as well. It is
hoped to extend the industry®s ability to make
accurate linewidth measurements to lines of about
0.1 um width before such small geometries are
required for production devices.

DEVICE AND PROCESS MODELING

The complexity of state-of-the-art integrated
circuits and the very large scale integrated
(VLSI) circuits under development makes an
experimental approach to design and fabrication
increasingly costly. A computer aided approach,
relying on the application of device and process
models of verified acuracy, can significantly
reduce costs. Adequate models are required to
reduce design time, to evaluate new designs
before commitment to fabrication by the
manufacturer, or to purchase by a customer.
Important to the metrologist is the fact that
these models are also key in developing an
adequate measurement capability, both for
identifying the appropriate measurable quantities
and in interpreting new measurement techniques.

The current objectives of the Device and Process
Modeling work are to develop documented and
verified models of "short-channel™ MOS tran-
sistors for VLSI, to develop and document 10w~
temperature process models for fabricating
transistors for VLSI, to use the models to
identify the measurable quantities and related
accuracies required as model inputs, to calculate
the quantities that are critical for design and
performance assessment, and to identify
measurement procedures necessary for verifying
model performance for key semiconductor
technologies. Under development is a hierarchi-
cal package for solving three coupled nonlinear
elliptic partial differential equations in two
dimensions in order to analyze the currents and
fields in state-of-the-art semiconductor devices.
In addition, profiling techniques for obtaining
data for process models using secondary ion mass
spectroscopy and scanning electron microscopy are
being examined. Calculation of initial
distributions of ion-implanted dopants in two
dimensions and the subsequent redistribution of
the dopants over a wide range of processing
variables is in progress.

The first major software product of this work has
recently been released. This is a device physics
code called CS1 which is primarily directed at
short-channel MOSFETs (MOS field-effect
transistors). This code relates device
fabrication and physical characteristics to the
expected device electrical characteristics. The
code, based on a two-dimensional charge-sheet
model for MOSFETs (8), solves the electrostatic
potential in silicon using two-dimensional finite
elements; it solves for the potential in the
oxide using a fast Poisson method; and it solves
for the electron current in the channel by
computing an average quasi-Fermi level at points
down the channel using analytic quadrature.

Figure 7 gives the measured characteristics for a
device with a 1,89-um channel and 10}%-atoms/cm3



channel doping. The device exhibits short-
channel behavior. A set of curves from standard
one-dimensional theory and set of curves
resulting from simulating this device with (5]
are also shown on the figure. The improved
accuracy of CSl is obvious. Since this code was
released in August, magnetic tapes and user
manuals have been distributed on request to more
than 75 organizations including industrial
concerns, government laboratories, and
universities.

INTEGRATED CIRCUIT TEST STRUCTURES

Large-scale integrated circuits are too complex
to permit complete functional testing. It is
common practice to rely on a combination of
selected functional tests and process-control
tests to give assurance of uniformity once an
acceptable product has been achieved. Test
structures are important for these latter tests.

Integrated circuit test structures are solid-
state devices which are fabricated by the same
processes (and often at the same time) as product
integrated circuits. These test structures are
designed to permit measurement of selected
material, process, device, or circuit parameters
by means of electrical tests. They can be used
to evaluate process uniformity, to measure device
and circuit parameters for modeling and
performance assurance, and to evaluate the
performance of processing equipment. They are
vital to success in manufacturing and can play a
key role in the marketplace exchange of

devices (9,10},

NBS work in Integrated Circuit Test Structures is
providing test structures and associated test
methods of a practical and generic nature that
are unambiguous in their measurements and well
documented for use by both manufacturers and
their customers. Recently, research efforts have
been directed toward structures appropriate for
electrically measuring the linewidth of
conducting layers, for determining contact
resistance, for evaluating electromigration and
latch-up susceptibility, and for extracting
propagation delay data.

A deceptively simple example which illustrates
NBS efforts to improve test effectiveness is a
structure for the direct measurement of inter-
facial contact resistance. As the critical
feature size of semiconductor devices decreases,
the major dimension of the metal-semiconductor
contact regions, of the order of micrometers to
tens of micrometers, also decreases, causing an
increase in the resistance encountered as current
passes between the metal and semiconductor.
Problems are also encountered with the metal-
lurgies and processes needed to produce reliable,
low-resistance contacts to regions with shallow
junctions. Because of these factors, the quality
of the metal-semiconductor contacts will have an
increased influence on the performance and
reliability of integrated circuits. The electri-
cal nature of the contact region is usually
described in terms of interfacial contact resis-
tance, defined as the total resistance of the

metal-semiconductor interfacial layer encountered
as current is forced from one layer to another.
One needs to know both the total resistance and
the spatial uniformity of the contact

resistance.

The four-terminal test structure shown in Fig. 8
allows a direct Kelvin measurement of the total,
or interfacial contact, resistance. The
measurement consists of forcing a known current
from probe pad 1 to probe pad 3, that is from the
diffusion level through the contact to the metal
level. Voltage is measured between probe pads 2
and 4 by means of the voltage taps which are
orthogonal to the direction of current flow
through the contact (11).

Two-dimensional mathematical modeling of the
structure and experimental verification were
carried out to demonstrate, first, that the
Kelvin design avoided the sensing of probe-to-
probe pad resistances and the probe-pad to
contact region resistance in either the diffusion
or metal layers and, second, that design of the
diffusion-level current and voltage taps to be
equal in width to the contact window eliminates
troublesome parasitic resistance otherwise
associated with current pinching as current
passes from the current tap into the contact
window.

Assurance that the resistance measured by this
structure was in fact the true value of the
contact resistance was achieved by an
intercomparison of the results from such a
structure with those from a variety of other and
more complex structures sensitive to contact
resistance and other properties. All these
structures were included on a test chip, which
allowed the structures to be fabricated
simultaneously during a single process run on a
wafer for the intercomparison.

The spatial uniformity of the contact resistance
can be investigated by measurements using several
of the interfacial contact resistance test
structures, each having a different contact
window area from the others. An example of the
results for a well processed, uniform contact
using aluminum/silicon metallization is shown in
Fig. 9. Measured interfacial contact resistance
(shown on the ordinate as the ratio of measured
probe voltage and current) is plotted against
contact window area for square windows ranging
from 2.5 ym to 20 ym on a side. A least-squares
fit of the data shows a linear relation as
expected.

A similar set of measurements for 100-percent
aluminum metallization yielded the non-linear
relation shown in the figure. Visual inspection
of the contact area on these devices with the
metallization removed showed a high degree of
physical non-uniformity along the periphery of
the window, attributed to the dissolution of
silicon into the aluminum during the sintering
process and the subsequent recrystallization of
the silicon at the aluminum-silicon interface
upon cooling.



Research on test structures for contact
resistance is continuing to determine the range
of validity for smaller contact windows,
alternate metallurgies, and for contacts other
than between silicon and metal. NBS-developed
test structures, and test-chip designs of
selected structures appropriate to evaluation of
particular technologies, their basic principles,
and detailed procedures for application have been
transferred to the semiconductor community
through a variety of publications and through
provision of mask-making tapes for their
convenient implementation.

DEVICE METROLOGY

Just as the revolutionary changes in
semiconductor technology have affected the
materials, design, processing, and electrical
properties of devices, so have they affected
packaging and thermal properties. Packaging and
thermal problems are limiting factors in advances
in very large scale integration. They reflect
effects of the large size of the semiconductor
chips, the greatly increased number of leads,
greater effects of the package on electrical
performance, and higher thermal dissipation of
the densely populated chip. NBS work on Device
Metrology is currently addressing nondestructive
measurement methods for VLSI chip-to-package and
lead-to-chip bonding integrity and VLSI package
thermal properties. In addition it addresses
thermal property measurements for power devices.

Power devices, which meet the ubiquitous
requirement for efficient power control and
conversion, have long suffered from the need for
improved thermal property measurements. The
emergence of MOSFET devices, to supplement the
widely used bipolar devices, has introduced new
unknowns in the measurement field.

The temperature of the electrically active region
of a device, the "operating temperature" is
important in determining the reliability and
operating life of the device, and it also has a
strong influence on many electrical parameters.

A usually-specified property i-elating the
temperature of this microscopic and inaccessible
active region to conveniently measured parameters
is thermal resistance. This is the difference
between the active region temperature and that of
a specified reference point, divided by the power
dissipated in the device. Usually, temperature-
sensitive electrical parameters are used to
determine thermal resistance, and thus 'measure'"
the operating temperature. At NBS, the result of
temperature measurements using three different
such parameters suitable for power MOSFETs have
been examined and compared with the temperatures
of the surface close to the active region
determined using an infrared microradiometer
(12). These parameters were: the source-gate or
threshold voltage measured at a low-level drain
current (VSG), the forward voltage of the
drain-body diode (Vpg), and the device on-
resistance (RDs[on]?.
Examples of calibration curves for these
parameters are shown in Fig. 10. The results of
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temperature measurements on several devices for a
number of electrical operating conditions using
the three parameters as well as the infrared
microradiometer are given in Table 1. All these
parameters show reasonable agreement with the
infrared microradiometer and can be used to
determine the device operating temperature. The
threshold voltage (VSG) most closely tracks

the infrared measurements: this is not unexpected
since VSG senses the channel region, the

region nearest the device surface. Note that
there are a number of different operating
conditions which yield the same power level.
These sensors indicate little variation in
temperature showing that the temperature measured
is not very dependent on the operating conditions
used to obtain a given power dissipation. This
is very different from the situation reported
earlier by NBS for bipolar device dissipation
where the temperature in the active region is not
uniform and the peak temperature is very much a
function of operating conditions. The details of
this new work on power MOSFET temperature
measurements are being incorporated into an
Electronics Industries Association Power MOSFET
Handbook to provide recommended procedures for
determining device temperature.

Early NBS research on thermal properties has
already found its place in industrial and
military standards and the current work is
providing a basis for the issuance of standard
reference materials for calibrations of thermal
resistance measurements, and for test structures
for determining the thermal properties of VLSI
and power device packages (13).

CONCLUSION

This paper has given an indication of some of the
demands of one rapidly advancing technology,
semiconductor technology, on measurements for
dimensional, electrical, thermal, and other
physical properties of semiconductor materials,
devices, and circuits; demands that go beyond
those traditionally addressed by metrology
organizations. It has provided a few examples of
NBS work to give an indication of the way one
laboratory dedicated to metrology is responding
to the exciting opportunities to provide new
methods, physical standards, and services to meet
the practical needs of science, industry, and
governmental functions.
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Table |

Tenperature Measurenent
Measurenents Made Using Tenperature-Sensitive Paraneter

Data from Specinen Devices;

Techni ques and

Infrared Microradiometer

Devi ce %gﬁéiattilgr% Temperature Rise Above Case (°C)
Number ID( A)/VDS ( V) IRM ng VDB Rns(on )

| R BB B3 AT

-3/ ) 31,0 27.8 28.0

0.5/60 38.0 35.0 36.5 33.4

2 1.0/30 38.0 35,0 36.1 32.2

1.5/20 38.0 35.0 36.1 33.2

3 A 80. 0 80.3 70.7 69. 2

-3/ 80. 0 80.3 70. 4 68. 6

0.5/60 37.0 36.8 36.1 33,0

4 1.0/30 37,0 36.8 36. 1~ 35%.0

1.5/20 37,0 36.8 35.0 35:0

5 1.5/40 73.0 69. 0 62.0 56. 0

6 1.0/20 34.3 31.4 28.1 28.2
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Figure 3. Fourier transform infrared spectrometer plot of the absorbance
[arbitrary units) as a function of optical wavelength [expressed
as wavenumbers) for a specimen silicon wafer having one
polished and one lapped surface
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Figure 4. Measured trace [solid line] and theoretical plot [circles] of

relative transmission [arbitrary units] as a function of
distance [micrometers] as the edge of a dark chrome line
on glass is scanned across the optical axis of the NBS

reference microscope.
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Figure 5. The line pattern used in Standard Reference Material 474, Anti-
Reflective Chromium Photomask Optical Microscope Linewidth
Measurement Standard. Rows A through O are for calibrating
measurements of linewidths of opaque and clear lines on reverse
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Figure 6. Deviation from “ideal” rectangular line cross section
increases complexity of models for linewidth
measurements on silicon wafers.
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Figure 7. Source-drain voltage [volts] as a function of channel current
[micreamperesj for a metal oxide-semiconductor field-effect
transistor having a 1.88-micrometer channel and channel
doping density of 10'% atoms/cubic centimeter. The improved
agreement between measured results [solid lines] and two-
dimensional predictions [short-dash lines] contrasted with one-
dimensional predictions [long-dash lines] is dramatic.
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THE M1 MEASUREMENT CHALLENGE*

C. K. S. Miller
Electromagnetic Fields Division
National Bureau of Standards
Boulder. Colorado 80303

Abstract

With the increasing proliferation of radiating
sources to the electromagnetic (EM) environment and
the increased use of semiconductor technology in
consumer and industrial products, incidents of
electromagnetic interference (EMI} to electronic
products have increased. Current EMI measurement
difficulties are reviewed and a description is
given of the National Bureau of Standards®" (NBS)
measurement research, both planned and in process.

Key words: Compatibility; electromagnetic environ-
ment; electromagnetic interference; EMC; EMI; EMI
testing; measurements.

Introduction

Today we are seeing electronics moving into our
lives in ways that would hardly have been dreamed
possible 30 years ago. Electronics are in our
automobiles and homes--in the washers, dryers,
cooking ranges, security systems--besides the more
commonplace  televisions, radios, hi-fi/stereo
centers, and telephones. The younger generation
at-a taking as a matter of c¢ourse the electronic
games, watches, calculators, personal computers,
digital clocks, and cameras that the older genera-
tion are continually amazed at.

The  growth in the semiconductor industry has made
possible the advances in applications of electronic
devices and has paralleled the increase in the in-
cident electromagnetic (EM) radiation. Electronics
is applied to products that emit EM radiation,
either intentionally or unintentionally. The
growth in intentional radiators for commercial
broadcast stations and private use, such as citizen
band and amateur radio, has been significant since
World War 11 {1}--not to mention many other man-
made sources such as radars, intrusion alarms,
garage-door openers, navigational beacons, mobile
radio (for land, marine, and air communications),
satellite communications and military systems.
There has also been a growth in unintentional
radiation from industrial heaters and sealers,
microwave ovens, medical diathermy equipment, arc

welders, internal-combustion engines, electric

motors, and make-and-break switches.

These two elements comprise the essence of the
electromagnetic interference (EMI} problem; that
is, if our electronic components and systems could
not be interferred witn or if there was no source
of radiation to cause the interference, there would
be no EMI problem. The difficulty is that semicon-
ductor electronics is more susceptible to EMI than
tube-type electronics and there is a greater inci-
dence of electromagnetic radiation that can cause
the interference. While most electronic designs
employ digital approaches to increase their im-
munity, interference still occurs to both analog
and digital circuitry electronic components and
systems. Better testing methods are needed based
on sound measurement theory and practice.

It is the intent of this paper to present an over-
view of the EMI measurement problem caused by
radiated energy and to describe some of the efforts
being made by NBS to provide a metrology base from
which to attack the problem.

The MI Measurement Problem
1. The EM Environment

To assure that any electronics is fmmune to the
local electromagnetic environment, we need to test
the electronics in just such an environment to
validate its immunity. Such a requirement means
that we (1)} have a priori knowledge about the EM
environment, and (7) have adequate test methods to
reliably determine immunity. This is where the
measurement problem lies--for on the one hand, our
methods of characterizing the EM environment are
crude and inadequate and on the other hand,
reliable and repeatable testing methods are not
being employed in general. Let us look at this
matter a bit more carefully to appreciate the
difficulty of the task and to see what new ap-
proaches and research are needed.

The EM environment is generated by EM waves resi-
dent in the environment. The EM wave is defined by

*Contribution of the National Bureau of Standards, not subject to copyright in the United States.



the IEEE as "A wave characterized by variation of
electric and magnetic fields (2}." An example of a
simple electromagnetic wave is shown in figure 1.
Here can be seen the two co-existing parts: an
electric field denoted in the figure by the solid
line and a magnetic field denoted by the dotted
line; they exist in two planes perpendicular to
each other and perpendicular to the direction in
which the wave is traveling, denoted by the arrow-
head on one end of the wave. The characteristics
of the wave are embodied in the electric and mag-
netic fields. An electromagnetic wave is multi-
dimensional and a very complex phenomenon.

The parameters associated with EM waves that affect
the environment include direction, time, frequency,
pattern, spatial coordinates, distance from radiat-
ing signals, power (amplitude), polarization, wave-
form, number of signals, and interaction with local
materials. Figure 2 is a representation of some of
these parameters. The figure shows two cuts
through the time, amplitude,, and frequency space.
The figure shows that at a single frequency, ampli-
tude can vary with time; whereas at a single in-
stance in time, amplitude can vary with frequency.
It is necessary to look in all directions if the EM
environment, at a point, is to be understood.
While each of these parameters can be demonstrated
independently (1), it is beyond the scope of this
paper to illustrate them.

Besides the multiple parameters associated with an
EM wave, we must consider the shape of the wave,
which changes depending upon the distance from the
source. Figure 3 indicates three zones. In the
zone called the Far Field, the EM wave is far
enough from the source that, it has essentially be-
come a plane; that is, the wave, if you could see
it, would look like a sheet moving through space.
This is why the shadow of an airplane, flying at
any altitude, cast onto the earth is the same size
as the airplane itself. In this example, the light
from the sun is a plane wave and as the airplane
breaks the plane wave, a shadow {or absence of
light) is cast onto the ground. In the zone called
the Intermediate Field, the EM wave is expanding as
it moves away from the radiating source. These EM
waves are like ever-increasing spheres. You can
see this expanding effect when you cast a finger or
hand shadow on the wall of a room using a candle
flame as your source of light--the hand breaks the
expanding EM wave of light and a large shadow is
cast onto the wall. In the zone called the Near
Field, the EM wave is not fully developed and the
wave of figure 1 has not formed properly, so it is
very difficult to predict what is happening in this
zone at a particular point.

EMI problems differ depending upon which of these
three zones you are in relative to the radiating
source. OF course, you could easily be in the far
field of one source and the near field of a second
source. Usually, we are exposed to a number of
sources simultaneously. We know how to measure the
EM environment in the far field. However, if we
use equipment designed to measure in the far field
in the other two zones, we get erroneous results.
If a number of objects exist in the path of the EM
wave, the wave will bounce around--just as light
does from light-colored objects and mirrors. This
will disrupt the wave and artificially generate
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conditions similar to those encountered in the
near-field zone, which makes it difficult to pre-
dict the energy at any particular point in space.
The complications introduced by shadowing, reflect-
ing, and focusing effects, and other phenomena not
discussed make contending with interference a dif-
ficult problem at best.

The conglomeration of electromagnetic waves travel-
ing in all directions from all manner of sources,
both continuous and intermittent, with varying
modulations, complex waveforms,
frequencies comprises the EM environment. It
such an environment that must be characterized and
yet, traditionally, we measure the environment by
making a slow scan of the amplitude as a function
of frequency with antennas capable of meaningful
far-field measurements only. Obviously, new
methods are needed to quantify and characterize the
EM environment that will describe its dynamic
nature in both the near and far fields.

2. Interaction of EM Waves and Devices

Since electromagnetic waves are by their nature
complex, it is difficult to understand the interac-
tion of these waves with electronic devices. The
degree to which an electronic device is interfered
with is dependent on the complexity of the wave and
the interaction phenomena encountered. A simple
representation of the types of interaction is shown
in figure 4.

If a straight piece of wire intercepts the EM wave,
it will pick up the varying electric field of the
wave and induce a varying signal on the wire. The
signal placed on the wire by this process will be
superimposed on whatever signal the wire was
already carrying. Figure 4 shows a straight sec-
tion of wire connecting two boxes containing elec-
tronics where the wire is providing a channel of
communication between the boxes. With the super-
imposed signal on the existing communicating sig-
nal, the original communicating signal is impaired
resulting in a potential electronic malfunction.

Similarly, if a piece of wire forms a loop of some
sort with appropriate dimensions to match it with
the dimensions of the EM wave, it will intercept
and pick up the magnetic field of the electromag-
netic wave and, in turn, impose a varying signal on
the wire, figure 4. This signal will also be
superimposed on the signal being carried by the
wire and, 1in a similar way, can cause the elec-
tronics to malfunction.

Electronics, as used in most general applications,
have wire connections. Wires bring ac power to the
electronics. Wires connect electronics to sensors

for information input, to controlling systems, to
other pieces of electronics, and to readout or dis-
play devices. In semiconductor devices, very small
wires are used to make connections for ingoing and
outgoing signals into the vital chips themselves.
Computers are made of a collection of electronic
packages properly connected together to function on
demand to perform their varied tasks. Even the
electric-power transmission lines themselves inter-
cept electromagnetic waves which are then super-
imposed on the ac power.

and of multiple
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Similarly, electronic packages may have to be
shielded to protect them from the EM environment.
The shielding integrity is compromised if a slot or
crack in the shielding case is of the appropriate
dimensions to permit the electric field to be
coupled into the case. In a similar way, holes
left in a case of appropriate dimensions can permit
magnetic fields to be coupled into the case.

While the above explanation suggests the rationale
for engineering solutions to minimize electromag-
netic interference, there is a significant void in
our understanding of the phenomena at the semicon-
ductor chip level. The phenomena associated with
electromagnetic interference are so complex that
there has been very little theoretical work
attempted. This has led to the practice of solving
EMI problems from an empirical base only, which, in
turn, has caused wide bounds to be put on the meas-
ures associated with EMI.

3. Measurement Methods for Testing

Prior to specifying the test conditions for the
electronic equipment, some knowledge of the antici-
pated EM environment for the future environmental
setting of the equipment is needed. In some cases,
such as for automobiles, very little can be known
of the EM environment into which the electronics is
immersed without an extensive survey of the kind
made by the Environmental Protection Agency (3).
As in the case of the Department of Defense (DoD),
specifications of general test conditions are
generated for uses such as MIL STD 461 where gross
estimates are made to blanket the EM environment of
the applications of the electronics equipment. But
for most industrial and consumer uses of electronic
equipment, little knowledge of the appropriate EM
environments exists.

The primary tools used to measure the EM environ-
ment are antennas whose antenna factor is calcu-
lated or calibrated for plane-wave or free-space
(that is, Tar-field) use. Yet the environments
that surround electronics equipment is primarily
near Tfield, or near-field 1like, 1iIn nature.
Further, the EM environmental measurements typi-
cally scan for amplitude as a function of frequency
information. Consequently, the specifications used
for testing may not represent the actual environ-
mental conditions.

There are many testing methods for electronic
devices and systems available to both characterize
the emission from electronic equipment as well as
its immunity to EM waves. These techniques may
include measurements in the open field with earth
or with metal ground planes, the use of shielded
enclosures, anechoic chambers, parallel plates,
transverse electromagnetic {TEM} cells, Helmholtz
coils, etc.; all of which have their limitations in
respect to frequency range, field uniformity, accu-
racy, availability, and cost.

A comparison of 20 different measuring techniques
showing the complexity of the problem has been made
by M. L. Crawford (4). Generally, many of these
techniques are not adequate for two reasons: (1)
they are not sufficiently understood technically as
regards interpretation of the results obtained and
(2} not all EM measurement parameters can be

assessed with them. In fact, the repeatability and
reliability of these techniques, for the most part,
do not warrant the degree of confidence placed in
them. Further, | am not aware of any methods that
can test at more than a single frequency at a time
with the exception of electromagnetic pulse testing
facilities.

In general, the most common practices use shielded
enclosures because of the military specification
requirements. The repeatability of measurements
performed in shielded rooms for radiated emission
or susceptibility testing is notoriously poor
(5,6). In fact, the uncertainty encountered in
radiated measurements needs to be addressed and
more clearly understood (7).

The final immunity test of any electronic device,
equipment, or system to the EM environment is a
well-planned  verification of operation in the
actual operational environment. To this end,
whole-system testing methods are needed that can
simulate operational environments. Today, the pri-
mary whole-system testing employed is a victim-
source test wherein a systematic check is made to
see if on-board transmitters will disrupt the
operation of other electronic equipment (5}); this
method was developed for aerospace vehicles.

4. Other Problem Areas

Many electronic systems fail due to the lack of EMI
consciousness among the people who work on the sys-
tem--designers, manufacturers, operators, and main-
tenance staff. For example, many specifications
are developed by people who do not understand the
EMI problem and have no awareness of the EMI meas-
urement problems. There are few, if any, mainte-
nance facilities for military hardware that test
for EMI acceptance prior to returning the part to
the parent vehicle; this is probably due to a lack
of EM1 consciousness and measurement methods.

A complete evaluation of immunity and emission for
electronic systems and components to blanket speci-
fications is very time consuming and expensive.
Adequate automation of such measurement methods is
lacking. Where EM environmental conditions are
known, tailored specifications for EMI measurements
would be more economical.

The NBS EMI Measurement Program

The electromagnetic interference problem first
became significant during World War 11; however,
due to the lack of a scientific understanding of
the phenomena and a lack of tools (such as com-
puters) needed to address the problem, only empir-
ical solutions could be undertaken in developing
testing methods, which lead to very large error
bounds in these methods. This situation necessi-
tated the overdesign of EM hardening measures in
critical applications to assure acceptable per-
formance of electronic devices and equipment. With
the advent of the transistor and the integrated
circuit, these large error bounds in testing were
impossible to handle in design and performance
testing; therefore, a new emphasis on EM1 measure-
ments was needed. Infact, the new semiconductor
technology made available superior computer systems
that offered us new capabilities with which to



address these complex problems.

The National Bureau of Standards has an EMI program
with the goal to develop a metrology base by which
the EMI problems can be understood and attacked.
The approach is analytical in nature and begins
with the inception of an idea or concept which is
then investigated to establish a sound theoretical
foundation after which its experimental feasibility
is established. [If, at this point, the results are
favorable, a project is established by which prac-
ticability is demonstrated and the results dis-
seminated.

1. Measurements of the EM Environment

The thrust of the NBS program directed toward meas-
uring the EM environment is aimed at developing
approaches that will assess the near-field, or
near-field like, environment. If this problem can
be solved, then it is immediately applicable to
intermediate and far-field environments. Accord-
ingly, the first challenge addressed in 1969 was to
measure the leakage radiation from the microwave
oven. The design chosen for a radiation monitor
had three orthogonal dipole antennas in an iso-
tropic arrangement with diodes at the center of
each dipole. This design resulted in a very corn-.
plicated and expensive unit that was used in the
initial microwave oven evaluations as well as in
other bioeffects and environmental evaluations (8).
This instrument only measured the total electric
field at a point in space. Further development of
this work included an isotropic antenna system with
a FTiber optic link used to convey amplitude and
frequency information (9), although this had a
limited frequency response. The frequency response
of each of these devices was limited by the antenna
response; an antenna that has no resonances was
needed. NBS has since developed an antenna that
has a limited bandpass with no out-of-band reson-
ances. Figure 5 shows the pass band response of
this antenna (10) which is presently being adapted
to several environmental measurement systems (11).
Further, a more reproducible broadband electric
field meter was developed at NBS, figure 6, to
measure Ffields in the 0.2 to 1000 MHz frequency
range from 1 to 1000 ¥/m(12}. An instrument based
on this design is now being marketed cormmercially.

Antenna research to devise antennas that are more
suitable to EMI needs has produced resistively-
loaded horn designs (13) that have a broadband
character together with reasonable directivity.
Current antenna research is developing an antenna
design that can measure electric and magnetic
fields simultaneously {(14) and should be adaptable
to near-field environmental measurements; such an
antenna will be critical to researchers who wish to
study near-field interference phenomena in both
electronic and biological systems. Other research
in progress is pursuing a method of getting ampli-
tude, frequency, and phase information with a large
range of frequency response from the antenna to the
receiver by a fiber optic link {15).

2. Generation of EM Environments
There is a need for generating well defined EM en-

vironments that can be used for evaluating newly
developed antenna designs and probes. Such envi-
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ronments can be useful for evaluating the EMI
immunity of newly developed electronic equipment.
NBS has developed techniques for generating refer-
ence EM fields. These include the TEM (transverse
electromagnetic) cell (16}, anechoic chamber (17),
ground screen open-field site (18}, and standard
loop calibration system (19). It takes a great
deal of effort to evaluate and assess the uncer-
tainties in establishing reference EM fields, so a
dipole radiator is being developed that may serve
as a tool for more easily evaluating such facili-
ties.

Research is currently underway to
methods of generating and evaluating less well
defined environments. For example, mode-tuned and
mode-stirred chambers are currently being used for
EMI immunity testing, but such designs of rever-
beration chambers are not well characterized. Sta-
tistical measures must be developed together with
methods to explore field uniformity in such rever-
berating chambers if they are to produce reliable
testing methods; NBS is currently addressing this
technical problem.

So far, all these techniques are single-frequency
testing methods. In the future, there will be
needs to develop multiple-frequency environments
and simulation techniques for operational environ-
ments.

3. Measurement Methods for Emission and Immunity
Testing

NBS has examined the traditional shielded room as
applied to emission and immunity testing {6) and
has confirmed that modifications to it are neces-
sary if it is to be made a useful facility. Judi-
ciously locating anechoic material on the walls of
the shielded room can improve its peformance as a
testing facility {6). However, a shielded room can
be modified into a form of transmission line cell
and its performance comparably improved (20)
although its usable volume for testing is compro-
mised and the frequency range for use limited.

A new method for evaluating emission radiation from
electronics equipment has been developed from theo-
retical investigations of the TEM cell (21). This
method will determine the radiation characteristics
of leakage in both total radiated power and a
detailed radiation pattern. While this method is
limited by the practical constraints of a TEM cell,
it is amenable to automation.

Having pursued the TEM cell for immunity measure-
ment methods (22) for several years, NBS is cur-
rently investigating the Use of reverberating
chambers. Presently, the method employs a mode-
tuned arrangement where a matrix of probes of the
EFM-5 design (12) are being used to investigate the
uniformity of field structures in the chamber.
Later, the effects of the item under test on the
field structure will be investigated, and the reli-
ability and repeatability assessed in performing
jmmunity  testing. The reverberating chamber
approach may offer an effective means for using
existing shielded rooms.

The final immunity test of any electronic device,
equipment, or system to the EM environment is the

investigate
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verification of normal operation in the actual
operational environment. A substitute could be the
effective testing of the whole system, but today no
adequate means exist for whole system testing (5).
Consequently, NBS has begun a theoretical investi-
gation into a novel concept for whole system test-
ing.

4. Future Directions

Three areas that need consideration in planning
future measurement efforts at NBS are:

a. The development of statistical methods of ana-
lyzing and describing the EM environment. The EM
environment has a steady state component and a time
varying component that jointly indicate a time
varying character to the environment. However, the
EM environment also has a spatial varying character
in that measurements at specific locations give
different results. This nature of the EM environ-
ment suggests a need to develop tools for charac-
terizing its properties so that more reliable
methods for specifying the environment may be
developed.

b. An investigation is needed to understand the
physics of why semiconductors fail due to EMI.
Such understanding could suggest a change in fabri-
cation or manufacturing methods to increase the
immunity of semiconductors to EMI phenomenon.

Cc. More reliable methods for measuring the
shielding effectiveness of materials is necessary
to facilitate the assessment of various plastic or
composite containers for electronic cases. current
methods are relatively crude and inadequate for
industrial needs.

Conclusion

The combined effect of the increased uses for semi-
conductor technology in our technically based
society and the increased proliferation of radiat-
ing sources are iIncreasing the potential for EMI
problems. The challenge is to provide better meas-
urement methods for assessing the EM environment
and for evaluating the immunity levels of elec-
tronic devices, equipment, and systems.  EXxisting
EMI measurement or testing methods are inadequate

and new approaches are being developed, but a
greater appreciation  for improved measurement
science in this field is needed.
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Figure 1. An artist's concept of an electromagnetic wave.
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Figure 2. Plot of electromagnetic wave parameters as a function of frequency and time.
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LASER MEASUREMENTS*

Aaron A. Sanders
Electromagnetic Technology Division

National
Boulder,

INTRODUCTION

Since the discovery of the laser some twenty years
ago, applications have proliferated to where their
use includes nearly all disciplines of engineering
and science as well as medicine, art, information
processing, communications, weapons, display
effects rock concerts, and industrial
processing. These applications include lasers of
various wavelengths from the ultraviolet to the far
infrared and encompass c¢tw as well as pulsed lasers
varying from very low levels of power, at the
limits of detection, to levels of power so high as
to include applications of laser weaponry.

for

For a number of years the Optical Electronic
Metrology Group of the National Bureau of Standards
has conducted research aimed towards developing
national standards and measurement services for
critical parameters which characterize lasers. The
principal direction of this work is for standards
and measurements which promote commerce, trade and
the development of science and engineering of
lasers and laser applications.

The properties most unique to laser beams, as
compared to other forms of optical radiation, are
the coherence and spectral purity of the
radiation. These two related quantities give rise
to other characteristics of interest such as
potentially extreme levels of peak power, short
pulses, ultra frequency stability, intense beams
with divergence caused only by the optics utilized,
speckle patterns, its construction, and mode of
operation. All these listed properties can vary
significantly depending on the particular kind of
laser, its construction, and mode of operation.
All the parameters may be important for a
particular application and in some cases Mmay impose
an extreme measurement problem. The emphasis of
the work at NBS for standards and measurement
techniques appropriate to lasers and laser systems
has been to emphasize those generic and specific
parameters having a significant or national impact
on science, engineering and laser safety, or
promotes commerce and trade. These measurements
include cw power, pulse energy, pulse duration,
peak power of pulse, attenuation, and beam profile.

Bureau of Standards
Colorado

80303

This talk will review some of the national
standards and measurement services Tfor lasers
available at NBS, highlight some of the current
research, and indicate some of the future needs and
direction of NBS laser metrology research.

NBS PROGRAM IN LASER POWER/ENERGY MEASUREMENTS

The approach for laser power/energy standards has
been to emphasize standard detectors. This is
because they are convenient to "se and no one knows
how to construct a laser of known power/energy from
fundamental principles. The national standards
developed and maintained by NBS are calorimeters.
The calorimeters consist of a light trap, equipped
with thermal sensors and electrical heaters, which
captures and absorbs all the incident optical
radiation in the laser beam. The entire mechanism
is enclosed by a copper jacket controlled to about
1 milli-degree K. The temperature sensor measures
the temperature rise resulting from the absorbed
optical radiation. The absolute calibration
constant is determined by observing the response
for known amounts of electrical energy deposited in
the heater attached to the optical cavity. The
device then essentially compares the response from
optical radiation to the response from known
quantitites of electrical energy. The optical
cavity can consist of a surface absorber unless thg
fluence of the laser beam exceeds about 200 ml/cm

in times shorter than lus. In this case surface
absorption can become non-linear and one must
absorb the beam within a volume. Studies at NBS
and elsewhere have developed suitable volume
absorbers for most laser  wavelengths and
power/energy levels.

The NBS developed calorimeters are designed into
measurement systems from which other transfer
detectors can be calibrated. These calibrations
are performed on a users, instrument or on NBS
maintained transfer standards used in a laser
measurement assurance program. Table 1 depicts the
range and nominal  accuracy of th& various
measurement  systems and Table 11 1ists the
established measurement services. Special Test
Calibrations can be performed for levels not
listed.

*Contribution of the National Bureau of Standards, not subject to copyright in the United States.
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The current research challenge in laser
power/energy measurements is for absolute
measT ements of very low pulse energy
{107 §ob1é§) for the spectral range of .4-15 um,

extremely high laser pulse energy (15 kJ for pulses
of 1us or less) for excimer, chemical, iodine, and
CO; lasers, and peak power measurements for laser
pul ses of 1-10 picoseconds. These ranges of laser
measurements are needed respectively for wavelength
agile laser target designator receivers being
developed by DoD, Dol High Energy Lasers, the laser
safety and picosecond time resolved spectroscopy.
NBS has active research programs in each of these
areas which is expected to culminate in standards
within the next two-years.

BEAM PROFILE

Laser beam profile measurements imply some set of
measurements of the laser beam, in a plane near the
output of the laser, which permits one to predict
the power or energy density of the beam in a plane
far removed from the laser (far field). Since,
light propagation is specified through Maxwells
equations, knowledge of the electromagnetic fields
themselves (not the intensity) is required. In
fact, complete information consists of a
measurement of the amplitude and phase of the
electromagnetic field at intervals of about the
wavelenath of the laser beam radiation. Since no
known optical detectors measures the
electromagnetic fields directly (rather the square
of the  fields), indirect methods must be
employed. As a practical matter, sampling
intervals much larger than 1. are sufficient for
most applications.

Laser beam profile measurements are important for

many applications including laser target
designators, rangefinders, laser weapons, free
space propagating laser communications, and
industrial processing.

No national standards of beam profile measurement
currently exist but is an area of NBS research.
Interferometric techniques are not often used since
many applications involve pulsed lasers with pulses
of only a few nanoseconds. Beam wandering in such
lasers do not allow long time averages.

A technique often used depends on the Fourier
transform relation between the near radiation field
and the far field (Franhofner region) and the fact
that an ideal lens (mirror) has intensity profile
in the focal plan which is the Fourier transform of
fields at the entrance pupil of the lens. Such
techniques are difficult since focal plane detector
arrays may consist of 2500 individual elements and
uniformity of response, cross-talk, dynamic range,
and spectral response may not be well
characterized. These techniques are being studied
at NBS as well as a spatial filter technique which
separates the beam into a convenient set of modes
(depending on the laser and the properties designed
into the spatial filter). The advantage of this
technique is a much smaller number of elements in
the detector array can provide sufficient
information to determine the far field.

Even greater research challenges await beam profile
standards for High Energy and infared lasers.
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TABLE 1

C-series Calorimeter Measuring System
ImW-24, LA-1.5um
Nominal accuracy = 1%

K-series Calorimeter Measuring System
1W-1kH, .4-15 pm
Nominal accuracy = 3%

Q-series Calorimeter Measuring System
imt-204, A-1.1um
Nominal accuracy = 1%

BB Calorimeter*
10kJ-7mJ  10.6um

1kW-200kW
Nominal accuracy = 4%

TABLE 2

Special Calibration At Cost

Measurement Assurance Program for Laser Power or

Energy
514.5 nm 10mW - 600 mi $16056/yr.
632.8 nm 1 1605
632.8 “m (1lpW, 30uW, 100uW) 1605

(Cost is $1000 to
participants of 1 mi,

632.8 nm, Laser MAP where the
intercomparisons are
performed together.)

647.1 nmm 10 m¥ « 200 mW 1605
1.06 pm 10 mid - 1W 1605
1.06 pm (Q-switched)

100 M - 10 2690
10.6 um 5-50w

*This calorimeter system is now maintained by AGMC,
Newark Air Force Station, Ohio.
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TRANSIENT FIELD

INFRARED VIDEO THERMOGRAPHY

AS A PROCEDURE FOR NONDESTRUCTIVE TESTING

+

C. P. Burger and J.

+
Gryzagoridis

+
Department of Engineering Science and Mechanics,

and Engineering Research

lowa State University,

+ -
Department of Mechanical
University of Cape Town,

A Teasibility study has been completed which indi-
cates that infrared scanning of transient heat
flow has great potential as a technique for non-
destructive evaluation of metal components. Ana-
lytical predictions have been substantiated by
qualitative experimental results.

INTRODUCT ION

Radiography and ultrasonics are the twC primary
techniques used in the nondestructive evaluation
(MPE} of flaws in engineering components and struc-
tures as well as in the biological field. Whethar
used separately or together, they do not meet all
the requirements of contemporary technology.

Thermographic NDE provides a record of the surface
temperature of an object of interest, and from
this record information about the internal mekeup
or structure of the object is revealed.

Based on the advances in infrared detector tech-
nology since the 1960s and the quality of real-
time infrared thermographic systems, a consider-
able amount of research has gone into the develop-
ment of thermal techniques for nondestructive
testing. These techniques have been used for a
variety of situations in medicine and engineering.
In the latter case it has been used on a number of
materials ranging from good heat conductors (me t~
als) to insulators (plastics and ceramics) as well
as composite materials [1- 91.

In principle, thermographic NDE is simple. Heat
is allowed to flow at some point in a test speci-
men, and the resulting surface temperature distri-
bution provides information about conditions with-
in the object under examination. The cheice of
the process to generate the thermal field is very
wide; it depends on the particular application.
For example, transient heat transfer processes are
indicated for a number of situations. The process
can be initiated on a test specimen by the use of
cryogenics, lasers, radiant heat sources, electri-
cal induction, chemical reactions, etc. in any
controlled manner chosen by the investigator.
the other hand, steady state heat transfer pro-
cesses may be indicated and in fact have been am-
ploved.

on

The choice of the surface temperature field detec-
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tion process is at present fairly narrow. Any sur-
face will emit radiant energy at a rate that is
proportional to its absolute temperature to the
fourth power and to the surface condition (rough-
ness. color, reflectivity, etc.). Scanning infra-
red cameras (SIRC) will produce an image of the
surface radiation field regardless of whether the
field is a result of transient or steady condi-
tions. The use of S{RC may be advantageous in
many situations where physical contact with the
surface is impossible or undesirable.

Excellent results can also be obtained using cho-
lesteric "liquid" crystals. This is a "contact”
type of surface temperature detection and it could
be desirable in many situations, both transient or
steady state. When a cholesteric crystal is

heated it enters a '"mesophase' state where it ex-
hibits properties of both liquids and crystals and
i4 capable of scattering white light into its color
components, analogous to a rainbow or the color
images from an infrared scanning camera.

For the recording and analysis of thermographic
images, there are available very advanced still
cameras, cinematographic cameras, video tape ca-
ssette systems, and a range of hardware and soft-
ware for digitizing and storing the images.

PROBLEM AREAS

undertaken the
be analyzed.

Before any infrared testing can be
related heat transfer problem must
Since infrared scanning techniques are operated
a remote fashion, often considered advantageous,
there are some inherent problems as outlined below.

in

The radiant heat received by the camera is de-
fined as the total amount that leaves the SUr-
face viewed by the camera. (Here we assume that
the camera sees nothing else.) This is called
radiosity (J) and Is the sum of the energy emit-
ted and the energy reflected by the surface

(1)

The energy emitted from a real surface is given
by the expression £ Eb where Eb is the amount
of energy that an ideal surface can emit at a
given temperature

Eb = gT

J =€ Eb +p G

(2)



and £ is the total surface emissivity which in

turn depends on the quality of the surface
O Is the Stefan-Boltzman constant.

The reflective portion of radiosity (pG) is in-
dicated by the portion {p = reflectivity) of
the total Incoming radiation (G} from surround-
ing sources to the surface.

Unless the emissivity and reflectivity of the
surface being tested are uniform throughout the
entire area, temperature variations may be ob-
served where In fact they may be nonexistent.
Great care should therefore be exercised in
terpreting infrared scanned data.

in-

Often atmospheric conditions, C0y, or water
vapor, which absorb and scatter radiation,
other media (perhaps a mirror) in the camera®s
line of sight, create considerable noise and
suppress mild surface gradients.

or

Infrared cameras display data either in black
and white or color images. Small changes in
color or greyness are not easily detected by
the human eye. Switching to a larger tempera-
ture scan corrects this problem, but only at
the expense of sensitivity.

In the areas or problems
heat transfer, because of geometry and boundary
conditions it is likely that solutions will not
exist or be readily available. In such cases
finite difference or finite element methods
have to be employed. With the present state of
technology in digital computers, Intricate geo-
metries and complicated boundary conditions can
be accommodated with little effort.

involving transient

While qualitative results may satisfy certain
needs, the shift toward quantitative flaw de-
tection has become quite evident in recent
years. As yet-no information is available as
to how small defects can be detected by a SIRC
or cholesteric crystals.

Although sensivivities for infrared equipment
are reported to be in the neighborhood of 0.1°C
or better and for thermal resolution with li-
quid crystals as high as 0.007°C, that does not
tell how small a defect in a solid can be de-
tected or how deep below the surface it would
have to be in order to be detected.

It Is suspected that each particular application
must be investigated extensively in order to est-
ablish reliable limits of accuracy. Needless to
say, the first step is always to establish whether
any abnormal temperature distributions exist to
suggest the presence of a flaw (qualitative).
Subsequently the procedure can be refined to give
a quantitative clue to the kind and size of flaw.

FORMULATION AND NUMERICAL SOLUTION OF THE PROBLEM
The system under investigation consists of a three
dimensional plate containing a flaw as shown in

Fig. 1. It was declded to investigate the surface

temperature distribution of such a system subject
to unsteady state heat conduction with the follow-
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ing boundary conditions:

The solid has very
and z coordinates.

large dimensions in the x

The planes X = 1, z = 1, z = 13 are planes of
symmetry.

The flaw is always at the midplane and has mini-
mum dimensions of Ax, Ay, Az

The solid is initially at a uniform temperature
(zero degrees).

The two surfaces exposed to the ambient tempera-
ture are assumed to be insulated.

to be made of insulated ma-
it does not allow any heat flow

The flaw is assured
terial: i.e.,
through it.

The surface of the solid bounded by x = 1, y =
1 and all 2 values is suddenly subjected to and
thereafter maintained at a temperature step of
100 degrees.

Utilizing a finite energy balance technique on each
volume element the surface temperature distribu-
tions as a function of time obtained. The proce-
dure allowed for the positioning of the flaw any-
where In the solid, provided it was always in the

z = 7 plane. Thus a symmetrical field around the
flaw was obtained.

Typical results are shown in Figs. 2 and 3.

Figure 2 depicts a three-dimensional representa-
tion of the surface temperature distribution for a
solid that contains a flaw at nodal point (4,1,7);
i.e., on the surface. The flaw has the dimensions
Ax = Ay = Az_ The temperature distribution shown
results, after 28 time intervals have elapsed
since the temperature change, in (!,1,z). Figure
3 depicts the solution of the surface temperature
distribution for a plate with a "hidden" flaw at
{3,2,7) after 28 time intervals have elapsed since
the step temperature change at (1,1,z).

The real impact of both figures is qualitative in
that they demonstrate the geometric configuration
of the surface temperature plot in the vicinity of
the flaw.

The nodal point equations contain the dimensionless
parameter M, which is composed of the characteri-
stic dimension of the element Ax, the thermal dif-
fusivity of the material (a property) a, and the
time increments from one observation to the other,
AT. In a three-dimensional system the choice of
the value of M was limited to a minimum value of
six. Values less than six generate an impossible
condition that violates the second law of thermo-
dynamics. Furthermore, the cholce of M = 6.0
makes the calculation particularly easy. Once the
value of M is chosen and the value of Ax is esta-
blished, the time increment At is fixed. Having
this information and the surface temperature pro-
files from the example In Table t, which gives
typlcal results, one can obtain a comparison be-
tween a flawless and a flawed plate.



Comparison of plates made of different materials
is possible. For example one can predict the dif-
ferent times at which steel plates will exhibit
the same temperature field near the flaw compared
to times for plates made of aluminum, plastic,

etc, For example, If the plate were made of 0.5%
carbon steel 15.4 mm thick and contained a flaw

at (3,2,7) it would take approximately 5.7 s for
the temperature over the flaw to be 2.6 degrees
higher than that of a flawless plate. If the ma-
terial were aluminum the time would be shortened
considerably to 0.9 s becausezof aluminum®s larger
thermal diffuslvity, a(0.33 m "/h). If the mate-
rial were plastic (Epon828) the time elapsed
would be approximately 9 mIn, again because of the
Vs;y)different thermal diffuslvity, a{5.5 x 10~
m-/h}.

Another important fact is revealed when some of
the results of the computer analysis are plotted
as In Fig. 4. Here we have a selection of results
for flaws having the same dimensions as our grid
Ax = Ay = Az and positioned one and two Ay's be-
low the tdp surface and at different Ax"s from the
point of application of the step temperature
change. The obvious Is borne out: one expects
larger temperature differences closer to the
source of energy; however, as the time increases
these surface temperature differences reach a max-
imum value and then they start decreasing. [t is
clear that an optimum time/distance combination
exists for most effective inspection.

It Is also apparent that the magnitude of surface
disturbance that is produced directly above the
position of a defect depends on Its depth from the
surface as well as the distance from the position
of the step temperature input. To overcome this
difficulty, it might be sufficient to move the
step temperature input systematically until the
entire surface is scanned. Another way would be
to impose a larger step temperature.

The first tests performed employed an aluminum
plate 152 X 76 X 19 mm which "as drilled wlth a
3.2 mm dril} to approximately 1.6 mm below the top
surface at distances of 12.5 mm, 50 mm, and 87.5
mm from the edge along the length of the center
line. These holes represented hidden "flaws."
Thermocouples were placed directly above these
"flaws", and another set of thermocouples "as
placed parallel to and approximately 1/2 in. away
from them. The corresponding thermocouples were
connected in a differential mode and their output
*fas recorded on a chart recorder. Figure 5 repre-
sents typical results when the plate®s edge "as
subjected to a step temperature change by exposing
It to boiling water. Attention is drawn t¢ the
similarity of these curves to those predicted by
the numerical solution and shown in Fig. 4. Again,
the importance of optimizing the distance between
flaw and heat input is clear.

With the magnitude of temperature differences re-
corded by the thermocouples being well within the
sensitivities of Infrared equipment, the authors
proceeded with the following tests. Using an AGA
Thermovision model 661 a number of tests were per-
formed with the aluminum plate as well as a steel
plate. Subsequently these plates were modified

and mounted in a rig where they could be heated
and the behavior of both observed simultaneously.
Separate tests were performed on pieces of plastic
(Plexiglas).

Tests were also performed on the metal surfaces
(steel and aluminum plates) using the same heating
technique but employing liquid crystals In order
to observe their behavior. The 1iquid crystals
were applied by a) placing in direct contact with
the metal surface a thin plastic fllm containing
1°C sensitivity cholesteric crystals which acti-
vated at 40°C, and b) by applying directly on the
metal surface a layer of 2°C sensitivity choles-
teric crystals which activated at 30°C.

A summary of observations resulting from this
study, which at this stage can be termed an ex-
ploratory or feasibility study, will serve our aim
of sharing our experiences with other researchers.

A transient heat transfer field will produce a
disturbance on the surface temperature field of
a "flawed" plate as predicted by the numerical
solution and observed on the thermograms. |so-
therms will bulge when approaching the flaw and
recede when leaving It. This "as observed part-
icularly when using the liquid crystals as a
detector.

The time dependence of the magnltude of the
disturbance over a flaw was observed to behave
as predicted by the numerical solution. That
is, the temperature differences near the flaw
increase with time, reach a maximum, and sub-
sequently decrease. This is strictly a func-
tion of the thermal diffusivity of the material.
This was quite evident when the steel and alu-
minum plates were tested $imultaneously. By the
time a distinct pattern "as established In the
steel plate behavior, the behavior on the alu-
minum plate had undergone Its maximum or mere
distinct pattern.

Of course similar patterns could not be observed
with the liquid crystals used because of their
very narrow activation range. Instead of a
pattern, an isotherm "as observed moving on the
surface of the plate. The ideal combination
for cholesteric crystals is a very large temp-
erature activation range with the smallest sen-
sitivity compatible with the activatlon range.

The numerical solution predicted that the posi-
tion of the flaw relative to the point of heat
Input would have an effect on the magnltude of
the disturbance of the thermal fleld. The
thermocouple results showed this to be true and
also showed the effect of time on the distur-
bance. The thermograms again corroborated
these findings. The nature of the cholestelic
crystals precludes this observation when they
are used.

In conclusion, the goal of a reliable and viable
NOE technique utilizing infrared scanning equip-
ment looks promising.
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ULTRA- STABLE TEMPERATURE MONI TORING AND CONTROL SYSTEMS

Mark F. Smith and Roger M Hart
Hart Scientific

Provo,

ABSTRACT

Mst of the electronic tenperature nonitoring and
control systens that are being manufactured have a
problem with stability. A DC system has three main
contributors to the stability problem They are
thermocouple effects, input offset voltage drift
of the input anplifier, and tenperature coefficient
of the conponents. The DC system stability problem
can be reduced by using higher quality parts and
good engi neering practices. Utra-stable
tenperature nonitoring and control systens can be
made by using an AC system which greatly reduces
the thernocouple effects. Stability can also be
increased by using the proper sensor. A good
stable sensor is the platinum RTD.

[ NTRODUCTI ON

The technology of electronic tenperature monitoring
and control systens has advanced rapidly in the
last ten years. As technology advances accuracy
and stability of tenperature nonitoring and control
systems have inproved. Today there are electronic
or digital thernmoneters that are nore accurate than
the bulb type thernmoneter. Most tenperature
noni toring and contrel systems that are
manufactured today are less stable than the bulb
type thernoneter.

The purpose of this paper is to explain the
problem of stability and to show that ultra
stable and highly accurate tenperature nonitoring
and contrel systens can be designed by using good
engineering practices. The first  section of the
paper discusses the problem of stability. The
problem of stability is divided into tw parts

the sensor and the electronics. The second
section shows how the problem of stability oan be
sol ved. Finally the last section will deal wth

applications of the solution.

DEFINTION OF THE PROBLEM

As the need for higher accuracies and stability
increases in temperarure nonitoring and control,
engineers are finding it difficult designing stable
and accurate tenperature nonitoring and control
syst ens. one Of the |argest problems in
tenperature neasurement and control 1s stability
and accuracy. Stability refers to the drift of the
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output of electronic tenperature nonitoring and
control system with respect to time. Drift can be
caused by changes in anbient tenperature or by
conponent  agi ng. Accuracy is the output deviation
from the absolute tenperature that is  being
measur ed.

There are two main parts in a tenperature
monitoring and control systemthat contribute to
the stability problem They are the sensor and the
electronics.

Mbst tenperature sensors in electronic tenperature
nmonitoring and control systens, are platinim
(resistive tenperature dector) 8IDs, thernocoupl es,
and thermstors. There are two nain problens that
relate to the stability problem They are the
aging of the sensor and the output sensitivity.
For a platinum RTD, aging is very small if the
sensor is stress free, and sensitivity is low
with approximately 10 to 1 mv/C, Ther mocoupl es
have poor aging characteristics and very low
sensitivity with approxinately 75 to 10 uv/C.
Thermistor aging is fair and sensitivity is high
with approximately 40 to 10 m¥/C. For a highly
accurate and stable tenperature sensor with a wide
tenperature range, a platinum RTD is a good choice.

Alnost all electronic tenperature nonitoring and
control systens that are presently being marketed
are direct current (DC) systems. DC systems use a
DC voltage excitation for the bridge circuit (see
figure 1), In a DC systemthe output voltage is
proportional to the resistance change of the
sensor. The major problems with a DC systemis
stability. There are three major contributors to
instability.

The first contributor is thermcouple effects.
Thermoelectric voltages are generated at solder
connections and in connectors. Ther mocoupl e
effects oan be the nost serious contributor to the
stability problem Thernoel ectric voltages in a
standard bridge arrangenent (figure 1)

approximately 50 uv/C.  Assuming the sensor output
is 2.5 0 VIC the over all effect of thernocouples
are 0.02 clc.

The second contribution to instability is input
offset voltage drift of the input anplifier. Host
common  operational anplifiers have offset voltage

are



drift of 10 to 2 uv/C, There are sone special
operational anplifiers that have Input offset
voltage drifts of less than 1 uv/C but they are
expensive. Wth the comon operational anplifier
and 2.5 mV/C sensor sensitivity, effects of the
of fset voltage drifts are approximately 0.004 to
0.001 cf/c.

The third contribution to instability is the
tenmperature coefficient ofconponents used In the
electronics., The largest contribution of conponent
tenperature coefficient are the resistors used in
the bridge (figure 1). If 100 PPM/C resistors are
used in the bridge, the contribution to instability
is 002 CC Gain resistors contribute
approximtely 0.01 C/Cif 100 PPM/C resistors are
used.

If all the effects of Instability are added up, the
total stability of the systemis 0.06 CC In a
normal room where the anbient tenperature change is

+2 C, the stability of the electronics Is + 0.12.
The accuracy cannot be any better than the
stability.

SOLUTION TO THE PRCBLEM

Stability is a major problemw th nost DC
tenperature nonitoring and control systens. "he"
stability Is inproved, accuracy can al so be
i mproved. There are two nethods to solve the
stability problem The first Is inproving the DC
system and the second Is using an AC system

The first method of inproving the stability of a
tenperature nonitoring and control system Is
inproving the DC system Thernocoupl e effects can
be reduced by locating the sensitive connections
close to each other and use a | ow thernoel ectric
vol tage sol der. This nodification can reduce the
thermoel ectric effect by a factor of two. Reducing
input offset voltage is sinple but nore expensive.
Wen |ow tenperature coefficient conponents are
used In the bridge a large contribution to the
stability problem can be solved. By naking the

necessary nodification, stability of a DC system
can be inproved to 0.015 CC, which Is an
i mprovenent of about four tines. But, there are
still problems with thermocouple effects especially
when different alloys of nmetal are used In
connections. Ther mocoupl es contribute
approxi mately 60 percent of the instability.

Tenperature nonitoring and control systens can be
made nore stable than a DC system by using an
alternating current (AC) system An AC system uses
an AC voltage excitation for the bridge. After
the bridge output Is linearized it is rectified to
a DC signal (see figure 2). AC systens have
simlar problems as the DC system except the
t hermocoupl e effects are greatly reduced to |ess
than 0.0003 C/'C and these thernoelectric voltages
occur after the AC signal Is rectified. When | ow
tenperature coefficient resistors are used In the
AC system stability is reduced to less than 0.005
c/c. |f very low tenperature coefficient parts are
used, a stability of better than 0.002 C/'C can be
achi eved. This low stability Is a factor of
approximately 30 tines better than commerecially
availble electronic tenperature monitoring  and

eontroel systens.

There are some of draw backs with the AC system
They cost nore, use higher precision parts, and
more parts. To achieve a highly stable electronic
tenperature nonitoring and control system an AC
system should be used.

APPLI CATION OF THE SQLUTION

By using these good engineering practices, Hart
Seientific has  designed two ultra-stable
tenperature monitoring systenms and a control

system

One of the tenperature nonitoring systems is an
ultra-stable and  highly accurate digital
t her monet er. The Mcro-Therm 1006 has a
guaranteed system accuracy of 0,03 C and a typical
accuracy of 40,01 C. The stability of the system
is better than 0.010 Cyear.

The other tenperature monitoring system is an
ultra-stable CEM RTD nonitoring system The nodel
1010  tenperature nonitor wuses a platinum RTD.
Absolute accuracy is adjustable to within 0.005 C
of an absolute reference. Stability Is typically
40.005 C nont h.

Utra-stable constant tenperature bath, circulator
and tenperature controllers have been
devel oped that have short and long termstability
o ~0.0005 c. The stability Is rated wth 27
liters of water at a tenperature range of 10 to 80
C Oher baths with different tenperature ranges
and stability of less than ~0.005 C depending on
the fluid and tenperature have been devel oped.

CONCLUSI ON

As the need for electronic tenperature nonitoring
and control systens increases, so does the accuracy
and stability specification. After reviewing the
present manufactured temperatured nonitoring and
control systens, very few nanufacturers nake an
ultra-stable system The reason for poor stability
is the DC system By incorprating an AC system
ultra-stable systenms can be manufactured.
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ABSTRACT

Mst of the electronic tenperature nonitoring and
control systems that are being nanufactured have a
problem with stability. A DC system has three main
contributors to the stability problem They are

thermocouple effects, input offset voltage drift
of the input anplifier, and tenperature coefficient
of the conponents. The DC system stability problem

can be reduced by using higher quality parts and
good engi neering practices. Utra-stable
tenperature nonitoring and control Systems can be
made by using a" AC system which greatly reduces
the thernocouple effects. Stability can also be
increased by using the proper sensor. A good
stable sensor is the platinum RID.

[ NTRODUCT! ON

The technology of electronic tenperature nonitoring
and Control systems has advanced rapidly in the
last ten years. As technology advances accuracy
and stability of tenperature nonitoring and control
systenms have inproved. Today there are electronic
or digital thernoneters that are nore accurate than
the bulb type thernoneter. Most tenperature
moni toring and  control  systems that are
manufactured today are less stable than the bulb
type thernoneter.

The purpose of this paper is to explain the
problem of stability and to show that ultra
stable and highly accurate tenperature monitoring
and control systens can be designed by using good
engineering practices. The first  section of the
paper discusses the problem of stability. The
probl em of stability is divided into tw parts
the sensor and the electronics. The second
section shows how the problem of stability can be
sol ved. Finally the last section will deal with
applications of the solution.

DEFINTION CF THE PROBLEM

As the need for higher accuracies and stability
increases in temperarure nmonitoring and control,
engineers are finding it difficult designing stable
and accurate tenperature monitoring and control
systens. one of the |argest problems in
tenperature measurenent and control 1s stability
and accuracy. Stability refers to the drift of the
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output of electronic tenperature nonitoring and
Control systemwith respect to tinme. Drift can be
caused by changes in anbient tenperature or by
conponent  agi ng. Accuracy is the output deviation
from the absolute tenperature that bei ng
measur ed.

is

There are two main parts in a
monitoring and control
the stability problem
electronies.

tenperature
system that contribute to
They are the sensor and the

Most tenperature sensors
monitoring and control
(resistive tenperature deetor) RTDs, thermocoupl es,
and thermistors. There are two main problens that
relate to the stability problem They are the
aging of the sensor and the output sensitivity.
For a Platinum RID, aging is very small if the
senzor is stress free, and sensitivity is low
with approximately 10 to 1 mV/C. Ther mocoupl es
have poor aging characteristics and very 1low
sensitivity with approximately 75 to 10 uv/C.
Therm stor aging is fair and sensitivity is high
with approximately 40 to 10 m¥/c., For a highly
accurate and stable tenperature sensor with a wde
tenperature range, a platinum RID is a good choice.

in electronic tenperature
systems, are platinum

Alnost all electronic tenperature nonitoring and
control systens that are presently being marketed
are direct current (DC) systems. DC systems use a
DC vol tage excitatior for the bridge circuit (see

figure 1), 1" a DC systemthe output voltage is
proportional to the resistance change of the
sensor. The mejor problems with a DC systemis
stability. There are three major contributors to
instability.

The first contributor is thernmocouple effects.

Therrmoel ectric voltages are generated at sol der
connections and in connectors.  Thernocoupl e
effects can be the nost serious contributor to the
stability problem Thermoel ectric voltages in a
standard bridge arrangement (figure 1) are
approximately 50 uv/C.  Assunming the sensor output
is 2.5 mV/C the over all effect of thernocouples
are 0.02 clc.

The second contribution to instability is input
offset voltage drift of the input anplifier. Host
common  eperational anplifiers have offset voltage



drift of 10 to 2 "v/C
operational anplifiers

There are sone special
that have input offset
voltage drifts of less than 1 wuv/C but they are
expensive. Wth the common operational anplifier
and 2.5 a¥/C sensor sensitivity, effects of the
offset voltage drifts are approximately 0.004 to
0.001 clc.

The third contribution to instability is the
temperature coefficient of conponents used in the
electronics, The largest contribution of conponent
temperature coefficient are the resistors used in
the bridge (figure 1). If 100 PEM/C resist&s are
used in the bridge, the contribution to instability
is 002 CdC Gain resistors contribute
approximately 0.01 C/C if 100 PPM/C resistors are
used.

If all the effects of instability are added up, the
total stability of the systemis 0.06 CC In a
normal room where the anbient tenperature change is

+2 C, the stability of the electronics is £ 0.12.

The accuracy cannot be any better than the
stability.

SOLUTION TO THE PROBLEM

Stability is a major problem with nost DC
temperature nonitoring and control systens. Vihen
stability is inproved, accuracy can also be
i mproved. There are two nethods to solve the
stability problem The first is inproving the DC

system and the second is using an AC system
The first method of inproving the stability of a
tenperature nonitoring and control system is
inproving the DC system Thermocoupl e effects can
be reduced by locating the sensitive connections
close to each other and use a |ow thernoelectric
vol tage sol der. This nodification can reduce the
thernoel ectric effect by a factor of two. Reducing
input offset voltage is sinple but more expensive.
Wien |ow tenperature coefficient conponents are
used in the bridge a large contribution to the
stability problem can be solved. By making the
necessary nodification, stability of a DC system

can be inproved to 0.015 CC which is a"
i nprovenent of about four tines, But, there are
still problens with thermocouple effects especially

when different alloys of metal are used in
connect i ons. Ther nocoupl es contribute
approximately 60 percent of the instability.

Tenperature monitoring and control systens can be
nmade more stable than a DC system by using an
alternating current (AC) system An AC system uses
an AC voltage excitation for the bridge. After
the bridge output is linearized it is rectified to
a DC signal (see figure 2). AC systens have
simlar problens as the DC system except the
thernocoupl e effects are greatly reduced to |ess
than 0.0003 ¢/ C and these thernoel ectric voltages
occur after the AC signal is rectified. When | ow
temperature coefficient resistors are used in the
AC system stability is reduced to less than 0.005
c/c. If very low tenperature coefficient parts are
used, a stability of better than 0.002 CC can be
achi eved. This low stability is a factor of
approximately 30 tines better than comercially
avallble el ectronic tenperature nonitoring and
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contro} Systens.

There are some of draw backs with the AC system
They cost more, use higher precision parts, and
more parts. To achieve a highly stable electronic
tenmperature monitoring and control system an AC
system should be used.

APPLI CATION OF THE SOLUTION

By "sing these good engineering practices, H a
Scientific has  designed two ul tra-stabl
tenperature nonitoring systens and a control
system

One of the tenperature nonitoring systens is an
ultra-stable and hi ghly accurate di gi tal
t her monet er. The Mcro-Therm 1006 has a

guaranteed system accuracy of 9.03 C and a typical
accuracy OF +0.01 c. The stability of the system
is better than 0.010 Cyear.

The other tenperature nonitoring systemis an
ultra-stable CEM ATDnonitoring system The nodel
1010 tenperature nonitor uses a platinum RTD
Absol ute accuracy is adjustable to within 0.005 C
of an absolute reference. Stability is typically
+0.005 C nont h.

Utra-stable constant tenperature bath, circulator
and tenperature controllers have been
devel oped that have short and long termstability
O 40,0005 c. The stability is rated wth 27
liters of water at a tenperature range of 10 to 80
C. CGher baths with different tenperature ranges
and stability of less than +0.005 C depending on
the fluid and tenperature have been devel oped.

CONCLUSI ON

As the need for electronic tenperature nonitoring

and control systens increases, so does the accuracy
and stability specification. After reviewing the
present nanufactured temperatured nonitoring and

control systens, very few manufacturers make an
ul'tra-stable system The reason for poor stability
is the DC system By incorprating an AC system
ultra-stable systems can be manufactured.
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| NTRODUCTI ON:
Any attenpt to look into the future is (3y The US. dis noving away from the
risky, as anyone who has ever played the "t hrowaway" concept. Thus, manu-
stock narket can verify. Still, there factured parts have to be nore
are times when we nmust try. A case in reliable.
point is the "factory of the future", so
cal l ed because it will be a conbination (4) Tolerances are being tightened to
of existing capabilities together wth ensure reliability and longer life.
others yet to be devel oped. In general
terms it will maximze productivity and (5) Scrap mnust be elimnated.
mnimze labor and scrap in order to
generate the greatest profit for the (6) Machine cycle tines nmust be reduced
manuf acturer.
(7) Inspection mnust becone an integral
So far nost of the effort which has gone part of manufacturing.
into the FOF concept, at least if one
can believe what has been reported on (8) Inspection results nust be |ooped
the subject, 1is in the areas of CAD CAM back to nmchine tools teo correct
robotics, flexible manufacturing centers, for deviations.
etc. Adm ttedly, some lip service has
been given to inspection and quality con- (9) The environnent on the shop floor
trol, but not too nuch. This is remni- will remain as bad in the future as
scent of the 1950's. Remenber? NC na- it is now.
chine cools had just been introduced,
and managenent fell in love with them Clearly, sone of the above statenents
It was only later, in sone cases much are not totally true, but from the view
later, that the need for an equivalent point of establishing the trends for the
increase in inspection technology be- future, let us assune that they are sub-
came apparent. The purpose of this paper stantially correct.
is to identify sone of the quality prob-
lems which will exist in the FOF, and to Assumi ng the philosophy we have adopted
offer sone solutions. to be valid, how do we now fit the
Quality GControl function into the FOF
PHI L OSOPHY: concept? Broadly stated, we have to have
a system which will make highly accurate,
There is a technique of logic called rapid measurements under adverse condi-
"reductio ad absurdum”. This is a neans tions and have the capability of |ooping
by which you can deternine the truth, or the inspection results back to the manu-
trend, of sonething by decreasing it to facturing unit within the cycle tine of
its sinplest possible terns. Let's do one part, if possible. Al of the above
that with the FOF concept: features nust be applicable to a wide
variety of machines (mlling, drilling,
(1) No mmnager wants to inspect any- grinding, EDM etc.), and to an even
t hi ng: Al he wants to do is nake wider range of part Configurations pro-
money by naking parts. duced by these nachines. Has it been
done? Nae. Can it be done? Yes. Here's
(2) Labor is expensive and unpredict- how.
abl e. The FOF should elimnate
| abor.



TEMPERATURE 6 | TS EFFECTS ON WORKPI ECES

We general ly describe the change in shape
of an object resulting fromdifferences
in tenmperature by assigning to each en-
gineering material a "coefficient Of
expansi on". This is expressed as a

change in length per unit |ength per unit
tenperature

("M/M/°F) or  (MM/MM/°C)
For nmost people in everyday life this is

perfectly acceptable. But for those of
us interested in making very accurate di-
mensi onal measurements, it should be con-
sidered only an approximation.

Tenperature 1s an indication of energy
content. At the atomic or sub-atonic

level, all materials are in notion. To
make it sinple, let us "observe" an el ec-
tron as it whirls in its orbit. If energy
is transferred to this electron, its or-

bit increases in dianeter. It pushes its
nei ghbors aside a bit, nuch like a man in
a crowded subway who reaches into his
pocket for a handkerchief, and in the act
digs his elbow into his neighbor's ribs.
The offended party noves away. The "co-
efficient of expansion" concept assunes

t hat everyone in that subway car reaches
for his handkerchief at the sane noment,
and that all the el bows are the sane
length, with the result that a predictable
nunber of people are pushed into the next
car. In other words, it is assumed that
the material in question is honbgeneous.
Unl ess we are dealing with a pure el ement
which, by definition, is honogeneous, this
assunption is untrue. The types of en-
gineering materials we must deal with are
m xtures of various elenents, and even
small changes in the ratios of these ele-
ments will change the coefficient for a
specific part. These changes may be small,
but they do exist.

A second problem is that of
energy transfer. Wrkpieces
thi cknesses will change shape
ably, even if their coefficients of expan-
sion are identical. Figure 1 shows the
results of a sinple test run at Shelton
Metrol ogy Laboratory about 15 years ago.
Three parts nade from the same nelt of

the rate of
with™ varying
unpr edi ct -

al umi num were put in a box, one at a tine.
Hot water was poured into the box. The
water tenperature was 125°F + 1°F. The

| ength of each sanple was nonitored on an
LVDT supported on an insul ated base, and
the change in part length was nonitored
as a function of tine. At any nonment
these parts appear to be quite different.
Thus it is obvious that measurenent taken
on a workpiece during a tine of tempera-
ture change will not necessarily reflect
the sane results as if the same measure-
ments were taken at a stable workpiece
tenperature.
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The nmessage is clear - you cannot meke ac-
curate nmeasurenents if tenperatures are
changi ng, because parts respond to the
changes based upon their own configura-
tion. Additionally, it is inpossible to
predict, wth great accuracy, the steady-
state change in size of a part from a base
tenmperature to a higher tenperature (or
the other way around) because the coeffi-
cient of expansion value fqgr the part
material is not really known far the spe-
eific part itself

TEMPERATURE AND | TS EFFECTS ON MEASURI NG
MACRI NES

If we consider a measuring machine to be
a workpiece - albeit a very conplex one-
then it is easy to see that the sane
factors which create the problens nmen-
tioned above w Il have sinmlar adverse
effects on the neasuring machine itself.
Therefore, if we take a standard QW
place it on the shop floor, and neasure a
part with it, what we end up with is an
unst abl e measuring system checki ng an un-
stable part.

Over the years various efforts have been
made to reduce the effects of tenperature
on CMM's. Sone of these are
--Installing the entire nachine
perature controlled room.
--Bui l di ng machi nes out of only one type
material to nmininmze bi-metal effects.
--Building machines with bi-netal effects
to cancel out tenperature effects
--Making neasuring elenents (glass scales,
etc.) with tha same coefficient of ex-
pansion as the workpieces to be nea-
sur ed.
--Creating air turbulence in the measur-
ing area to mininmize thermal gradients.
--Surroundi ng neasuring areas With air
barriers to avoid drafts.

in a tem

Cearly all the above measures are stop-
gap attenpts to overcome tenperature ef-
fects by fighting them  Unfortunately,
this has never worked in the past, and
will not in the future. Figure 2 shows a
sinple slide mechanism In a typical COwW
three of these slides would be conpounded
to provide an X,Y,Z neasuring envel ope

If we consider the first-order error
sources in this single slide we wll dis-
cover that there are six (6) of them If
we now conbine these slide novenents,
there are 18 first-order errors caused by
geonetric inperfections, a nuch | arger
nunber of second and third order errors,
and | ast ssut by no neans |east, the errors
caused by inperfections in squareness be-
tween the slides. It sinply isn't pos-
sible to elinmnate these errors, whether
they are caused by imperfect conponent
parts or by tenperature effects. However
it is possible to observe them and
through the use of conputers mathenatic-
ally elimnate them All we need is a.



ref erence

system w thout rmechanical error,
and totally wunaffected by tenperature.
A NEW, SELr- COMPENSATI NG COORDI NATE

VEASURI NG~ MACHI NE

accurate di nensi onal
industrial, which is
environment, is to
system built into the
which is wunaffected
and by its own inac-
Figure 3 shows the basic ele-
such a system A pair of pivot
journal -type air bearings sup-
round shaft. The center of rota-
tion of each bearing defines a point in
space. Since two points define a Iine,
these two bearings fix an axis of rota-
tion far the shaft. We cannot directly
measure the axis of rotation, so we nust
measure the surface of the shaft, which
does have errors. However, by rotating
the shaft, sensing the same point on the
shaft 180° apart, we can calculate the
location of the axis of rotation by the
formula A-B As shown in the sketch,
2
a pair of sensors attached
a machine slide can observe
accuracy of slide novenent
cal cul ations taken from
rotating red which is
sl i de.

The secret to meking
nmeasurenents in an

to say, uncontrolled
have a reference
measuring nachine
that environnment,
curaci es.
ments of
mount ed,
port a

by

rigidly
the in-
by repeated
the axis of the
"parallel" to the

to

Figure 4 shows two of these
attached to the sane slide.
setup we can observe any yaw of
sli de.

readi ng heads
Wth this
t he

To observe roll/pitch, it is
to solve the problem of shaft
viously in horizontal position our shaft
will deflect due to gravity. This de-

flection far any point is given by:

(L2+X(L—Xa

Shaft  Wei ght
Shaft Length
Di stance of
Modul us  of
Morent  of

necessary
sag. Ob-

WX (L-X%)

Y =1 &L

Wher e

¥ from one bearing
El asticity
inertia

w
L
X
E
|

like the
approxi mation
To elimnate this,
the deflection at
a specific shaft
into a slide and,
EI. Now we can use
calculating values for Y at any
W now have an actual centerline
rotation, corrected mathmatically for
sag. Any readings taken from the shaft
in a vertical orientation can be cor-
rected by the sag value.

coefficient
for a

The value of
of  expansion,
specific shaft.
actually neasure
m dpoint for
senbling it
solve far
value in
point.

of

E is,
an
we
t he
before as-
knowing Y,
this actual
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Vertical deviation of

(AZE) - SAG =
slide

2

This allows us to use a
(Fig. 5 wth four
pitch and yaw of
served.
Fig. 4,
head

readi ng head
Sensors. Now roll,
the slide can be ob-
The setup would be identical
except for four sensors in
rather than only two.

to
each

By conbining nultiple slides
designed CWM nechanism it is
possible to determine the roll,
yaw of each slide at any point
travel. But what about
all, one arc second is about 5 mllionths
of an inch per inch of travel. In 20"
this leads to an error of .0001". It
not rare to see changes in squareness
are on the order of 20 arc seconds due to
tenperature changes. Over the same 20" of
travel this becomes .002", a totally un-

acceptabl e anmount.

into a well
therefore
pitch and
in their
squareness? After

is
t hat

Fig. 6 shows
as above, into
sl i des. Details

two shafts, each
two mutually perpendicul ar
have been omtted for
clarity. W will only look at those ele-
ments required to illustrate squareness
correction. Shaft 1 protrudes slightly
beyond its supporting air bearings.

Shaft 2 has an air thrust bearing on one
end, and the other end termnates in an
arm which contains two sensors. It is
carried on a slide which noves "parallel"
to Shaft 1. To detect any change in angle
between the shafts do the follow ng:

Move Shaft 2 to the left end of Shaft 1.
Rotate Shaft 2 wuntil the sensors straddle
the protruding end of Shaft 1. Rot at e
Shaft 1, as above, and read the output of
the sensors. Again, AH is the location

constructed

of the axis of rotation of Shaft 1.
fagye to the other end of Shaft 1 and
peat . Any difference between the
ings is the result of an angular
between the shafts. The air thrust bear-
ing prevents any axial punp of Stage 2,
which could confuse the results.

Now
re-
read-
change

A word about the accuracy of this tech-
ni que. Repeated experinents at Shelton
Metrol ogy Laboratory showed the ability
to define and axis of rotation wthin

+ 3 nillionths under a wide variety of
condi tions. An air thrust bearing is

also accurate to within these values. The
sensors used were natched Eddy-current
transducers with digital resolutions of

10 mllionths (optional 1 mllionth), and
linearity of 10 mllionths over a .005"
wor ki ng  range. Al though the squareness
was never actually performed it is easy

to estimate its accuracy. A 10" lever

arm would yield two readings about 20"
apart. If each reading is wuncertain



within 6 mnmllionths, the worst case is

12 millionths wuncertainty over 20", or
a" angular uncertainty of approximtely
0.1 arc second. Assum ng unconpensated
variables to be 10 tinmes this anobunt,

we should be well wthin 0.1 arc second
angul ar accuracy regardless of the

envi ronment !

To determine length measurement errors

a thin-wall, accurately ground cylinder
is permanently nounted to the table of
the CMM. Its height and diameter are
known at 68°., By periodically nmeasuring
this part (which wll rapidly respond to
thermal changes) it is possible to cal-
culate scaling factors to apply to all
machi ne readings. (See Fig. 7)

Finally,
On ‘the table of

the workpiece to be inspected.
the CMM is a tank into
which the part is placed (by hand or by
robot). The tank is filled with a non-
corrosive fluid, which is agitated by a
pump. Heat from the part wll rapidly
transfer to the 1iquid. A thernmal sensor
in the tank wll detect bath tenperature
changes. As soon as bath tenperature
stabilizes (or changes less than a fixed
amount per ""it time), the sensor com
mands the tank to drain. Fluid returns
to a holding tank, which extracts the

heat by cooling coils and returns the
liquid to a preset tenperature. The part
can now be inspected, and the tenperature
value observed by the sensor wll be used
as a scaling factor to approximate the
coefficient of expansion of the part.
Wiile not perfect, this technique does
elimnate hot spots in the inspected part
caused by machi ning. Pl ease remenber

that we are discussing a" in-line inspec-
tion procedure, in which the workpiece is
removed from the machine tool |immediately
placed on the CMM. wunless it is cooled
portions of such a part could be nore
than 100°F above nomnal. Figure 8 shows
such a setup schematically.

must be adnitted that
none of this would be practical wthout
the speed and calculating ability of the
computer. Nothing presented in this
paper is "Blue Sky". Al of these capa-
bilities referred to above have existed
for a "unber of years. It is even pos-
sible to adapt the principles outlined
above to a machine tool for "on-machine"
i nspection. The process would be to
machine a part in the normal way, swtch
to the sensor outputs for the inspection
routine to avoid the nachine being

1" conclusion, it

blinded to its own errors, and inspect
the part while still clanped a" the na-
chine table. This is only a" approxi-
mation of a" independent inspection,
since part tenperature and clanping de-
flections would be present, but it would

be far better than sinply putting a
ing head in the spindle and probing

sens~
t he
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part.

The "Factory of the Future" wll mnever
reach its full ©potential unless inspec-
tion techniques are rethought so as to
be adapted in a practical way to the

harsh environment which exists on the
shop floor. This paper is intended to
show one way in which this can be ac-
compl i shed.
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A COVPUTER CONTROLLED s¥sTEM TO CALI BRATE
M CROMAVE PONER SENSORS AND ATTENUATORS

Mike Cuevas and

1. M CROMVE POWER | S EXPENSI VE.

Power at microwave frequencies is expensive,
the higher the power! the higher the price.
Fur exanple, the typical price of a one watt
amplifier at x-band is in the nei ghborhood
of $5K. But a two watt anplifier can cost
much as 50% nore than its one watt counter-
part. Double the frequency and the price can
al so easily double.

as

Venacrs want to ensure that
be it an FET, an anplifer,
tem are nmeeting their power specifications.
Their future business depends on that. On
the other hand, users of power devices want
to ensure that they are getting what they
are paying for. Hence, the need to measure
power, and nmeasure it accurately.

their products -
or an entire sys-

2. HOW POAER MEASUREMENTS ARE MADE.

There are many ways to determ ne what the
power level is at a specific test port. One
could use a detector and calibrate its volt-
age output in terms of its power input. O
one coul d use a spectrum anal yzer, or one
could connect a resistor, of the proper
value, to the test port and by measuring the
tenperature rise due to the power output

the power |evel can be calculated. But, for
nost power mneasurenents, there is a sinpler
and far nmore accurate nethod. And that is to
use a power nmeter with the appropriate power
sensor.

3. HOW TO CGET ACCURATE POWER MEASUREMENTS

Because power is one of the nobst fundamental
m crowave paranmeters and it is inmportant to
know its level precisely, we want to
nmeasure it as accurately as possible
that we need to understand what
make an accurate power

To do
it takes to
neasur enent .

Power nmeasurenments are very sinple in con-

cept, all that is necessary is a power sen-
sor that covers the appropriate power range
and frequency range and a power neter to
dis?lay the power |level. However, the
analysis of the wuncertainties involved in
the nmeasurement can get conplex.
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John L. Minck
M
P P, P
mnc POWER sub
(r\") o o SENSOR
SIGNAL pgl p¢  K,CAL-FACTOR
SOURCE
P
K= SW M=P, (12 )
11ic
. = —P_ .- - P = M _1.
e T (a2 0 @) TR 1508
Figure 1. Elenent of a Power Measurenent

For exanple, in figure |, to determine what
the actual power level, P, is at the output
of the signal source we need to consider the
following main three factors:

a) What the Cal-factor
sensor

K is for the power

b} The accuracy to which K is known

c) Pe, the reflection coefficient of the
power sensor
To a lesser degree, we also need to consider

the following factors:

d) 1, the instrunentation accuracy of the
met er

e} Wear and tear on the connector

£) Undetected defects on the connector bead

g) Unnoticed changes in K due to damage or

overpower

Consideration of the above factors indicates
that to have continuous confidence in a

gi ven power neasurement system it iS essen-

tial that, at the very least, the factors

that contribute the nost to the neasurenent
uncertainty be periodically calibrated. The
factor that gives the nost infornation about
the general health of a power sensor is its
Cal -factor. For exanple, a drastic change



Incident

in Cal- factor is a sure sign of a defective
Power Meter

sensor. Hence the enphasis on periodically
calibrating the Cal-factor of power sensors.

4. A NEW SYSTEM TO CALI BRATE PONER SENSORS
AN, ATTENUATORS

e
pr—fj Standard

N Power
Incident s Sensor
Power Meter
Test
Power
Meter

Figure 3. Procedure for Cal Factor Calibratior

what we want to know is the calibration
factor Kb of the sensor under test

Figure 2. Conputer controlled systemto
calibrate mcrowave power sensors and

attenuat ors. By definition KE"E'"P.”J and P, = (111'11)
mec -
from figure 3 K= I\il'f b and K =+_M£_1_
HP is introducing a new automatic cali bra- (i) Py (1+ig) Py
tion systemw th five frequency band options M, (1#i) P
consisting of a power neter based refliec- K,= K —tl—_s - (5.1)
tometer to calibrate HP power sensors. It s Mg (A%ip) Py

al so calibrates attenuators to an accuracy

exceeded only by error correcting automatic But, we need to express Piq and Pit in terns
network anal yzers. of their respective incident power neter
r eadi ngs. Usi ng S-paraneter anal ysis we get

Because the system can neasure the reflec-
tion coefficient of the device under test,

it can determ ne the msmatch uncertainity. 2 9 T 2
Si nce the actual performance of the key com Pe=la, 1 = lgyl T 2
ponents such as the coupler and the "stan- (1tpg pg)

dard" sensor are stored in nmenory, the
measur enent uncertainty can be cal cul at ed T2
and traced to higher echelons. Po=la, 22 1o 2 e
it~ '8 i2 Top. )2
A version of these systens is used by key HP et
service facilities to calibrate customers

power Sensors. but
M.
= = 1
g = By = (1t 1) Kq
5. POWER SENSOR CALI BRATI ON 1
For power sensor calibration, the basic lasy 12 =P, i2
technique is to measure the power from a ! 9 (1rig) Ky

carefully controlled source, first with a ) 2 . 14
"standard" power sensor that has bee" Kb=K M Mjp (Af pg pp)® (A%i)  (1%i)
calibrated by a higher echelon standards SMS Mg (1 Peﬂs)z (1)  (1%ig)
|ab, and then conpare this measurement to a

power measurenent nmade with the sensor being

cal i brat ed.

(5.2)



Cal -factor of sensor under test

Cal -factor of "standard" sensor

Readi ng of test
sensor under test
to It.

power neter when
is connected

Readi ng of test
"st andard"
toit.

power meter when
sensor is connected

Readi ng of incident power neter
when transnmitted power is

nmeasured with "standard" sensor

Readi ng of incident power neter
when transmtted power is

nmeasured with sensor under test

Test port source nmatch

Ref | ecti on coefficient of
"standard" sensor

Refl ection coefficient of sensor

under test

Transmission from the incident power sensor to the
test power sensor.

is=it= Accuracy of test power neter
when "standard" sensor (iS) or
sensor under test (it) is
connected to it.

i1 =12 = Accuracy of incident power neter
when transnmitted power is measured
with "standard" sensor (il),
or sensor under test (i2).

6. ACCURACY OF pCOWER SENSOR CALI BRATI ON

The whol e purpose of deriving the above
equation that expresses the calibration fac-

tor of the sensor under test, Kb,asafunc-
tion of the calibration factor of the "stan-
dard" sensor, Ks, plus msmatch uncertain-

ties and power neter instrumentation uncer-
kginty is to calculate the uncertainty in

This uncertainty is easily derived from
equation 5.2, and is

Uk \f1tp,0\2 [ 12ig n
Ug, =| | —+ —1J 100 (6.1)
b 100 /\1¥p,0./ \17iq an
in %

(<]

Typi cal Val ues
at X-band for
8481A
wher e:
Ug. = Cal-factor uncertainty of the power sensor
b being calibrated in % ?
Ug = Cal factor uncertainty of the Standard Sensor 1. 9%
)
= Reflection coefficient of sensor under test 0.05
= Refl ection coefficient of the Std. sensor 0.026
5o = Test port reflection coefficient including
effect of 10 dB coupl er 0.08
i= Power nmeter uncertainty, includes
(1+ig(1£ig)/(Axiq ) (1*iy)
plus effects of noise and mismatch of 0. 5%

reference oscillator
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and sensor



Using the typical value for the B481A in
equation 6.1 will give an estinmate of the
magni tude of the uncertainties expected:

) (1+0.osx0.05

Up = 19 -, )210051 100
K}, 100~ ° (1.00%)

1—0.08X0.04‘ZBI
mn %
Ug, = (1019) (1.012) (1.005) 1 100
Std. sensor M smat ch Instrum.

Cal-Fact Uncert

Uk = 3. 64% Worst Case
b

since the elenents of the uncer-
tainty, (Cal-factor accuracy of the standard
sensor, nMsmatch, and instrunmentation) are

i ndependent of each other, conmbining themin
a worst case manner is very unrealistic. A
more realistic and generally accepted nethod
of conbining the individual uncertainties is
in a root sum of the squares (RSS) fashion

However

1924192
Ug, - J19%+122+ 0.52
RSS

RSS

7. ATTENUATI ON CALI BRATI ON

Attenuation calibrations are made by taking
the ratio of the transmtted power to the
incident power. They are very accurate be-
cause power sensecrs have very | ow SWR (typi-
cally better than 1.1 in x-band).

Therefore, msmatch uncertainty is |ow,

plus, the 436A is extrenely linear and ac-
curate. Note that the "se of two power
meters pernmit* a measuring dynam c range of
over 70 dB even when either power sensor
only has a 40 dB range. The reason is, of
course, that the incident power nmeter can be
used to adjust the generator's output range
extremely accurately over a 40 dB range

whi ch then gets added to the 40 dB detection

range of the test power sensor.
N, Pi sub My
Incident Test
Power Meter Power Meter
Pi
10 dB p
. T T b
2 2 t sub
Pq X
[(Wal i
22 dB 22dB | b—
Device
Under Test
Py
T= 5
o
Figure 4. Procedure for attenuation

calibration
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8. ACCURACY OF ATTENUATI ON CALI BRATI ON

The two main contributors to attenuation
measurement uncertainty with this systemare
m smat ch and i nstrunentati on uncertainty.

For =ase of analysis these two uncertainties
will be treated separately and then conbi ned
to deternine the overall uncertainty.

a) Msnatch

M smat ch uncertainties are due to the
reflections and re-reflections at each con-
nection. These reflection* change the
anplitude of the incident wave so that it is
different fromwhat it would be for a system
that had a zero-reflection generator, device
unaer test, and Power sensor. There are two
elements to the msnatch uncertainty. One,
when the systemis being calibrated and the

test Power sensor is connected directly to
the test port of the coupler (no device un-
der test). The other elenment of the mismatch

uncertainty is when the device under test is

connected. This gives rise to
re-reflection*:

a) Fromthe input of the device under test
and the signal source

b) Fromthe test sensor and the output of
the device under test

c) Fromthe test
source through the device under

sensor and the signal
test.

These msmatch uncertainties can be mathe-
matically derived from flow graphs nodeling
of the attenuation nmeasurenent process.

TRANSMISSION MISMATCH UNCERTAINTY

CALIBRATION
‘J DEVICE L
COUPLER :I E UNDER E ;g&%';
"l TEST T
|
s 1 'y I'g
SGNAL L L L DISPLAY
—————— (O
SOURCE
s & Yl
1
CALIBRATION
1 T 1
SIGNAL o N .
SRCE - - > O DISPLAY
'Y ¥iq ! W A A
1 1
- - -
T
MEASUREMENT

(1% pgpg)
(1tpgpq ) (1t py p g) * (T Tong0yg)

By the use of flow graphs, the mismatch uncertainty is given by the above equation.

MISMATCH ] -
UNCERTAINTY

Figure 5. Flow Gaph Analysis of nismatch

uncertainties neasur enent



by Instrumentation Uncertainty
To make an attenuation neasurenent, three
power ratios are taken:

One, during calibration, the ratio of the
trancsmitted power to the incident power,

wi t hout a device under test is taken and
storea into nenmory. This ratio determ nes
the O 4B reference from which the attenua-
tion of the device under test is measured.
By setting the O dB reference across the
frequency range of interest, the system
variations with frequency are taken into
account.

the ratio of
i nci dent

Two, during the measurenent,
the transnitted power to the
with the device under test
taken and stored into nenory.

power,
inserted -is again

Three, the ratio of the above two ratios
determ ne) the attenuation of the device un-
der test. In general:
P
t
"I‘ = —
P
P P, M
t sub isub
but P, = ,P-= ,andP T
t K, i K; sub a1
ok Q1) K
Mp (el Ky
During calibration
M Q) K
¢ M i) Ky

During measurement

Mim (124} K

T = My, (1% i) K

To determne attenuation

T,
Attenuation = -2

Te

M M. (1+3.) (1% i)
Attenuation =tr§T ic { _te m
te My (1+i) (1 i)

c) Total Uncertainty in Attenuation
Cal i bration

Conbi ni ng the uncertainties due to m smatch

and instrumentation we get

U U * o5 pq) —1 100+
inat"/t Sl Qteg01) Qtegegdt(T1Ty o og) |
0
(i) (1 *5m) _y 100 (8.3)
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wher e: Typi cal
Values

at x-band

Ef f ecti ve source match

at the coupler output 0.12

Ref | ecti on coefficient
of test sensor

Pd
0.07

port 1 reflection
coefficient of the
devi ce under test —

1]

k1

reflection
t he
t est

pg = Port 2
coefficient of
devi ce under

Forward transm ssion

coefficient of the device
under test —

Reverse transm ssion
coefficient of the device
under test (T;=Tg) T
= Accuracy of test power
meter during calibration
(i) and during
measurement (iyy)

e = Itm

1

y 0.5%

L. = ij, = Accuracy of incident
power nmeter during
calibration (i;,) and

: ) )
during neasurenent (i)

to the attenuation un-
Notice 1n the above

The nmain contributor
certainty is msmatch.

expression that the contribution due to in-
strunentation is (should be) nuch snaller
than indicated. This beconmes apparent upon
closer examnation of the term that express-

es the uncertainty due to instrunentation.
In the nunmerator, we have the uncertainty of
the test power neter during calibration
times the uncer tainty of the incident power
meter during the nmeasurement. While in the
denom nator we have the uncertainty of the
test power nmeter during measurenent tines
the uncertainty of the incident power neter
during calibration. But the test power neter
is the sane for both calibration and
neasurenent. Therefore, if it reads high,
let's say, during calibration, it will also
ready high during the neasurement. Because
the power levels will be nearly the same for
attenuation levels up to 30 dB, therefore (1
+ itcy=(1 + itn) and their ratio will be
very close to one. The same argunent holds
true for the incident power neter when the
attenuation level being neasured is small,
10 dB, and therefore the power nmneter does
not change ranges from calibration to
measur enent .

Toget an estimate of the magnitude of the
uncertainties expected for attenuation
calibration, let's assume that we are going

L 4



to calibrate a 20 ¢B pad with a reflection
coefficient of 0.1 at either port. Using
these nunbers and the typical values listed,
when we plug themin equation 8.3; we get:

(1+.12x .07)
j = —1]100+1.5
Vatt [{1‘:12xA1}{17.07x.1)*-L1x.]x.12x.07) ]
in %
Uau = 4.20%
N %

Uyye = 20 log (1.0429)
indB

Uy = 0.365 dB worst case
in db

As in the case of power sensor calibration,
the elements of the attenuation calibration

(msmatches and instrunentation) are indepen
cent of each other, combining themin a
wor st case manner is very unrealistic. h

more realistic method of combining themis

in a root sum of the square fashion.

U zj| 20 log 11 + J(whp(,l“rw,m’ Flogugl + 1T Taweegt 17+ [ 2010k (1 + bl

indB.

ks

Car = {120 lop 1+ \/(7.1 X107+ (1L 107+ (49« 1075+ 1w 107 |7 + [ 2010k {1.05))°

indB,
nSS

Uy = 4014 + 01207
w dB, R8S

Ui = 0.191 4B
in (B, B55

vetuel Result: 20dB - 0191 dB

9, REFLECTI ON MEASUREMENTS

Refl ecti on neasurenents are nmade by taking
the ratio of the incident power to the
reflected power. Having the capability of
measuring the reflection coefficient of the
device under test allows us to calculate the
m smat ch uncertainty. Because the paraneters
ot the key conponents of the systemare

stored in menory, plus the know edge of

m smat ch uncertainty gives the computer al
the necessary information to cal cul ate the
overal | measurenent uncertainty for each
measur enent .

Incident
Power
Meter

Reflected
Power Meter

Short

Then This

Sensor Under Test

First This

O+ 5
MI'
fTm

Figure 6. Procedure for Measuring Reflection
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10. ACCURACY OF REFLECTI ON MEASUREMENTS

The twe ‘main sources of uncertainty in
refl ecti on measurenents are the coupl er
formance, which includes reverse coupler
directivity and source match, and the in-
strunentation uncertainty. For ease of
anal ysis, these two uncertainties will be
treated separately and then conbined to
determ ne the overall uncertainty.

per-

a) Coupler Performance

can be shown
measur ement s
performance is:

Using fl ow graph analysis it
that the error in refl ection
due to the coupler

Ap=A+Bp+Cpt

Magni t ude of
uncertainty

refl ection coefficient

A= Directivity of reverse coupler

p= Calibration and tracking errors which
include effects of forward and reverse
coupler directivity and m smatch between
devi ce under test and coupl er source

mat ch.
c= Effective source match for coupler
p= Reflection coefficient of D UT.

Notice that the greater the reflection
coefficient of the D.U. T. the greater the
uncertainty.

b} Instrunmentation uncertainty

as in at-
three power ratios

To make a reflection neasurenment,
tenuati on neasurenents,
are taken:

the ratio of the
i nci dent power is

One, during calibration
reflected power to the
taken with a short (pc = -1) connected at
the coupler test port. The data is stored in
menory. This ratio determnes the reference,
100% reflection, from which the reflection
coefficient of the device under test is
measured. By setting the 100% reference
across the frequency range of interest, the
system variations with frequency are taken

into account.

Two, during the neasurenment, the ratio of
the reflected power to the incident power is
again taken, wth the device under test con-
nected to the coupler test port. This ratio,
as a function of frequency, is stored in
menory.

Three, the ratio of the above two ratios
determines the reflection coefficient of the

devi ce under test.

Using the same analysis as the one used for
the instrumentation uncertainty for attenua-
tion neasurenents, the instrunentation un-



certainty, for refl ection measurements

is:

ur,

v (1) (14 i)
T i) (Lt i)

¢) Total Uncertainty in Reflection
Measur ement s

Conbi ni ng the uncertainties due to coupler
performance and instrumentation we get:

(L £, (1 iy
(1t b)) (17

_(A+Bs+Cp?)
)

Uy % 1oo+[ -1 (100

i)

11. SYSTEM CAPABI LTI ES

a) Sensor calibration

With the E-40, the follow ng Hp power
sensors can be calibrated:

8481A 8482A 8484A
8481H 8482H 8485A
8478B 478A X-P-K 486A
in coax
From 100 MHz to 26.5 GHz in 3 bands
100 MHz to 2.0 GHz

2 GHz to 18.0 GHz

18 GHz to 26.5 GHz
ana in wavegui de

From 8.2 to 26.5 GHz in 3 bands

X =8.21t0o 12.4 GHz
P =12.4 to 18.0 GHz
K =18.0 to 26.5 GHz
b) Attenuator Calibration

The 436A-E40 al so cal i brates coaxi al
attenuators

From 100 Mz to 26.5 GHz (in 3 bands)
with a dynamc range of

70 g to 18.0 GHz and 35 dB to 26.5 GHz

12. 436A-E40 BENEFI TS

The main benefit* of the 436A-E40 are

a) It provides traceability. Traceability

provided by the 'Reference Standard"

sor. The systemis now configured, with
standard sensor calibrated in
Hew ett-Packard's Metrology Lab. The

Hew ett - Packard Metrol ogy Lab in turn
gets

sen-

its standards calibrated by the US.

b)

c)

d)

e)

£)

13.

The
t he
is then,
will

Nat i onal Bureau of Standards. But, of
course, traceability can be established
to any primary standard that the user

wi shes. Attenuator traceabilty is

provided by the power neter*.

It provides self sufficiency. Sensors and
attenuators can be calibrated internally.
The advantage of internal calibration
capabilities is that the user can perform
the calibration inmediately. Plus the
user Wil | probably calibrate nmore often,
therefore, catch defective devices that
otherwi se night have gone unnoticed.

It increases productivity. It takes an
average of 5 nminutes to calibrate a sen-
sor at 20 frequencies, including the
measur ement of reflection and the conpl e-

tion of the calibration report.

It provides reports in useful formats:
o Tabul ar

o G aphs

o Includes uncertainty of each calibra-

tion point, date of «calibration, serial
nunber of "standard® sensor, and initials
O operator.

Easy to operate. The friendly software
gui des the operator thru statenents dis-
played on the conputer CRT as to what the
steps are for each calibration.

Accurate results. As with any system
where many variables, including
operator's skill, contribute to the over-
all uncertainty, the precise system un-
certainty of the 436A-E40 is relatively
easy to determine mathenatically, but
very time-consuming to verify wth all
the possible pernutations of the system
variables. For this reason, we only
specify the typical perfornance. W use
the equations previously derived to cal-
culate the neasurenent wuncertainty. This
uncertainty is listed in the calibration
report.

The actual measurenent results obtained
with the 436A-E40 are very close to those
obtained with a Network Analyzer. The
main difference is the magnitude of the
uncertainty band. In general, the calcu-
| ated worst case uncertainty of the
436A-E40 i s about tw ce of that obtained
with a" error correcting automatic
Network  Anal yzer.

CALI BRATION WORK LOAD TO JUSTIFY AN E-40
SYSTEM

average price of a 436A-E40 systemis i"
order of $50,000. The obvious question
how big of a calibration work |oad

justify a" E-40 systen?



The minimum typical annual work lcad that
would justify a 436A-E40 system would con-
si st of a conbi nation of 50 power sensors,
50 pads, and 25 step attenuators, or nore.,
that need to be calibrated on an on-going

basi s. Wth this type of work | oad, the an-
nual calibration bill, if the calibration is

done by HP is in the order of $1BK per year

Power step

Sensors Pads Attenuators
Recal i bration $75 $50 $150
Paper wor k 30 30 30
Shi ppi ng 10 10 10
Downt i me 25 10 40
$140 $100 $230

Yearly calibration cost

of 50 sensors: $7.00K
Yearly calibration cost

of 50 pads: 5.00K
Yearly calibration cost of

25 step attenuators: 5.75K
Total Cost of Calibration: $17.75K
Cost of «calibrating E-40: $1.0K
Cost of numintenance E-40: 2.0K

Qperation cost based on
above workl oad: 0.6K
(3 days & $200/day)

Total cost of Ownership/year $3.6K

Net savings = cost of calibration
- cost of ownership
$17.75K - $3.6K

Net savings = $14.15K

Average cost of E-40 = $50K

S50K
$14.15K

3 years 6 nonths
(faster if work load greater)

Pay off period

Thi s anal ysis does not include the calibra-
tion of other devices such as cables and
airlines, or the measurment of transistors,
etc. It does not include either the intan-
gi bl e benefits such as faster turn-around
time, and calibrations nade mcre often.

Ref erences: Hew ett-Packard Application
Note 64-1

Hew et t-Packard Application
Note 64-2
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MULTI-PORT CHARACTERISTICS

A. L. Lance
TRW Operations and Support Group
One Space Park
Redpndo Beach, California 90278

ABSTRACT

This paper presents a detailed analysis of multi-port structures used as network analyzers to
determine phase and magnitude of impedance (reflection coefficient) from measurements of magnitude

only. Physical

interpretations using phasor signals are used to illustrate, describe and compare

mathematical solutions, complex plane representation and the corresponding magnitude measurements

of voltage or power.

INTRODUCT ION

The basic relationships of the incident voltage wave,
Ei’ and the reflected voltage wave, E,, as measured

in the lossless netowrk shown in Figure la, are used
to define microwave propagation parameters.
Specifically, the parameters can be defined in terms
of the detected signals and not the absolute signal
magnitudes in the main line. As an example, the probe
in this structure might be decoupled by 20 dB.

The maximum limits of uncertainty in the measurement
of Ejoccur for the in-phase (0") and out-of-phase
(180™) relationships and have been defined as plus
mismatch error, K, and minus mismatch error, K', as
illustrated in Figure 1bl1],

A

DUTPUT
1 METER

LT,

Eij e

3 [ I RN
DB YARIATION K|+ |

-

FIGURE 1. Basic Phasor Relationships of
Any Two Signals Expressed in dB.
E Restricted to Values Between
2Ero and By

For the in-phase condition,

E_i + E
K =20 Yog|\—g—) =20 tog @@ + [T, ])

5

(1)

since the reflection coefficient is defined as Er/Ei

For the 1807 out-of-phase condition,

E. - E
20 log (J-Er-ﬁf) =20 log (@ -|r,})
i

K (2)

The standing wave ratio in dB, S, is the variation
between K and K'.

The dB difference between the two voltages is

5/20
_ 1 + 1 VSWR + 1
-U = 20 log (Ia§7§§:~g) 20 log (V§Wﬁ_:_3) 3)

or

=-20 log |T| (4)

which is the microwave parameter defined as return
loss for the representation in Figure 1.

The parameters K and K* can also be calculated from a
measurement of the dB variation, S.

2 x 10°/29

K = 20 log | — 55—
[105120 . 1

(6)

+ 1

. 2
K'=20 109[—1-6§']°270—-]
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The dotted circle in Figure 2 illustrates the phasor
relationships and the corresponding magnitude relation-
ships that result if a variable perfect short circuit,
{r = 1), connected at the measurement plane, is
adjusted over a distance corresponding to 160" phase
shift.

’:'Z'IEL*: o _ 6__0?7 d£3 ) _4me_ )
/" | \\
d I
’ | \
s
/ ' \
! Er \
{
| \
dB 1 mi
—_ e — = = = = f_ — _ —pg— -
|
\ /
N Ei /
A /
\ /
h ~
. -
* o
FIGURE 2. Phasor Relationships and
Corresponding Magnitude for
Short Circuit Variation.
The important observation is that at the maximum,
Equation 1 gives
K =20 log (1 -|T})=6.02 dB (7)
and at the minimum
k=20 log (@ - [r})=-= (8)

These values are also shown at the right hand axis in
Figure Ib.

1T the short circuit is not perfect, ¢r if there is a
loss between the measurement plane and the probe, the
result will be a circle inside this dotted circle since

referred to the measurement reference plane.
6.02 dB- — —— <

Er will not equal Ej.

A Three-Port Network Analyzer Using Amplitude
Measurements

The network of Figure 1 can be constructed to form a
network analyzer for measuring reflection coefficient.
Assume that a reflectionless loss is added as
illustrated in Figure 3a. This structure is analogous
to each reflective ED 1(3, 5 and 6) of the six-port,
as defined by Engenlzl. However, this initial
discussion does not include the direct correlation of
six-port equations and concepts because the absolute
values of the wave amplitudes a2 and by are not
established. The complex ratio, a2/bs, is obtained by
measurements of the signals at the detector and

26

-32 -28

{c)

FIGURE 3. (a) A Three-Port Impedance
Measurement  System.
(b) Phasor Relationships and
Corresponding Assumed
Magnitudes.
(¢) Relationships to Basic
Theory.

Engen defined a g-point as -B/A which places the
g-point someplace on the dotted circle that represents
the results which would have been obtained if -B/A = 1,
i.e., the true variation produced by the short circuit
at the reference plane and which must now be represen-
ted by the solid circle.

= Ei + TEFQ = Ei (1 + TTE) (9)

c

where 1 is the transmission coefficient corresponding
to the round trip loss between the probe and the
measurement  plane.

The single port of a six-port is
b3 = Bb, + Ra, (19)
by = Ab, (r, - q) (11}

where it is noted that -B/A is a measure of the dB
difference (round trip loss) between the forward and
reverse signals at the detector, as indicated in
Figure 3b.

Figure 3¢ illustrates the phasor representation which
results if a variable short circuit is phased a
distance corresponding to 180° rotation of the signals
as previously discussed. The corresponding magnitudes
are shown in Figure 3¢ and d for the assumed
reflectionless 2 dB loss.
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The solid circle shown in Figure 3c represents a
reflection coefficient, T = 1, as see" at the detector.
The total variation (12.91 dB} that can possibly occur
illustrates the compressed measurement range which is
described in six-port applications. This illustrates
the basic principles of measurements using interferring
signals. Recall that the dynamic range of the system
show" in Figure 1 might be 60 dB or greater depending
upon the particular hardware available.

Determination of the constants A and B of the six-port,
or the complex 1 in this discussion, is called the
calibration. Figure 3 illustrates that either system
can be calibrated by obtaining the variation S, in dB,
or voltage or power when a variable short circuit

{r = 1) is phased to produce the maximum and minimum.
VAriations offset short circuits can be used and the
indicated phasor relationships can be obtained by
calculations. In this case, the return loss of the
different short circuits must be taken into account.

In the example of Figure 3d, the maximum (K) is 4.25
dB above the Ej reference, as calculated from

S = 12.91 dB. The return loss between the two signals
-U is 4 dB. The center of the circle (which is the

15 load reference at the detector for the port of the
six-port, or Ej in Figure 3a} is 4.25 below the
maximum. In this illustration, the Z, reference power
is 1 milliwatt. Observe that this particular represen-
tation shows that 6.02 dB - 4.25 dB = 1.77 dB, which
is a ratio of 1.22603. The phase angle for the
reference short is obtained by connecting the fixed
reference plane short (which must have the same return
loss characteristics corrected as the short circuit(s)
used in system calibration) and the phase angle is

established as noted in Figure 4. Reference

| Short Circuit

- - Offset Short
\Q2222>7H\ Circuit
()

u 'PstReference)

r— T o

(b} > o

FIGURE 4. (a) Three-port - Forward signal always
larger than the reflected sianal. Offset
short or dielectricas shown, used to find
quadrant location of Ps(Reference)‘

(b) Corresponding phasors and magnitudes.

The slight offset short can be connected and the
resulting power level change establishes the quadrant
location Ppor Pp, shown in Figure 4. The insertion of

a lossless (or characterized) dielectric phase shift
device can also be used for this purpose. as illustrated
in Figure 5.
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Figure 5 illustrates that a" elementary measurement
technique can be established using perturbation tech-
niques. The calibration and phase reference are
established at Plane 1 as previously set forth. The
load is connected to obtain P} and the dielectric
vane is inserted to obtain a power level change in Pjj
merely to locate the quadrant then it is removed.

A short section, reflectionless, precision line
(properly characterized) can be inserted to obtain Pz,
as shown, and the phase angle change is established.
The load is connected and the change in power level can
be used to establish the magnitude of r,, and, thereby,
making it possible to find the complex T,. This is
merely an illustration of the technique and the neces-
sary mathematical calculations are not shown. One can
repeat this total procedure for a number of short
circuit displacements (with corrections) and establish
the circle representing the short and also FQ.

Reference
Short Extending to new
ffset Measurement Planes
Short
[ ]

(N

P2 Short Reference

P -

Toad PFame 2- -

E?oad Plape ] __ _

Short Reference
at Plane 1}

P

FIGURE 5. Magnified view of perturbation using
precision characterized extensions which
can also be used in applications of basic
six-port concepts. Reference short and
offset and dielectric used as set forth
in locating quadrants.

Basic six-port concepts can be applied using the planes
1, 2 and 3, as shown in Figure 5 and also in Figure 6.

A Four-Port System

The four-port structure in Figure 6 represents the
reference power Py and a single reflected port of a
s$iX-port. The corresponding phasor diagrams and power
levels are shown to correspond to the previous three-
port characteristics.

The equations that describe the system are

bs = Aa, + Bb, a2
P3 = ]Aa2 + Bb2|2 13)
Py = [AI%]b,[%ir, - ag]? (14)

sin¢ce by @effinition, T, = a,/b; and g, = -B/A as defined
2 g 2’ "2 3
by Engen .



b, = Ca, + Db, (15)
— 12
Py = iCa, + Dby, (16)
Py = iDiZlby 31 - lf a7
Reference
-Short
-2,
EAY|
b )

...?I Offset Short
1

Line

72y

T Sm =
CIGURE 6. R
Calibration of the system can be performed by estab-
lishing the dB variation, §, and phase angle as
previously explained.

Also, one can establish P37~ which is the Pa power
level when a Zg load is effected at the measurement
plane. Then, perfect offset shorts, or a perfect
variable short circuit, can be used to establish the
P2({max} and P3(min values as illustrated.
values can be estalished. as previouslv, set forth,
coupled with the fact that by can be established by
measurement at the measurement plane.

Engen has shown that the solution for obtaining T, is
obtained from the_intersection of thress circles Tn
the complex pianelcs~J. The centers of the circles,
Gg, a5 and g, are given by -B/A, -F/E and -H/G and
-E/& ¥s as shown and previgusly evaluated. The radii
of respective circles are proportioned to

7P3/Py, vP5/Pg and vPg/P, if C = 0, which establishes
g, at infinity, P5 and P6 of additional ports.

Consistent with the previous discussions on techniques
of calibration and locating phase angles and the
particular quadrant where T, is located, Figure 6 also
indicates that precision sections of line (properly
characterized) can be used to obtain the g-points and
also to obtain a circle representing I';. It is also
noted that by can be measured at the reference plane
and A and D can be measured.

Using oniy the two additional 'characterized" sections
shown in figure 6, the six-port measurement concepts
can be applied.

Extensions

CaTibration
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The Six-Port

illustrated as

The pasic six-port structure can be
in Figure 7.

shown

2

1
b, VEncident
—

l
1

22 Reflected

F

FIGURE 7. Six-Port Representation.

The equations which describe the system are

bq = Ca2 + Db2 (18}
b3 = ABZ + Bb2 (19)
b5 = Ea2 + sz (20}
bg = Ga, + Hb, (21)
The complex constants, A, B, H, can be obtained

according to the basic calibration concepts previously
set forth.

In the general case, the power meter readings are
expressed as

¢ 2 g (22)
Py = JAIFIb, 70T ~ a5 (23)
P5 = ;Egzibzizirr- qsfz (24
P = 1671051711~ ag " (25)

where g3 = -ﬁ/A, gg = - F/E, and gg = -H/G, as defined
by Engen 531, The six=-port is configured so that the
g-points are nominally 120" apart.

Figure 8 represents the phasor signals at each port
which result from phasing of a variable short circuit
connected at the measurement plane. Specifically, at
the -U = 0 right hand axis, one notes that the dotted
circle represents the variation that would occur if

g = 1. The solid circles indicate that the signals
reflected back from the short circuit have less
magnitudes that the corresponding forward signals.
The magnitude of the g-values (in dB} are the
corresponding values of -U, as illustrated. Each is
shown with a relative difference [in dB) for convenience
of illustration. Each port can be treated as
previously indicated for a single reflected part



3—
T
-

. 1.4 1.7 T.v 4.3 7.3 |N i

Illustration of the dB variations and the
phasor relationships for the three Ports
used to determine the phase and magnitude of
reflection coefficient. The g-points in

dB are measured from the Y-axis which
represents the short circuit variation
indicated by the dotted circle.

FIGURE 8

Figure 9 illustrates that the forward signals can have
any phase angle (solid circle) with respect to the
measurement plane. The same is true for an arbitrary
load connected at the measurement plane and indicated
by the small solid circles. Each of the three solid
lined outside circles represent T =1 and each of the
inside solid cireles represent T

X

— N
2 o 1.7 2 e 73 |':\ in

FIGURE 9, Illustration of the relative magnitudes
and phasor relationships of signals in a
six-port measurement system. The load
reflection coefficient measured value will
be an each of the“correspanding solid
circles as determined by the system
constants and the complex value measured.

Figure 10 illustrates the normalization into the complex
gamma plane, as chosen by Engean’ . The g-points are
illustrated on the dotted circles as a reminder that
g-points of given magnitudes would occur an the circle
depending upon the operating frequency and particular
complex circuit constants. The solution for I; is
obtained from Equations a n d The intersection of
the three circles in the complex Plane. as set forth

by Engen, are illustrated. The circle centers, 35
and gg, are determined by calibration and the radti o?
the respective circles are proportional to f5§7p4,
vP5/Py and vPg/P4.
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Figure 10. Complex plane representation of the six-por
determination of reflection coefficient.

Figure 11 illustrates another possible complex plane
normalization.
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FIGURE 11. Illustration of normalization with respect
to the theoretical short circuit reference.
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Interesting System Characteristics

Figure 12{a) illustrates a two-probe system in wave-
guide with an insertable dielectric for establishing
the quadrant, as previously explained. The short
circuit and offset short are also used to obtain the
0° and -180" relationshins of each probe referenced
to the measurement plane. Sections of waveguide can
be used in various measurement techniques also
previously discussed. The reference planes are
illustrated in Figure 12{b) with the corresponding
amplitude measurements.
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FIGURE 12. (a) Two-probe system.

(b) Illustration of phasor signals and
magnitudes NORMALIZED with respect to
tZO'

The value of T is obtained with respect to the X-Y

chart axis [Emgx and Emip), then referred to the
reference plane.

Only one simplified solution will be discussed. The
value, y, indicated as the value between the dotted
and solid circles at the in-phase Y-axis is obtained
by calibration as set forth by previous techniques of
obtaining the respective Epzyx and Emin values. This
is also the value shown between b and ¢' as the
hypotenuse of the triangle shown. Since

‘E3| = {E1| - {E2| . the indicated triangle, can be
established then the triangle involving Ty and Ep

can be solved, thereby establishing the magnitude and
phase of I'y with respect to the diagram (Emax and
Eminl. The reference correction establishes the angle
of Ty at the measurement plane. This is a simplified
view of the measurement system.

Measurement sensitivity and resolution considerations
can be enhanced by additional probes and modified
techniques.

Figure 13 illustrates a system with probes located 90"
apart. This system is inlcuded so that the reader
might find some interesting solutions by developing
techniques and calculations to obtain Tyg.
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FIGURE 12 ¢. Magnified view of the NORMALIZER
representation.
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FIGURE 13. Two-probe system with probes located 90
apart. NORMALIZED representation.
Comments

The physical concepts dictate the path that the higher
level methematics takes. They can be helpful when
establishing the validity of conclusions.

The simplified versions of interesting system charac-
teristics, shown in Figures 12 and 13, are merely thought
provoking additions which, when coupled with previous
discussions, may be of interest to developers of
detection systems such as electronic slotted lines.
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RECENT INNOVATIONS IN DIRECT VOLTS CALIBRATOR DESIGN

Neil Faulkner and Walter Prue
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Everett, Washington

ABSTRACT

High accuracy direct voltage calibration systems
have traditionally been based upon precision
resistive voltage dividers which are manually
calibrated at frequent intervals to maintain

the required resistance ratio. Due to resistance
temperatiure coefficient, high accuracy is only
attainable when the systems are wused in a
temperature controlled ambient, typically 23 +/~1
degree C.

This paper describes the design approach used in a
direct voltage calibrator which does not require
manual adjustment of resistor ratios to maintain
accuracy. Internal calibration is an automated,
microprocessor-controlled operation requiring no
operator intervention. Resistance ratio
determination and derivation of calibration
constants is described. Design Of the
environmental controls which enable the instrument
to deliver rated accuracy of 4 ppm while operating
in ambient temperatures +/= 5 degrees C from the
calibration temperature will be discussed.

INTRODUCTION

High accuracy direct voltage calibration systems
have, for many years, been based upon precision
resistive voltage dividers which must be manually
calibrated at frequent intervals to maintain
required resistance ratio accuracy. Use of these
systems was restricted to envirommentally
controlled areas due to the temperature
coefficient of resistance of the voltage dividers.
An additional restriction was manual operation
only, because the high quality switching required
for the resistance decades ruled out the use of
relays.

To overcome these Ilimitations an engineering
project was initiated to develop a direct voltage
calibrator suitable for calibration of high
accuracy 6 1/2 and T1/2 digit voltmeters, that
was remotely programmable and which could be
operated over a reasonable temperature range. The
instrument developed as a result of this project,
the Fluke model 54404, met all of the design
objectives. It has a basic accuracy specification
of 0.0004% (4ppm), is IEEE programmable, is
calibrated completely without manual adjustments
and can be used  without degradation of
specifications in ambient temperatures Of 15=30
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degrees C. These objectives were met by building
into the instrument a unique system for
measurement of system and component errors and,
with the calculation and control capabilities of
the microprocessor, compensating these errors to
near zero. This paper will examine in detail the
automated measurements  and  procedures  which
accomplish this calibration process.

BLOCK DIAGRAM DESCRIPTION

A block diagram of the 54408 analog portion (See
Fig. 1)} consists of a very stable Voltage
Reference (Vref), a Digital to Analog Converter
(DAC} and a Power Amplifier (PA). The reference is
a super stable constant voltage source O f
approximately  13.2V. The reference polarity can
be changed to negative by relays in series with
the output.

The DAC (See Fig. 2) is the Pulse Width Modulated
(PWM) type. An electronic switch at the input to
the filter alternates between Vref and ground at a
constant freq. Of 83 Hz. This signal is then
filtered by a low pass filter to yield the do
component.  This dc voltage can be varied from OV
to Vref by changing the duty cycle which is the
ratio of the portion of the period the sawitch is
connected to the reference to the total period.
The duty aycle is controlled by the
microprocessor.

The power amplifier, which is an inverting
amplifier, is made up of two parts, a prs-amp
which has very high gain and a current amplifier
which supplies up to 25mi to the load (Fig 3).
The gain of the PA is changed by switching in
different feedback ratios to give different
ranges. For the 10V range the gain is one, for the
20V range it is two, for the 250V range It is 25
and for the 1000V range it is 100. The 20V range
is divided by a resistive divider with division
ratios of 10 and 100 to give the 2V and 0.2V
ranges respectively.

SYSTEM DESIGN

Calibrating the 54404 differs considerably from
the technique used in previous calibrators. The
most notable difference is that there are no
potentiometers to be adjusted to trim resistors.
Instead each part of the instrument is designed
for extreme stability and linearity so that the
output voltage can be related to the DAC duty



cycle by a simple equation., Calibrating the
instrument involves determining by measurements
the constants wused in this equation. Once
determined the uP can calculate the proper DAC
duty cycle required to give the desired output.

The performance of the DAC is the key element in
producing a high accuracy ecalibrator. The most
important characteristic is that it be very linear
so that its output voltage vs duty cycle can be
characterized by a straight line:

yoax+b (1

The equation for a straight line has only two
constants to find, a and b. Once found, the
operation of the DAC is fully characterized.

The up controls the duty cycle through a count
loaded into a counter in the DAC. This count will
be called N1. With a count of zero the duty cycle
is zerc and the output of the DAC is zero. With a
count of 24096 the duty cycle is 1004 and the
out put of the DAC is equal to Vref. The
resolution of this circuit is equal to the change
in output with a change of one count. This is
equal to:

Resolution= ¥ref/24096=550uV/Count (2)

This is not sufficient resolution for a voltage
calibrator so further division is necessary. Since
switching speed places practical limits on minimum
pulse width, other means must be found to obtain
the required resolution. To this end a second
switching circuit is employed (8ee Fig. ¥}, which
uses the same switching frequency (83Hz) and has
the same range of counts, 0 to 24096 (the count
will be celled K2), but has an input reference
voltage which is attenuated from the 13.2 volts of
the first switching circuit. The output of this
second witching circuit is further attenuated
before it is applied to the summing junction of
the active filter. The overall attenuation, which
will be termed RR (Ratio of Resolutions)is
typically 7200. This makes the voltage resolution
of the second switching circuit and thus the DAC:

DAC Resolution=550 uv/7200= 76 nv/count  (3)

Exact value for RR is determined as a part of the
instrument calibration.

The filter takes the pulses from the two switching
eircuits and filters out the dc component with a
multiple pole filter with overall gain of negative

one at dO.

The DAC output also  includes a” offset voltage
(Vos).This offset comes from two sources within
the DAC. First there is the offrset voltage in the
amplifier of the DAC active filter. Second there
is a fixed offset introduced to improve linearity.
The DAC is very linear down to N1=10 So toc get
good linearity down to zeroc volts it is required
that the DAC be able to put out zero volt.? with
N1=10. To accomplish this a fixed offset or bias
of -5.5m¥, equivalent to N1=10, is introduced at
the input of the filter. This offset is obtained
by inverting Vref, attenuating it to the proper
level, and injecting it at the input of the filter

(See Fig. 4).

The instrument outputs negative voltage by
reversing the polarity of the reference. In the
DAC this changes the fixed bias polarity but not
the filter offset voltage. As a result the sum of
these two offsets changes when the polarity is
reversed. This results in two values for the
offset, one for positive polarity and one for
negative polarity.

The output of the DAC is given by the equation:
DAC Out=(Gp){ (Vref}{DC,} + (Vref/RR)(DC,) -

(Vosdp)} (%)

Where: Vref=Reference Voltage (13.2V)

DCy=Duty Cycle of the 1st
Swirtching Circuit

DC,=puty Cycle of the 2nd
Switching Circuit

G =Gain of the DAC Filter(~1}
R&Attenuation Factor of 2nd
Switching Circuit
Vos dap=DAC Offset voltage where
Polarity is positive
or negative

Now relating duty cycle to N1 and N2:
DC,=N1/24096 (5)
DC,,=N2/24096 (6)

Substituting (5} and (6) into (4} end factoring
gives:

DAC Vout:(GF){ (Vref/243096) (N1+N2/RR) =

(Vosdp)} (7

Relating equation {7) to equation (1} the constant
(Vrer/28096) (G_) is the value for a. The variable
(N1+N2/RR) iS the value of x and the offset
voltage (-Vos, ) is the value for b.

Following the DpAc is the  Power Amplifier whose
gain can be programmed by the uP to give different
ranges. This amplifier also has an offset voltage
of its own which is slightly different for each
range. Following the PA is a Divider which is used
only on the 0.2¥ and 2V ranges. It alters the
overall gain of the PA when used but doesn't add
any offset voltage of its own. The equation for
the output of the PA is:

PA Vout=(GPAx){(PA Vin) + (Vos )} (8)
Where: PA Vout=PA output voltage
x=Range(0.2V,2V, 10V, 20V, 250¥ and 1KV)

Gpa=Gain of the Power Amplifier and
Divider (when used) on range x

PA vin=PA input voltage
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Vos, O PAoffset voltage on range x

The input tothe PA is the outputofthe DAC so
equation (7) can be substituted for (PA Yin) in
equation (8). The resulting equation is:

PA\Vout:(GPAX)(GF)(VrefIEHOQG)(N1+N2/RR) -

(GPAX}(GF)(VOSdp) + (GPAXJ(VOSax) (9)

The output Of the PA is connected to the
instrument output terminalssc the above equation
is equal to the output voltage of the 54404,
Making some substitutions this equation becomes:

5440A VC’U':KX(M+l‘12/RH)-Voe,:‘c (10)

p
Where: 5440A Vout=54404 output voltage

x=Range (0.2V, 2V, 10V, 20V, 250V and 1KV)
Kx=(GPAx)(GF)(Vref/2H096)
Vosxp=(GPAx)(GF)(Vosdp) -

(GPAXJ (Vosax)

Equation {10) also has the same form as equation
(1) where:

y=54404 Vout
a=Kk
x=( §14N2/RR)
z==Vos
xp

CALIBRATION PROCESSES

To calibrate the 54401 it is necessary only to
determine the values for K , Vo _and _RR Since
the output is characterised by z‘pstraight line,
finding the values for K_ end Vos,, only requires
finding ‘two points on thht line. $¥nce the DAC 1is
linear down to 0V it is ons of the two points
used. To find this point the instrument goes thru

en auto zero process whereby it is zeroed, under
program  contrel, on each range and both
polarities. It is during this process that the

value for RR is determined. Since RR is the ratio
Of resglutions, itsvalueisequal to the "unber
of N2 counts that changes the output by the same
amount as one NI count. After the instrument has
been set to OV on the 10¥ range N1 is decremented
by one count and N2 incremented until the output
is again QV.The number of added ecounts of N2
required to reach zero is equal to RR.

The hardware used to do this auto zero involvesa
low noise amplifier and low thermal EMF relay
connected to the 5440A& cutput (See Fig. 5).

The 5440A contains a 12 bit plus sign bit (13
total bits) A/D which is under uP control. Its
input can be switched to various points within the
5440A circuitry by means of multiplexers., One of
these points is the output of the lowncise
amplifier. The auto zero process first measures
the amplifier output with the input connected to
Sense LO which plaees a short circuit er zero
volts on the input. The output reading is not
normally zerc as the amplifier has a” offset
voltage of <=250u¥., The voltage that is re#d is
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stored by the uP. The output of the 54401 1sset
to zero by the uP according to values Of Kx' Vo=
and RR it has previously stored in memory. THE
relay is then closed and a new reading taken. The
difference between these two readings ‘divided by
the gain of the amplifier equals the amount the
54408 is off zero. If the 5440A output is off too
far t he DAC output is incremented or decremented
by a programmed amount in the direction to achieve
zero. Another set of readings is taken and the
process repeated until the difference from zero is
within prescribed limts. The program then stores
the N and N2 count required for zero and goes on
to the next range.

The next step is to find the second point on the
strai ght line. The best point would be one as near
Vref es possible but because of the excellent
linearity of the DAC a point half WAy up the 1line
can be usesd with satisfactory results. This
Process requires external equi pment and operator
intervention so is called External Calibration
(EXT CAL).

Figure 6 shows the connection of external
equipment used to calibrate the 10" and 20V
ranges. A null detector with uV resolution such es
a Fluke BU5A is connected between the 54408 HI
output and the HI output of a Precision 10"
vol tage standard |ike the Fluke 7324,

The operator first connects the external equipment
the” enters the exact voltage of the voltage
standard through the 54406 keyboard. If the Fluke
7321 is used the standard voltage is 10" The
544011 then outputs the sane voltage as the
standard using the values forconstants currently
in menory. Thenulldetector then indicates bow
much the 54401 output differs from that of t he
vol tage standard. The operator then increments or
decrements the 5440A output until the null
detector reads 0V. At that point the 54408 is
putting out the same voltage es the voltage
standard. The “ENTER” button is pressed and the
values for 81 and N2 used to get this voltage are
stored in menory.

To calibrate the other ranges a precision voltage
divider such as the Fluke 752A is required. This
divider is used to divide 100V on the 250V range
by 10 and 1000V on the -1000¥ range by 100 to get
10¥ which is again compared to the 10¥ Prom the
7324 standard (3ee Fig. 7).

To calibrate the 2V range the 7524 divides the 10V
from the 7324 by 10 to get 1¥ which is compared to
the 54401 output. For the 0.2V range the 7524

divides the 10V by 100 to get 0.1V (See Fig. 8).

When al | SiX ranges have been calibrated with the
external equipment the program then calculates the
new values of K and ves. It does this by using the
values of ¥1,N2 and RR it has stored in nenory
frem the auto-zero process and EXT CAL. A value of
K for each ofthesix rangesiscal cul ated using
the following squation:

K =Std Vx/{(N1sx-N1zxp)+(ﬂzsx—N22xp)/Rn)} (11)



Where: x=Range(0.2V, 2V, 10¥, 20V, 250V,
and 1000V)

StdV_ =voltage Standard Voltage
used on range x.

N1s and N2s=8)_and N2 used by the
54488 to output a voltage equal to

the standard on range x.

NIz__ amnd N2z =N1 and N2 used by
the™Bu40a to &put zero volts on

positive polarity and range x.

There are eight values for Vos, one for each
polarity, for the 10V through 1000V ranges. The
Vos values for the 0.2v¥ and 2V ranges when scaled
by 10 and 100 respectively so nearly equal the 20V
range values that the 20V range values are used
without further correction. Thbe equations used to
calculate vos are:

v =
08yn Kx(N1zxp+N22xp/RR) (12)

Where: Vos

xp=0f‘1?‘3et Voltage for Positive

or- Negative Polarity on
Range x

xX=Range (10V¥, 20V, 250V, and 1000V).
sz‘!alue of K for rangezx.

Nlz and N2z =Nt and N2 used by the
544w to outpul zerovolta on positive
or negative polarity and range x.

Once all the values of K and Vos are calculated
they and RR are stored in non-volatile memory so
they will not be lost when power is turned off.
This completes the calibration of the 54404, a
process normally done every 30 days.

IMPROVING PERFORMANCE WITH INTERNAL CALIBRATION

To improve the 54408 accuracy between the 30 day
calibrations Internal Calibration (INT caL) is
normally run daily. It first goes through the auto
zZero process on the 10¥ through 1000V ranges and
finds the value for RR as already described. From
this information any change in the values of Vos
can be corrected using the new values of N1z sod
N2z.

The value of K can also change if the value of
Vref, DAC gain and/or PA gain changes. A second
part of INT CAL switches the instrument into a
special configuration which allows measurement o f
any shift in the value of K due to a shift in DAC
or PA galn and thus determines correction for the
shift. Any shift in the value of Vref can only be
corrected for by EXT CAL.

The special configuration used during INT CAL to
determine the gain shift in the 10V range is shown
in Fig. 9. To acheive this configuration:

1.In the DAC the reference is connected
directly to the filter input. This is accomplished
by setting the first switching circuit to 100%
duty cycle and the second switching eircuit to 0%

duty cycle.

2.1” the DAC the bias supply is disconnected.

3.In the PA the feedback resistance which
connects between the PA output and the Pre-Amp
input 13 disconnected from the PA output and
connected to the reference.

4.The Pre-Amp isdisconnected from the current
amplifier and configured into a “on-inverting
amplifier with a gain of apprex. 600. Its output
is connected to the A/D through a O ultiplerer.

The gain of the DAC and the PA are set by
resistors and this special configuration places
these resistors in a type of bridge configuration
so that small shifts ia resistor ratios and thus
the gain can be accurately measured. Since the
resistors are not exactly equal and there is
offset voltage in the DAC filter amplifier, the
voltage at the input to the Pre-Amp is not
normally zero but is <1.2m¥. Through the Pre-Amp,
with its gain and offset voltage the maximum
voltage at the input to the A/D is <1V,

The voltage at the input of the A/D is a’ funetion
Of offset Voltage of the DAC filter and the
Pre-Amp as well as resistor ratio. To overcome
this problem the program takes two measurements
and the” subtracts one from the other. The first
measurement is taken with the connections es show”
in Fig. 10 and the second take” after the polarity
of the reference is reversed. When the second
reading is subtracted from the first the offset
voltages drop out of thecalculatien leaving only
the effect of resistor ratios. The difference of
the two O eeeuraments varies in direct proportion
to the total shift ingain of the DAC end PA.

When Exr CAL is performed, the value of K is
accurately set and stored in memory. Since INT CAL
is always run prior to EXT CAL a set of readings
for the instrument gel” shift are take” and
stored. The next time INT CAL is run a new set of
readings is taken and their difference compared to
those stored when BIT CAL wasr™. Any change in
the differences is proportional to any gain shift
80 the program uses the amount of change to
determine how much to change the valus of K using
the equation:

Ax1o=((v1-v2)old-(v:-vz)neu)lzno% (13)

Where: VI and V2 are the voltages at the input
of the Pre-Ampwith a positive Vref and anegative
Vref respectively for the 10V range.

The "old™ values ars thoss in memory from the
last time INT CAL was run.

The "new® values are the current readings.

As implemented in the 5440A a change in gain of
0.1ppm can be determined, Note that this technique
cannot measure the actual gain accurately but only
amall shifts in galn, As mentioned earlier it does
not correct for drifts in Vref but amy drift in
Vref does “ot affect the accuracy of determining
the gain shift.

This same technique can be used to- determine the
gain shift of the 20v, 250V and 1000Y¥ ranges. Tbe
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feecbzck resistarnce used on these ranges is 40K,
SCO0K ard2M respectively so none of them can be
compared directly with the 20K reference resistor.
Tkis Problem iz solved on the 20%¥ range by
gplitting the 40K into two Z0K's, One of the 20K's
iz the oneuvsed for the 10¥ range. The other 20K
is then switched into the bridge and compared
Separately. The shift in K due to this 20K is
calculated and added to the shift already
calculated for the 10V range and this becomes the
shift for the 20V range. The equation for the
shift in K for the 20V range is:

AKpo= AR qg+{(V1-V2)01d=(V1-V2)new} /24096 (14)

Where: Viend “2 are for the 20V range.

The 250V range and the 1000V range “se the same
ten 200K resisters configured differently for each
range (See Fig. 10). For INT CAL all ten are
connected in parallel to give 20K which s
switched into the comparison bridge. Again a set
of readings i s taken and their difference
calculated. The shift in gain using the resistors
in parallel can be related to the shift in K for
the 250V range and 1KV range where the resistors
are used in a different configuration. The shift
is simply multiplied by the gain for that range as
can be seen in the following equations for the
shift in K:

Ak 250:25{(V1-vz)old-(v1-ve)new}/2u096 (15)

Ak 1m=1oo{(v1-\r.?)c»1 d~(V1-V2)new} /20086  (16)

Where: ¥iand V2 are the bridge readings taken
for the ten 200K resistors in parallel.

The shift in the values of K for the 0.2V and 2V
ranges cannot be determined by INT CAL. Since
these ranges are obtained by dividing down the 20V
range, which is corrected by INT CAL, only the
drift in the divider ratios degrades the accuracy
of the values of K. These ratios are stable enough
as to only require calibration every 30 days by
EXT CAL.

ENVIRONMENTAL CONTROLS

The internal and external calibration procedures
are designed to correct for long term (greater
than 24 hours) changes which take place in the
instrument components and circuitry. To ensure
short term stability it is important that
sensitive circuit components be maintained in a
very stable environment. The 5440A package design
includes three temperature controlled component
cvens. The first oven encloses the solid-state
reference components and sensitive DAC components,
the second contains the pre-amplifier and the
third encloses the Power  Amplifier range
resistors. The ovens are made by surrounding a
section of the printed circuit board with thick
aluminum blocks which contain heater resistors.
This assembly is then covered with a foam
insulation layer and a protective cover. The oven
temperature is proportionally controlled using a
stable glass bead thermistor sensing element to
maintain a temperature of about 50 degrees C. A
second thermistor in each oven is used to monitor
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temperature for instrument self-test data.

In addition to temperature stabilization,
sensitive components are selected and matched for
very low temperature coefficient. The direct
result of this selection and temperature control
is the ability of the instrument to operate at
full rated accuracy specifications over a wide
range of ambient temperature.

PERFORMANCE

The internal calibration procedure described is
initiated by pressing front panel keys and once
started is a completely automatic process taking
about 5 minutes. It is normally done once every 24
hours but may be initiated at any time for
example, to correct for large changes in ambient
temperature. Internal calibration corrects for all
component shifts except the reference element and
the resistive dividers for the 2.0 and 0.2 volt
ranges. External calibration, normally performed
at 30 day intervals, corrects for shift in the
reference and the low voltage divider. It requires
use of a null detector, an external reference
voltage and a voltage divider. It requires about
15 minutes to perform and involves the operator
through prompting by the alpha-numeric display. No
mechanical adjustments are required; only
incrementing ordecrementing output voltage frem
the front panel.

-
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ABSTRACT

Traditionally, inventory data managenent systens
have required large high-speed conputers for their
implenentation. The limted storage and processing
capabilities of microconputers have precluded their
use from extensive data handling.

Thin paper presents a technique where a large data
base can be reduced to its common elenments and thus
mnimze storage reguirements. The technique is
illustrated byinplenentation of a 'Calibration
Hi story Managenent System, where approximtely
2,000 instrunents, each with 10 detailed historical
records, can be stored and manipul ated using a
single 200k Byte flexible diskette.

The paper also enphasizes the advantages of
able to reconfigure the data structure easily,
as to expand its utility to other data bases.

bei ng
so

ANTRODUCTION

Most major businesses have data managenent systens
which are used to control such things as payroll,
order processing, parts inventory and manufacturing
processes, These conputers tend to be large,
expensive mainframes wth extensive nenories and
often timeshared for a multiuser environnment.
Systens such as these are usally managed and
supported by departnents of conputer scientists,
engineers, and data processing personnel. This
paper is concerned with inplementing a data
managenment system for Calibration Records, and

i ndependent of the sort of conputer facility just
described that has traditionally been used.

Calibration Records Managenent
required for instrument recall,
and calibration report generation. Cften a data
base nust cope with many thousands of different
instrunents, each with its own batch of historical
data. This requirement for a large data base has,
in the past, precluded the systens inplementation
on the smaller 'controllers' or nicroconputers. |"

is generally
inventory control,

addition, the limtations of the mcroconputer has
put practical linmtations on the amount of data
that can be manipulated quickly.
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fnother linmitation of using an in-house large data
Processing system to store calibration records is
lack of versatility when changes in format are
required. This may be due to the conplexity of
structure of these systems or just being able to
gain the time of one of its support personnel, to
inplement the new requirements for what is probably
one of the lower priority functions. Wth these
l[imtations in view, the objective set was to
design a data nmnagenent system  primarily
orientated towards calibration records. This would
store sufficient information for nost requirenents,
have considerable versatility in restructuring the
data base, or the "se of the data base and, of
course, include the function of data sorting in a
resonable peri od.

SOME STANDARD IYPES OF DATA STRUCTORE

Before examining the particular inplementation of

the Calibration Hstory Managment System types of
data bases used in other systenms will be reviewed
and conpar ed.

4 Linear Data Base
Alinear data base is one where each individual

itemin that data base has its own dedicated entry.
Each entry is self contained in that it holds the
entire information required for that entry. A

sinple 2 dimensional nmatrix is a" exanple of the
linear data base.

Materi al i Color | Density | Stock
Type |  lbafei | Tonnes
3G | GREY | .08 I 1000
3G | GREY [ 1.0 I 1100
3G ! BLACK ! .08 I 2000
3G i BLACK Po1.0 Po1105%
LG ! GREY b .09 I 875
LG i  BLACK i .09 | 2000
Nunber of data points: 24

Figure 1:

Linear Representation of 'Material' Data Base




The following represents a typical search algorithm
to find all stock with densisty of ,081bs/ci in
the data base illustrated by Figure 1:

SEARCH COLUW HEADER FOR 'DENSITY

READ ELEMENT IN ROW OF SELECTED COLUWN
1F .08 FOUND
PRINT COMPLETE ROW

ENDIF
INCREMENT TO NEXT ROW
USTIL ALL ROWS READ

As is illustrated above, the search algorithm is
short and fast. All that is necessary is for the
program to identify the correct element data (.08),
then all the required information is included in
that row and available for printing.

The big disadvantage of this scheme is the large
amount of storage required. Each individual item in
stock has its own rowor entry. No effort is made
to link common elements and reduce space.

A Hierarchical Data Base

An hierarchical data base is one where data is

grouped like a tree with br anches i nt erconnecti ng
elenents. For instance, if an element has multiple,
exclusive attributes, then these attributes are

branched off from that elenent.

3G 4G

e e i o

i
6 REY BLACK GREY BLACK

--------------- - |

| |
.08 1.0 .08 1.0 .09 .09

]

i
1000 1100 2000 1105 875 2000
Nunber of data points: 18

Figure 2:

Herarchical Representation of 'Mterial' Data Base

The following represents a typical search algorithm
to find all stock with density of .08 lbs/ci in the
data base illustrated by Figure 2:
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READ MATERIAL TYPE FROM LEFT TO RIGHT
IF MATERIAL TYPE OK
REMEMBER MATERIAL TYPE

READ COLCR LEFT TO RGHT
IF OOLCR OK
REMEMBER COOLCR

READ DENSITY LEFT TO R GHT
IF DENSITY .08

PRINT  COWPLETE

| NFORMATI ON

ENDIF
UNIIL ALL DENSITY CHECKED
ENDIF
UNTIL ALL COLORS CBECKED
ENDIF
UNIIL ALL TYPES CHECKED

(Note, in the above exanple all

material types and
colors are (K)

The exanple above illustrates fast
root and upper level branches, but when searching
for a lower level requirenent, such as the density
having to be .08, it has to go through many tine
consunming | oops.

searching on the

Data storage is more econom cal than the |inear
exanple earlier. However, there is still
duplication of data. For instance,
two |ocations.

colors oeceur in

A Network Data Base

A network data base is made up of elenents, whose
relationship is indicated by pointers between the
elements. This permits  non-hierarchical

rel ationships. For exanple, nore than one material
can point to the sane color.

Quantity Type Color Density
a 1000
b 11¢0 3G GREY .08
e 2000 .09
d 1105 4G BLACK 1.0
e 875
f 2000
Nunber of data points: 13
Figure 3:
Network Representation of 'Miterial' Data Base




In Figure 3 the reference element, or element from
which all pointerseminate, isrepresented by the
'Quantity'. The followi ng represents a typical
search algorithmto find all stoek with density of
.08 1bs/edi:

REPERT
READ MATERI AL PO NTERS
STORE ALL MATERI AL PO NTERS
READ DENSITY TO WHI CH MATERI AL PO NTS
IF DENSISTY .08
PRI NT COVPLETE | NFORMATI ON USI NG
PO NTERS FROM MATERI AL

ERDI¥
| NCREMENT TO NEXT MATERI AL
UNTIL ALL MATERI ALS READ

The exanpl e above has a short search algorithm

although it is likely tc be slow because of the
many accesses to the data base, and the probable
quasi -random positioning of that data.

Al duplicate el ements have been elininated by the
network nethod mininmzing the space for data, but
it is now necessary to allocate space for the
pointers. One enhancement that could be nade tc
this technique is tc include the ability for
backwar ds searching. For exanple 'GREY' woul d have
backwards pointers tc '1000', 11007, and '875'.
Search for all GREY materials would then be
acconpl i shed by | ocking in the color |ocation for
GREY and locating the materials to which it points.
|" essence, each elenent becomes the source from
whi ch pointers enminate. In this case a trade off
woul d be nade between extra pointer storage space
for iess element Storage space.

CALIBRATION HISTORY MANAGEMENT APPLICATION

The following sections deal with inplenenting a
Cal i bration H story Management System on a FLUKE
17204 Mcroconputer. The_17204 has 64K Bytes of
RAN, 256K Bytes E-DiskIM, and a 199K Byte
Mnifloppy. These sections will concentrate on
areas associated with the data base definition,
nodi fi cation and mani pul ation.

Dats Bage Specifications

Calibration records are split into 'lnstrunment
Data' and 'History Data'. Instrument data describes
information particular tc an instrunent that does
not vary with tine. Hstory data describes
information about a particular event or calibration
pertaining to an instrument. For a single
instrument there may be nany H story records.

The stored Instrument data requirenents are as
follows:

Iitle Default size
Manufacturer/ Model Noi 56 Characters
Locatign Nare * v

Remark v
Calibration Interval < 256 weeks
Serial Nunber 16 Characters

Date Next Calibration < 32768 days

The stored History data requirenments are as
feollows:

Title Default size
Operator'Name* 16 Characters
0uT Code LR
System Type < 164
Result Pass or Fail

No. of Adjustments < 256
Date of Calibration < 65536 days
Calibration Tine < 65536 ninutes

The disk allocation requirements are as follows:

Each Instrument record will have up to 10
Hi story records associated with it. This

nunber will be flexible, and be used to

cal cul ate the maxi mum nunber of instrunents
that can be stored an a disk.

Those records marked with the asterisk (’) are to
have flexible size in that their length may be
adjusted in multiples of 8 characters. In addition,
provision is made for a 'spare string entry' to be
avail able in both the Instrument and Hi story
records. This flexibility allows each user cf the
Calibration Hi story Mnagement System to optinze
it for his owm particular need. If the user
requires more H stories per Instrument but retain
the same nunmber of Instrument per disk, he can
choose to reduce the length of sone other data
field, and swap the space.

Data Base Structure Utilized

The data structure utilized is a conbination of a
Li near and Network schenme. Figure 4 illustrates
this schene.

Net work Structure . Li near Structure

Serial No.
! | | .
! | Remark ! . Date Next Cal
Location ! . Cal Interval
Manufacturer ! . Cal Interval
| .
! .
History 0O .
]
| .
i | '
uuT Code R Type
Name | . Result
! . No of adjs.
! . CAL DATE
'
| .
H STORY 1.
1
1 .
| | .
UUT Code |. Type
Figure 4:

Conbi ned Linear and Network Data Base Structure

245



The right hand side of Figure 4 represent a Linear
structure where information is contained
sequentially with its reference point. In this
case, the reference point is the Serial Number or
Hstory Record. The left hand side of Figure 4
represents a Network Structure, these being
elements that are pointed to from a reference
point. |t can be see" that there are, in fact, two
level s of Ketwork structure. The first level is the
Hi story reference point being pointed to by the
Serial Nunber location, and the second |evel, the
H story reference painting to other elements.

The el ements considered part of the Network
structure are those elenents that are common to
nore than one Instrument or H story. El ements that
are particular to an individual I|nstrument or
Hi story are considered pert of the Linear

structure. Network el ements are pointed to by
variable stored within the Linear structure. Figure
5 attached shows this in nore detail. This is a

reprint fromthe Fluke 7400 Calibration History
Management Programm ng Manual.

Refering to Figure 5, 'HIST.BIN'is the file where
nost of the data is stored. For convenience in
searching, 'Date Next Calibration' is stored in a
separate file called 'HIST.DAT'. HIST.D&T al so
contains pointers to the first record of the
various data fields of HIST.BIN. This will be delt
with in nore detail later in the section celled
"Reconfiguring the Data Base'.

Instrunent strings are contained in a bl ock
immediately prior to the H story Strings. The
Serial Number and Cal Interval-are contained
directly in the Instruments string. the rest of the
string consists of pointers beck into HIST.BIN.
Sone of these pointers are absolute. For exanple,
the nunber stored in the first 2 bytes of the
instrument string points directly to the l|ocation
containi ng the Manufacturer/Model. Sone of the
pointers are relative. For exanple the 6th byte
contains the offset for the Remark String relative
to the first possible Remark String in HIST.BIN.
Using relative pointers reduces the "unber of bytes
necessary to store their index.

History strings are stored in HIST.BIN in a

location relatedto the Instrumentof which they
are history. The relative fornula is included in
Figure 5. Like the instrument string, history

strings directly contain some information, and
other fields, such es the Operator Nane end "UT
Code, are located by pointers back into HIST.DAT.

The conbi nation of direct data access (linear
structure) end data access through pointers
(network structure), is designed to provide the
opti mum sclution of fast data access and high
densisty storage.
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Software Structure Utilized

The Calibration H story Managenment software
hierarchy is illustrated in Figure 6, attached.
Thisisareprint from the Fluke 7400 Calibration
H story Progranm ng Manual . Each bl ock of Figure 6
represents an individual program The prograns are
linked via a common data file which will be
described further in the next section. Each of the
general program functions are described es follows:

System Directory Program

This directory programis the central |ogic point

of the managenent system MGTPRT is entered on a
power fail, Initial system boot, and between each
maj or function of the system This program has the
ability to define a password in order to protect

history data integrity.

H story Update Program

Before history data can be stored about a
particualar instrunent, that instrument has to be
defined on a data disk. MGTUDF provides that
utility es well as the ability to modify existing
Instrunment dat a.

Report Printout Program

The purpose of a Calibration H story Managenent
System generally culnminates in the printing of some
sort of report, be it for instrunents recall or
sone other facility. MITPRT provides the printout
utility.
Report Definition Program

Reports printed froma Managenent System are
usual ly selective in that, in npbst instances it is
not required to print out the total data base.
MGTDRT allows for the generation of report
definitions. These definitions restrict the
information that is to be included in a report.

Resul ts Downl oad Program

The particular Calibration H story Managenent
Syst em bei ng described allows data to be entered
either by hand or automatically downl oaded fromthe
FLUKE T400 Series Calibration Systens. MZTUD1
interfaces the history data base with the Thpo
Calibration Systemis results data.

system Configuration Program

The Calibration H story Management System data
format is flexible. This data format is defined in
MGTCFG, and is described in detail in the section
follow ng called 'Reconfiguring the Data Base'.

H story Disk Initialization

The history data base is stored on minifloppy
di skettes. The data Format is flexible as defined
by MGTCFG. The di sks have to beconfigured in this
defined Format. MGTINI initializes a disk based on
the format defined im MGTCFG.



Reconfiguring the Data Base

The Calibration H story Managenent Software is
specifically structured so that the data base
format can be custonized and nodified easily. The
configurator program MGTCFG sets up the various
fields of data, their size and their quantity, and
so for many applications this is the only program
that need be changed.

Figure 5, attached, shows in detail the
construction of the data base. The data file
HIST.DAT contains the variables that describe the
size and positioning of the various data fields and
is contained along with the data base on the disk.
These variables are equivalent to a set of
variabl es which are defined in the program MGTCFG
The variables as defined by the configurator
program are copied to a History disk when it is
initialized. This has the effect of allow ng each
disk to contain the decriptio" about its of' data
format, allowing the same Management System to
mani pul at e di sks with different data formats.

A conpl ete description of the variables that define
the position and size of the History data base are
included in Figure 7, attached. Figure 8, attached,
is a" extraction from the program MGTCFG wher e
these variables are defined. By changing the val ues
of the variables, the data format can be redefined.
Consi der the sinple case where it is wshed to add
300 spare instrument strings of length 32
characters. It is only necessary to change C0(3) to
300 and CG{4) to 32. |I" addition only 5 Hstory
records per Instrument may be needed, so change
CO(30) to 5. The program MGICFG is the" RUN and all
rel evant pointers recalculated. 1" this case the
"unber of instrunents that can be stored on a disk
has changed from 1677 to 2576.

If data is to be archived according to the nodified
data base definition, the" it nust be stored on a
disk initialized with that definition. This is
acconpl i shed by RUNNING MGTINI on the new di sk.

Ihe Calibration History Management Jvstew in Use

The 1400 Calibration H story Managenent Systemis a
nme"" drive" system capable of storing data, either
entered nanually or from a" automatic calibration
station. This data can the" be manipulated to
produce reports.

7480 History Management System

1 Update History Disk

3 ey

C
[ ] Defing
L
T 1 Calibrate an Inztrom

Figure 9:
Mai n System Menu

Figure 9 shows the selection of the nmajor system
functions. Pressing the 'Update Hi story Disk'
selection allows for adding results to a" existing
data disk, nmodifying a" existing data disk, or
initializing a data disk. This is depicted in
Figure 10.

Enter Update Selection
[N FAopend Fesults to
I Madify-Tnzert Inzteument
I Datete Instrument

7 Imitialize H toég Ok

1 Feturn to System Directary

Figure 10:
Data Disk Update Menu

Before History data can be added to a" Instrunent
file that instrument file has to be created on the
data disk. Two nethods are available to perform
this function. One nethod is to extract the
information automatically from the results as they
are being entered, and then add any additional
instrument data later; the second is to manually
enter the Instrument data prior to down |oading any
H story data.

Pod1fy Instrument Dots Tlnput new dota or CRETURNY

Figure 11:
Entering Instrunent Data

Figure 11is a" exanple of entering or nodifying
Instrunent data. The reverse video bl ock highlights
the current data field being entered. This
information may be conpared with the data structure
illustrated in Figure 5.

The type of information that is to be included in
that report nust be defined before a report can be
printed. This selection is made in the nme"" of
Figure 12.



Select Report Definition Task

[ 1 Delete a Fepart Dafinition
[ 1 ModitysTreate o Report

[ 1 Feturn to System Directory

Print Report On

[ ] Printer

[ 1 Feturn to System Jirectory

Figure 12:
Report Lefinition Menu

Would You Like Year—end Report To Include. ..

Figure 13:
Feport PefinitionEntry

which Instruments Would You Like Included In The Report

Figure 14:
Report. Definition

Figure 13 shows selecting the fields that are to be
included. Figure 14 shows defining the report
Paraneters by which the Particular Instrunents and
Hstories wll be chosen. The Calibration Hstory
Management System under discussion allews for the
definition and storing of wto 32 different report
formts.

The main menu, illustrated in Figure 11, allows the
user to choose the option of printing a report.
These reports may be Printed on either the

m croconputer CRT, or a printer. Figure 15 shows
this choice.
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Figure 15:
Print Menu

A typical report may be to print out all of those
instruments cal i brated by an individual during a
certain month. Figure 16, attached, is the first
page of such a report.

Sumpmary

Three types of traditional data bases were
presented; linear, hierarchical, and network. The
characteristics of these data bases were conpared.
A practical Calibration Hstory Mnagenent System
inmplenented on a microcomputer was described. This
menagenment system took advantage of the best
attributes of the various standard forms of data
base to optimze speed and storage capacity. The
easy ability to reconfigure the data base for
varying user requirements was enphasized.

Conclusion

The ability to store and manipulate a large data
base on a mcroconputer makes it possible for
budget restricted facilities to maintain their own
information system BY building in easy
reconfigurability, the user no longer has to rely
on expensive programming time to custonize the
system for his own particular requirenents.
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DESCRIPTION OF RECORD

POINTER TO FIRST RECORD
HIST.DAT DO(37). DA%{3431}

SPARE INSTRUMENT DATA

SPARE HISTORY DATA

MANUFACTURER/MODELS

LOCATION NAMES

REMARKS

OPERATOR

UUT CODES

INSTRUMENT STRINGS

HISTORY STRINGS

DO(2) = 0 (DEFAULT)

DO{5)=D0(0) » OO(1}/8+00({2}

DO(8)=00(3) = DO{3)A+D0O(S)

DO{11) =00(5) » DO{7)/8+DA(8)

D0 14)=D0(9) » BH{10)/8-+DA(11)

B0(17)=00{12) « DO(12)/8+D0G(14)

DO{20)=00{15) » DO(18)/8+DO(1T)

00(29)=00(18) - DO{19)/8-+DO(20)

D0(32)=00(27) » DO{28)/8+D0{29)

FIGURE 5:

HISTx.BIN
DA$(B191) = 8 POINTER FORMULAS HISTORY STRING DESCRIPTION
BGYTES ASCI(BYTE 5}=256-+ASCH{BYTE 6} BYTES
fol o lzfsle]s]e] 7]
pus——rs LS MANUFACTURER/MODEL POINTER
— 65536 LOCATION NAME POINTER
65336 SPARE INSTRUMENT STRING PQINTER
ASCIBYTE 9) +258+ASCINBYTE 10} == REMARK POINTER
[255] AL INTERVAL (WEEKS)
—— teS B33 SERIAL NUMBER
BYTES 8-
(ASCIBYTES) 15 0 IF INSTRUMENT
ASCH{BYTE 1)*258+ASCINAYTE 2) STRYNG NGT DEFINED)
—
ASCH(BYTE 3}® 256 + ASCI{BYTE 4)
— v HISTORY STHING DESCRIPTION
ASCH(BYTE 71*D0O{13)/8+D0{14) BYTES
— lolt]e]s]e]s]s]r]
ASCH{BYTE 1)+ DO(18)/8+D0{17
SoN J 00018 47 {259 DPERATOR NAME POIMTER
_— v UUT CODE POINTER
TTLGETT SISl e oo
—_ pleisiaiatzirio PASS{1) / FAIL (0)
=238 NO. OF ADJUSTMENTS
prvreys DATE OF CALIBRATION
ASCI(BYTE 2)+D0{18)/8+D0(20) (DAYS FROM DO(33) )
fm = = — = — 4 ﬂ__m.l CALIBRATION TIME (MiNUTES)
—_ L 765338 | _ BYTESIMS | gpaRE HISTORY STRING OPTIONAL)
[1%:POINTER TO SELECTED INSTRUMEN [
¥ ]
] DATE NEXT CALIBRATION
— v HIST DAT (DO(37) . DAK(3431)
- DA%W|] 1%- DO(29))8/00H28)
! _—r m e - -——— {DAYS FROM DO(I3) )
e POINTER TO NTH HISTORY RECORD OF SELECTED —
ST INSTRUMENT = (11%-D0(29)) *3-DC(28)*D0L30) *DO{311/8 L

+D0(32) + DAIHYB{DOI0)-1)-(N-1)*DO(3 1118

Calibration History Management System File Structure



MGTCFG
Initializes the
Cal History

Maragement Disk

Recovery Indicator -1 for Initial Boot

2000

MGTSYS
MGTSYS
: 1000
Cal History ¢
Management
Directory
]

l 2000 13000 l 4000
MGTUDF MGTDRT
Allows for MGTPRT Allows for
updating Prints a Report Detining

History Records a repart

»

12000

2000
Y
MGTINI MGTUDI
Initiaiizes a Copies results
History Disk _da:a tog
History Disk

FIGURE 6:

Calibration History Management System Software Hierarchy
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co(o)
co(1)
co(2)
co(3)
co(s)
co(5)
co(é)
coem
co(s)
co(9)
co(10)
co(11)
co(12)
co(13)
co(14)
co(15)
co( 16}
co(17)
co(18)
co(19)
co(20)
co(at)
co(27)
co(28)
co(29)
Co(30)
co(31)
ca(32)
co(33)
co(3%)

co(35)

Tot al

Length of each spare instrunent string.

Pointer to first spare instrument string.

Tot 31 nunber of spare history strings allowed.

Length of each spare history string.

Pointer to first spare history string.

Nunber of manufacturer/nodel numbers.

Length of each manufacturer/nmdel number string.

Pointer to first manufacturer/nodel nunber.

Nurmber of location strings.
Length of each location string.
pointer to first location String.

Number of remark Strings.

Length of each renmark string.
Pointer to first remark string.
Nunber of operator nane strings.

Length of each operator name string.

Pointer to first operator name string.

Nunber of U©UT code strings.

Length of each UUT code string.

Pointer to first yuT Code string.

Tot 31 number of blocks on MFO:.

Number of instrument strings.

Length of each instrunent string.

Pointer to First instrument string.

Nurmber of history strings per instrunment string.
Length of each history string.

Pointer to first history string.

Bage year for date calculations.

Revi si on nunber of software under which the Cal

generated

Pointer to 1ast di mensioned array on a Cal

FIGURE 7:
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nunber of spare instrument strings all owed.

Hi story Date Di sk was

Hi story Data Di sk

Configurator Vari abl e3 Definition



1020!'-5PARE INSTRUMENT STRING-

1022C0¢0%)=0% I NUMSER

1024C0C1%)=0% ! LENGTH

1026C0C2%I=0% 'POINTER OF BEGINNING
102B!'-5PARE HISTDRY STRING-
1030COC3%)=0% 'NUMBER

1022C0 04 =0% ! LENGTH

1034 ! POINTER OF BEGINNING

1036CO3UI=INT(COCOLI*®COCILI /BLICOC2YN)
1038 ' -MANUFACTURER/MGDEL NUMBER STRING-

1040C0C46YY=200% 'NUMEER
1042C0OCT7%)=56% ! LENGTH
1044! POINTER OF BEGINNING

10446COCBAI=INT(COCILI®COCHZI/B%+C0{5%))
1048'~LOCATION NAME STRING-

1050C0(9%)=50% ! NUMBER
1052C0010%)=55% ' LENGTH
1054 ! POINTER OF BEGINNING

10536COC11%)=INT(COCELI*COCTLI/B%+COCRYLY)
1058 ' -REMARK STRING-

1060C0C12%)=25% ! NUMSER 1255
1062CDC13%)=567 ' LENGTH
1064 ! POINTER OF BEGINNING

1066COCT14%I=INT(CO(RLI*C0C10%) /BAL+COC L1
1068 |-OPERATOR NAME~

1070C0¢C15%))=20% I NUMSER €255
1072C0C1&6%y=16% ! LENGTH
1074 ! POINTER OF BEGINNING

T076C0CIT7%Y=INTCCOCLIZXI#CO 01U/ BUFCOCI4% )
1078'-UUT CODE-

1080L00C18%1=50% "NUMBER, <Z5%
108ZCOC19%)=156% ' LENGTH
1084! POINTER OF BEGINNING

1086C0C0%I=INTCCOCISAICOCIGA) /BE+CO(LITYY Y

1088 1-TOTAL NUMBER OF RLOCKS IN MFO: I1H MULTS OF 128 +14
1090C0O(21%>»=398%

1104!-HISTORY PGCINTER DATA-

1106C0C30%)=10% 'MUMEER PER INSTRUMENT
1108CAc314)=8% FLENGTH (=64

1110 -INSTRUMENT POINTER DATA AND SERIAL NUMSER-
112! FOINTER OF BPEGINNING
1114CO29%=INTCCOCI8LI #CO 014 /BYL+COC20%))
1116C0OC2BYI=24" TLENGTH {=&4

1118! NUMBER C(NOT > 3431}

1120C0C277)=INTCC(CO(21% - 141 %512~COC2ZFL) 28/ (COCT0%LI*COCI1L1+CO(28%1))
T12ZIFCO(27L) 3343 1THENCO(27%)=3431

1124 IPOINTER OF BEGINNING OF HISTORY DATA
1126COC32ZA=INT (1% COC27%)*COCZBL) /8L +COC29%))

1128'PRINT OUT NUMRER OF INSTRUMENTS

1130PRINT” History Disk wilt hoid*iCO(274)i"instruments®
1132'~BASE YEAR FOR @ATE CALCULATIONS

1134C0C33%I=1975%

1136'-REY OF SOFTWARE THIS HISTORY DISK WAS GENERATED UNDER-
1138C0(34%1=-9%

1140'-PQINTER TO LAST STRING ON HISTDRY DISK-
1142C0C353%)=INT(LOCI2UI-1%+1#CO(27% 1% COC30%I*COCIL1LY /8%

FIGURE 8: Configurator Program Llsting
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JOHN FLUKE MFG.

REPORT NAME

DATE:
TIME:

Manufacturer/Model

HISTORY

P.J. PLITT IN APRIL 1982

FLUKE 8000A

Serial Number 0000906
Locat ion Name PLANT 1
Date Next Calibration 27 Aor 1983
Calibration Interval 52 weeks
Remark
Goerator Name P.J. PLITT
UUT Code
System Tyoe 7405
Pass/Fail Pass
Number of Adjustments 0O
Date of Calibration 27 Apr 1982

Calibration Time

Manufacturer/Model
Serial Number
Location Name

Date Next Calibration
Calibration Interval
Remark

Operator Name

UUT Code

System Type
Pass/Fail

Number of Adjustm
Date of Calibration
Calibration Time

Manufacturer/Model
Serial Number

Locat ion Name

Date Next Calibration

Calibration Interval
Remark

Operator Name

UUT Code

System Type
Pass/Fail

Number of Adjustm
Date of Calibration
Calibration Time

Manufacturer/Model

FIGURE 16: cCalib

12 minutes

FLUKE 8%20A
2285023
PLANT 2

29 Apr 1983
52 weeks

P.J. PLITT

7405

Pass

1

29 Apr 1982
17 minutes

ents

FLUKE 9318
70932
PLANT 1

27 Apr 1983
52 weeks

P.J. PLITT

7405

Pass

0

27 Apr 1982
13 minutes

ents

FLUKE &6011A

ration History Management System Example Report
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an Automatad Uibration CLalibration Systam

Philip Benoit
Naval Weapons Station Seal Beach
Metrology Engineering Center
Pomona, California

Abstract

The calibration of accelerometers and

velocity transducers is a growing problem
for the Navy. As more of these sensors
are incorporated into systems the demands

on the limited calibration resources have
increased sharpl ¥. The Navy chose to auto-
mate the vibration systems to solve this
problem. The system design criteria and
the approaches used are described. The
automated vibration calibration system
used both software and hardware techniques
to overcome the problems of increasing

workload and decreasing resources.
Introduction
In the MNavy vibration cal ibretion

program, there are two types of sensors
requiring support: accelerometers and
velocity transducers. Accelerometers are

calibrated over a frequency range of 3SHz
to 10,000Hz, with an amplitude range of Ig
to 50g”s. WVeloc ity transducers are cal i b~
rated over a frequency range of 10Hz to
2000Hz, with an amplitude range of
0.5in/sec to 10in/sec. Velocity
transducers pose an additional problem
because some types can weigh up to 5
pounds and therefore require a large
shaker and drive amplifier. The vibration
systems used by the Navy in the }ate
1970’s were between 10 and fifteen years

old. The old tube amplifiers and the
shakers were nearing the end of their
useful life.

The Navy*s Metrology Engineering
Center at Pomona was tasked to develop
solutions to these problems. The basic re-
quirements for the system were to cover
the required frequency and ampli tude
ranges with 3% accuracy. The operation of
the system also had to meet human inter-
face requirements , The system had to be
easy to use, understandable, operate in a
manner the technicians were used to, and
be configured in a manner that would
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assure proper calibration of the units
under test, UUT'S. The approach chosen
was to use off-the-shelf equipment with an
updated shaker and amplifier. Two versions
of the vibration calibration system were
designed, an automated and a manual

system. The automated systems were to go
to the four labs with the highest work-
loads. The remaining ten facilities were

to receive the manual system. The manual
and the automated systems are the same
except for an instrument controller and a
printer. The basic calibration method is
to compare the standard accelercmeter’s
output wvoltage at aknown g level and
frequency to the accelerometer ar velocity
transducer under test. Using the known
characteristics of the standard the sen-
sitivity of the unit under test is calcu-
lated.

System Description

Figure 1 is a block diagram of the
automated system. The shaker and amplifier
provide the stimulus. The drive signal
for the amplifier is produced by a signal
generator. The measurement system
consisted of a digital RM8 vol tmeter. A
signal selector and a display module were
the onty two "special® units in the
system. The display module generates
horizontal sweep Signals for an oscillo-
scope to display a fixed number of crcles,
independent of frequency.

The automated part of the system
consisted of a desktop computer used as an

instrument controller and a printer. The
instrument controller was equipped with
an |EEE-488 bus anda 16 bit input/output

interface. The controller gets a list of
the test to be performed from a tape. The
controller then sets output of the signal
generator and reads the measurements taken
by the voltmeter. Then the results are
computed and formatted for the printer.



Hardware Details

The shaker , an Unholtz-Dickic 1068,
is capable of sinusoidal motion of up to
50 g’'s over the frequency range of JHz to

10kHz. The standard accelerometer and the
uur are mounted on the shaker table.
Special attention was paid to the design
of the mounting hardware to avoid intro-

ducing distortion. The alternating current
driving the shaker is pro” i ded by the
power amplifier, an Unholtr-Dickie A100-4&.
The signal generator is the source of the
sinusoidal wvol tage. A Fluke &401i/AA syn-—
thesized signal generator was used in this

system. This is a programmable instrument
and is the means of controlling the g
level and frequency of the shaker. The

output of the 4011/A& is stable enough to
avoid using a separate frequency counter
for monitoring. The standard accelerometer
used in this system is apiezoelectricac—
celerometer and amplifier. The units are
cali brated at a Navy primary lab. The
tolerance of the standard accelerometer is
3% from 10Hz to 50Hz, 2% from 3S0Hz to
2000Hz, and 4% above 2000Hz. The heart of
the measurement system is the digital
vol tme ter., The one selected for this
system is the Fluke BS302A-0%A/AAR. The

first systems were built using the 8500
until the 8502 became a standard within
the Navy. The Q0PA/AA option is a modified

RMS module allowinglower frequency meas-

urements. The accuracy of the “0l1 tmeter
and RMS converter is +/- 0.5% over the SHz
to 10kHz frequency range. Since sampling
rates and filter constants are program-

mabl e, the voltmeter is ‘tailored’ to the
frequency and ampl i tude to be measured.
One minor peculiarity of the 09A/AA option
is all readings are multiplied by i1factor
of ten. This is because of the modifica-
tion to the input circuits to allow the
SHz measurements. The signal selector in
the system is programmable over the con-
troilfer"s 16 bit input/output bus. The
signal selector consists of a relay, some
indicators and a function/manual override
switch. The 16 bit interface controls and
monitors the position of the relay. This
was done to test for either a relay
failure or the function switch being in
‘manual .®" The system also included anos—
ci 1 Yoscope control led by a sweep synchron-
izer. The sweep synchronizer controls the
horizontal drive of the oscilloscope to
showeonly three or four complete cycles at
a time. The use of this device was man-
dated by the speed of the system. Manual
control of the oscilloscope would not have
kept up with the rapid frequency changes.
The oscilloscope itself is & Tektronix
5011. The sweep synchronizer and the sig-
nal selector are in Tektronix TM 500 mod-

ules and are mounted in a TM 503 main-
frame.

Software Details

Software is important in an autanated
system, however being important does not
mean software is magic. The process of
calibrating accelerometers or velocity
transducers is the same for a manual OoF an
automated system. The first item required

is a list of the test points. Each
frequency and amplitude at which the UUT
wi 11 be cal ibrated must be known. During

the calibration, the frequency is set and
the shaker drive adjusted until the cor-
rect level is obtained. The outputs from
the UUT and the standard are then measured
and compared. Finally, a report of the
results is generated. The software of this
system performs the same process. The list
of the test points is obtained from a test
matrix stored on tape. For each test point
the g level or velocity is set to the
correct level and the outputs measured and
compared. A report showing the test points
used, the standard used and the results
obtained 1% generated at the end of the

test. Each part of the process is
performed nearlY the same way & human
operator would. The difference being the

machine is not as smart, but is faster.

A calibration of either an accelero-
meter or a velocity transducer follows the
ftow chart of figure 2. After getting the

correct test matrix and initializing the
system the controller begins a loop. Each
compliete loop executes the tevel set FoOu-
tine and the measure routine. After all
the test points have been run, the
controller begins the printout of the

report. There are some slight differences
in settling time constants between the
velocity and accelerometer programs, and,
of course, the printouts and test points
are different. The process is the same.
The test matrix can be changed, but the
printout of the calibration data will show
what points were used. This allows the
freedom to adapt to new UUT’s, but still
controls the process.A test matrix for an
accelerometer is illustrated in figure 3.
The first column is the g level, the
second, the frequency of the test points.
The third is the signal level needed from
the signal generator to produce the
desired g level at the frequency of test.
The fourth column is the sensitivity of
the standard accelerometer a t the
frequency and Q@ level of the test point.
The fifth column is the expected output of
the standard at the correct frequency and
amplitude in mV RMS., Included as part of
this test matrix is the manufacturer ,
model and serial numbers of the standard.
This data is printed out in each report.

The level set routine is illustrated
by figure 4. The process of setting the
correct amplitude level closely parallels
the way it would be done manually. one of



the columns of the test matrix is the
expected level of the signal generator to
produce the desired voltage reading +rom
the standard. There is a housekeeping
program that determines this experimen-

tally. The Easyoff subroutine makes the
transition from one frequency or level to
another easier on the system by slowly in-

crementing the current Tlevel t o the
expected one. The actual process of set-
ting a level involves a number of tries.
If the voltage from the standard accelero-
meter is within 0.084 of the required
level, then the subroutine returns to the
main program and starts the measure rou-
tine. If the measured level is not close
enough, a correction is calculated. The
proposed lewvel is checked against the
expected signal generator level. If the

difference between the two amounts to more
than 284 of the expected level, a fault is
assumed and the system shutdown. This s
one of the precautions taken to protect
the system and the UUT. A count of the

number of tries taken is kept. If the
measurements are unstable for sane
reason, or the shaker’s output is chang-
ing, this routine will shutdown the
system. The loop continues until the g
level is at the expected value or a shut-
down occurs. When the g level is correct,
then the measure routine begins. At the
conclusion of a calibration the new levels
are recorded. This way the system 1learns
the new drive levels for each test point.

By updating the levels the operation of
the system is speeded up because the dif-
ference between the expected value and the
value needed will only be the degree of
drift in the amplifier and the shaker.

-The measure routine is actually very
simple. The vol tmeter has been programmed
for the correct frequency in the level set
routine. The voltmeter is programmed for a
frequency by setting the filter time con-
stants and the sample rates. The measure
routine takes ten readings and 1looks a't
the maximum difference between the read-
ings. In the case of the standard and test
accelerometers this difference must be
less than 0.1%. The maximum difference
al lowed for the ueloci ty transducers
varies with the accuracy of the trans-
ducer. This test was included to insure
the readings were not changing over the
measurement period. The ten readings are
then averaged to provide the measurement.
To minimize any changes during the
measurement cycle, the UUT and then the
standard are measured. The actual value of
the standard is used to calculated the
amplitude. For example, wvalues of 4.99
instead of 5.00 g’'s are calculated. How-
ever, the 4.99 value is a real measure-
ment, not an assumed wvalue.

A& sample printout is shesn in figure

5. Each test point and the UUT‘s sen-
sitiuity at that point are shown. The ¢
levels arenot® “e”, because the actual
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ual ues were measured and recorded, not
assumed. The model number and manufacturer
information about the standard and the UUT
are included in the report.

There are
programs.
test

& number of housekeeping
There is one to edit the master
matrix. Every test must be in the
master matrix to be used. The master
matrix is used in another program to ex-
perimentally determine the drive levels
needed for each test point. There is
another program to select which tests will
be used for a particular UUT.

Results

The integration of the hardware and
software produced a system meeting the re-
quirements. one Of the most obvious
benefits of the system was the decrease in

test time. A cal ibrat ion of an ac-
celerometer using the automated system
will last about six to twelve minutes. The
ueloci ty transducer calibrations tTast
eight to twelve minutes. The manual test
time for a velocity transducer is nearly
an hour. A direct comparison between the

manual and automatic accelerometer cali b-
rat ions shows a similar improvement. The
range in times is due to variations in the
number of test points and the length of
time required to reach a 1level. Consis-
tency is another benefit of the automated
system. Since the automated system gene-
rates a printout for each calibration,
there is no doubt or confusion about what
was done.

One side effect Of the automated
system was to force a close look at the
vibration measurements. The automated
system will not work correctly if there
are ground loops, wor problems with the
shaker or amplifier. The unforeseen pr i cc
of precision and speed is everything must
work precisely. Technicians can compensate
for many problems, the automated system

can only compensate for a few. Everything
from UUT mounting to cable routing caused
problems for the automated system.

Improper UUT mounting can cause distortion
or decreased high frequency response.
Accelerometer can have to be isolated from
the shaker body or noise is introduced.
Power system grounds also introduced
noise. During the early stages of develop-
ment avery old and tired shaker and amp-
lifier were used. Much of the software was
written to avoid the affects of the
shaker’'s deteriorating condition and to
avoid increasing the rate of deteriora-
tion. Solving these problems alsomade the
manual version of the system work better.

Conclusions

The lessons
lopment of
other
test

learned during the deve-—
this system can be applied to
systems as well. Nearlty all manual
systems can be automated. The most



direct way of translating manual steps
into software is to observe the process in
detai 1 and duplicate it using software.
Some portions of the process cannot be
done exactly the same, and this is where
many unforeseen problems will occur. By
closely parallel ing the manual process,
the automated process is kept understand-
able. The human interface is very impor-
tant. Remember the operator is there, even
if he is not interacting with the system.
The system display should telt the
operator what is happening, what
frequency, which g level, etc. should be
displayed to give the operator some feel
of what is going on. If the same operators
are going to use the system after auto-
mation, then their interaction should be
kept nearly the same as before. This eases
the transition froin manual to automatic.

The accuracy of the system is limited
by the accuracy of the standard accelero-
meter. Further increases in accuracy will

follow improvements in the standard.
Another possibility is to use a different
technology for a standard. G level is
determined by motion, and motion is deter-
mined by position and time. A laser
"rangefinder® could be used to determine
the instantaneous  position. From this

position information, motion and accelera-
tion could be calculated.

The outstanding lesson oOf this
project is there will be problems that
have nothing to do with automation. The
shift to automation revealed problems

caused by increasing workload and more
stringent requirements. Any real improve-
ment in the vibration measurements would
have discovered these problems. However
these problems did have to be solved while
automating. |If there were problems before

automation, there certainly will be after.
Ref o r*nc*

Iechoical and Fabrication Manual, =h=
422 @automated Uibration System, Navy
Me trology Engineering center, Naval

Weapons Station Seal Beach, Pomona Annex,
Pomona California 91769, 1July 1982.



OSCILLOSCOPE
CALCULATOR PRINTER TEKTRONIX | SA20N | 5AZ0N] SBION
H-P38254 H-A8714 ) 5110 o\ 5\ Ext
EXT INTENNFIER | — - I NER T
eyt [} o] Q
HP-J8 16-B(T LJ—
AL A b 1P 10631 CABLE
I——l HP 10631 CABLE =}
|
SIGNAL GENERATOR DvM SIGNAL  BANCZ®
FLUKEEQTIA/AA ELUKE 8502A SELECTOR °<
— OR 85004 METD-354
QUTPUT SYNTHOR O O
Q ouTPUY INPUT BNCYT BN 3
POWER AMPLIFIER SWEEP SYNC CALIBRATION
UNHOLTZ - DICKIE METD- 350A SJASQTA&R%:(Z:E?E
AID0-16 . PiNz2 PINZG UNHOLTZ -DICK,
QUTPUT NNPUT ™o o 0 o 1601 o
o et (SEE NOTE 1)
»TUS03 COMNECTORS
(BNC £ 30 PIN CONN))
Ti
STD CHARGE
ACCEL o AMPLIFIER
(SEE NOTE2)
SHAKER

UNHOLTZ - DICKIE
o 1068

NOTE 1: CAL!BRATION STANDARDIZER IS NOT USED

NOTE 2: USE THIS CHARGE AMPLIFIER THAT WAS
WHEN CALIBRATING VELOCITY TRANSDUCERS.

CALIBRATED WITH THe STD ACCELEROMETER
BEING USED -YE REPORT OF CALIBRATION.

Figure 1 System Block Diagram
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NO

( START )

GET TEST POINT
LIST

|

SELECT TEST POINT

LEVEL SET SUBROUTINE

]

MEASURE STD AND
TEST INSTRUMENT

YES

PRINT RESULTS

Figure Calibration Process
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ACCELEROMETER TABLE

G Level Frequency Drive STD STD
Sensitivity out put

Gs Hert z Volts nv/G mv
1.5 10 2.168 10. 13 10. 74
5.0 30 2.249 10. 04 35. 49
10.0 100 1. 560 10. 00 70.70
10.0 400 0.578 10. 00 70. 70
10.0 1000 0.578 9. 98 70. 56
10.0 1500 0. 695 10. 06 71. 12
10.0 2000 0. 695 10. 08 71. 27
10.0 2500 0. 866 10. 01 70.77
10.0 3000 0. 866 10. 10 71. 41
10.0 3500 0. 866 10. 07 71.19
10.0 4000 0. 655 10. 08 71. 27
10.0 4500 0. 655 10. 06 71.12
10.0 5000 0. 545 10. 07 71.19
10.0 5500 0. 453 10. 07 71.19
10.0 6000 0. 259 10. 05 71.05
10.0 6500 0. 151 10. 09 71.34
10.0 7000 0. 054 10. 13 71.62
10.0 7500 0.177 10. 08 71.27
10.0 8000 0.312 10. 17 71.90
10.0 8500 0. 388 10.12 71.55
10.0 9000 0. 457 10. 11 71. 48
10.0 9500 0. 545 10. 07 71.19
10.0 10000 0. 453 9.99 70. 63
2.0 1000 0.120 9.98 14. 11
5.0 1000 0. 265 9.98 35. 28
10.0 1000 0.579 9.98 70. 57
20.0 1000 1. 257 9.98 141. 14
50.0 1000 0. 000 9. 98 352. 85

For Standard: Manuf act urer: Kl STLER
Model Nunber: 808K/561T
Serial Nunber: 877/558

The col um headi ngs are expl ained as foll ows:

Col umm
Col umm
Col umm
Col umm
Col umm

1

2
3
4
5

Shaker
Shaker

output in g's

frequency

voltage required to drive power anplifier

Sensitivity of standard accel eroneter

Standard accel eroneter output in mVv

Figure 3 Test Matrix
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( START )}

\

GO TO SUBROUTI NE
" EASYCOFF"

PROGRAM DVM
SELECT STD

- READ DVM

WITHIN O.08% YES

NO

| NCREMENT OR
DECREMENT LEVEL

YES

RETURN TO
MAI N PROGRAM

NO YES

SHUT DOMN SYSTEM

DI SPLAY "NO LEVEL

SET"

TOO MANY TRIES?

Figure 4 Level Set
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REPORT OF CALIBRATION

FOR

Accelerometer
Model 2217C
S/' N HA59

Using the Automated Vi bration System
Standard Used:KISTLER 808K1/561T SN 5032/2008

A e e A —— — — ————— i = —— " ——— y —— — A T i A P M — . T T A i L L ol e P T T b o et i — i

G Level Freq Sensitivity
GS Hz pC/G
4.99 30 27.64
9.97 100 27. 66
10. 02 400 27. 64
10.01 1000 27.63
10.01 1500 27.60
10.01 2000 27.71
10. 01 2500 27. 60
10.01 3000 27.28
10.01 3500 27. 39
10.01 4000 27. 20
10.01 4500 26. 97
10.01 5000 26.79

2.00 1000 27. 66

5.00 1000 27. 65
10.01 1000 27.63
15.01 1000 27. 64
20. 00 1000 27. 65

CATE: 12/4/81
SUBM TTI NG ACTIVITY: MEC

Figure 5
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CONTEMPORARY APPLICATIONS ROBOTS

Leonard B. Gardner
ScD, LLB, P.E., CMfgE

AUTOMATED

INTRODUCTION

This paper is intended to illustrate, to a
group of engineers primarily engaged in
measur ement sciences, the major contempor-
ary applications of industrial robotics.
It assunes that this group has heard and
read nuch  general I nformation about
robot s. This has arrocused their curosity

for a concise in-depth authoritive sumary

of this fast growing branch of science and
t echnol ogy. The science o f  robots
i nvol ves the complex interactions of

coordinate transformations (in six degrees
of-freedom), optimal and adaptive control
systens, neurol ogi cal nodeli n%, artificial
intelligence and the comon thread of com
puter programming that "puts this all
together for use by the technologist."
These subjects are nentioned only to give
the reader a" idea of the sophistication
and conplexities of industrial robots.
They are far too vast to treat in this
paper and So their details have bee"
properly excluded from further discussion.
The technology of robots considers the
science to be mainly transparent to the

user. It is concerned with applications
"here industrial robots can be used pri-
marily to increase productivity. Here,
productivity equates to the cost of manu-
facturing a finished product. Certainly

benefits from robots such
to renmove workers from a

and the reduction in
material Spoilage and accidents. However,
t he main concern is wth increasing
productivity.

there are other
as the ability
hostile environnment

i ndustri al
product

So, the inplication is that

robots can help you nmake a better
for less cost while inproving worker safe-
ty -- at least in certain instances. But
exactly "hat is this robot? Apparent |y,
the word was first used in 1923 by a
Czechosl ovaki an playwite, Karel Capek in
"R.U.R. - Rossum's Universal Robots." A
few years 1later, Charlie Chaplin in
" Moder n Ti mes" m mcked the Anerican
worker on the automated production [line,
perhaps inspired by R.U.R. |" 1942 Isaac

*Automated Integrated Manufacturing
2406 Buttetop Place

Bpring Valley, CA 92076
619.464-2446
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INTEGRATED MANUFACTURING’

Asimov crystallized the "Three Laws of
Robotics" and in 1950 his book, "I Robot"
which was a collection of nine previously
published stories canme out. In the nea"
time (late 40's) George Devol began his
experiments wth the transfer nechanisns
that was later called a Programmed Article
Transfer and was awarded US Patent No
2,988,237 in 1961. Still later, in the
md 60's, Joseph Engel berger realized the
potential of this invention and bought out
Ceor ge. Several nore years were required
before the first industrial robot was sold
in 1961, for die casting. Even the",
growt hwas slow (Unimatio" did not show a
profit until 1975) and manufacturers of
robots did not polificate until the late
70's "he" there were about 200 early
devel opers, many of whom abandoned their
effort. In the Oient, alnost anything
that replaces a human in performng even
the sinplist of tasks is called a robot.
Thus they consider as robots both a hoi st
to nove Steel bars and an assenbl er that
puts together the insides of the nodern
VLS| chip. Closer to hone, the Robot
Institute of America has defined a robot

as "a reprogrammable, nultifunctional na-
ni pul ator designed to nove material,
parts, tools, or specialized devi ces

through variable programmed notions for

the performance of a variety of tasks." By
the first definition, in 1980 Japan had
47,000 robots installed and  working,
however, by the second definition (gen-
erall acceptable in America) the nunber
shrinks to 3,000. Today's industrial
robots have three mmjor conponents: mani-
pul ator, controller and power supply. The
mani pul ator  consists of mechanical |inks
and joints, capable of nmoving in various
directions; actuators, that drivet he
mechani snms either directly or indirectly
through gears, chains,, or ball screws;
control valves that adjust the flow of
fluid to the actuators; and feedback

devi ces that sense positions of the links
and joints and feeds these data to the
econtroller. The controller directs the
novenents of the manipulator, stores posi-
tion and sequence data, and interfaces the
robot with the real “outside worl d. The
power supply may be electric, hydraulic,
or pneumatic and provides regul ated energy

for the manipulator's actuators.  Scien-
tists add to this list a few capabilities
not generally available off-the-shelf



today. These capabilities are |oconotion
in a specified environnent, perception and
interpretation of its environnent in term
of a task and heuristic problem solving or
the ability to plan and direct its own
actions in order to achieve higher order
goals.

A few years ago, Wwhen one thought of in-
dustrial robots, they thought of spot and
arc welding, spray painting and assenbly.
Many such applications still use the nost

robots in terns of the value of equipnent
installed. But mining, equipnment repair
and farm n? (just to nention a few) are
comming up close behind. Donmestic robot
manufacturers appear to fall into four
groups: traditional manufacturers Of

machine tools, established speciality man-
ufacturers, large general purpose manufac-

turers, and snall entrepreneurial and in-
novative firms. The relative inportance
in the narket lace of these different
types of firms will depend on, and in turn
influence, the evolution of robotics tech-
nol ogy.

COMMERCIALLY AVAILABLE ROBOTS
It is convenient to introduce commercially

available robots by their maenanical con-
figuration and their classification.
Mechani cal configurations are character-

i zed by coordinate systems and degrees-of-
freedom The classification of robots
made by the Japanese Industrial Robotic
Associ ation {(JIRA) consists of the follow
ing six types:

1. Manual nmanipulators that are
worked by a" operator.
2. Fi xed seguence
perform successive

robots that
steps of a

given operation in a predeter-
m ned sequence.

3, Variabl e sequence robots
where the sequence of steps may
be easil K changed.

4, Teaching npde playback robots

instructions after
a work procedure.
5. Nuneri cal -control | ed robot s
t hat execute operations on the
basis of nunerically coded infor-
mation,
6. Intelligent
form various
its sensi ng
capabilities.

t hat repeat
bei ng taught

robots that per-
functions through
and recogni zi ng

Robots are available in four coordinate
systens: rectangular (Cartesian), cylin-
drical, spherical (polar), and jointed-
spherical (reviolute). The work envelop
in rectangular coordinates is the x,y,z
axes. Typi cal robots of this configura-

tion are:
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Advanced Robotics Cyro 750
CGeneral Electric aW7. Al2 Allegro

| BM RS- 1

Mobot (nost nodel s).

Westi nghouse 5000, 7000
The work envelope in cylindrical coordi-
nates is the r,6,z axes formng a portion
of a cylinder. Typical robots of this
configuration are:

ASEA MHU

Cybot ech H80 H8

| BM 7535

Prab Servo E., FA. FB and FC

Sei ko
The work envelope for spherical coordi-
nates is the r,6,8 axes forming a portion
of a sphere. Typical robots of this con-

figuration are:

Bendi x AA160

General Electric GP66
Prab, Non-servo 4200
Uni mation 1000 ect

The work envelope for revolute coordin-
r1, @1, 0, r2, 82, 02, axes formng a"
approximation of a porition of a sphere.
Typical robots of this configuration are:

Advanced Robots Cyro 820

ASEA | Rb-6, IRb-60

Bendi x M. 360

Cincinnati Mlacro" T3

DeVilbiss Trallfa

Uni mation Puma

United States Robot, Mker

The major axes of notion relate to the
robotic armnoving in and out, up and
down, and rotating about the base. I"
addition a mnor axes of notion is related
to the effector placed at the end of the
robotic arm and sonetines referred to as
the wist. The notion of the joint
between the effector and arm are:

pitch, a angul ar notion in a
vertical plane through the
| ast mmjor axis.
yaw, an angular notion in a
horizontal plane through the
| ast mmjor axis.
roll, an angular notion in a
pl ane perpendicular to the
| ast nmj or axis.
Additional one and two axis notions of the
entire robot may be provided by nounting

it on a traverse nechanism attached to the
floor or to the ceilinag.

robots follow from
Manual nanipul ators

The characteristics of
their classification.

are like those of a hot «cell or hoist.
Fi xed or variable sequence robots may be
controlled by a sequencer or by a servo
not or. Non-servo sequencers have a con-



all
when
stop

troller that initiates and
operations. Limit
the proper position is reached and
the motion. I” general, there are only
two static positions for each axis. This
node of operation is comonly usea on
smal ler robots; but, it may also be appli-
cable to larger robots. Rel ativel?/ hi gh
speeds are possible and repeatability is
usually to within 0.01 inch. On the other
hand, the servo controller addresses the
menmory | ocation of the first command posi -
tion and al so reads the actual position of
the various axes. These two sets of data
are conmpared and their differences used to

I sequences
switches signal

adjust the position of the robot. This
process continues until the differences
are effectively reduced to zero. Wth
this system, the robot can nove and stop
anywhere within its limts of travel.
Programming is acconplished by nmanually

initiating signals to servo valves to nove
the robot to a desired position and then
recording the differences in a conputer
menory. Smooth notions may be executed
while controlling acceleration and veleec-
ity. Subroutining and branching capabili -
ties permt this robot to take alternative
actions. Accuracy of positioning the end
of the arm usually varies between 0.125
and 0.001 inch.

Teaching playback robots employ point-to-
point servo-control sSequencer and poten-
tiometric controls. They are tedius to
program  However, unlike a sinple servo-
centrol, the progranmmng positions can be
easily nodified during program execution.
The actual path followed by the robot
between points is not controlled and may
be different fromthe path followed during
the teaching process. That is, the coor-
dinate data are sanpled on a tine base
rather than discretely determined points
in space. Usual Iy nore than one program
may be stored in nenory and randonly
accessed. CGeneral ly, these robots are
smaller in size and lighter in weight than
the point-to-point Servo robots.

Nuneri cal -control | ed robots are programmed
off-line fromtheir operation thl cally b
means of a special purpose high |eve

| anguage. Some more common languages and
also some special purpose languages have
bee” wused. The tinme location of the

robotic joints are referenced by coordi-
nate transformations to sone fixed point.
These become input data to a control sys-
tem that follows a notion axiomto con-
strain velocity and acceleration of the
joints. A great amount of flexibility is
permtted with orogram sel ection, nmodul ar
nodi fication anu operation.

Intelligent robots are the highest class.
They are still in developnent. Wth this
robot an objective of the novenent and any
constraints are given in English Ilike
instructions. The robot is then otherw se
free to.achieve the objective.

265

JUSTIFICATION FOR ROBOTS

Robots aid in achieving increased rreduc-
tivity nore as the result of the consis-
tancy of the robot's pace rather thap the
rate of the pace which may not be nuch
different than for ma". Thus, therobot's
hi gher productivity is neasured in terns
of increased parts per day. This consis-

tency of operation also results in inprov-

ed quality and rejection of scrap. For
exanple, in die casting and plastic nold-
ing, ~consistant cycle time of the robot

| oading and unloading allows die tenpera-
tures to stabolize and operation w thout
shutdown for breaks and shift changes
avoi ds the production of scrag col d- shot s.

I n another exanple where a robot applies a

spray  coating, greater consistancy in
thi ckness of layer is achieved and over-
spray is reduced. The application of
robots can allow people to be renpved from
noisy, dirty, dusty, hot (and noxious
fumes) working conditions and nonotonous,

fatiguing jobs. Wiy change the conditions
or the work when it is cost effective to
use a robot instead of a human? Certainly
in the long run, the robot is the least
costly of = several alternatives. Robots
reduce the cost of direct labor, spoiled
wor k, i ndi rect suppl i es, supervisory
| abor, and training while increasin out -
put, saving energy, and providing a"
Investment tax credit. In evaluating the
cost of a" industrial robot for these com
parisons, the cost of installation, rear-
rangenent and nodification of equipment;
other required facilities; tooling; min-
tenance supplies, tools and labor; train-
ing; taxes and insurance; application
engi neering and the cost ofcapital.

APPLICATION DEVELOPMENT

The first thing to do in devel opin
cations for robots is to becone famliar
with the basic capabilities and linmta-
tions of those that are available. Then
make an initial survey of potential appli-

cations. Look for tasks that are wthin
the robot's capabilities, that do not
requi re judgement by the robot, and (nost

inportant) that justifies the use of a
robot . IF this initial survey yields a
list of potential applications, then make
a nore detailed study and pick the first

application. 1 suggest the sinplist job
on the Ilist be picked for the first

application. Now, study the job and make
certain you know everything a ma" has to
do to performthe job. Try to anticipate
all the things ‘that could go wong with
anything associated wth the job. NOW
select a robot wth sufficient reach,

speed, mermrg, program and | oad capacity
to do the job. Provide sone extra capac-

ity if possible. Consider if the robot

should be protected From the environment.

Make a layout of the installation locating
interfaces to other equipment and identi-

appl i -

fying any facility changes required. Make
provision for  utilities, interlocks and
guards. Provide the necessary effector



and |l ook at the alternative way by which a available to automate nanufacturing and

part could be picked up. Provide for increase productivity. Second,
backup equi prment or plan to protect pro- productivity 1is a subtle and conpl ex
duction when the robot is down. concept Wwith several definitions and

measur enment s. It depends on many factory
IMPLEMENTATION OF ROBOTS t hat interact with one another. I_t IS
Do a nmuch of the planning for the robotic difficult! t heref ore, to attribute
installation as possible before the robot productivity inprovements to any single
actually arrives for installation. Most technol ogy. These warnings do not suggest
inmportant, prepare and train all |evels of robotics is uninmportant for production,
personnel at the site for the robot. rather, they enphise the dangers inherant
Anticipate some Start up probl ens. Gen- in taking a" overly "arrow definition of ,
erally, programs nmay have to be refined, technol ogy when assessing i mpacts on
tooling adjusted, timng and interlocks i ndustri al productivity. Robotics can
tuned in. After installation, closely open up new business oppertunities for
nonitor the operation. Keep track of down speci al i zed equi prent and apgliiccation
time to identify recurring problens. Com sof t war e. Robotics can |ower the nininum
pare esti mted and actual cost and perfor- scale for efficient production and create
mance. Devel op a" in-house capability for new manufacturing oppertunities for small
programming and maintaining the robot. busi ness. However, t he adoption of
Lastly, give your own people total respon- robotics by larger firnms may foreclose
sibility for the robot's perfornance. sone nanufacturing oppertunities for small

firms that cannot afford to invest in new
TECHNOLOGY AND MARKET ISSUES equi pnent . To further the applications of
What types of manufacturers will play the robotics requires i nvest ment capital.
most significant roll in the production of There does not Seem to be a lack of such
robots and their innovative use? WII capital but a tax policy that encourages
robot use and production be concentrated such investment is a“ important stinmulus
in a few large conpanies? WII a variety to rapidly push this technology forward.

of robots be available for many applica-
tions by diverse types and sizes of Users?
VWat wll be the effects of financial
health of different types of potential is discussed. Productivity inprovenents,
producers and Users? Shoul d R&D stress resulting from the use of robots, can
applications or should it fOICUS. On funda- affect labor in a nunber of way's Such as
mentall work aiming at a signi ficant new changi ng t he rel ative pr Oporti on of

br eakt hrough in t he state-of-the-art? machi nery to wor kerS, Changi ng t he demand

Unemployemnt is a" issue that is constant-
Iy raised when the social inpact of robots

What roll should the Federal Gover nnent for consumer pr oducts resulti ng from a
play in funding this research? What type change in pricing, and the supply of qual-
of work should be pursued in Covernnent ified workers with Specific skills.
research |aboratories and at what |evel Enpl oynent in a particular industry may
should it be funded? What addi ti onal fall 'because fewer workers are need to
policies, if any, would be required to automatically produce a particular pro-
stimulate R&D in the private sector? Are duct. But inecreses in production volunme
there particularly inportant apaplications to nmeet a" increased demand could cancel
of robots in the Federal Gover nment t hat or eve" turn around a decline in the work
should be explored and devel oped? Shoul d force. Mbst expert have argued nore jobs
the Governnent encourage the establishnent are created by a new technology than there
of technical standards for robotic devices are elimnated, however, they are in
and components? Should standards be set different industries and require different
for interfacing robots with other automa- skills. The effect on a" induvidual who
tion and information technology? These, has been replaced by automation can be
and other questions, are inportant ques- traumatic. W thout question, robotics
tions that nust be addressed at a" early will inprove working conditions and job
date; now is the time for action and for satisfaction. Robotics can also be a
directionl HO' technology is addressed definite aid to the handicaped. Were the °
will determne the market and influence these benefits are realized depends, in
the structure of the robotics industry. part, on the particular ways in which
industry uses the technology. Sone feel .
SOCIAL ISSUES _ the long-term effect of robots may be to
Much of the literature on  robotics "deskill" labor, requiring less ability on
contains references to the contribution the part of humans. Sone have expressed
toward inproving industrial productivity concern that robotic automation provides
that can be expected. It is inportant for i ncreased oppertunities for enployer sur-
US to examine this issue. No person or veill ance of employees. Uni ons feel
group are in agreement with others on this enpl oyers having robots wll "downgrade"
subj ect. But they do agree a sinplistic jobs. = However, all generally agree t hat
solution that exaggerates the inportance workers with inproved technological liter-
of robotics is not possi bl e. There are acy Wl be better able to oveéersee the
two reasons. First, robotics is only one operation of robots, would be less likely
part of a wde array of technologies to resist i ntroducti on of robots, and
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woul d be easier to retrain.
MARKET VALUE OF ROBOTS
To study the narket val ue of

robots, we

| ook toward Japan, who for many years has
lead the world in the manufacture of
robots. Their industry is growing faster

than eve” they previously estimated. JIRA
forecast in 1979 that Japan’s shipment of
robots would be ¥36B while actual ship-
ments were ¥42B, an increase of about 17%.

Early forcasts of shipnents of robots for
1980 was ¥u3B and later was revised ¥(5B;
actually, it was ¥78B, an increase of
about 20%. This growth has continued.

Forcast for 1985 in ¥500B and by 1990 this
rises to ¥1T(500B$). It is also useful
to note that the value for true robots
shipped (playback, NC and intelligent sys-
tems) is increasing, while the value for
fixed and variable sequence machines in
decreasing. Another interesting statis-
tic: between 1979 and 1980 the number of
installed and operating Japanese robots of

all types is increasing by 135% while the
increase of intelligent robots increased
by over 200%. This reflects a” increasing
demand that was forcasted. In 1980 the

demand for all types of robots was about
20K units. This is estimated to increase
to 68K units by 1985 and to 115k units by

1990. The corresponding demands for
intelligent robots about tripples each
reporting period. But so much for Japan.
Let's see how this conmpares to the US. In

1980 Japan had produced 3,200 units with a
total value of 180M$ while the US had
produced 1,300 units with a value of
100M$. At the end of 1980, Japan had
11, 200 robots installed and- operating
while the US had 4,400. But the gap is
begining to narrow. There are also sone
interesting labor statistics. I n Japan,
the average labor <cost per person has
steadily increased from about ¥1,000 in
1970 to ¥3,000 in 1978, Over the same
period of tine, the average price of
robots has remai ned about the sanme: ¥5,000
for all (Japanese, definition) robots and
¥12,000 for playback type robots. Thus
the ratio of labor cost to robot cost has
been decreased about 1/3. The actual
val ue was about 3.7 in 1976 for playback
robots. Superfically, a playback robot
could be anortized within four years on a

single shift. But the actual expenses of
installation and maintenance resulted in a
slower rate of anortization. In the
future, |abor costs are expected to rise 5
to 10% annually while robot costs will
remain  about st eady. A summary of

responses to a questionaire distributed by

JIRA  listed the order of importance for
installing an industrial robot as

1. Econom ¢ advant age

2. Increased worker saftey

3. Unalversalization of

production

4, Stable product quality

5. Labor shortage
Hence, the economic advantage of the
industrial robot over human labor, which
seems certain to grow i n the future, is
considered as the nost inportant factor in
the increased application of industrial
robot s.

APPLICATIONS
In a broad sense,

robots may be classified

bythe industry in which they are used.
Statistically, about 30% of the robots
have been used in the autonobile industry
from 1974 to 1.980. Overthe sane tine,
their use in the electrical applicance
i ndustr has increased from 10% to over
35% e netal products industry show a
less significant increase fromé6%to 9%
while use in the mnachinery industry has
remained constant at about 5%  Anot her
way of classifying robots is by applica-
tion. In 1980 spot welding accounted for

57% and arc welding for 19% of all
The next |eading
painting at 11% All
accounted for 13%.

robot s.
application Was spray
ot her applications

I n Japan, by the end of 1980, Nissan was
the largest user of spot *“elders {300).
At the same time, Toyota reported 200 spot

welders. Kawasaki Heavy Industries is the
leader i n production of Unimations.
Mitsubishi Heavy Industries occupied sec-
ond place producing 10 per month. _Other
runner ups were Toshiba Seiki and Toyoda
Machi ne Works. For arc welding a much
lighter weight robot may be used. Thi s
market is presently domnated by Yaskawa

El ectric Manufacturing with a relatively
| ow priced playback robot.  Shinneiwa has
devel oped a" arc wel der for heavy plate3
and Osaka Transformer has devel oped an arc
wel der for sheet metal. Koebe Steel has
produced a "ore expensive, continuous path
control, arc welder. Htachi has a 10”7
riced articulated playback robot and
tsushits is entering the narket.

Painting robots are the third | argest type
of playback nmachines and are now increas-
ing In nunber at the sane rate as welding
robots. A person requires 2 to 3 years Of
experience to become a skilled manual
coating worker. However, the poor working
environment and the tendency to be a nore

educated society has contributed to a
devel oping shortage of skilled = manual
workers. This shortage is being filled by
robots.  Their use also saves 10 to 20% of
ngl nt.  Koebe Steel has introduced the
rwegian Trallfa spray painting robot.
Bot h Hi t achi and M tsubi shi Heavy



Industries have worked with Nihon
Parkerizing Company and Iwata Air
Compressor Manufacturing, respectively, to
develop playback spray robots. Tokico
produces a large variety of low priced
painting robots while Nachi
offers a spray robot with both remote and
direct teaching.

Industrial robots have been applied to a
wide variety of machine loading applica-
tions such as die casting, forging, press
work and machine tool handling. In press
working Aida Engineering seems to dominate
the area but it is being strongly chal-
langed by Toshi ba Sei ki . Similiar,
Fusjitsu Fanue is |eading over

Heavy Industries in the area of loading
machine tools, Ichikoh Engineering
Company, Ichikoh and Kyoshin Electric
offer a complete line of fixed sequence
machines. Star Seiki, Shoku and Daido
offer both fixed and variable sequence
robots. Shinko Electric has a relatively

sophisticated variable sequence robot for
putting workpieces into a furnace. Nachi
Fujikoshi offer a robot specially designed
to tolerte hot temperatures that finds
application in transfering workpieces from
a furnace to a press.

Fujsitsu Fanue's robot is usually found
working with NC machines, Their Model 2
uses the NC of the single machine tool
which it services, while their Models 1, 2
and 3 have their own NC and service from
two to five machines. These machines make
possible an unattended system that oper-
ates automatically at night. Okuma,
Yamatke-Honeywell and lkegami Iron Works
have also started producing robots for use
with their NC machines.

Closely allied to machine loaders are the
robots that simply transfer material form
one place t o another. Thus, Shinko
Electric, Taiyo and Kayaba Industry have
entered this field. conveyor manufac-
turers that also have transfer robots
include Tsubakimoto and Sanki Engineering.
Others are Kawasaki, that has a modified
Unimate, Daido Steel, Yaskawa, Nachi
Fujikoshi and Toyoda Machine. Dainichi
Kiko has developed a line of heavy trans-
fer robots. Togo Keiki has developed a
series of variable sequence robots specif=-
ically dedicated to palletizing,

Assembly robots, capable of inserting,
screw driving, bonding, etc exist largely
in the early application stage. ost
major electrical ~manufacturers such as
Hitachi, Matsushita, Mitsubishi, Oki and
Fujitsu have developed fully automatic
systems for bonding. All of these use
cameras for visual perception to position
by shape or pattern and to detect defects
(M tsubishi). Hitachi manufacturers an
intelligent robot with a25 step memory
and a 200gm load capacity that can fit
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Fujikoshi

Kawasaki

together different components, one- by-one,
in a specified order. The larger elec-
tronic manufacturers are planning to
robotize 50to 75% of their assembly
operations by 1985.

Supporting this type industrial develop-
ment both in Japan and in the US is a wide

range of university research; let me de-
scribe the US involvement. The principal
universities are Stanford, MIT, Carnegie-
Mellon, Rhode Island, Flordia, Purdue,
Massachussets, Maryland, Rochester,
Rensseler Polytech, Arizona, Wisconsin,
Ohio state and others. The robotics

research at Stanford University is long
standing. Tom Binford did pioneering work
in three dimensional vision. His students
have developed a” advanced robot program-
ming language, called AL (Arm Language).

Their artificial intelligence laboratory
has produced a list of ground breaking
research projects in manipulation,
hand-eye coordination, and assembly.

Danny Hillis and John Hollerback of MIT
are building robot skin that detects
pressure to give a sense of touch. MIT is
also active in robot vision and program-
ming languages., Carnegie-Mellon Univers-
ity has programs in flexible assembly,
mobility and intelligent robots. John
Birk of Rhode Island University has devel-
oped robots with vision to acquire, Orient
and transport pieces. One of their robots
was the first to pick parts out of a bin
of random oriented parts. They are also
working on dexterous robot grippers and
programming languages. Del Tessasr at the
University of Flordia is working on tele-
operators, force feedback and the kinemat-
ics/dynamics of robotic motion. Purdue
University is working on robot control
systems, programming languages, Vision,
and modeling part-flow through industrial
plants, The University of Massachusetts
Is working on the visual interpretation of
natural scenes and the design of parts for
automatic assembly. The University of
Maryland has a Computer Vision Laboratory.
Herb Voelcker a t the University of
Rochester is developing advanced methods
of representing three dimensional shapes
in a computer memory. From this work a
computer graphics language called PADL was
developed. Herb Freeman at Rensselear
Polytech Institute is studying the genera-
tion of computer models for three-dimen-

sional curved surface objects. The
University of Arizona is doing teleopera-
tor work and the University of Wisconsin
is doing work in machine vision. Robert
McGhee at Ohio State University is working
on dynam cs and control of industrial ma-
nipulators and |egged |oconmotion systens.

There are also nmany non profit and private
i ndustri al | aboratories performng re-
search in robotics. C. S. Draper Labora-
tories are working on machine vision for



recognition and i nspection. G M
Research Laboratories has a unique nethod
for obtaining silhouette immages of parts
on a conveyor system GE has a substan-
tial r obot denonstration facility.
Westinghouse has established a robotic
research |aboratory. | BM has devel oped
AUTOPASS and EM LY progranmmng | anguages
for robots. Texas Instrunents is using
robots for assenbly and testing of hand
cal culators. Machine Intelligence Corpor-
ation, in coorperation wth Unimation

devel oped the first comercially available
seeing robot. Uni mation is working on
control  systems, calibration techniques,

mobi lity and progranmmi ng t echni ques.

Cncinnati  Mlicron is also working on
programm ng languages, control system
architecture and nechanical design. Qher
manuf acturers are Prab- Ver satr an,

Aut opl ace, Advanced Robotics, DeVilbiss,
Mobot , Nordson,  Thermwood, ASEA, KUKA,

Trallfa and US Robots as well as a dozen
other smaller conpanies. Western Euro-
peans are estimated to be spending from
two to four times as much as the US in
robotic research. Fiat, Renault, Oivetti

and Volkswagan all have developed their
own robots. The fact is, US robotics
efforts are neither Dbetter funded nor
better organized than those of our over-
seas trading partners.

PROBLEM AREAS

One of the first problems is accuracy
(not repeatability).  Robot positioni n%
accuracy needs to be inproved. Al t houg

repeatability of nost robots is on the
order of 0.05 inch over its working vol-
ume .{and in Sone cases as _good as 0.005
inch), the absolute positioning accurac

may be of f as nuch as 0.5 inch. Thus i

is not now possible, Wit hout extensive
calibration, for a robot to go to a" arbi-
trary mathematically defined point in co-
ordinate space and have any assurance that
the robot will conme closer” than half-an-
i nch. Presumabldy, this accuracy problem
could be solved by applying closer manu-
facturing tolerances to the robot. Today,

the solution is calibration or using the

teachi ng nethod. However, no efficient
met hod of robot calibration has been de-
vel oped.  Also, robot control software is
not presently designed to use calibration.
Thus, using a robot for Small lot batch
assenbly remains uneconom cal .

Second, dynam c performance must be inpro-
ved. Present day robots are too slow and

clunsy to effectively conpete with human
| abor” in Assembly. Two execptions to this
are arc wel ding,  where a heavy wel ding gun
must be moved through a string of points
in space, a task which the,robot does very
wel | . However, if robots are to perform
other types of assenmbly and construction
tasks, ~they must be able to execute much
nore conpl ex routines with greater speed
and dexterity. Control systenms need to be
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alternately Stiff and conpliant along dif-

ferent axes in space. This requires nuch
nore sophisticated cross-coupl ed Servo
control conputations than are presently
enpl oyed.

Third, npst robots can 1ift only about
one-tenth of their own weight. Li ght
wei ght construction is needed. Advanced

control systems that can take advantage of
such light weight structures and high
speeds are a nmjor research project.

Fourth, is the design of grippers t hat
presently have only one degree of freedom
contrast” this wth the hmuman hand that
has five fingers, each with four degrees
of freedom No robot has cone close to
duplicating the dexterity of the human
hand! The problem is not so nmuch in
buil ding such a nechanical structure, but
in controlling it.

Fifth, sensors of many different types
must be devel oped. Robots must be able to
see, feel, and sense the position of ob-
jects in a nunber of dfferent ways. Pro-
cessing of visual diata must becone faster
and be able to deternine three-dimensional
shapes and relationships. Robot grippers
must both feel the presence of objects and

sense the forces developed on these ob-
jects. ~ Proximty sensors are needed on
robot finger tips to enable the robot, to

measure the final few nmillinmeters before
contacting objects. Longer range proxini-
ty sensors are needed on the robot armto
avoid colliding with unexpected obstacles.
A variety of ~“acoustic, electromagnetic,
optical, x-ray and particle detectors are
needed to sensethe presence of various
materials such as nmetals, ferromagneties,
plastics, fluids,and 1limp goods, and to
detect various tyﬁes of flaws in parts and
assenbl i es. Both the sensing devices and
the software for analyzing sensory data
represent research and developement pro-
bl ems of enornous magnitude.

Sixth, control systems are needed that can
sinul taneously take advantage of sophisti -
cated sensory data from a [arge nember of
different types of sensors. Present con-
trol systens are severely linited in their
ability to nodify a robot's behavior in
response to sensed conditions. sensorK
data wused in tight servo loops for hig
speed or precise notions nust be processed
and introduced into the control systens
with delays of no nmore than a few mlli-
seconds. Sensory data used for detecting
the position and orientation of objects to
be approached nust be availablé within
hundreds of mlliseconds. Control systens
that are properly organized in a hierarch-
ical fashion (so that they can acconplish
a variety of sensory delays of this type)
are not available on any comercial robot.



Seventh, robot control systenms need to neering. But, mich nore fundanent al

have a much nore sophisticated internal research and devel opnent will be required
model of the environment in which they before the sensor, control, internal
work.  They nust know three-dinensional nmodel ing, generation, systenms interface
relationships of both workplace and work- and nobility problens are solved. Mich
piece. These data are needed to generate remains to be done in sensory technol ogy
expectations as to what parts shoul d | ook to inprove the perfornmance, ~ reliability
like to the vision system or what they and cost effectiveness of all types of
should feel like to the touch sensors, or sensory transducers. Even nore remains to
where hidden or occluded features are be done in inproving the speed and sophis-
located. Eventually, such internal nodels tication of sensory processing algorithns
m ght be used in the automatic generation and special purpose hardware for recogniz- .
of robot software by describing how a fin- ing features and analyzing patterns in
ished assenbly should |ook, or even how  both space and time. Sensory interactive
each stage of a" assenbly or construction control systems, that can respond to var-
task should appear in sequence. ious kinds of data at many different °
_ . , | evel s of abstraction, are still very nuch
Eighth, techniques for developing robot in the research phase. Current comnercial
software nust be vastly inproved. Pro- robot control systems do not even allow
gramming by teaching is inpractical for real -time six-axis increnental movements
small [ot “production, especially for com in response to sensory data. None have
pl ex tasks where sensory Interaction iIs convenient interfaces by means of which
involved. Eventually, it will be neces- sensory data of many different kinds can
sary to have a whole range of progranmn be introduced into the Servo |oops on a
languages and debugging tools at eac mllisecond tinme scale for true real-tine
level of the sensory-control hierarchy. sensory interaction. None of the commer-
Shop floor personnel, unskilled with com cial robot control systens have anything
puters, nust be able to instruct robots in approxi mati ng CAD data bases or conputer
what to do and What to look for in the graphics nodels of the environment and
maki ng sensory deci sions. wor kpi eces.  Finally, current progranm ng

techniques are tine consunming and not cap-

Lastly, many potential robot applications able of dealing with internal know edge or

require robot mobility. Most robots today sophisticated sensory interactions. These
are bolted to the floor or table top, or are very conplex problems that require
are hung from the ceiling. Smal | robots many person-years of research. Is it not
can reach only a few inches; larger robots surprising that robot applications are
only a few feet. But many applications still very limted?

need robots that can nmmneuver over nuch

larger distances. For exanple, a robot It is often felt that standards are an
used to load a machine tool ~typically i nhibiting influence on a newly devel opin
spends nost of its time waiting for the  fjeld because they inpede innovation an
machine to finish its operations. ~ Some- stifle conpetition. In fact, just the op-
times a single robot ~can be positioned posite is true. \ell chosen standards
between two or nore machine tools so tkat ronote technol ogy devel opnent and trans-
it can be nore fully utilized. ~ Qther er. They make it posssible for O S'y
times it can be nounted on a" overhead different nmanufacturers to produce various
gantry traveling on rails in order to gain  gcomponents of nodular systens. Standard
access to nany machines. Unfortunately, interfaces assure that multi-vendor sys-
to date this has prove" too expensive and tens will fit together and operate cor-
clumbersome for wide scale use. 1" many rectly. |ndividual nodules can then be
applications, |ike welding or painting sptimized and upgraded without naki ng t he
large structures such as ships and air- whol e  system obsol ete. They make it pos-
craft, it is not practical to bring the sible for a large nunber of robots, mach-
work to the robot; the robot nust 'go to  jne tools, sensors, and control conmputers
the work. A good ship building robot to be connected together in integrated
should be able to maneuver inside odd syst ens.

shaped conpartnents, clinb over ribs and

bul kheads, scale the side of a ship's

hull, and weld Seans several hundred feet THE FUTURE .
in length. Simlar nobility is required I" the future, you can expect that the
in the construction of buildings. [|" sone probl em area of today that | have just
cases robots will need to cli stairs and described will be solved. The industrial
work from scaffolding. Robots wll also robot is still in it3 infancy. During the
be used in undersea explorations, drilling next decade | fully expect” it will bloom
and  nining. Both of these devel opmenta into adul t hood. Intell'igent robots are
will require significant new devel opnents representative of the leading edge of
in mobility nechanisns. It may be pos- technol ogy products. The growth of the
sible to ~inprove the nechanical accuracy i ndustria robot  industry wll bear
of robots, and to inprove servo perfor- eloguent testinony to  state-of-the-art
mance with little more than careful engi- t echnol ogy.
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Al'l of our problens are anenable to solu-
tion. It is only a matter of time and
expenditure of resources before sensors
and control systens are devel oped that can

produce dext er ous, graceful, skilled
behavior in robots. eventual |y, robots
will be able to store and recall know edge
about the world that will enable themto

behave intelligently and even to show a
measure of insignt regarding the spatial
and tenporal relationships inherent In the

wor kpl ace. There is no question that
given enough tine and resources, robotics
will eventually becone a  significant

factor for increasing productivity in
industrial manufacturing. The only ques-
tion really is: How much tine and resour-
ces wll be expended before our desires
become reality? In my opinion, nore than
a few tens of nillions, and |less than a
few hundreds of millions of dollars will
be required for R&D to make robots capable
of performing a sufficient nunber of tasks
to make significant productivity inprove-
ments. More that a few humdred and |ess
than a few thousand person-years of high
level scientific eand engineering talent
Wl be needed. I" ot her words, a
natirnal R&D effort of at |east one, and
perhaps two,. orders of magnitude greater
than what has bee" done to date wll be
required to succeed in this quest. And
nore than just total dollars spent is
i nportant. Robotics research is systens
resear ch. At least a few stable, c¢onsis-
tantly well funded research centers of ex-
cellence Wwill be required. It is a chal-
langing and a" adventurous quest, a quest
in search of today's solutions to yester-
day's problenms for increased productivity
tomorrow. | hope you will join ne in this
quest!
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MEASUREMENT ASSURANCE

IN YOUR OWN LABORATORY

Rolf B. F. Schumacher

Rockwel l

ABSTRACT

Measurement assurance is the application of broad
quality control principles to measurements and
calibrations. This paper demonstrates how
quality control methods can be used to control
the accuracies of measurements and calibrations.

CONTROLLING A PROCESS

In order to manufacture a number of like products
efficiently, a manufacturing process must be
established that consistently turns out the
product with the desired characteristics at a
predetermined cost. Once the process is esta-
blished, one task of quality control is to keep
it operating at the intended levels of product
quality and production cost. Inadvertent changes
in the process must not be permitted to occur;
and if such changes do occur, steps must be taken
to prevent their recurrence. To this end,
numerous production control techniques have been
invented which can also be used to control
measurement and calibration processes. Ever
since Eisenhart (Ref. 1) has shown that a mea-
surement process, to yield measurements with
known limits of variability, must behave like a
production process which is in a state of statis-
tical control, it has become very useful to
consider a measurement process like a production
process and apply to the measurement process
controls similar to those first used to control
manufacturing processes.

THE CONTROL CHART

One such control instrument is the control chart.
In this paper, we shall examine how control
charts can be used to control a measurement
process. The word "measurement" is used here in
a broad sense so as to include calibrations. In
fact, the methods described here have primarily
been used to control calibration processes.

The most widespread use of control charts in
controlling measurement processes is in connection
with the use of a check standard. To control a
measurement process, a check standard is measured
from time to time by the process to be controlled
and its measured value entered on the chart. If
more than one observation is normally made to
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determine a measured value, the dispersion of the
observations is also determined numerically and
can be entered on an accompanying chart to
furnish an additonal control element.

As an example, refer to Figure 1, the control
chart of a I-ohm standard resistor used as a
check standard for resistance measurements made
by the same process. Figure 1 illustractes the
simplest form of a control chart; other forms of
control charts, yielding more or different
information, will be introduced later.

In Figure 1, each point, X5 (i=1, 2, 3...),
represents one resistance measurement which, in
this case, consists of one observation only. The
center line is the average of the measurements
and is indicative of the value towards which our
measurement process of the resistor tends, in our
case 1.000 012 3 ohms. (This value may be used
as our best estimate of the true value of the
resistor or it may be used to compare our mea-
surement process with that of a higher echelon
laboratory. |If, for instance, the charted
resistor has been certified by the National
Bureau of Standards to a value of 1.000 009 5
ohms with an uncertainty of 2 microohms, the
difference points to a possible systematic error
in our measurement process or a changed value of
the resistor or both.)

The dashed lines in Figure 1 are upper and lower
control limits. They are usually drawn at three
standard deviations (3-sigma) so that 99.73
percent of all measurements would theoretically
fall within those limits, provided the measured
values plotted come from a normally distributed
population. Thus, a point falling outside these
limits is always highly suspect of coming from a
different population, suggesting a change in the
measurement process or in the resistor, or
revealing some operator error. Such an occur-
rence should be investigated immediately to
determine the error cause and to correct the
measurement value.

The equation for upper and lower control limits
then is

(1)



where Z=3 for three-sigma limits and X is the
average of all plotted points Xj.

The standard deviation of the measurement process
is either known (a) from past experience or it
is estimated (s} from the plotted points using
equation 2,

- 2
$ o -2 \/ S 2 80
S = i=1 i= i=
n=1 n-1

The first expression for s represents the defini-
tion of the term and is widely used to calculate
s. The right hand expression for § is more easy
to use in manual and calculator computations and
gives certain advantages in computer calculations.
Since s is a function of a small difference
between two large numbers, different results may
be obtained at times when calculating s with one
or the other of the two expressions of equation 2
because of the effect of rounding. To avoid such
differences, it is advisable to use as each value

of X; only the variable part of Xi in the
caTlulation of s. For example, if X1 = 1004,
X2 = 1006, X3 = 995, etc., useas ¥i Only
4, 6, -5, etc.

2
The term 5;Xﬁ stands here for the sum of all
1= n measured values of X, squared
after summation:

n Z 5
in = (X1 + X2 + ...Xn)
i=

And Xi? stands for the sum of all squared values

i-1 of x,
i:xizz X12 + x22 X
1=

If equation 2 is used to estimate the stand-
ard deviation of the n plotted points Xj, S
replaces sigma (g¢) in equation 1. Simultane-
ously, the factor 7 must be replaced by Student"s
t which makes allowance for the limited number of
‘data from which the estimate of sigma is derived,
because Z aonlies strictlv, only when the standard
deviation is computed from a very large number of
data points. Hence, for a limited number of
points, equation 1 becomes

byslp=Xtsty o ®

where tp _j3 is the two-sided P-probability
value for® Student"s t for n-1 degrees of freedom.
For upper and lower control limits, tg_g973
(corresponding to the normal deviate Z = 3.0) or
tq %?5 are recommended. When the number n of
a points Xi is small, the equivalent of
two-sigma control limits is often used; in such
cases, tg.9544 (corresponding to the normal

deviate Z = 2.0) or ty g5 is applied at the
slightly increased risk of rejecting erroneously
a perfectly valid measurement value falling
outside the control limits. Many textbooks
contain tables of Student®s t factors for various
values of P and various degrees of freedom (in
this case, n-1). However, we owe to Brian Joiner
(Ref. 3) the calculation of t factors correspond-
ing to whole numbers of Z. Table I lists some
values of t.

The distance_ of the cogtrol limits from the
center line (X) either calculated from multiplying
the known standard deviation by three or from
equation 3, represents also the limits of the
random error of the charted measuring process.
To this random error, we simply need to add the
known or estimated limits of systematic error to
arrive at the total uncertanty limits of the
measuring process.

When the standard deviation of the measuring
process is known and some points repeatedly fall
outside the control limits, the process is out of
control and should not be used for measurements
before the causes for the out-of-control condition
have been removed. Such a change in the measuring
process, however, may also require a re-evaluation
of the random error of the measuring process.

An important condition for the use of control
charts is that the measurement process remains
the same throughtout. Different measurement
processes require separate control charts. Thus,
a control chart monitors the entire measurement
process, in our example the resistor and the
system measuring it. In fact, a control chart
for a standard resistor will show an out-of-
control situation developing when for instance
the oil of the bath in which it is kept loses its
insulating qualities, eve" though the resistor
and the other parts of the measuring system have
remained stable.

The control chart can yield considerably more
information, however, In addition to identifying
a measurement with a likely excessive error, it
can signal promptly a slightly changed measurement
process, even though individual measurements may
still lie within the expected uncertainty band.
For this reason, frequently oneand two-sigma
lines are drawn on the chart between the control
limits as shown in Figure 2. With known standard
deviation (sigma), the band between a control
limit and the center line is simply divided into
three equal parts. When the standard deviation
is estimated as in equation 2, one- and two-sigma
equivalent lines are drawn using equation 3 and
to.6875 and tg,g9544 respectively or, if these
t-factors are unavailable, tg 7g9 and tg os.

With one and two-sigma lines we can spot a bias
which did not exist before, a developing out-of-
control condition, or a changed systematic error,
when

a. two out of three successive points fall beyond
the two-sigma line,

b. four out of five successive points fall beyond
the one-sigma line, or
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c. eight successive points fall an one side of
the center line.

The measurement process should be investigated
for a probable cause changing the results of the
measurements when one of the above conditions has
occurred, because conditions a, b, and c have
only a 0.16%, 0.32%, or 0.4% chance of occurring
when the measurements are normally distributed.

TREND CHARTS = CONTROL CHARTS FOR REFERENCE
STANDARDS

Stable Standards

Control charts for reference standards are also
called Trend Charts. They are an indispensable
tool to

1. assign a best value to a measurement standard
and thus prevent a laboratory from making the
common mistake of always assigning to the
standard the latest value reported by the
higher echelon calibration laboratory (e.g-,
NBS);

2. estimate the total uncertainty of the standard
(which is in most cases larger than the
calibration uncertainty reported by the
higher echelon laboratory) and thus avoid
another common oversight;

3. indicate the relative stability or drift
(trend ) of the standard or, when only a few
points are available, give the metrologist
some indication of what behavior he might
expect of it in the future and, therefore,
help to

4. determine the date when the reference standard
will have to be recalibrated or recertified.

They thus furnish the key to a wealth of informa-
tion embodied in seasoned reference standards
that would otherwise be disregarded and remained
locked into them were it not for Trend Charts.

In fact, a laboratory which assigns to its
standards the value obtained from the Ilatest
calibration of that standard introduces in most
cases an out-of-control condition into their
measuring system while considerably underestimat-
ing the uncertainty of their standard.

As an example, consider the Trend Chart of a
one-ohm standard resistor, Figure 3. All values
were reported to us by the National Bureau of
Standards (NBS) as the mean of two observations
each with a known standard devatign of random
error of approximately 0.2 microohms. The
standard deviation of each mean of two measure-
ments, therefore, is calculated to be

= 8.2 = 0.14 microohms.

g
Jn 2
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Control limits drawn at three standard deviations
of NBS's random error would, therefore, Tfall
about 0.4 microohms from the center of trend
line, excluding most of the points. Such a
control chart would show a process that is
out-of-control -- which is certainly not the
case, But we know that the standard probably
undergoes small changes over long periods and may
be influenced by additional short-term fluctua-
tions. There is, of course, also the non-negli-
gible probability that NBS"s systematic error
changes somewhat over longer periods. In sum,
the uncertainty of the value of the standard is
generally larger than the uncertainty of the
value reported by the calibrating laboratory.
All the sources contributing to the apparent
fluctuations of the standard®s value over longer
periods whose causes are not identifiable,
including the random error of NBS"s measurements,
can be considered as belonging to one cause
system. We can, therefore, estimate the magnitude
of the combined effects causing the random
fluctuations between calibrations from equation 2.

The estimate of the standard deviation of the
first five points (n] = 5) calcualted from
equation 2 is sl = 0.518 microohms. Since only
five points were available, two-sigma limits were
drawn at 1.5 microohms from the center line.
These limits should be considered as limiting the
band within which all expected future values
should fall if the standard remains stable and
the sources causing the variability do not change.

The best known value of the resistor, in the
absence of any discernible drift, is the average
of the recorded values, provided we have no
reason to discard any of them. Beginning January
1965, the value to be assigned to the standard
plotted in Figure 3 was 1.000 013 44 ohms. In
April 1967, recalibration of the standard yielded
a value of 1.000 013 6 ohms requiring only an
insignficant change of the value assigned to the
standard of 1.000 013 47 ohms as shown in Figure
3. The additional point permitted also the
narrowing of the two-sigma equivalent control
limits to 1.2 microohms as n had now increased

to 6 (n2 = 6).

Having determined 1.) the value to be assigned to
the standard after its calibration in April 1967
(1.000 013 47 ohms) until its next calibration
and 2.) the range of values in which future
calibrated values will be expected to lie, we
must now calculate the uncertainty limits about
the assigned value in accordance with equation 4:

5
by by = % t7A te, el )

For the first five values, the limits of
uncertainty are at 1.000 013 44 ohms to0.66
microhms, tg,9544 4 = 2.869. After April 1967,
the uncertainty 1imits about the assigned value
are at 1.000 013 47 ohms #0.51 microohms,
to_g544’5 = Z2.649. These limits include the
effects of all experienced sources of variability
on the value of the standard and should be



considered the uncertainty due to rarndom fluctua-

tions of X.

To arrive at the total uncertainty with which the
value of the standard is known to us, we now only
have to add the systematic error of the reported
value to the uncertainty due to random fluctua-
tions calculated above in equation 4. In our
case (Figure 3}, the systematic error for the
period 1963 through 1969 was reported to be about
0.5 microohms maximum, $0 that the total uncer-
tainty of the value of 1.000 013 4 ohms, assigned
to it in 1965, was about 1.2 microohms (0.66 + 0.5
microohms). This total uncertainty dropped in
1967 to 0.51 + 0.5 = 1.0 microohms.

Although the 0.5 microhms maximum limits on the
systematic error may already include some variable
component which then would also be included in
the uncertainty limits plotted on the control
chart, nothing is known about its magnitude, so
that prudence dictates that we add the entire
systematic error component of NBS to our Uncer-
tainty.

As time progresses, trend charts must sometimes
be updated to account for changing technology in
calibrating the standard, changing measurement
techniques, a perhaps slowly changing standard
itself, and sometimes changing definitions. Such
Updating can be accomplished for instance by
dropping some of the earliest values or by
assigning different weights to the values, with
the higher weights being assigned to the latest
values and low weights to early

values. If, for instance, the
standardizing laboratory (e.g.,
NBS) utilizes calibration tech-
niques yielding significantly 2 _ 1
narrower limits of uncertainty 8% © n-2

than before, it may be appropriate
to weigh the charted values with a
factor inversely proportional to
the reported uncertainty limits.

Standards with Observed Drift

A bit more complicated is the construction of a
control chart for standards with an observed
drift. If the drift is approximately linear, the
best known value of the standard, X, at any time
t may be expressed by equation 5.
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X=b+mt )
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where b is the least squares X-intercept and m is
the least squares slope.
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Refer to Figure 5, the trend chart of a gage
block suspected to be shrinking gradually after a
control chart was plotted and long before any
reason for such a shrinkage could be found. The
chart was plotted in March 1965 on the basis of
five successively reported values. The X indi-
cates a value reported by NBS in April 1966.

To check whether the calculated least-squares
line adequately describes the suspected drift,
upper and lower control limits (dashed lines) are
drawn (at 95 percent probability limits in Figure
5) at a distance dk from the trend line for
selected past instances tk calculated from

/2
2
d =t s, | L+ (tk - t) (8)
k Pn-2X|n n
2 -1 S t
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where tp n_ is the two-sided P-probabilitv

value of Student's t for n-2 degrees of freedom
and sy is the estimate of the -standard devia-
tion computed from
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These control limits serve mainly to check the
adequacy of our selected model. If a past paint,
which we have established as being valid, falls
outside these limits, we should re-examine our
model; otherwise we accept it and use it to
forecast future values of the standard and their
associated limits of uncertainty. (It is assumed
here that the uncertainty of the past point due
to random variability is negligible with respect
to dk.)

To determine the limits of uncertainty for
projected future values of the standard (solid
control limits in Figure 5), the distance df
from the (solid) trend line at any future time
t¢ is calculated from

o /2
de = tp p2®x [1¥0 Y n(tf - t) {10)
Z‘f -t E Y
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The standard is recalibrated whenever the uncer-
tainty about its assigned value, as indicated by
the projected limits of uncertainty, becomes as
wide as measurement requirements permit, unless
other considerations make earlier recalibrations
desirable. Whenever a new value is obtained, the
trend chart, of course, is updated, trend lines,
control limits and projected uncertainty limits
are recalculated. Eventually it may also here
become desirable to drop some of the oldest
points. A decision to drop some old points
should be based on identifiable differences
between the older points and the later points pr
the processes by which they were obtained; it
should not be made arbitrarily.

Higher order least squares curves with control

limits are considerably more difficult to
construct. And before embarking on such a
project, it is advisable to determine Tfirst

whether the additional information obtained from
a higher order trend chart will be worth the
cost. We should bear in mind that the number of
degrees of freedom decreases with increasing
order of the curve. When the number of points to
be fitted is small, the uncertainty of any value
on the least squares curve may not be signifi-
cantly less than that obtained from a linear
approximation.

CONTROLLING THE TOTAL MEASUREMENT PROCESS

The X and R-Chart

One of the most powerful tools to control the
entire measurement process are control charts for
averages and dispersions (Figure 6).

They can be constructed and maintained whenever

one calibration or one measurement value is the
average of more than one observation. For
example, Figure 6 depicts the measurement process

of I-ohm resistors where each measured value is
the average of four observations made on a check
standard measured with the same process as the
unknown resistors. The observations are made
over a period of 32 to 48 hours. The X-Chart,
the plot of the averages of four observations, is
in all respects similar to the control charts
shown in Figure 1 and 2, except for the calcula-
tions of the control limits. The comments made
concerning the simple control charts, including
the evaluation criteria, apply here as well.

But in addition to plotting the measured values,
we also plot a measure of the dispersion of the
four observations on which each average is
based. For instance, the second point on the
X-Chart (Figure 6) is plotted as 1.000 012 25
ohms, this value being the average of three
observations yielding 1.000 012 ohms and one
yielding 1.000 013 ohms.

Beneath the 1.000 012 25 ohm point on the ¥-Chart,
we plot, therefore, the range of the measurements
on the R-Chart, in this case 1 part per million.
(The range is the algebraic difference between
the largest and the smallest observation from
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those observations from which the plotted average
was calculated.)

Instead of charting the range on an R-Chart, we
could also plot the estimates of the standard
deviation on an s-Chart. An s-Chart should be
used when the number of observations of each
point is large, say in excess of ten. But, "The
R-Chart is preferred to the (s-Chart) because of
its simplicity and versatility; and, unless there
are compelling reasons to use the (s-Chart), the
R-Chart is the method of choice” (Ref. 4, p. 2-7).
"For small samples, the sample range is a reason-
ably efficient substitute for s as an estimator
of the standard deviation of a normal population
- not as efficient as s, but earier to calcu-
late..." However, "As the sample size gets
larger, the range is not only troublesome to
calculate, but is a very inefficient estimator of
o" (Ref. 4, p. 2-7). The range should not be
used as an estimator of the standard deviation
for samples of more than ten observations (Ref. 5,
p. 62).

The center line of the ¥ Chart, ¥, is the (grand)
average of the plotted averages. The center line
of the R-Chart, R, is the average of the plotted
ranges. With at least ten points available, we
enter a preliminary center line and upgrade it to
a more permanent status when we have at least 25
points to base our averages on. Upper and lower
control limits are drawn at three-sigma from the
center line as shown below. (See also Ref. 5.)

We should bear in mind that we are plotting the
results of pilot measurements, using a known
check standard added to a number of unknown items
to be measured, in order to control the quality
(accuracy) of the process employed to measure the
unknown items. From the verifiable results of
measuring the known check standard we draw
conclusions about the quality of our measurements
of the unknown items.

Although occasionally a point may fall outside
the control limits as a matter of pure chance,
each time this happens the existence of some
abnormality in the measurement is suspected, and
the measurement is repeated. If the point

of the repeat measurement also falls outside the
control limits,, the existence of an abnormality
is taken as being confirmed. The causes for this
abnormality are then determined, removed, and the
measurement is repeated. If the points on the X
and the R-Chart fall within the control limits,
the measurement is considered valid. Since
customers®™ unknown items are measured by the same
process, their values thus determined are also
considered valid.

The X-Chart will reveal the existence of short
term trends or cycles, and unusual systematic
errors. The R-Chart is predominantly an indicator
of the precision of the measuring process,
reflecting, among other things, the care of the
operator and the control of the environment in
which the measurement was performed.

Charts for the range (R-Charts) or the standard
deviation can also be used to detect short-term
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instabilities of the measured items; such a case
is illustrated in Ref. 2 (pp. 326-327) for the
calibration of standard cells.

Since a control chart is the result of a compila-
tion of a considerable amount of data concerning
one measuring process, the average experienced
range R can be used to determine the standard
deviation of the measuring process. "Most
experimental scientists have very good knowledge
of the variability of their measurements, but
hesitate to assume known ¢ without additional
justification. Control charts can be used to
provide the justification” Ref. 4, p. 18-7).

Constructing and Evaluating the X and R-Chart

The recent grand average of pilot measurements
illustrated in Figure 6'is_X = 1.000 012 3 ohms
and the average range is R = 2.2 microohms as
plotted. Upper and lower control limits on the
X-Chart of the averages are at a distance of
AsR = 0.729 x 2.2 = 1.6 microohms from the
grand average X. Upper and lower control limits
of the R-Chart of ranges are at DgR = 2.282 X

2.2 = 5.0 microohms and D3R = 0 x 2.2 = 0.0
microohms respectively, as plotted. The estimated
mean standard deviation of the calibration

process, where each measured value is the average
of n' observations (in our example n' = 4) and
where the observations have an average range R is

L]

————

d2 /n'

UY=

(11)

and the three-sigma control limits are at

3R 3xe2.?

307 = = 1.6 microohms = A R

2 Jpr 2.059 [z 2
The factors A2, dsz, D3, and Dy are
tabulated in Ref. 4 and 5. See also Table 3.

Like all the others, these control charts also
must be updated periodically after some new group
of points have been entered to permit them to
remain responsive to changes in the measurement
process as it operates now and to determine
whether some more hidden, long-term effects have
changed the process. At that time it may also
become desirable to drop some of the earlier
points.

The check standard whose control chart we are
keeping, as in Figures 1, 2, or 6, should be
measured or calibrated occasionally by a different
process, preferably with higher accuracy. It is
then very likely that the value obtained by this
process differs from the long-term average, X in
Figure 6 or X in Figures 1 and 2, shown as the
center line of our control chart. This may mean
that our process converges to a value which is
somewhat different from a value obtained else-

where.

~3

The check standard for the process depicted in
Figure 6 is calibrated from time to time against
the reference standard of the laboratory and is
known to be 1.000 012 5 ohms in terms of the
laboratory®s reference, or 0.2 microohms larger
than indicated by the control chart, Figure 6.
We must now answer the important question: "Is
this difference significant? Does the difference
indicate a bias which should be corrected or can
such a difference be accounted for by the vari-
ability of the process controlled by this check
standard?

We answer this question by noting that the

difference is statistically significant at a
level o if it is larger than

(12)

where zp is the standard normal variable or the
ordinate of the normal curve for a two-sided P
probability value where P = l-n. From (11)

-z —2:2 = 0.534 microohms

0w=
X" 5. 059 Ja&

and from (12)

u=1.96 0.534 = 0.25 microohms
v 17
Since our difference of 0.2 microohms is less
than u, we conclude that the difference is not

significant at the 5% level. Otherwise we would
have to conclude that our process may have
developed a bias which we would have to eliminate
before using the process for further measurements.

THE "BOTTOM LINE™

The total uncertainty of the process illustrated
by the above example is then the sum of the
random error and the systematic error. For
measurements in sets of four, the random error of
our process is 1.6 microohms from Figure 5 and
the above calculations.

The systematic error is composed of the total
uncertainty of the standard plus any systematic
uncertainty contributed by the transfer process.
From the above calculation, we have no reason to
suspect any systematic uncertainty contribution
from the process, so that the total systematic
error is the uncertainty of the standard. The
standard is the one whose trend chart is shown in
Figure 3. We calculated its total uncertainty in
1967 as 1.0 micraohms, Hence, we should report
the total uncertainty of the measurement as 2.6
microohms, consisting of a process random error
of 1.6 microohms, using three standard deviations,
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plus a systematic error estimated not to exceed
1.0 microohms.

SURPRISES

Metrologists, attempting to obtain an objective
measure of the uncertainties of their measurements
by the methods illustrated here, frequently meet
with surpises caused by "between-group’ random
error (Figure 7).

Depending under what conditions observations are
repeated, some sources responsible for variations
may not be included in the repetitions. Metrol-
ogists estimating the random error of their
measurements from individual sets of observations
would thus underestimate the uncertainty. In
fact, the neglect of possible between-group

random errors 15 probably one of the single

Targest causes of underestimating uncertainties.

X and R-Charts will signal the presence of
unaccounted for between-group random errors,
Since the ranges and the average range R depend
only on the within-group random error, a chart
constructed as outlined above under "Controlling
the Total Measurement Process"™ will indicate an
out-of-control condition in accorance with the
criteria described under "The Control Chart.".
Such an indication is given if several points
fall beyond the three-sigma_control limits
calculated and plotted as As;R, or too many
points fall on one or the other side of one-sigma
and two-sigma lines. (These lines should also be
plotted on the control chart.)

If that happens, the origianl control limits as
well as one-sigma and two-sigma lines should be
discarded and new control limits calculated as
shown for trend charts, using equation 4 and the
method outlined under "Stable Standards."

Having thus been made aware of the presence of
additional error sources between calibrations or
measurements, we may investigate the origin of
such additional error sources and, after elimin-
ating them, increase the precision of the process.
If, on the other hand, the process is deemed to
be sufficiently precise, we may consider reducing
the number of observations per measurement or
calibration. Another recommendable alternative
would be to redesign the process so as to include
the previously excluded sources of variation.
The object here is to make the process and the
controls as efficient as possible.

CONCLUSION

Other control charts may be used for different

purposes; other evaluation methods have been
developed for  specific measurement control
purposes. For further studies of the subject,

the reader is referred to the Bibliography. The
control charts discussed here, however, are most
valuable in assuring the validity of precision
measurements and the quality of the services
rendered by metrologists.
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Unstable standards cause out-of-control measure-

ment systems, regardless whether the instability
is caused by a standard which actually changes or
whether it is caused by us when we assign period-
ically different values to the same thing. Trend
charts for reference standards will greatly
enhance the stability of our standards by telling
us what best values to assign to them; they will

also tell us the combined uncertainty of the
assigned value which is subject to short-term and
longer-term fluctuations, i.e., the total uncer-
tainty except for the systematic error, Control
charts for check standards enable us to monitor
continuously the quality of our measurement
processes, give us an accurate indication of the
variability of the measurement processes, indicate
promptly when individual measurements had exces-
sive random or systematic errors, and signal

rapidly when measurement processes drift out of
control.

With control charts we can greatly enhance the
quality of our measurements at a small additional
effort. And in some cases, control charts can
give us assurance of accuracies that cannot be
achieved by any other means at any cost.
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Three Measurements, Each Based on Five Observations

Figure 7
TABLE L
STUDENT'S t FACTOR t
= P,y
Degrees of One-Sigma Twe-Sigma Three-Sigma
Freedom Eguivalent Equivalent Fquivalent
v P 0.B526 0.9500 0. 9544 0.9300 . 9950 0.9973
. - *
1 1. 837 12,706 13.968 63. 657 127.32 235, 80
2 1.321 4.303 4,527 19,925 14, 080 1%, 207
3 1. 197 1.182 3.307 5.841 7.453 9,219
4 1.142 2,776 2,869 4,604 5.594 G. 620
D 1.111 2.571 2. 649 4,032 4,773 5.507
G 1.051 2,447 2,517 3.707 4.317 4904
T 1.077 2. 365 2,429 3.499 4,029 4. 530
8 1.067 2,306 2,366 3,355 3.833 4.277
& 1. 059 2.262 2.320 3.250 3.600 4, 094
10 1,053 2,228 2.284 3. 169 3,681 3,957
25 1. 020 2,060 2,105 2. 787 3. 073 3. 330
“{Zp) 1. 000 1,960 2. 000 2.576 2. 807 3. 000
*From Reference 3
TABLE 11
EQUATIONS FOIR CONTROL CHARTS
Three-8igma
Upper Lower
Chart Center Line Control Limits Hemarks
- ., & Kea Rl R-aR
= T 1%\ % 2 z
X-Chart X-= % X; —
=1 ?m'la X-Ay 0 Jee Notes 1 and 2
o
R-Chart R-13 R p,R DR R
nsp 4 3 Y d,
n K
- =5.1 LRIN R N
s-Chart g8 - HE s Bqa ]330 s\ w5 z‘xu )‘i._, ‘\ij
il 31
Note 1: A'l = nn;l Al where Al is as listed in Rel. § S¢e Note 2.
Note 2: Use only to control consistency of included data; not for comparison against
prior data,
TABLE LI
FACTORS FOR CONTROL CIIARTS
Number of
Observations .
in Sample,n Al AZ B;i B4 DS D4 ‘JZ
2 2.659 T.880 9 3. 267 0 3.267 1.128
3 1. 955 1.023 0 2.568 0 2,576 1. 693
4 1.628 0.729 0 2, 266 ¢ 2,242 2. 059
5 1.428 0,577 0 2.089 "] 2,115 2.326
6 1. 287 0.483 0,030 1.970 0 2, 004 2,5
7 1. 182 d.419 0.118 1.882 0.07G .94 2,704
8 1.099 0.373 0,185 1.815 0,136 1864 2547
¢ 1. 031 0. 337 0,239 1.761 0,184 1. 816 2,970
10 0.975 0. 308 0,284 1.716 223 1,777 3.078
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APPLICATION OF GENERAL LINEAR MODELS TO CALIBRATION DATA

L. S. Mordecai
Navy Primary Standards Laboratory
Naval Air Rework Facility, North Island
San Diego, California 92135

ABSTRACT

Measurement processes and measurement systems
exhibit variability which forms part of the limit
on calibration accuracy. Standards laboratories
often maintain separate records of in-house inter-
comparisons and customer calibrations. If data
from customer and in-house measurements all
originate from a single, common measurement proc-
ess, then inter-comparisons of both sets of
standards can be included in one general linear
model. The process of estimating the values of
the standards and the variability of the measure-
ment process can be both the single most powerful
and the most convenient at the same time. This
paper discusses the principle of general linear
statistical models and their typical application
to calibration data. Segments from typical basic
language computer programs are included to
demonstrate their implementation on desktop com-
puters.

INTRODUCTION

This paper is written for the practicing
metrologist who has had introductory courses in
statistics and who is faced with the need to
select the best tool for designing a measurement
process, its data collection scheme, and its
statistical algorithms. Our approach is to ex-
amine the often forgotten linear model. General
linear statistical models possess a unique appeal
since they permit fitting data in a least-squares
sense to mathematical models of great intuitive
value. The user can directly assess the effect
of changes in measurement process design on the
estimated measurement uncertainties. The user
can also visualize the information available in
the measurement design.

The first task is to decide which effects are
truly important. It is tempting to attempt to
test for a wide variety of effects. However ad-
ditional data and measurement setups are costly.
A carefully designed measurement (calibration)
process will repay the thought that went into it.
Careful design will include necessary checks be-
tween in-house standards and the values of the
units under test. They may or may not consider
right/left effects, time effects, interactions
between standards, non-linearities of comparators,
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and myriad other effects. The best model to "se
is the simplest; that which includes the impor-
tant effects, and ignores the insignificant ones.
We should not proceed to the subject of general
linear models without agreeing with one another
that a model may make no physical sense and still
fit well mathematically.

THE GENERAL LINEAR MODEL

Calibration is the process of characterizing the
relationship between observables and variables.
For example the indication of an instrument in
terms of a measured parameter might be of first
order:

y = bg + byXy + e = "true” (nm
(observations)

The instrument indication is X1, by and b; are
constants and e is "noise."

There are several possible sources of measurement
noise in the term e. One source is short range
unrepeatability observed during a measurement run
on a given day. Another source is the "process
precision” observed over a longer period of time
and across many hook-ups and experimental condi-
tions. Finally there is noise due to poor fit
between observations and the statistical (mathe-
matical) model. This last noise component may be
reduced by finding a better model such as the
following:

y:bg+b1X1+b2X2+. .+kak+e (2)
This model shows that the observations are af-
fected by k first order variables with linear co-
efficients. There are several common uses for
this model in a standards laboratory. The first
"se Is during direct intercomparisons. Each of
the k coefficients represents the inclusion or
exclusion of the corresponding standard in the
comparison. A comparison between two standards
can be represented by setting their respective
coefficients equal to 1 and -1 with all other
coefficients set to zero.

Linear models are also used for curve fitting
where observations are related to functions of
variables. A good example of this is the fitting



of data to power series in one or more variables.
Thus edch of the independent variables may be a
term in a power series in the choice variable.
Data may also be fit against trigonometric terms
and other analytical functions which we do not
have space to discuss in this paper. See Draper
and Smith(l) for more information on regression
analysis.

Both comparison calibrations and curve fitting
calibrations can be supported analytically by the
same algorithmic approach once the appropriate
models have been set up. In addition, suspected
interactions between variables can be estimated
when observational data includes situations where
the interacting variables have varied in all the
possible combinations of variables. A simple two
way model (two-way factorial) is:

y = by + baXa + hoXy + baXaX, + e 3

Large, complex statistical models are often self-
defeating since they include minor effects which
do not significantly reduce noise. The model
should be the simplest one which reduces measure-
ment noise to a residual.

LEAST SQUARE ERROR

The examples of general linear models discussed
all included a noise term. The expectation value
of that term is the pooled variance taught in
intermediate statistics courses. The general
linear model is thus seen to facilitate data
pooling and reduction of measurement noise. This
increases measurement process precision.

Returning to equation (2}, the error between any
one observation y and the "best fit" is given by:

ei T Y5 - bx1 (43)
The estimate of the variance based on n measure-
ments is: z E )
7y - % byxij)

(n- k - 1) (4b)

g? =

The set of b coefficients which minimizes the
estimate of the pooled variance is called "best
fit" coefficients for "least square error.”™ Since
the "best fit" linear statistical model reduces
the estimate of the pooled variance to a minimum,

the model serves to reduce noise at the observation

points. The coefficients, which become the re-
ported calibration values, are derived by a pro-
cess which is both convenient and very efficient.

The next task is to develop a generalized algorithm

for computing best fit coefficients under the as-
sumption that the data can be pooled validly.

The pooled variance is minimized by setting all
partial derivatives of the variance with respect
to the coefficients of equation (2) equal to zero.

3%s _ 3%s _ 3%s
o2 - U2 5py 2 T 0...., 7 =0 (5)

When we differentiate the terms of the polynomial
model (equation (2)) as required by least squares
fit criteria in equation (5), we end up with a
set of algebraic equations known as the "normal
equations.” The normal equations for a polynomial
model are:

ngng + b1EXoX1 + bk_12Xng,1 = EXQY,
bodxaXe + bafxa? . . . L+ by g Xaxep = iKY ... .

- be1Ixea” = Bxe
(6)

bolXk_1Xo + b1¥Xk-1X: -

(The summation index, i, is not shown in order to
simplify notation)

The normal equations express the relationship be-
tween the variables X, through x,_q based on
observations numbered from i =1 to i = n. The
relationship could be determined exactly if the
measurement process was noise-free. In the pres-
ence of measurement noise the metrologist must be
content to consider the solution of-the normal
equations from measurement data as approximations.

X'XB = X'Y %)

(where estimates of the coefficients are denoted
by the hat ("))

The assumptions implicit in least squares fitting
are that, a) the approximate relationship of
variables is known, b) that where a series of
observations Y are made they have a common variance
and ¢) that all the random errors in the Y"s are
independent in the statistical sense. The method
of least squares is unaffected by the system of
coding used in setting up the model, provided that
it is used consistently. The coding used can,
however significantly affect the conditioning of
the matrices and hence the ease of solution of the
normal equations.

When the matrix X is of full rank, the normal
equations can be solved for the set of maximum
likelihood regression coefficients B by use of the
inverse of X"X (sometimes called the covariance
matrix) .

~

B = (X'X)"1{(x'Y) (8)

Finally, the estimate of the variance of a general
linear model with (k + 1) parameters is estimated
from n measurements by:

YY - BX"Y

TR = SSE/df (9)
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The estimated variance is the "Sums of Squares

for Error” divided by "the number of degrees of
freedom" available for estimating the variance.
The test of hypothesis of any of the regression

coefficients uses a familiar t-test with the
statistic:
B-i-Bi
t= —
sVCiq (10)

A confidence interval for the estimate of the i

coefficient is calculated for n measurements and

k coefficients from:
+

£ ty/,57%

SAMPLE MULTIPLE LINEAR REGRESSION PROGRAM

(11)

The sample program, written in BASIC uses the in-
put/output codes appropriate to Atari (Shepardson)
computer systems. The program uses the screen to
lay out the coefficient matrix B and the data
matrix Y for convenience. Since the screen is
limited to 40 columns, the program limits the
number of unknowns to 5. This limitation is not
intrinsic to the computational algorithm and may
be overcome by the use of simple input schemes.

Now let"s discuss the logic of a typical micro-
computer program. A sample listing in BASIC is
included for illustration. We will refer to
changes in this simple program to show how the
general linear model can be modified for typical
calibration requirements. Notation used in this
discussion agrees with that in equations (8} and
(9).
ENTRY/FUNCTION

JUMP TO RANGE

RUN To run MLR 10-158
(initializes
dimension state-
ments for various
arrays)

200 Operator defines 20000 200-450
number of observa-
tions, number of
variables, number of
constraints, and
variable names.

480 Set up screen 30000 480-525
column headings with
Variable names and
"Data'" for ease in
visualizing the matrix
of regression coef-
ficients X and that

of Data.

539 Fill the screen 5750 539-581
with a representation

of the B and Y matrices.

Trap out garbage non-

numerics.

286

ENTRY/FUNCTION

582 Compute X"X
matrix. Store it
in § temporarily.

S s a scratch pad.

596 Store X"X in a
permanent location.
Call it XPRIMEDX.
Print. Note: scratch
pads S4A+B are used
for ease of under-
standing program flow.
Memory can be saved by
judicious use of other
storage locations.

599 Compute X"Y.
Store in Matrix
XPRIMEDY .

601 Load X"X into A.
Store in B tempo-
rarily. Store X"X
inverse permanently
in XPRIMEDXINV.

610 Print covariance
matrix {X'X}. Integer
function may be
eliminated.

700 Compute

X'XINV « X"Y_. Store
in matrix S (best fit
coefficients).

719 Compute pooled
estimate of variance.

795 Screen copied
to printer.

810 Print variance

of regression coef-
ficients (denominator
of equation (10)).

5740 Screen input
format.

10000 General sub-
routine to multiply

matrices. If N =P
second matrix is set
to column. IFN=0

then the rank of
second matrix is P - 1.

11000 Inverts Matrix
A. Stores result in
Matrix B.

20000 Stores names of
variables as string in

A$.

JUMP TO

10000

10000

32000

-

RANGE (Cont.)

582-595

596-598

599-600

601-610

620-630

700-710

719-790

795-800

810-820

5740-5750

10000-10040

11000-11500

20000-20030



JUMP TO

ENTRY/FUNCTION RANGE (Cant.)

30000 Retrieves - 30000-30030
variable name from

A$. Copies to

screen as column headings.
32000 Copies screen - 32000-32060
to printer.

USE OF LINEAR MODELS IN ANEMOMETRY

It is usually helpful to go through an example.
Data from the calibration of a velometer are pro-
vided in Figure 1. The instrument has two jets
and an orifice, all of which require calibration
between 200 and 1000 ft/min air velocity.

Since only one jet or orifice can be used on the
instrument at a time, the linear coefficients of
two of them are always set to zero. We choose to
present "measured" air velocity as a function of
velocity indicated by the velometer when it is
used with each of the individual jets or orifices.
The Figure 2 model, which assumes that the
instrument is linear over its range, yields a poor
fit to the calibration data.

The best simultaneous straight line fit for this
data estimates the regression coefficients by,
b,, and b3, to be: 1.16{#3920),1.05(#3930), and
1.07(#2420) respectively. However, the estimate
of the standard deviation (pooled with 12 degrees
of freedom) is 35 ft/min. This is considered
greater than the customary unrepeatability of
measurements at individual points.

A better fit is probably possible. The likely
choices are models with either second or third
order powers of meter indications for terms. We
want to pool the calibration data once more so we
devise another linear model which includes all
three jet/orifices.

The Figure 3 experimental matrix for a simulta-
neous polynomial fit to the same data has six
columns.  One column is for each of the regression
coefficients being estimated. All of the data is
pooled, resulting in seven degrees of freedom
being left over for estimation of the common pro-
cess variance.

The computer program can be easily modified to ac-
commodate the new linear model. The following ad-
ditions will automatically compute powers of
measured velocity and insert them in the exper-
imental X matrix.

580 PRINT "FOR EACH VARIABLE SPECIFY THE NUMBER OF
TERMS OF POWER SERIES":FOR K=0 TO P-1:PRINT "COL
#U K410 " NAME "5 INPUT T$:GOSUB 20000:PRINT "#
TERMS?™: INPUT X:T(K)=X-1:NEXT K . . (where T(K)
carries the order of the power series in the Kth
variable.)

581 PRINT "1"M FILLING OUT THE POWER SERIES FOR
YOU NOW.":FOR I=0 TO R-1: FOR I=0 TO R-1:X=0:FOR
K=0 TO P-1:FOR J=X TO X+T{K):X(1,Jd)=S{I,K}>{J-X+1)
NEXT J:X=X+T(K}+1:NEXT K . . . this Ffills in the
appropriate squares, cubes, and higher powers of

indicated velocities as stored in T(K). It is
worthwhile pausing to note here that this is the
point at which a whole new series of interpolating
functions could be constructed by machine. For
example, at this point we could introduce ¥{I,J) =
COS(S(I,K)).

DIMENSION statements (lines 151-154) must ac-
commodate six variables instead of five.

Subroutine 5750 is optional. It sets up the X
matrix on screen for convenience.

RESULTS OF FITTING POLYNOMIALS SIMULTANEOUSLY

The linear model allows us to fit polynomials for
all three jet/orifices from the same pool of
calibration data. We feel confident that the
repeatability at each instrument indication would
approach that at all other indications if the
process was repeated long enough. The standard
deviation estimated from fifteen measurements
after estimating coefficients to second order for
three ranges is 16 ft/min. The estimate has nine
degrees of freedom. We choose not to retain a fit
to third order coefficients without more data
since it gains us no significant reduction over
this residual variance. The results are in
Figure 4.

CONSTRUCTING A CALIBRATION CONFIDENCE INTERVAL

It is apparent from looking at the relative sizes
of the second coefficients and their variance that
the residual variance cannot be reduced signifi-
cantly below 16 ft/min with the data available.

We can proceed to calculate a confidence interval
without fear that it will be affected by poorness
of fit. The interval for orifice #3820 is:

y =X+ (1.374 £, + 0.045) +

%32 ¢ (-2.62E-04 % tOt/z' 5.34E-05) (12)

APPLICATION OF CONSTRAINTS IN LEAST SQUARES
ANALYSIS OF PAIR-DIFFERENCE DATA

We now consider the problem where one or more
units are assigned standard values and the re-
maining units are to be evaluated by comparison
with the standards and with themselves. Common
examples of this application are found in standard
cells, resistor banks, and mass sets. The values
of the units can be found directly by application
of constraints. Hughes et al(2) developed the
approach to applying constraints to calibration
data. AAconstraint is a linear combination of
calibration variables with an assigned value.

Lok * bk = L (13)

The method of applying constraints is best demon-
strated with an example. We choose the NBS design
for maintaining a bank of six standard cells
described by Eike et al(3). The assigned value

of the bank mean is the constraint.
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The X matrix is augmented with a row and a column
with all elements zerc but the last one in the
major diagonal. Next we augment the Y matrix with
the constraint L. Finally, we augment the normal
equations with the full constraint. Figure 6 il-
lustrates the approach using data from NBS and

the Bureau bank mean. (The calculations lead to
the same results as those of reference (3).)

SOLVING THE NORMAL EQUATIONS UNDER THE METHOD
OF CONSTRAINTS

Solution of the normal equations for least square
error estimates of the standard cells must include
the constraint for the bank mean. The constrained
equivalent of equation (8) is:

-1

(14)

This is illustrated by substitution of the Figure 5
information into equation (14).

COMPUTER PROGRAM CHANGES REQUIRED TO ACCOMMODATE
CONSTRAINTS

The original program can be used to solve for the
best fit values of any experimental design. How:
ever when a design is used repetitively it is most
convenient to have the computer read the ex-
perimental design, X, from within the program.
This saves effort and reduces the chance of human
error. The following changes cause the previous
experimental design to be read automatically.

540 FOR 1=0to R-l

542 FOR K=0 TO P-1:GOSUB 30000: REM BEGIN THE LOOP
TO READ THE X & Y MATRICES.

550 READ X: X(I,K)=X: PRINT X(I,K); "ROW" ; NEXT K:
PRINT "DATA": INPUT X:X(I,Ptl)=X

552 TRAP 40000:PRINT CHR${125):NEXT I:RESTORE
565:FOR K=0 TO P:READ X:X(R,K)=X :NFXT K:RESTORE
565:FOR I=0 TO R:READ X:X{I,P)=X

553 FOR 1=0 TO R:FOR K=0 TO P:PRINT X{I,P):NEXT
K:?NEXT 1:STOP:REM EXAMINE THE AUGMENTED X MATRIX.
YOU CAN REMOVE THIS AFTER YOU'RE SURE IT"S OK.

554 PRINT™ SUM OF SIX CELLS ";:INPUT X:X{R,P+1)=X:
REM THIS 1S THE CONSTRAINT. SEE LINE#566.

560-561 DATA (containing the un-augmented X matrix)

565 DATA 0,0,0,0,0,0,1 :REM BOTTOM LINE OF X MATRIX
(cOnNSTRAINT QN x)

566 DATA 1,1,1,1,1,1,0 :REM AUGMENTATED ROW/COLUMN
OF X*X MATRIX

SUMMARY

Calibration is a process of relating some property
of properties of an instrument to a measured param-
eter. A useful model for this process is a sum of
variables with constant (linear) coefficients.
When we fit calibration data to such models by
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least square ervor criteria we have a tool of in-
tuitive appeal with useful analytical properties.
These properties allow us to estimate random
uncertainties in the calibration process, subject
to the underlying assumptions. The assumptions
are that 1) we already know the general forim of
the relationship between variable(s) and observ-
ables, 2) all observations are statistically in-
dependent (uncorreiated), and 3) the observations
are all characterized by the same expectation
value for the variance. For confidence interval
construction, we also added the assumption that
the population of observations possessed a Gaus-
sian distribution so that we can use its well
known properties in estimating uncertainties.

The general linear statistical model allows the
Metrologist to "practice” with several different
measurement designs. Each design can be evaluated
for its usefulness in estimating specific cali-
bration parameters. The same computer program
with small changes, can be adapted to simultaneous
estimation of several calibration relationships.
This increases the statistical power of the
estimation process over the conventional approach
of segregating data by instrument/standard. The
model is equally useful far constrained and un-
constrained measurement designs.

SUGGESTIONS FOR FURTHER THOUGHT

Calibration histories can take on a new signif-
icance. Histories presently kept on paper can be
stored instead on disk. The accumulation of data
provides a further analytical resource. The
general linear model can be designed to automat-
ically estimate drift, operator bias or other ef-
fects. The data can be coded to permit laboratory
management to determine precisely when the stand-
ard shifted if all data taken on all similar
standards are coded into a large general linear
model. Such possibilities require mainframe com-
puter capacities. We will reserve this for the
next explorer of general linear statistical
models.
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10
20
30
40
50

70
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100
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150
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153
154
155
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245
246
250
270
390
400
410

420

430

440
450

480

500
510
520
525

REM GENERAL PURPOSE PROGRAM FOR MULTIPLE

REM LINEAR REGRESSION ANALYSIS. USER

REM SPECIFIES GENERAL LINEAR MODEL. SEE

REM "APPLIED REGRESSION ANALYSIS" BY

REM DRAPER&SMITH (WILEY SERIES IN PROBA-

REM BILITY&MATHEMATICAL STATISTICS 1966)

REM THIS PROGRAM IS WRITTEN IN ATARI DIALECT

REM OF BAsiC. ALL STRING ARRAYS ARE ONE

REM DIMENSIONAL.  ARITHMETIC ARRAYS ARE

REM CONVENTIONAL. PROGRAM PREPARED FOR

REM U.S. NAVY PRIMARY STANDARDS LAB BY

REM L.S. MORDECAI 10/81. PRESENTED

REM TO MEASUREMENT SCIENCES CONFERENCE

REM 1/83.

DImM A$(100),7$(6),L$(6):REM COLUMN HEADINGS
ARE STORED AS 1 STRING IN A$.

DIM X(99,5)}:REM THE OBSERVATION MATRIX.
COLUMNS O TO P-1 ARE X. COLUMN P
IS USED TO STORE OBSERVATIONS, Y.

DIM XPRIMEDX(5,5),XPRIMEDY({5,1):REM XX
& X'Y MATRICES FOR 5 VARIABLES.

DIM XPRIMEDXINV(5,5):REM INVERSE X"X.

DIM A(5,5),B(5,5),5(5,5}:REM SCRATCH PADS.

REM ALL DIMENSIONS SET FOR 5 VARIABLES
AND 99 MEASUREMENTS. CHANGE AS NEEDED.

DIM XC$(39):REM THIS 1S USED TO COPY
SCREEN TO PRINTER. (PUT AND GET).

GRAPHICS 0:PRINT "INPUT THE NUMBER OF
OBSERVATIONS "

INPUT R:PRINT ""HOW MANY CONSTRAINTS?":
INPUT C:R=R+C:REM SET NUMBER OF ROWS
IN X &Y MATRICES.

PRINT CHR${125):PRINT "SPECIFY THE NUMBER
OF VARIABLES":REM CHR$(125) 1S CLEAR
SCREEN.

PRINT "LIMIT 1S SET TO 5 CHARACTERS
AT PRESENT.™

REM CHANGE DIMENSION STATEMENTS IF NEEDED.

INPUT P:IF P>5 THEN GOTO 245:REM SAFEGUARD
GOING OVER DIMENSIONED MATRICES.

GOTO 250

PRINT "'CHANGE DIMENSION STATEMENTS(PARTICU-
LARLY LINES 150-154 OR REDUCE NUMBER
OF UNKNOWNS IN YOUR MODEL."

GOTO 10

REM VARIABLE NAMES HEAD THE COLUMNS.

LIMIT OF FIVE SET BY DIMENSIONS.

PRINT CHR${125):PRINT "NAME COLUMNS
1 THROUGH ™3P

MAXLEN-6:REM SET SIZE OF COLUMN NAMES.

FOR K=0O TO P-I1:PRINT "COLUMN# ";K+1;

" NAME":INPUT T$:REM NAME OF Kth
VARIABLE.

GOSUB 20000:NEXT K:REM COLUMN (vAR1ABLE)
NAMES ARE GOING INTO 1 DIM STRING.

PRINT "CHECK COLUMN NAMES":FOR K=I TO
300:NEXT K:PRINT CHR$(125}:REM PAUSE
TO READ SCREEN. ARE NAMES OK?

FOR K=D TO P-1:GOSUB 30000:REM READ THE
NAMES AS STORED IN A$.

PRINT K;" ";T$:NEXT X

PRINT "COLUMNS NAMED 0X? (Y OR NO)":
INPUT T$:IF T$="N" THEN GOTO 270

REM INPUT EXPERIMENTAL MODEL (FILL THE X
MATRIX. THIS IS A GENERALIZED PROGRAM
VERSION.

PRINT CHR${125)

FOR K=0 TO P-1

GOSUB 30000:POSITION 6%K,1:PRINT T$:NEXT K

POSITION 6*X,1:PRINT " DATA"

539 J=0

540

547

543 REM THE OBSERVATIONS GO

550

FOR I=D TO R-1:J=J+1:1F J=21 THEN GOSUB
5750:REM LARGE MODELS WILL FILL SCREEN.
THIS CLEARS ALL BUT HEADINGS.

FOR K=0 TO P:TRAP 40000: REM THIS IS A
DOUBLE LOOP TO FILL THE TWO DIMENSIONAL
X MATRIX WITH NUMERICS(NUMBERS).

IN THE Pth COLUMN
FOR UNCONSTRAINED MODELS, & IN THE
P+1th COLUMN FOR CQNSTRAINED ONES.

TRAP 550:POSITION 6*K,J+2:INPUT X:X{I,K)=X

570 NEXT K:NEXT 1:REM YOU HAVE FILLED THE

580

582

583

584
585
586
587
588
589
590
591
592
593

EXPERIMENTAL AND OBSERVATIONAL MATRICES.

TRAP 40000:RESET THE TRAP. DISPLAY ERROR
DIAGNOSTICS OF COMPUTER.

PRINT CHR$(125) :PRINT "COMPUTING X"X
MATRIX":REM I LIKE TO KNOW WHAT"S
HAPPENING INSIDE THE MACHINE.

N=0:GOSUB 10000:REM MULTIPLY X{TRANSPOSE)
AND X MATRICES TOGETHER. THIS IS
SOMETIMES NOT A LIBRARY ROUTINE.

REM FOR 1-0 TO P-1 S
REM FOR J=N TO P-I U
REM FOR K=0 TO R-I B
REM R
REM S=S+X{K, I )*X(K,J)

REM i
REM NEXT K:$(1,J}=S 0
REM 0
REM NEXT J 0
REM 0

594 REM -NEXT I

595 REM THIS IS HOW SUBR 10000 WORKS = *

596 REM o

597 FOR I=0 TO P-1:FOR J=0 TO P-1:XPRIMEDX(I,d}=

598 PRINT "X'X MATRIX":FOR I=0 TO P-1:

S(I,J}:NEXT J:NEXT 1

FOR
J=0 TO P-1:POSITION J*7,I+5:PRINT
XPRIMEDX(I,J):NEXT J:NEXT I

599 PRINT ""NOW CALCULATING X'Y":N=P:GOSUB

10000:FOR I=0 TO P-1:XPRIMEDY{I,1)
=S(I,P):PRINT XPRIMEDY({I,1):NEXT 1

600 FOR I=1 TO 200:NEXT I:REM PAUSE & READ.

601

602 REM

REM *¥*dkdkdhddhdhhhhidhihhhhbhkihddk

INVERT X"X. FIRST LOAD IT INTO A.
THEN INVERT A IN LINES 11000 TO
12000 (B 1S A INVERTED). PUT B IN

603 REM MATRIX XPRIMEDXINV PERMANENTLY.

(THis 1s RATHER WASTEFUL OF RAM. IT
IS A CLEAR ALGORITHM, HOWEVER.)

607 REN sexkhrkkrhhkkkkrkhhkkrkrkkxikkhrkkrkrs
610 FOR J=0 TO P-I: FOR I=0 TO P-1:A{J,I)=

XPRIMEDX(J,1):B(J,1}=0:NEXT 1: B(J,J)
=1 :NEXT J

619 OPEN#3,4,0,"S:":REM OPEN I0CB TO SCREEN.
620 PRINT CHR$(125):PRINT"XPRIMEDXINV":GOSUB

11000:FOR I=0 TO P-1:FOR J=0 TO
P-1:XPRIMEDXINV(I,J)=B(I,J)

630 POSITION 7*J+1,I+3:PRINT INT(XPRIMEDXINV(I,J)

*1000+0.5)/1000:NEXT J:NEXT I:REM
ROUNDS OFF TO 3 PLACES. IT WILL

631 REM ROUND SMALL VALUES DOWN TO ZERO.

632 REM OPTIONAL. IT

SINCE ARITHMETIC ACCURACY OF ALGORITHM
IS NOT AFFECTED, MODIFICATION IS

IS USEFUL TO SEE X*X
INVERSE ONLY DURING EXPERIMENT DESICGN.

700 REM *** COMPUTE XPRIMEDXINV*XPRIMEDY***

701 REM THE RESULTANT

IS THE MATRIX OF THE

702 REM REGRESSION COEFFICIENTS. STORE THESE
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PRINT "THE REGRESSION COEFFICIENTS ARE"

FOR I=0 TO P-1:5=0:FOR J=0 TO P-1:5=5+
XPRIMEDXINV(I,J)*XPRIMEDY(I,J)*
XPRIMEDY (J,1):5{I,1)=S:NEXT J

PRINT S{I,1):NEXT I:REM (coerricIENTS)

REM NEXT COMPUTE THE ESTIMATED VARIANCE.

BXPRIMEDY=0:FOR I=0 TO P-1:BXPRIMEDY=
BXPRIMEDY+S(1,1)*XPRIMEDY(1,1):NEXT 1

YY=0:FOR I=0 TO R-1:YY=YY+X{I,P)}»2:NEXT I

SSE=YY-BXPRIMEDY : VARTANCE=SSE/{R-P}:REM
VARIANCE=SUMS OF SOUARES FOR ERROR
DIVIDED BY DEGREES“OF FREEDOM.

PRINT "POOLED VARIANCE™

PRINT "FROM (BEST ri1T minus OBSERVED)
SQUARED"

PRINT "DIVIDED BY NUMBER OF DEGREES OF
FREEDOM AFTER ESTIMATING COEFF."

PRINT-PRINT ""VARIANCE= ";VARIANCE

PRINT “STANDARD DEVIATION = ";SQR{VARIANCE)

PRINT "WITH ";R-P;" DEGREES OF FREEDOM."

GOSUB 32000:REM COPY SCREEN TO PRINTER.
YOU MAY ELECT TO LPRINT IT.

OPEN #3.4.0."S:":REM NEXT SCREENFUL COMING.

PRINT "VARIANCE OF EACH REGRESSION COEF-
FICIENT 1IS"

FOR I=0 TO P-1:PRINT "COEFF.# ";I+I:" "
VARTANCE*XPRIMEDXINV({I,1):NEXT 1

830 GOSUB 32000:CLOSE #3

840 END:REM

5740 REM THIS SUBROUTINE CLEARS MATRIX AT
ROW NUMBER 21 ON THE SCREEN, AND
LEAVES THE COLUMN HEADINGS.

FOR A=2 TO 21:FOR B=0 TO 38:POSITION
B,A+1:PRINT ™ ":NEXT B:NEXT A:J=2:RETURN

709
710

711
719
720

730
740
750
751
760
780
784
790
795

800
810

820

5750

9999 REM #kkkkkkdkkikkikikikhhkhkkhrrkkihkrhhkkkkik

10000 REM SUBROUTINE TO MULTIPLY X® AND X
AS WELL AS X" AND Y. SET N=0OR P
RESPECTIVELY FOR X*X & X"Y.

10030 FOR I=0 TO P-1:FOR J=N TO P-1+N/P:
S=0:FOR K=0 TO R-1:5=5+X{K,I}*X(K,J}:
NEXT K:S{I,J)=S:NEXT J:NEXT 1

10040 PRINT "FINISHED":RETURN

10999 REM ke sedrsrseddrdordededokded dededkdhdnddededede dedok e hohx

11000 REM SUBROUTINE TO INVERT A. EXITS
WITH THE INVERSE OF A IN 8. THIS
SUBSTITUTES FOR "MATINY" COMMAND.

11150 FOR J=0 TO P-1

11160 FOR I=J TO P-1

11170 IF A{J,I1)<>0 THEN GOTO 11210

11180 NEXT 1

11190 PRINT "THE EXPERIMENTAL MATRIX WAS
SINGULAR. THE VARIABLES ARE UNDER-
DETERMINED.™

11200 END

11210 FOR K=0 TO P-I

11220 S=A{d,K)

11230 A{J,K)=A{I,K)

11240 A{I,K)=S

11250 $=B{J,K)

11260 B{J,K)=B{I,k)

11270 B{I,K)=S

11280 NEXT K

11290 T=1/A{J,d)

11300 FOR K=0 TO P-1I

11310 A{J,K)=T*A{J,K)

11320 B{J,K)=T*B{J,K)

11330 NEXT K

11340 FOR L=0 TO P-I

11350 IF L=J THEN GOTO 11410

11360 T=-A(L,J)
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11370 FOR K=0 to P-I

11380 A{L,K)=A(L,K)+10*T*A{J,K)/10:REM THESE
NUMBERS ARE SMALL. ROUND OFF ERROR
MAY BE A PROBLEM. RECOMMEND YOU
CALCULATE WHAT IT IS FOR YOUR EXPERIMENT

11390 B(L,K)=B(L,K}+10*T*B{J,K)/10

11400 NEXT K

11410 NEXT L

11420 NEXT J

11500 RETURN

19998 REM k#kkskkkkdkkkkkkkiihkdhkhkhkhhhhrikidhkiik

19999 REM SUBROUTINE TO READ VARIABLE NAMES
INTO A$. COMPANION SUBROUTINE AT
LINE #30000 COPIES THEM BACK OUT.

20000 L=LEN{T$):IF L>MAXLEN THEN L=MAXLEN

20010 L{X)=L:START=K*MAXLEN+1:REM WE ARE
STORING ALL VAR. TITLES IN ONE LONG
STRING. A 2 DIM. STRING IS PREFERABLE.

20020 A%{START,START+L)=T%

20030 RETURN

30000 START=K*MAXLEN+1

30010 T$=A${START,START+L{K)-1:REM LENGTH
OF COLUMN NAME 1S IN T(K).

30030 RETURN

32000 REM PRINT SCREEN TO PRINTER

32020 XC$="

":REM 39 SPACES

32030 FOR YLOOP=0O TO 23:POSITION 1,YLOOP:FOR
XLOOP=1 TO 39:GET #3,XC:XC5{XLOOP,XLOOP)
=CHR$ (XC):NEXT XLOOP

32040 LPRINT XC$

32050 NEXT YLOOP

32060 CLOSE #3:RETURN

32070 REM SCREEN TO PRINTER ROUTINE FROM
COMPUTE! MAY®"81 PAGE 78 BY LINDSAY.
PUBL. SMALL SYSTEMS SERVICES

32071 REM P.0.BOX 5406 GREENSBORO, N.C. 27403

32080 REM SUBROUTINE TO INVERT A MATRIX

FROM ''SOME COMMON BASIC PROGRAMS'
BY POOL&BORCHERS. PUBLISHED BY OSBOURNE
& ASSOCIATES 1978
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DOOR PRIZE PROGRAM RESULTS

4:30 p.m., Friday, January 21, 1983

The quality and quantity of prizes donated for this year"s Door
Prize Program were outstanding -- 41 contributors and 63 prizes
having a total value in excess of $9,100.00. Included were analog
and digital hand-held and bench-top electrical, electronic and
mechanical measuring instruments, calculators, texbooks, cash and
other goodies ranging in individual prize value from $5.00 to
$1,085.00. A one-week"s use of a 1983 Lincoln Automobile, Prize
No. (1), @a cryogenic thermometer (Prize No. (2]), a combination
gaussmeter/fluxmeter (Prize No. 29) and a hands-on microprocessor
course (Prize No. 54) were among some of the unique prizes offered.
Also, and on the assumption that the attendees would appreciate
winning vintage or recently new (but mint condition and fully
operational) equipment, we openly solicited donations in this area.
Examples are Prize No.'s (12}, (13) and (14): the taut-band DC
voltmeter, DC ammeter and the pulse generator. In addition to the
above, a free registration to the 1984 MSC (in Southern California)
was awarded to one of the 1983 MSC attendees.

A complete listing of all prizes, donators, and lucky winners is
given on the following pages. A copy of the instructions given to
attendees at the start of the Conference is also included.

Special Recognition and our Sincere Thanks is hereby extended to the
many organizations and individuals who donated the prizes to this
year"s Conference. It was these organizations and individuals,
through their gracious contributions, that made this year®s Door
Prize Program such a fantastic success.

For the Conference Committee,

B o4

Bob Couture
Door Prize Chairman
Measurement Science Conference, Inc.

ACCURACY AND AUTOMATION
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1983 MSC

DOOR PRIZE CONTRIBUTORS

Our very special thanks go to the organizations and individuals listed below.
Without their gracious contributions the 1983 MSC Door Prize Program would not
have been possible.

e Aeronutronic-Ford ® Metron Corporation

e Ballantine Laboratories, Inc. . PCB Piezotronics, Inc.

e Basic Systems Corporation e Probe Master

e Beckman Instruments, Inc. e Quality Magazine

e Bruel & Kjaer Instruments e Racal-Dana Instruments, Inc.
e Cutlass Electronics e RFL Laboratories, Inc.

e Dale-Dahl Associates e Rockwell International, Inc.
e Dalfi, Inc. e Ruska Instruments, Inc

e Datron Instruments, Inc. e Simco Electronics

e Data Precision Corporation e Standard Reference Labs.

e DynaSales Company e K. Y. Rogers, Inc.

e Electro Rent Corporation e L. S. Starrett Company

e Electro Scientific Industries, Inc. ® Spectracom Corporation

e Flow Technology, Inc. ® Tektronix, Inc.

e John Fluke Manufacturing Co. e True Time Instruments

. Guildline Instruments, Inc. e U.S. Instrument Rentals

e Honeywell, Inc. e Valhalla Scientific, Inc.

. Robert Irvine e Viking Laboratories

e Lakeshore Cryotronics, Inc. e Ward/Davis Associates

e Measurement Science Conference . Wahl Instrument Company

. Weinchel Engineering Company
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MEASUREMENT SCIENCE CONFERENCE
DOOR PRIZE PROGRAM RESULTS

January 21, 1983

PRIZE

NO. DONATOR PRIZE

( 1) AERONUTRONIC DIVISION e One-week use of 1983
of FORD AEROSPACE and Lincoln Automobile
COMMUNICATIONS CORP. Winner will arrange with FORD
FORD MOTOR COMPANY Motor Co. (John Schulz) for
Ford Road, P. 0. Box A a mutually agreeable delivery
Newport Beach, CA 92663 date and pick-up in Long Beach,
Arranged by: John Schulz CA. The automobile will come
(714) 759-5487 with a full tank of gasoline

and be fully insured. Addition-
al gasoline must be purchased
by winner.. Upon completion of
the one-week (7-day) use period,
the automobile must be returned
to the same Long Beach location.
This prize must be redeemed
within the 1983 model year.
Approx retail value: $450.00

( 2) BALLANTINE LABORATORIES, INC. e Ballantine Laboratories Model

P.0. Rnx 97 3028A, Option 20, 3 /2 digit

Boonton, NJ 07005 bench-top (portable) DMM
Arranged by: M. Lichtenstein Has both digital and analog
(201) 335-0900 display, high/low resistance

ranges, diode check and many
other features.
Approx retail value: $365.00

( 3) BASIC SYSTEMS CORPORATION e Thermo-Electric Model 31171000
2359 De La Cruz Blvd. Hand-Held Digital Temperature
Santa Clara, CA 95050 Meter with penetration thermo-
Arranged by: Larry Hodel couple probe.

(408) 727-1800 Approx retail value: $274.00

WINNERS

Harry B. Haymes, Supervisor
Sanders Associates, Inc.
Nashua, NH

Max Frank Streeter, USN
Electronics Technician
Puget Sound Naval Shipyard
Bremerton, WA

Robert Biller, Marketing Manager
Micro-Tel
Bart, MD



PRIZE
NO. DONATOR
( 4) BECKMAN INSTRUMENTS, INC.
210 Ranger
Brea, CA 92621
Arranged by: Dennis White
(714) 993-8855
BRUEL & KJAER INSTRUMENTS,
INC., 1542 E. Katella
Anaheim, CA 92805
Arranged by: Rob Greene
(714) 978-8066
{ 5)
(6)

DOOR PRIZE PROGRAM RESULTS (continued)

PRIZE

e Beckman Instruments Model

HO110 Heavy Duty Hand-Held DMM

Resistant to accidental droo-
ping, contamination and over-

loads, bright NATO yellow color.

Approx retail value: $189.00

¢ Two Complete Sets of Six-each
Hardcover Handbooks
(See below for description and
prize number.)

¢ Set of Six Hardcover Handbooks

Acoustic Noise Measurements

Architectural Acoustics

Frequency Analysis

Mechanical Vibration and
Shock Measurements

Noise Control

Strain Measurements

Approx retail value: $43.00

e Set of Six Handcover Handbooks
Acoustic Noise Measurements
Architectural Acoustics
Frequency Analysis
Mechanical Vibration and

Shock Measurements
Noise Control
Strain Measurements
Approx retail value: $43.00

WINNERS

Ken W. Wibbenmeyer, Unit Chief
McDonnell Douglas

St. Louis, MO

Patsy May Dea, Sr.
TRW

Redondo Beach, CA

Statistician

Duncan F. McDonell, Mech. Engineer
Pacific Missile Test Center
Pt. Mugu, CA
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DOOR PRIZE PROGRAM RESULTS (continued)

PRIZE
NO. DONATOR PRIZE WINNERS
( 7 CUTLASS ELECTRONICS # Valhalla Scientific Edgar Lee Graef, Elect. Technician
P.0. Box 6503 Model 3302 Hand-Herd DMM Navy Primary Standard®"s Lab
18039 Crenshaw Blvd. Approx retail value: $129.00 Washington, DC
Torrance. CA 90504
Arranged by: Dean Marxer
(213) 324-7360
(714) 549-9358
( 8) DALE DAHL ASSOCIATES e Samsonite Carry-On Luggage Charles E. Weber, Eng. Supervisor
2738 West Main Street Approx retail value: $95.00 Grumman Aerospace Corp.
Alhambra, CA 91801 Bethpage, NY
Arranged by: Gene Bleasdale
(213) 682-3417
(9 OALFI, INC. e Imported Beer Stein Gary L. Smith, Training Manager
100 Carroll Canyon Road Especially manufactured in Metron Corp.
San Diego, CA 92131 Germany for DALFI, Inc. Rancho Cucamonga, CA
Arranged by: C. Van Winkle Approx retail value: $65.00
(714) 578-9500
(10) DATA PRECISION DIV. OF e Data Precision/Analogic Alfred B. Wingfield, Leader
ANALOGIC CORPORATION Model 938 Hana-hHe d Digital Marine Corp Logistics Base
Danvers, MA 01923 Capacitance Meter Barstow, CA
Arranged by: M. Kculopoulos, Approx retai"l value: $219.00
Jay Long and John Seney
(617) 246-1600
(11) DATRON [INSTRUMENT, INC. e 3$50.00 Cash Algie L. Lance, Sr. Scientist
3401 S.W. 42nd Avenue TRW
Stuart, FL 33494 Redondo Beach, CA

Arranged by: Geoffrey Cannell
(305) 283-0935; and
David Walker, (714) 545-8115



DOOR PRIZE PROGRAM RESULTS (continued)

PRIZE
NO. DONATOR PRIZE WINNERS

DYNASALES COMPANY e Two Vintage Westinghouse

P. 0. Box 6757 Taut-Band dc Meters

Los Angeles. CA 90022 (Sixteen-years old, but new
Arranged by: Bob Marshall and unused. See below for
(213) 268-1175 description and prize number.)

(12) ¢ Westinghouse Model PX161, Ernie B. Crisologo, Tech. Manager
Style ?91B745A26 Taut-Band Viking Laboratories, Inc.
DC Voltmeter. Has 3, 7.5, 15, Mt. View, CA
30, 75, 150, 300 & 750 volt
ranges, 11" mirrored scale and
1/2 of one percent accuracy.
*1972 price
Approx retail value: $286.00

86%

(13) e Westinghouse Model PX161, Harvey M. Zall, Site Manager
Style 281B744A?7 Taut-Band Simco/NASA
DC Ammeter. Has 11" mirrored Santa Clara, CA
scale and 1/2 of one percent
accuracy (for use with 50 mV
shunt). *1972 price
Approx retail value: $286.00

(14) ELECTRO RENT CORP. a Interstate Electronics Corp. Ronald Broschinsky, QE Metrology
4131 Vanowen Place Model P24 Pulse Generator Brunswick Corp
Burbank, CA 91505 Instrument was purchased in Costa Mesa, CA

Arranged by: Howard Blackman 1977 for use as a rental unit.

(213) 843-3131 It has been used but is in very
good condition, fully opera-
tional and is complete with
original operator"s manual.
Features include: 1 Hz to 50
MHz pulse and squarewave, 10 ns
to 1 s width and delay, single
output + or - pulse with DC




DOOR PRIZE PROGRAM RESULTS (continued)

PRIZE
NO. DONATOR PRIZE WINNERS
ELECTRO RENT CORP. offset, variable rise and fall
(continued) from 5 ns to 0.5 s, 10 V pulses
into 50 ohms, exclusive con-
stant duty cycle and many more
features.
Approx retail value: $995.00 (1977)
ELECTRO SCIENTIFIC ® Two each Electro Scientific
INDUSTRIES, INC. Industries Model SR-1
14000 N.W. Science Park Standard Resistors
Portland, OR 97279 {See below for prize number.)
Arranged by: Jim Currier
and Doug Strain
(503) 641-4141
(15) e ESI, Inc. Model SR-1 Ervin V. Abbott, Engr. Specialist
Standard Resistor I1-K ohm Vought Corporation
Approx retail value: $155.00 Dallas, TX
(16) e ESI, Inc. Model SR-1 Dave Hopping, Cal Lab Supervisor
Standard Resistor [0-K ohm Hewlett-Packard
Approx retail value: $155.00 Santa Rosa, CA
(17) FLOW TECHNOLOGY, INC. e Leather Briefcase Ken Carrington, Section Manager
2363 Boulevard Circle, Suite 1 Approx retail value: $95.00 csc
Walnut Creek, CA 94595 Arnold, AFS, TN

Arranged by: Gene Bleasdale
of Dale-Dahl Associates, Co.
Representative
(415) 933-9595
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PRIZE

NO. DONATOR

(18) JOHN FLUKE MANUFACTURING CO.
2300 Walsh Avenue
Santa Clara, CA 95050
Arranged by : Joe Murdica
and Hines Falkenberg
(408) 727-0513

(19)  GUILDLINE INSTRUMENT CD.
2 Westchester Plaza
Elmsford, NY 10523
Arranged by: Ed Nemeroff
and Bob Gangawer
(914) 592-9101

(20) PROFESSOR ROBERT IRVINE
of Cal Poly -~ Pomona
(a personal donation by
the author)

(21) LAKESHORE CRYOTRONICS, INC.
64 E. Walnut Street
Westerville, OH 43081

Arranged by: Warren Pierce
(614) 891-2243

DOOR PRIZE PROGRAM RESULTS (continued)

PRIZE

¢ John Fluke Co.Model 8060A DMM
Approx retail value: $349.00

¢ Kodak Model 6000 Disc Camera
Approx retail value: $70.00

e A reference text book on
"Operational Amplifiers"
Published in 1981 by
Prentice « Hall
Book covers the construction
and characteristics of the
various types of Op Amps, and
their use as a circuit element
in digital, non-linear and
active Tfilter circuits.
Approx retail value: $25.00

e Lakeshore Cryotronics

Model DI-8 DIGI-K Cryogenic
Thermometer with thumb-wheel
set-point alarms ~ operates
-in range of 4 to 330 K with
resolution of 1 K. Accuracy
1s +(1% or 1 K) whichever 1is
greater.

Approx retail value: $795.00

WINNERS

Christine G. Meek, Salesperson
Crystal Engineering
Motto Bay, CA

Tad Mukaihata, Manager, Met Lab
Hughes Aircraft
Culver City, CA

Kenneth M. Walczak, Scientist
Owens-Corning Fiberglas
Granville, OH

John Milburn, Lead Instrumentation
Watkins Johnson
San Jose, CA



PRIZE

NO.

(22)

(23)

(24)

(75)

DONATOR

MEASUREMENT  SCIENCE
CONFERENCE, INC.

METRON CORPORATION
9681 Business Center Drive
Rancho Cucamonga, CA 91730
Arranged by: Art Plourde
and Bill King
(714) 980-6166

PCB-PIEZOTRONICS

3425 Walden Avenue

Dupew, NY 14043

Arranged by: Roy Maimes
PCB (716) 684-001, and
Fred Dahl of Dale-Dahl
Associates (213) 682-3417

PROBE MASTER

4898 Ronson Court

San Diego, CA 92111
Arranged by: Jimm Hoffmann
(619) 560-9676

DOOR PRIZE PROGRAM RESULTS (continued)

PRIZE

® Free Registration to 1984
Measurement Science Conference
Approx retail value: $135.00

e Complete Set of (16) Textbooks
for Metron Institute of
Measurement Technology (MIMT
Course in Physical and Elec-
tronic Metrology in SI Units
Approx retail value: $200.00

Craig Model LC-640 Pocket
Calculator

Approx retail

value: $12.95

e Two Probe Master Products:
An oscilloscope probe--and an
attenuator. (See below for
description and prize numbers.)

. Probe Master Model PMZ90ZRAE
Miniature, 250-MHz Band-Width,
X1 & X10 Oscilloscope Probe.
Includes enoineerina, aCCessory
kit and readout actuator option
which switches readout on all
TEK scopes in X10 modes.

Approx retail value: $79.95

WINNERS

Guy Fleming, Electronic Supervisor
United Technology
Sunnyvale, CA

Philip E. Benoit, Mech. Engineer
USN Metrology Engineering Center
Pomona, CA

H. A. Taff, Chief Central Labs
TVA

Chattenooga, TN

Albert Hedrich,
NBS Mechanical
Washington, DC

Products



PRIZE

NO.

(26)

@7

(28)

(29)

(30)

DOOR PRIZE PROGRAM RESULTS (continued)

DONATOR

PROBE MASTER (continued)

QUALITY MAGAZINE
Hitchcock Publishing Co.
Hitchcock Building
Wheaton, 1L 60187
Arranged by: D. Templeton
(312) 665-1000, and
Dennis Seger (714) 891-2633

RACAL-DANA INSTRUMENTS, [INC. .
#4 Goodyear Street
Irvine, CA 92714
Arranged by: Norbert Langrich
and Skip Schreiber
(714) 859-8999

RFL INDUSTRIES, INC.
Boonton, NJ 07005

Arranged by: Brad Bradbury
(201) 334-3100

ROCKWELL  INTERNATIONAL, INC. e
Defense Electronic Operations,
3370 Miraloma Ave.
Anaheim, CA 92803
Arranged by: Diane Anderson
(714) 632-4192

PRIZE

Probe Master Model PM1058
40-dB, 2-Watt, 12-4 GHz Atten-

uator with type N connector.

(Replaces TEK part #0110087-00)
Approx retail value: $75.00

. $25.00 Cash

Racal-Dana Instruments

Model 2000 A Danameter
Hand-Held DMM

Approx retail value: $400.00

RFL lLaboratories, Inc.

" Model 906,49935 and 906039

Combination Gaussmeter/Flux-
meter with Search and Hall
Probes and Rechargeabte
Battery Pack (Hall-Probe
Thickness = 0.039")

Approx retail value: $1,085.00

Rockwell International

Model 4420 Orbiting Finishing
Sander, Double Tnsulated, Ball
Bearings, High Spced - 12,000
Orbits/Minute (w/sand paper)
Approx retail value: 3$40.00

WINNERS

Jack H. Huey
Lockheed Missile & Space Co.
Sunnyvale, CA

John L. Minck, ADSP Manager
Hewlett-Packard
Palo Alto, CA

Gerald Mason, Sr. Inst. Specialist
Chemical Systems Division, UTC
San Jose, CA

Eugene A. Gleason, President
Micro Surface Engineering, Inc.
Los Angeles, CA

Richard A. Schultz, Physicist
NWS, Seal Beach
Pomona. CA
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PRIZE
NOD. DONATOR

31) RUSKA INSTRUMENT CORP.
3601 Dunvale Street
Houston, TX 77081
Arranged by: Elliot Moser
(713) 729-1447, and
Gene Bleasdale of Dale-Dahl
Associates (415) 933-9595

SIMCO ELECTRONICS

382 Martin Ave.

Santa Clara, CA 95050
Arranged by: Carl Quinn
(408) 727-3611

(32)

(33)

(34)

(35)

DOOR PRIZE PROGRAM RESULTS (continued)

PRIZE

Airways Executive Briefcase
Approx retail value: $100.00

Four Each Scherr Tumico Pre-

cision Dial Dynamometers Lever
Action, 2 1/2" dial, Plus-

Minus 50 to 250 grams force
{(See below for prize number.)

Scherr-Tumico Precision Dial
Dynamometer (as described above)
Approx retail value: $85.00

Scherr-Tumico Precision Dial
Dynamometer (as described above)
Approx retail value: $85.00

Scherr-Tumico Precision Dial

Dynamometer (as described above)
Approx retail value: $85.00

Scherr-Tumico Precision Dial
Dynamometer (as described above)
Approx retail value: $85.00

WINNERS

Herman Killmeyer, Engr.
USAF /AGMC/Newark AFS
Newark. OH

Supervisor

William Ivey, Section Head, Met.
TRW
Redondo Beach, CA

Amber Christopher, Marketing
US Instrument Rentals
San Mateo, CA

Martin D. Conway, Sales Manger
Volumetrics
Paso Robles, CA

Stephen N.
uS Army
Warrier, MI

Cortis, Metrology



PRIZE
NO.

(36)

(€D)

(38)

(39)

DOOR

DONATOR

STANDARD REFERENCE LABS, IMC.
Coan Place/P.0. Box 388
Metuchen, NJ 08840

Arranged by: Dennis Koep
(201) 549-9292

L. S. STARRETT COMPANY

6920 Hermosa Circle

Buena Park, CA 90620
Arranged by: Gordon Hoehn
(714) 739-0323

SPECTRACOM  CORPORATION
320 N. Washington Street
Rochester, NY 14625
Arranged by: B. Hesselberth
(716) 381-4827

TEKTRONIX, INC.

3003 Bunker Hill Lane

Santa Clara, CA 95050
Arranged by: Marvin Bail
and Brian Shumaker

PRIZE PROGRAM RESULTS (continued)

PRIZE

Kodak Model 6000 Disc Camera
Apnrox retail value: $70.00

L. S. Starrett Co.

Model TZ230XRL 1" Outside
Micrometer Caliper. Features

include: Tungsten-carbide meas-
suring Tfaces, satin-chrome
finish, ratchet stop, locknut
and Cat. No. 910 case.

(Measures to 0.0001 inch)
Approx retail value: $55.00

Two Quartz Travel Alarms

{See below for prize number.)

Quartz Travel Alarm

Approx retail value: $20.00

Quartz Travel Alarm

Approx retail value: $20.00

Two ea. Tektronix, Inc.

Oscilloscope Probes

(See below for description and
prize number)

WINNERS

David Rosenthal,
Newport Corp.
Fountain Valley, CA

Project Manager

Steven Greenwood, General
Crystal Engineering
Baywood Park, CA

Manager

H.D. Farnsworth, Telecom S1s Spec.
EIP Microwave, Inc.
San Jose, CA

Paul R. Lange, Commander, AGMC
USAF
Newark, OH
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PRIZE
NO. DONATOR

(40) TEKTRONIX, INC.
(continued)

(41)

TRUE TIME INSTRUMENT CO.

3243 Santa Rosa Ave.

Santa Rosa, CA 95401
Arranged by: J. Van Groos
and Victor Kunkel
(707) 528-1230

(42)
(43)
(44)

DOOR PRIZE PROGRAM RESULTS (continued)

PRIZE

Tektronix, Inc. Model P6106

250-MHz, X10 Oscilloscope
Probe with readout. Designed
for TEK 7000-series scopes but
useable with other models.
Approx retail.value: 9131.00

Tektronix, Inc. Model P6106
250-MHz, X10 Oscilloscope
Probe with readout. Designed
for TEK 7000-series scopes but
useable with other models.
Approx retail value: $131.00

Three Prizes. (See below for
description and prize numbers.)

Time Cube

Approx retail value: $40.00

LCD Pen Watch
Approx retail value: $10.00

LCD Pen Watch
Approx retail value: $10.00

WINNERS

Richard C. Wagner, Met. Engineer
McDonnell Douglas
Huntington Beach, CA

Clifford D. Koop, Manager
Rockwell-Collins
Cedar Rapids, 1A

Philip Alderton, Marketing Manager
Instrulab, Inc.
Dayton, OH

Ron S. Kamerlink, President
Novus Technology
Los Altos, CA

Ron A. Ramirez, VP Marketing
Weinschel Engineering
Gaithersburg, MD



DOCR PRIZE PROGRAM RESULTS (continued)

PRIZE
NO. DONATOR
(45) U.S. INSTRUMENT RENTALS

2988 Campus Drive

San Mateo, CA 94403
Arranged by: John Lee
(714) 578-8280

(46) VALHALLA SCIENTIFIC
7576 Trade Street
San Diego, CA 92121
Arranged by: Kevin Clark
(619) 578-8280

WAHL INSTRUMENT CO.

5750 Hannum Ave.

Culver City, CA 90230
Arranged by: Chuck Blackburn
(213) 641-6931

(47)

(48)

(49)

(50)

PRIZE

Leather Briefcase
Approx retail value: $100.00

Valhalla Scientific Model
3301 Hand Held DMM
Approx retail value: $90.00

Seven (7) Wahl Instrument Co.
Products

See below for description and
prize numbers.)

Wahl Inst. Co. Model 731-12
24-Hour Temperature Chart
Recorder (0 to 100°F)

Approx retail value: $185.00

Wahl Instrument Co.

. Wahl

EGGRIGHT Egg Timer
Approx retail value:

$7.00

Instrument Co.

EGGRIGHT Egg Timer

Approx retail value: $7.00

Wahl Instrument Co.

EGGRIGHT Egg Timer
Approx retail value:

$7.00

WINNERS

Clifford Duncan, Sr. Inst. Engr.
Lockheed Missile & Space Co.
Bremerton, WA

Donald A. McSparron, Physicist
NBS
Washington, DC

Steven Dwyer, Reliability Analyst
USN Metrology Engineering Center
Pomona, CA

Kenneth J. Lund, Metrologist
Rockwell International
Anaheim, CA

Lionel Mordecai, Engr. Supervisor
Navy Primary Standards Lab
San Diego, CA

William A. Simmons, Manager
Barrios Technology, Inc.
Houston, TX



PRIZE

NO. DONATOR

(51) WAHL INSTRUMENT CO.
(comt inued)

(52)

(53)

(54) WARD/DAVIS ASSOCIATES
3329 Kifer Road
Santa Clara, CA 95051
Arranged by: Leon Hamner
(408) 245-3700

(55) WEINSCHEL ENGINEERING CO.
29169 Heathercliff, No. 213
Malabu, CA 90265
Arranged by:

(213) 457-4563

Gary McNamarra

DOOR PRIZE PROGRAM RESULTS (continued)

PRIZE

e Wahl Instrument Co.
EGGRIGHT Egg Timer
Approx retail value: $7.00

¢ Wahl Instrument Co.
EGGRIGHT Eqg Timer
Approx retail value: $7.00

e Wahl Instrument Co.
EGGRIGHT Egg Timer
Approx retail value: $7.00

e All-day Tutorial/Hands-0n
course on microprocessor in-
circuit emulation as used In
development of microprocessor
hardware and software course
utilizes Gould-Millennium pro-
ducts at Ward-Davis® Santa Clara
Office and will be given at
selected dates during 1983. Con-
tact Mr. Hamner for specifics.
Approx retail value: $400.00

¢ $25.00 Cash

WINNERS

J. Matt Chlupsa, Sr. Engineer
RFL
Boonton, NJ

Jan Smith, Manager
Simco Electronics
Santa Clara, CA

NOT AWARDED

Disappeared during

1st day of Conference

Gary M. Nickus, Vice President
FLW
Hayward, CA

Roger D. Kottman, Engr. Technician
Abbott Labs

North Chicago, IL
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PRIZE

NO., DONATOR

VIKING LABORATORIES
¢ 5555-1 Magnetron Blvd.
San Diego, CA 92111

e 440 Bernard Ave.
Mountain View, CA
Arranged by:
Ann Foran (Mountain View)
(415) 969-5500, and
Angela Ginn (San Diego)
(619) 571-0337

(57

K. Y. ROGERS, INC.
2670 E. Walnut Street
Pasadena, CA 91107
Arranged by:
(213) 681-3715
792-3165

DOOR PRIZE PROGRAM RESULTS (continued)

PRIZE

¢ Two Gift Certificates for
Viking Laboratory Calibration
Services
See below for description and
prize number.)

e $50.00 Gift Certificate
To be applied towards cali-
bration"bf any one instrument.
Calibration service may be
obtained from either Viking
Laboratory facility (San Diego
or Mountain View,. California).

. $50.00 Gift Certificate
To be applied towards cali-
bration"of any one instrument.
Calibration service may be
obtained from either Viking
Laboratory facility (San Diego
or Mountain View, California).

e Five K.Y. Rogers, Inc.Machine

Finish Specimans for Comparison
Evaluation of Surface Finish on
Machined Parts

WINNERS

Ashley Harkness, Lab Specialist
Electro Test
San Ramon, CA

Fred A. Dusel 111, Foreman
Petersen Precision Engineering Co.
Redwood City, CA
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PRIZE
NO, DONATOR

(58) K.Y. ROGERS, INC.
(continued)

(59)

(60)

(61)

(63) HONEYWELL, INC.
7037 Hayvenhurst Avenue
Van Nuys, CA 91406
Arranged by: Bill Coe
(213) 786-6416

DOOR PRIZE PROGRAM RESULTS (continued)

PRIZE

e K.Y.” Rogers, Inc.
Machine Finish Speciman
Approx retail value: $5.00

e K.Y. Rogers, Inc.
Machine Finish Speciman
Approx retail value: $5.00

e K.Y. Rogers, Inc. Machine
Machine Finish Speciman
Approx retail value: $5.00

e K.Y. Rogers, INC.Machine
Machine Finish Speciman
Approx retail value: $5.00

® K.Y. Rogers, INC. Machine
Machine Finish Speciman
Approx retail value: $5.00

¢ Leather Buxton Desk Set
w/Calculator
Approx retail value: $50.00

WINNERS

George M. Trinite, Branch Head
USN Metrology Engineering Center
Pomona, CA

Wolf B. Egenter, Engineering Head
Quality Engr. Test Establishment
Ottawa, Ontario, Canada

Ralph E. Bertermann, Supervisor
G. D. Searle
Skokie, IL

Bill J. Allison, Gen. Supervisor
Hughes Aircraft Co.
Torrance, CA

Marvin G. Crown, Task Engineer
Pacific Missile Test Center
Pt. Mugu, CA

Keith Westover, Manager
Intersil
San Jose, CA
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DRAW

30th

DRAW

5th

14th

46th

50th

59th

62nd

65th

68th

Loebe Julie
New York, NY

Larry Noe
San Lorenzo, CA

Steve Horland
San Jose, CA

Jim V. McDonald
Sunny Vale, CA

Jon Crickenberger
Annandale, VA

Glenn R. Crutchfield
Washington, DC

Michael Flooa
Xena, OH

Robert Rickman
San Pablo, CA

Victor Kunkel
Santa Rosa, CA

"WINNERS" HAD THEY NOT DECLINED!

DRAW

110th

Del Caldwell
Claremont, CA

"WINNERS" HAD THEY ONLY BEEN THERE!

DRAW

13th

34th

49th

58th

60th

63rd

66th

69th

Dick Hubach
Chatsworth, CA

Roberto Reyes
Moorpark, CA

Bob Huenemann
Mountain View, CA

Charles B. Head
Sunnymead, CA

Norbert Laengrich
Irvine, CA

William Harrison
Sunnyvale, CA

Selden McKnight
Heath, OH

David Block
Alta Loma, CA




DRAW

70th

72nd

75th

78th

az2nd

86th

89th

92nd

94th

96th

99th

Mike Schmahl
San Jose, CA

Richard H. Anderson
Los Altos, CA

Dale Rush
Huntington Beach, CA

Roderick D. Brimhall
Perris, CA

Irving Gold
Palo Alto, CA

Evan Roberts
Maple Valley, WA

Lynn Hunt
Santa Rosa, CA

Sam Mingia
Hayward, CA

James T. lgoe
Wappingers Falls, NY

Robert Perry
Rio Rico, AZ

Robert Mumma
Bladensburg, MD

"WINNERS" HAD THEY ONLY BEEN THERE!

DRAW

71st

74th

77th

80th

85th

88th

g1st

93rd

95th

98th

100th

Glenn F. Engen
Boulder, CA

C. A. Gehrke
Canoga Park, CA

Gary DeZotell
Canoga Park, CA

Larry Hodel
Santa Clara, CA

Alexander Zack
Danvers, MA

Thomas B. Miller
Livermore, CA

William M. Coe
Van Nuys, CA

Richard L. Katsch
Milpitas, CA

Brad Morgan
San Jose, CA

Jerry L. Newsome
Riverside, CA

Joe S. Kimes
Lancaster, CA



e

DRAW

101st

104th

107th

109th

112th

Neil Faulkner
Edmonds, WA

Bob Hesselberth
Penfield, NY

Carleton D. Bingham
Argonne, 1IL

Bill Meyer
Boise, ID

Jack Thurbon
Montclair, CA

"WINNERS™ HAD THEY ONLY BEEN THERE!

DRAW

102th

106th

108th

111th

Gary Smith
Yuccipa, CA

Ted ETick
Warren, MI

Monty Jensen
Mountain View, CA

Milton J. Lichtenstein
Boonton, UT




MEASUREMENT SCIENCE CONFERENCE
DOOR PRIZE PROGRAM
4.00 p.m., Friday, January 21, 1983
(Palo Alto A and B Rooms)
Note to Attendees - Please read the following to assure that you will be eligi-

bIe and ready to. participate in this year’s Door Prize Program. The priZe you
save may be your own!

1. All registered attendees*: Audience, Session Developers, Speakers and
Exhibitor's Representatives are invited to participate; however, to be
eligible to win you must:

A. Complete and turn in your Conference Evaluation Questionnaire, and

B. Be present at the Door-Prize Orawing.

*(the 1983 Msc Board of Directors and Conference Committee have declared
their members ineligible.)

2. The Door Prizes available for this year's Drawing are very exciting in
terms of kind, quality and quantity (55 individual prizes having a total
retail value of $8,954.90). This unique situation has been made possible
b%/ the graciousness of many individuals and various organizations
through their contributions to our Door Prize Program. We have there-
fore listed the donators (in alphabetical order) along with their
donations(s) so that they may be properly recognized.

3. Prizes will be drawn on a sequential first-call basis; therefore, due to
the large number of prizes and the relatively short time available for
the Drawing, it is suggested that you study the list of prizes and
prioritize your personal choices in advance.

NOTE: You will only have 30 seconds to state ywr selection by prize
number; winners failing to make their selection within 30 seconds
will be given a prize at random.

4. Prizes will be available for viewing in the Exhibits Area.

The Measurement Science Conference Board of Directors and Conference Committee
wish each of you the best of luck at the Drawing. We sincerely hope that you
enjoy the program and facilities organized for this year’'s Conference; and we
urge you to plan on attending and participating in next year’'s Conference in the
Southern California area.

Bod

Bob Couture,
Door Prize Chairman

Enclosure:  Door Prize Listing
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MEASUREMENT SCI ENCE CONFERENCE ATTENDEES

Abbot t,
Sr. Eng.
Vought

E. V.

Spec.
Cor porati on
P. 0. Box 225907
Dal las, TX 75265
214- 266- 4960

Abeyta, Marcus

Met rol ogy Supervi sor
Ford Aerospace

Bl dg. 8, Room 26

Newport Beach, CA 92683
714-720- 4821

Agy, Dave

Product Specialist, Sr.
John Fluke Mg. Co., Inc.
P. 0. Box €9090

Everett, WA 98206

206- 356- 5471

Al derton, Philip C

Mar ket i ng Manager
Instrul ab, Inc.

P. 0. Box 98

Dayton, OH 45404

513- 223- 2247

Allison, WIlliam J.

Gen. Sup. - Power Tube Dept.
Hughes Aircraft

P. 0. Box 2999

Torrance, CA 90509
213-517-5180

Anderson, Richard H

Proj ect Leader-Sensor Devel op.
Lockheed M ssiles & Space Co., Inc.
P. 0. Box 504

Dept. 62-12, Bldg. 151
Sunnyval e, CA 94086
408- 742- 6362

Andrew, Janes F.

Staff Menmber, MST-13
Los Alamos National Lab.
MS E511, Goup MST-13
Los Alamos, NM 87545

505-667-2318
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Armann, Dean

Sal es Manager

Paci fi c Measurenents,
488 Tasman Dr.
Sunnyval e, CA 94036
408-734-57380

Ar nbr ust er,
Sales

True Tine
3484 Stevens Creek Bl vd.
San Jose, CA 95117
403-554-0455

Kei th

Bai | ey, Ceorge M.

Vi ce President

Sci ence Applications,
1735 Jefferson Davis Hw.
Arlington, VA 22202
703-979- 2830

Baker, C. H.
MIS Metrol ogy
Rockwel | | nternati onal

3370 Miraloma Ave.
Dept. 120

Anaheim CA 92803
714-632- 3923

Bal dock, Paul

Proj ect Manager
John Fluke Mg. Co.,
P. 0. Box €909%90
Everett, WA 093206
206- 356- 5546

I nc.

Charl es
Spec. /K22

Balkon,
Sr. Lab.
| .B.M
5600 Cottle Rd.

San Jose, CA 95193
403- 256- 3434

Banek, Rei nhold

Co- Omner

G over Qulch Wnery
1557 Day Val |l ey Rd.
Aptos, CA 95003
408-688-4335

I nc.

I nc.

#907
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Banni ng, Harnon

V.P. Engineering

Wi nschel Engi neering
One Wi nschel Lane

Gai t hersburg, MD 20760
301-948- 3434

Bassano, Dennis

co- owner

G over Qulch Wnery
7880 d en Haven Rd.
Soquel, CA 95073

408- 475- 0568

Beason, Dave

Vi ce President

Jay Stone & Assoc.

339 S. San Antonio Rd.
Los Altos, CA 94022
415- 948- 4563

Beckert, G F.
Engi neer
Conput er
VB- 330
Arnold AFS, TN
615- 455- 2611,

Sci ences Cor p.

37389
X7406

Bel anger, Brian C

Chief, Of. of Meas. Services

U S. National Bureau of Standards
Bldg. 362 - Piiys. Bldg.

Washi ngton, DC 20234

301-921- 2805

Bel ecki, Norman B.

Elec. Meas. & Stds. D v.

Nati onal Bureau of Standards
Bl dg. 146, MET

Washi ngton, DC 20234
301-921-2715

Bendit, Philip

Mech. Eng.

DCD MEC

6020 Eastwood

Alta Loma, CA 31701
714-989-3442
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Bertermann,
Real Tine Systens
G D. searile Co.
4901 Searl e Parkway
Skokie, IL 60077
312-982- 7609

Ral ph

Bi cksl er, Ral ph
Qual. Engr./Qual. Assur.
Memorex

San Tomas at Central
Santa O ara, CA 95052
403-387-17069

Biller, Bob

Mar keti ng Manager

M cr-Tel Corp.

6310 Blair H Il Lane
Baltinmore, MD 21209

301-823- 6227

Bi ngham Carleton D.
Dir., New Brunsw ck Lab.
U S. Dept. of Energy
9800 so Cass Ave.
Argonne, |IL 60439
312-972- 2446

Bi r nbaum Joel S.
Director, Adv. Conputer
Hewl et t - Packar d

Palo Alto, CA 94304

Bl ackburn, Chuck

Sal es Manager

Wahl | nstruments

5750 Hannum Ave

Culver Cty, CA 90230
213-641- 6931

Bl ackman, Howard
West ern Regi onal
Electro Rent Corp.
4131 vanowen Pl ace
Bur bank, CA 91505
213-843-3131

Manager

Labs.
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Bl easdal e, Cene Brinhall, Rod
Appl. Engi neer Hughes- Ful | ert on
Dal e- Dahl Assoc. 20911 Mural St.
2363 Blvd. Circle Perris, CA 92370
Wal nut Creek, CA 94595 714-732-5786

415- 933- 9595

Bl ock, David R Brink, Larry E.

QA Spec./Strategic Wea. Sys. Dir., Wnenaking & Bl ending
Fl eet Anal ysis Center Paul Masson Vi neyards
FLTAC 8612 13150 Sarat oga Ave.

corona, CA 91720 saratoga, CA 95070
714-736-4461 408-257-7800

Bonis, Scott A Broderick, Jim

Act. Myr., Met. Engineering Area Manager

Lockheed M ssiles & Space Co., Inc. El ect rorent

P. 0. Box 504 2230 Charl eston Rd.

Dept. 48-72. Bldg. 182 Mount ain View, CA 94043
Sunnyval e, CA 94086 415-964- 5500

408-742-5180

Bow ing Jr., Louie R Br oschi nsky, Ronald

Elec. Eng.-Primary Lab. Q E.. Metrology

U S. Arny TMDE Support G p. Brunswi ck Cor p.

DRXTM SM 3333 Harbor Bl vd.

Redstone Arsl., AL 35898 Costa Mesa, CA 92626

205- 876- 8417 714-546- 8030 x6449

Bowran, John Browne, WII|iam

Sal es Engi neer Vi ce Pres.-5ales/Marketing
John Fl uke Mg. Co. Marotta Scientific Controls, inc
20901 Bonita St. 1500 Boonton Ave.

Carson, CA 90746 Boonton, NJ 07005
213-538- 3900 201- 334- 7800

Bradshaw, Andy Brungart, Dean A

Rockwel | I nternational Metrol ogy Director

1225 North Al ma Rd. Tel edyne Systens Co.

Ri chardson, TX 75081 19601 Nordhoff St.

214-996- 6074 Northridge, CA 91324

213-886-2211, X2601, 2602

Brady, John Buck. Dave

Associ ate Professor Super vi si on

Orange Coast Col | ege Lockheed California Co.
2701 Fairview Rd. Bldg. 322, B-6

Costa Mesa, CA 92626 Bur bank, CA 91520

714-556-5761 213-847-5095
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Bur dge, Kevin

Mar ket i ng Manager
Hart Scientific
54 N. 400 W
Provo, UT 04601
801- 375-7221

Burger, Chris

Prof .

lowa State University
Dept. Engr. Sci. & Mech.
Ames, 10 50011

515-294- 5853

Bush, Rick

V.P. Sales

EIP M crowave

2731 No. First St.
San Jose, CA 95134
408-946-5700

Bushnel |,
Super vi sor,
NARF Al aneda

Navy Stds. Lab., Code 662
Producti on Engi neering, Code 660
Al aneda, CA 94501

415- 869- 3137

Ral ph

El ect. Sec.

Cal dwel I, Del

Di vi si on Manager
Navy Met. Eng. Ontr.
P. 0. Box 2436
Ponona, CA 91769
714- 620- 0525

Cannell, Ceoff

Chai rman of the Board
DATRON

3401 S.W 42nd St.
Stuart, FL 33494
305-233-0935

Carlton, Leslie W

QA Manager

G DEP

G DEP Operations Center
Corona, CA 91720
714-736- 4470
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Carrington, Ken
Section Manager

Comput er Sci ences Corp.
VB- 330

Arnold AFS, TN 37389
615-455- 2611, X7291

Carroll, Jack H.

Sr. Inspec. Spec.
Hewl et t - Packar d

P. 0. Box 301

Lovel and, co a0537
303-667-5000 x3562

Carroll, Robert E.
Sr. Insep. Spec.
|.B.M

5600 Cottle Rd.
San Jose CA, CA 95193
408-256-6545

Carver, Lloyd A
Piiysical Lab. Supervisor
Si nto

382 Martin Ave.
Santa Clara, CA 95050
408-727- 3611

Cauffman, David P

Myr., Meas. Std. Labs.
Lockheed M ssiles & Space Co.,
P. 0. Box 504

Dept. 48-71, Bldg. 151
Sunnyval e, CA 94086
408-743-1800

Cegel ski, Charles

QA Engi neering

Appl i ed Technol ogy
645 Almanor Ave.
Sunnyval e, CA 94036
408-732-2710, X2174

Chl upsa, J. Matt
Seni or Engi neer

RFL | ndustry
Powerville Rd.
Boonton, NJ 07005
201-334-3100, X230

I nc.
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Chri st opher, Anber

Mar keti ng Conm Coord.
U S Instrument Rentals
2988 Canpus Drive

San WMateo, CA 94403
415-572- 6682

d ark, Kevin

Vice President, Marketing
Val halla Scientific

7576 Trade St.

San Diego, CA 92071
619-578-8280

Cleary, Ken

Met r ol ogy Speci al i st
Anerican Heyer-Schultz
600 Pine Ave.

CGoleta, CA 93117
805-967-3451, X468

Coe, Wlliam M

Branch Service Manager
Honeywel |, Inc.

7037 Hayvenhurst Ave.
Van Nuys, CA 91406
213- 786- 6410

Collier, Warren

Corp. QA Metrology & Standards
Tektroni x, Inc.

P. 0. Box 500, 78-528
Beaverton, OR 97077
503-627-1678

Conway, Marty

Vi ce President-Marketing
Volumetrics

634 Airport Rd.

Paso Robles, CA 93446
805- 235- 0110

Corne jo, Robert E.

Sr. I nspector, 327
[.B.M

5600 Cottle Rd.

San Jose, CA 95193
408-256-6544
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Corrigan Jr.,
| ML Manager

Lockheed El ectronics Center

M J.

1501 U. S. Hi ghway 22

Pl ainfield, NJ
201- 757- 1600,

Cortis, Stephe

U S. Arny Tank-Auto Command

28251 Van Dyke

07063
X2734

n N

Ave.

Warren, M 48090

313-574- 6493

Couture, Rober

t J.

Manager, Metrol ogy Engineering

Rockwel | Inter
3370 Mral oma
Dept. 120

nat i onal
Ave.

Anaheim CA 92803

714-632-3923
Crane, Chet

Met rol ogy Manager
Tel edyne M croel ectronics
12964 Pananma St.

Los Angel es,
213-822- 8229

Cri ckenberger,

CA 90066

Jon

Mechani cal Engi neer
Navy Primary Stds. Lab

Washi ngt on Nav

y Yard,

Washi ngton, DC

202-433- 3012

Crisologo, Ern

i e

Techni cal Manager

Vi ki ng Lab

440 Bernardo Ave.
Mountain View, CA 94043

415- 969- 5500

Crites, Dale
Sal es Engi neer

Ward/ Davis Associ at es

3329 Kifer Rd.
Santa d ara,
408-245-3700

CA 95051

Bl dg.

291-2
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Crittenden, Hal Davis, Chuck E.

Vi ce President Sup., Mech. & Struc. |nsp.

Jay Stone & Assoc. Lockheed M ssiles & Space Co., Inc.

339 s. San Antonio Rd. P. 0. Box 504

Los Altos, CA 94022 Dept. 75-42. Bldg. 15H

415- 948- 4563 Sunnyval e, CA 94086
408-742-0741

Crown, Marvin G Davis, David L.

El ectroni cs Engi neer Raw Materials G oup Leader

Pacific Mssile Test Center Ameri can McGaw

Code 3530 P. 0. Box 11837

Metrol ogy Division Santa Ana, CA 92711

Poi nt Mugu, CA 93042 714-660-2868

805- 982- 7926

Crutchfield, denn R De Zotell, Gary

Engi neering Tech. (Mech.) Engi neeri ng Manager

Navy Primary Stds. Lab Vi ew Engi neering

Washi ngton Navy Yard, Bldg. 219-2 9736 Eton Ave.

Washi ngt on, DC Chatsworth, CA 91311

Cuevas, M ke Dea, Patsy

Product Manager/ Marketi ng Measur enent Engi neeri ng

Hew et t - Packar d TRW

1501 Page Mill Rd. One Space Park

Palo Alto, CA 94304 Bl dg. S/Rm. 2470

415- 857- 2047 Redondo Beach, CA 90273
213- 535- 2445

CQuff, s. P Dear, Fred

General Manager Capt .

Calex Mg. Co., Inc. U.s. Marine Corps.

3355 Vincent Rd. P. 0. Box 2436

Pl easant Hill, CA 94523 Liai son O fice NWS Seal Beach

415-932- 3911 Pomona, CA 91769
714-620-0530

Dahl, Fred Dever, Janmes F.

Appl. Engi neer G oup Eng./Filt. Test Eng.

Dal e- Dahl Assoc. Boei ng

2738 W Main St. 3507-NE 93rd St.

Al ahanbra, CA 91103 Seattle, WA 98115

213- 682- 3417 206- 655- 2211

Daneman, H. L. Di shnon. John

HLD Associ at es Sal es Representative

1304 Calle Ramon Basi ¢ Systens

Santa Fe, NM 87501 2359 De La cCruz Bl vd.

505-983-58383 Santa Clara, CA

403-727-1800
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Dockswel | , Shel don

Techni cal Director
Mantech | nternational
8352 d airnont wMmesa Bl vd.
San Diego, CA 92111

619- 292- 9000

Doty, Don

Vi ce President

Jay Stone & Assoc.
339 S. San Antonio Rd.
Los Altos, CA 94022
415- 948- 4563

Druhe, Dennis

Nati onal Sal es Manager
Luxtron

1060 Terra Bella
Mountain View, CA 94043
415-962-8110

Duca, N ck

Sal es Rep.

US Instrument Rentals
700 S. d arenont

San Mateo, CA 94402
415-579- 0911

Duggins, J. C

sup., Data & Calib. Require.
Vought Cor por ati on

P. 0. Box 225901

Dal |l as, TX 75265

214- 266- 3592

Duncan, difford F.
Instrunmentation Eng. Sr.

Lockheed M ssiles & Space Co., Inc.

P. 0. Box 6492, NSB Bangor
Brenerton, WA 98315
206- 396- 4388

Dunni ng, Warren

I nstrunent ati on Engi neer
Expl osi ve Technol ogy

P. 0. Box KK

Fairfield, CA 94533
707-422-1880, X70
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Dusel, F.

For eman

Pet ersen Prec. Engr.
611 Broadway

Redwood City, CA 94063
415- 365- 4373

Dwyer, Steve

Reliability Analyst

Metrol ogy Engi neering Center
3036 Lees Ave.

Long Beach, CA 90808

Eckel s, Calvin

Engi neer

Argo Systens

884 Hermosa C.
Sunnyval e, CA 94086
408-737-2000, X2574

Edwar ds, Eugene

Engr., Calib. TMDE G oup
US Arny Calibration

Bl dg. 5435, Redstone Arsenal
DRXTM SP

Redstone Arsl., AL 35898
205- 876- 3631

Egenter, WoIf

Head, Stds. & Tribol ogy Lab.

Nat i onal Def ence- Canada

Quality Eng. Test Establishnent
Otawa, ON Canada K1l1A-0K2

Ei nstein, Brad J.

Manager, Stds. & Calib.

Nor t hrop- El ectronics Division
2301 W 120th St. 8221/a60
Hawt horne, CA 90250

213- 418- 4466

Elick, Ted

U.S. Arny Tank-Auto Command
Warren, M 48090
313-574-6789
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Elliott, Brian
Resear ch Engi neer
Hew et t - Packard

1501 Page MI1, Bldg. 3L
Palo Alto, CA 94304
Ellis, R W

Sup., Stds. & Calib. Labs.
EG & G | daho, Inc.

P. 0. Box 1625, CFA 698
ldaho Falls, |D 83415
208-526- 2656

Endsl ey, Ross

St andar ds Engi neer
Uni on Car bi de Cor p.
Box Y, Bldg. 9737
Cak Ridge, TN 37830
615- 574- 0527

Engen, denn F.

Physicist, Mcrowave Met. G p.
Nati onal Bureau of Standards
325 Broadway, 724.01

Boul der, CO 80303

303-497- 3511

Engl and, R B.

G oup Eng./Meas. Control
General Dynam cs
P. 0. Box 2507
Ponmona Di vi si on,
Pormona, CA 91769
714-620-2511, X4745

MZ 2- 60

Eri ckson, Gerald A
@A Supv./Central Labs.
TVA

1734 Lakewood Crcle
H xson, TN 37343
615-697-4294

Evans, Leslie R

Seni or Vice President
Electro Rent Corp.
4209 vanowen Pl ace
Bur bank, CA 91505
213-843-3131

321

Far nswort h, Hal

Tel ecommuni cati on Sal es
EIP M crowave

2731 No. First St.

San Jose, CA 95134
408- 946- 5700

Faul kner, Neil

Sr. Design Engi neer
John Fl uke Mg. Co.,
P. 0. Box C9090
Everett, WA 98206
206- 356- 5538

I nc.

Faunce, Denis

Super vi sor - Met r ol ogy
Ford Aerospace
Ford Rd. 6-141
Newport Beach,
714-760- 2995

CA 92660

Feat her stone. Walt

Feat her stone Associ at es
2041 Pioneer C.

San Mateo, CA 94403
415- 345-1617

Ferrera, Tony

Super vi sor - Techni cal
SRl | nternational
333 Ravenswood - M5 20241
Menl o Park, CA 94025
415- 859- 4001

Servi ces

Fitzpatrick, Jim

Product Manager

Hew et t - Packard

1400 Fountain G ove Parkway
Santa Rosa, CA 95404
707-525- 1400

Fl emi ng, GQuy J.

Supervi sor, Min. & Cal.
Uni ted Technol ogi es

P. 0. Box 358

Chem cal Systens Div.
Sunnyval e, CA 94086
403-778-4270

Lab.
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Flora, M chael
Sal es Assi st ant

Yel |l ow Springs Instrunent
P.0. Box 465
Yel | ow Springs, OH 45387

513-767-7241

Fol ey, Dennis L.

Q Cen. Supervisor

Ivac Corp.

10300 Canpus Pt. Drive

I nspection/ Process Control
San Diego, CA 92121

619- 457- 7006

Fong, Reg

Branch Head, Navy Stds.
NARF Al aneda

Navy Stds. Lab., Code 662
Production Engi neering, Code 660
Al ameda, CA 94501

415- 869- 3137

Lab.

Font anel |l a, 0Odi

Sal es

Met er nast er

3995 E. Bayshore Rd.
Palo Alto, CA 94303

415-968- 0313

French, Judson C.
D rector
Nat i onal Bureau of Standards
Bl dg. 220, Rm. B358

CGr. for Elec. & Elec.
Washi ngton, DC 20234

301-921- 3357

Engrg.

Fry, WwR.

Proj ect Engi neer

G DEP (perations Center
O ficer-in-Charge, Attn:
Corona, CA 91720
714-736- 4677

W R Fry

Fuel | enbach, Art

Ful | - Ti ne Student

San Jose State Univ.
39490 N. # Al bany Conmon
Frenont, CA 94538

415- 793- 9950
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Gangawer. Bob
Appl i cati ons Engi neer

@Qildline Inst., Inc.

2 Westchester Pl aza

El nsford, NY 10523

914-592-9101

Gardner, Leonard B.

Consul t ant

Aut omat ed | ntegrated Manufacturing

2406 Buttetop Pl ace
Spring Valley, CA 92078
619- 464- 2446

Gargyi, Gyula

Sal es Eng.

John Fl uke Mg. Co.
19663 Pine Vall ey Ave.
Northridge, CA 91326
213-538- 3900

Ceesanan, Robert J.
Section Head, Elect.
Hughes Aircraft
Centinella & Teale Sts.
Culver Gty, CA 90230
213- 305- 2427

Stds.

CGehrke, ¢. A

Field Service

Vi ew Engi neering

9736 Eton Ave.
Chatsworth, CA 91311
215-998- 4230, X24

Gerem a, John O.

Prof., M E.
U.S. Naval Acadeny
Annapolis, M 21402

301-267- 3583

d assett, Walter L.

Supervi sor, Test Engi neering
Sundstrand Data Control, Inc.
Overlake Industrial Park, M 19

Rednond, WA 98052
206-885-8050
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d eason, Eugene A G eenwood, Steve

M cro- Surface Eng. Crystal Engi neering
15034 Loft H Il Rd. 1216 2nd St.

La Mrada, CA 90638 LOS 0sos, CA 93402

805-528- 2155

Gold, Irving G egersen, Chuck
Appl . Engr. I nsp. Spec. 327
Basi ¢ Systens Corp. l.B.M
2359 De LA cCruz Bl vd. 5600 Cottle Rd.
Santa Cara, CA 95050 San Jose, CA 95193
408-727- 1800 408- 256- 6545
Gonzal ez, Henry G oss, Paul
Proj ect Leader Technical Director
US Arny Wite Sands Mssile Range U S. Navy
Attn: STEW.-LGCS, U S Arny WMR Naval El ectronic Systens Conmmand
WEMR, NM 88002 Test & Monitoring Sys. Program Ofice
505- 678- 1825 Washi ngton, DC 20363
202- 692- 0170
Goodhead, David D. G osser, Janmes A
Pr esi dent QC Manager
Westcon, | nc. K. Y. Rogers, Inc.
5101 N. Interstate Ave. 2670 East Wal nut
Portland, OR 97217 Pasadena, CA 91107
503-283- 0132 213-792- 3165
G aef, Edgar L. Qucci ardo, Richard
El ect. Tech G unman Aer ospace
Dept. of Navy S. Oyster Bay Rd., #B05+31
N8SD-E Washi ngton Navy Yard Bet hpage, NY 11714

Navy Primary Standards
Washi ngton, DC 20378

Gret:, Donald J. Gutierrez, Reuben L.
Consul t ant Staff Menber |nspection
3754 De sabla Drive Los Alamos National Lab.
Caneron Park, CA 95682 P. 0. Box 1663, M5 E511
916-677-9612 Los Alamos, NM 87545

505-667-2323

G eene, Rick Halaczkiewicz, Tom
Sr. Metrol ogi st Spec. Crystal Engi neering
l.B.M 1216 2nd St.
5600 Cottle Rd. LGS osos, CA 93402
Dept. 358/001 805- 528- 2155

San Jose, CA 95193
408- 256- 3305
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Halford, Ken

Met r ol ogy Engi neer

Litton Data Systens

8000 Wodl ey Ave. wms43-87
Van Nuys, CA 91409
213-902- 4268

Hal | , Jack

Met r ol ogi st

Rockwel | | nternati onal
3370 Miraloma Ave. MC HCD2
Anaheim CA 92803

714-632- 3923

Ham I ton, Larry W.
Manager, Quality
Shiley, Inc.
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1983 MEASUREMENT SCIENCE CONFERENCE
“MEMORIES"

STONEFACED"” CONFERENCE DIRECTOR, ROLAND VAVKEN, LEADS THE 1983 MSC TO
SUCCESS WITH HIS DYNAMIC OPENING SPEECH

SOME OF THE CONFERENCE LEADERS: (FROM LEFT TO RIGHT) CONFERENCE DIRECTOR,
ROLAND VAVKEN; CHAIRMAN OF THE BOARD, BILL STRNAD: PUBLICITY CHAIRMAN.
BILL. BROWNE; AWARDS CHAIRMAN, JOHN BRADY, TREASURER, DAVE BUCK.
ARRANGEMENTS, CHET CRANE



MSC “MEMORIES”

MORE CHAIRMEN AND GUESTS: PUBLICATIONS, JOHN SCHULZ: PROGRAM, BOB MONROE;
MRS, GLEN ENGEN; WOODINGTON AWARD RECIPIENT, DR. GLEN ENGEN. SPEAKERS
CHAIRMEN, FRANK KOIDE; PRESIDENT OF IEEE, DR. ROBERT LARSON.

AN NCSL HAPPENING AT THE 1983 MEASUREMENT SCIENCE CONFERENCE

SEVEN NCSL PAST PRESIDENTS HONORED THE MS( WITH THEIR PRESENCE. FROM
LEFI' TO RIGHT, JERRY HAYES, DEAN BRUNGART, MIKE SUEACCL DON GREB. DAVE
MITCHELL, JOHN MINCK, AND JOHN LEE



MSC “MEMORIES"

THURSDAY LUNCHEON SPEAKER

NDR. ROBERT LARSON, PRESIDENT MsC'S CHAIRMAN OF THE BOARD,
OF I[EEE AND PRESIDENT, SYSTEMS BILL STRNAD, NEVER LOST FOR
CONTROL CORPORATION. WORDS ... WELL MAYBE JUST THIS TIME!

OUR ATTENDEES AT THE OPENING SESSION — 1983 MSC



MEC "MEMORIES™

DR. LARSON RECEIVES A CERTIFICATE (OF APPRECIATION
FROM DIRECTOR. ROLAND VAVKEN

DR. JOEL S, BIRNBAUM, FRIDAY LUNCHEON SIPEAKER,
RECEIVES A CERTIFICATE OF APFRECIATION FROM DIRECTOR
ROLAND VAVEEXN.

343
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WOODINGTON AWARD
RECIPIENT

DR. GLENN ENGEN

“FOR PROFESSIONALISM
IN METROLOGY™

DR. ENGEN AND HIS WIFE, SADIE

44



TION

OUR SPEAKERS IN AC




MSC “MEMORIES”

DR. JOEL BIRNBAUM TELLS US HOW COMPUTERS WILL
INTERACT WITH INSTRUMENTATION IN THE FUTURE.

SESSION DEVELOFPER, DR. BRIAN BELANGER THANKS FELLOW NBS'er
CHUCK MILLER FOR PARTICIPATION IN BRIANS SESSION.

BEL:
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“WHAT DO WE DO NOW?"
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EXHIBITS

Scientific Ing, YO Scientific Ing,

' Valhallq T ——
“v {I{’ﬂgﬁ? fm vﬂ SVafﬁuHa N alhalla
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WINE TASTING FOR ALL - (LEFT TO RIGHT) KEYNOTE SPEAKER DAVE MITCHELL.
SPEAKER. ROLF SCHUMACIHER WITH WIFE. MARLENE, DOOR PRIZF CHAIRMAN. BOB
COUTURE WITH WIFE. JOAN
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“LET'S TAKE THIS ONE HOME WITH US!"

A0
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“THE FINAL PAYOFF'™
ALGIE LANCE WINS A CASH DOOR PRIZE: BOBR MONROE VERIFIES IT
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