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A PRELIMINARY EVALUATION OF TSE ACCURACY OF 10 VOLTS AS 
MAINTAINED ON IRE WEST COAST OF TRB UNITED STATED 

Lee FIunt1ey 
Dave Agy 

John Fluke Mfg. Co., 1”~. 
P. 0. Box cgogo 

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 ooncerning the ability of Standards end 
Calibration laboratories to support 10 Volts at the 
PccuPaoy level required. An experiment was 
performed to assess the accuraoy achieved in Five 
laboratories know” to have good capability For DC 
and Low Frequency measurenents. A spread of “early 
4 pPn in the Values assigned by the labs to the 
transfer standards indicates that a problen exists. 
The performance of the Solid State Transfer 
Standards demonstrates their utility in achieving 
agreement at 10 Volts to within approximately 0.1 
PP~ among widely separated laboratories. 

Introduction 

An experiment was conducted in July, August, and 
September of 1982, by John Fluke UFg. Co., Inc., in 
cooperation with Four laboratories lmown to have 
good capability in DC Measurements, to determine 
the afcuracy attained in maintaining Direct Volts 
at the 10 Volt level. There l?ere two principal 
reasons For conducting the test, First, to 
ascertain the abilities of these and other like 
standards and calibration laboratories to support 
the accuracy of the Fluke 5440A Direct Volts 
Calibrator, and to demonstrate the utility of the 
7328 Solid State Reference Standard (73%‘~) 
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 k”ov” 
stability was evaluated by the ‘~Pluke Primary 
Standards Laboratory, then was shipped to the 
participating labs, along with appropriate 
connection hardware and a” instruction sheet. (The 
735C is a predecessor to the 7328, differing 
principally in the Fact that it provides only 10 
Volt output.) The labs were asked to make at least 
three meaaure”,e”ts of the output 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 output OF the 735C’S. The methods are briefly 
described belcw. The labs are identified only by 
letters to preserve the anonymity of the 
participents. 

LAS A: 

LAB B: 

LAB c: 

LAB D: 

Connected the output of the 73% tra”sFer 
standard directly to the input of the ES1 
7221 K-V Divider having input resistance OF 
100,000 ohms. With the divider set For a” 
output of 1 .OlBXX Volts, compared the 
output to a standard cell just es if it 
were another standard cell, “sing a 
Guildline light beam Oelvancmeter as the 
detector. 

The 10 Volt readings were obtained with a” 
ESI 1045A potentiemetric measwi”g system. 
‘~“e difference measurerments were made with 
* Guildline 9144 potentianeter. 

Standardized 10 Volt input to Kelvin-Varley 
Divider against a standard cell at about 
,.018xX Volts, then’dieled up 10 V end 
compared to the output of the 735C Transfer 
Standard. 

Standardized 11 Volt input to Kelvin-Varley 
Divider against Four standard cells 
connected in series, then dialed up 10 V 
and compwed to the output of the 735C. 
Differences were measured directly, “sing a 
Fluke g45AB Null Detector. 

Fluke himary Lab: Compared output of working 
standard 735C to nine standard cells 
connected in series utilizing a Freshly 
self-calibrated 720A Kelvin-Varley Divider 
and a” A-100 Standard Cell Comparator. The 
output of each 735C uas the” wmpared to 
the working standard by direot measwenent 
of the difference in output Voltages using 
a Fuke 845AB Null Detector. 



Both standards were allowed to 0001 to r”om 
temperature on 9 September, when they !a~‘@ 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 bee” 
observed in the past to Cause permanent Significant 
changes in the outputs of these ‘,35C’s, in this 
case the change in output was no greater than 0.15 
pm, and had “a significant impaot upon the outcome 
of the experiment. 

Results 

The results of the experiment ape summarized in the 
three figures attached. Figure , is a “Youden 
Diagram”, which is obtained by plotting the value 
obtained by a @“en facility for One standard 
ver.sus the value it obtained for the other 
standard. (Plotted here are the mea” values 
obtained by each laboratory. The “dashed squares” 
are the individual laboratory’s stated uncertainty, 
see Table 1.) The Youde” Diagram has the Property 
that positively correlated deviations oa”8e the 
plotted points to be displaced along a line having 
a slope of +, , 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 paints. 

The most common source of positive correlation, and 
distribution along the upward sloping line, is 
systematic err’o~ in measuring the outputs. FigUM 
1 clearly shcws such a distribution, and almost 
certainly indicates a systematic difference of 
almost 4 ppm in the value of 10 Volts as maintained 
in two of the labs sampled. This is a significant 
res”lt in that a total uncertainty of about 1 .5 Pm 
at 10 Volts is required to support the accuracy of 
the 51140A Cslibt%tor. 

Information about the stability of the outputs of 
the two 735C’s, and i”f?rmation 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 mea” of the values obtained for the 
two standards fran each value obtained. 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 p~esenoe 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 spa”. When this effect is 
eliminated, the Fluke points also appear randomly 
distributed. 

Measuring the difference in outputs of the two 
73512s directly by connecting a Microvolt meter 
directly between the two outputs, has the effect of 
removing the imprecision in the measurement method 
fran 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 a” 
objective evaluation of the suitability of the 
735C’s for “se in this schane for standardizing 10 
Volts. Figure 3 presents the difference data in 
the form (Measured Difference Minus Calculated 
Difference versus Julia” Day). Calculated 
difference is used because the 735C’s are not I 
perfectly stable, and linear drifts in excess of 
0.1 ppm may be expected over the time period of the 
experiment. With the exception of Lab A, the mea” 
difference obtained by all the testing facilities 

. 

were within a few hundredths ppn of the calculated 
values. Lab A did not make the measurements 
direotly; the plotted differences were obtained by 
taking the differences between the measwenents 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 give” 
laboratory. “Difference frap Group Mea”” is the 
difference between the mea” voltage obtained by a 
given laboratory and the mea” of voltages assigned 
by the group of labs. 

“Gncertainty in Lab value” represents 99% 
confidence limits on the mean of measurements made 
in that Lab, assuming a normal distribution of 
errors. That is, for example, there is a 1% 
probability that the true mea” of the measurements 
at Fluke is outside the range of values bounded by 
plus and minus 0.015 pm. This u”certai”ty, plus 
the uncertainty in the value of the standards due 
to drift., are the main compownts in uncertainty Of 
the oomparison of one Lab’s Volt to the mea” of the 
Group. 

‘Gnoertainty in difference frcm mea”” represents 
99s confidence limits on the difference between a 
particular lab’s result and the mea” result of the 
group of five labs. It is influenced by the 
scatter in a labs measurement results, the number 
of ,,,easwements made by that lab, and the 
uncertainty in the mean of the group. A normal 
distribution of errors is assumed. It is appwent 
that this experiment demonstrates a powerful tool 
for obtaining consistency among laboratories 
measuring voltage at the 10 Volt level. 
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Table I:. summary Of Results 

DIFF FROM UNCERTAINTY ONCERTAINTY 
STATED GRCIlP IN LAB m DIFF FROM 

LAB UNCERTAINTY MEAN VALW MEAN 

A 0.8 PP -0.72 Pm 0.04 pm 0.08 pm 

B 5.0 PB -1.97 Pm 0.23 PDm 0.32 PPP 

C 0.6 Pm 1.16 pm 0.20 pm 0.30 Pm 

D 2.0 PB 1~66 ppm 0.04 pm 0.08 PPO 

Fluke 0.0 PPO -0.12 pm 0.015 PFm 0.07 Pm 

SWSrY 

To smmrize, tha experiment must be mnsidered s” 
unqualified 3~~~333. While the spread in the 
results is surprisingly large, it is gratifying 

that a problm has bee” identified and can “0~ be 
corrected. I” spite Of tha fact that pcwer “83 
lost, the two Solid State Reference Standards 
performed extraely well, and have demonstrated 
that they provide a means by which 10 Volt 
standards at widely separated locations can be 
reconciled to within 3or&hing like 0.1 ppm. We 
have also tegun to gather information on the 
relative quality of various methods for measuring 
10 Volta to the sccvsoies reptired to support the 
54408 Direct Volts Calibrator. It is not 
surprising that the method3 which compare the 10 
Volt output of the 735C’s to four or nine 33ri33 
connected cells yield greater precision than 
compsriso” to a single cell. The effects Of 

thermal E”F’s, the contribution of the divider to 
the measwenent, and the instability of a 
Particular cell all decrease in importance as the 
“umber of cells increases. We also Should not 
overlook the fact that Fluke obtained very Rood 
results by Mmparing the test units to a working 
standard 735C at the 10 volt level. This leads 
U3 inwitably to consider the possibility of 
mat”tai”i”R the standard of voltage at the 10 Volt 
level. 
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A FULLY AUTOMATIC SYSTEM FOR AC/DC DIFFERENCE CALIBRATION 

K. J. Lentner, 0. R. Flach 
Electrosystems Division 

National Bureau of Standards 
Washington, D.C. 20234 

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 acjdc difference tests were 
made using manual test systems which utilize photo- 
cell amplifiers and light 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 fatigue 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. 

To alleviate the tedium of making manual acfdc 
difference measurements, to reduce the possibility 
iof manual computational errors, to eliminate the 
~sources of error due to operator fatigue and lack 
of skill, atid to expedite test report generation, 
a desktop computer (OTC) controlled automatic test 
system (ATS) was developed. lhe 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 acfdc 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 acfdc 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 large but stable and accurately known 
acfdc 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 millivolt level dc 
voltages from the TEs. 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 
storage. Communication from (and to) the DTC with 
the ATS measurement and stimulus equipment occurs 
via the IEEE-488 standard digital interface for 
progralnmable instrumentation. 

The unit under test (UUT) is connected into the 
circuit as shown, and ac or dc voltages from the 
sources are automatically and simultaneously applied 
to the UUT and standard TVC. The UUT emf output 
is measured by the OVM, 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 interval 
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. In addition, completely automatic 
tests of the ac and dc voltage source stabilities 
(with graphic plotting capability) can be made. 
DC 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 UVMs and high precision analog 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 calibration system. Measurements 
can be done with minimal operator intervention, 
eliminating tedious and fatiguing manual 
operations. Hence, personnel presently engaged 
almost exclusively in manual acfdc 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 skill, eliminating 
this variable in the measurement uncertainty. 
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IMPROVING DMDER CALIRRATION TECHNIQUJB 

oak Ridge Y-12 plant* 
Union Carbide Corporation, Nuclear Division 

Oak Ridge, Tennmee 37830 

ABSTRACI- 

This paper describes the development of 8 procedure 
for calibration of precision voltage dividers. The 
procedure makes use of B reference divider made up 
of NBS-type resistors and a calibrated null detector. 
Although developed primarily for a seven-dial 
Kelvin-Varley divider with B span of 2111.111 units, it 
is adaptable to dividers with other spans. TypICal 
results are presented along with B statistical discussion 
of repeatability. Advantages of the procedure are 
improved repeatability. increased confidence in 
correction5 more rapid data acquisition, and 
independence from NBS for divider calibration. 

BACKGROUND 

While working for another company in 1968, the author 
was exposed to a method of calibrating a URS 
(Universal Ratio Set) by comparing 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 erPoPs. 
That is. when a step of any 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 
“compensation.” 

In 1969, after joining the present company, the author 
computed the effect 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 4393 Seven-Dial 
Kelvin-Vai-ley Divider by moving an NBS type loo-ohm 
resistor through a string of similar resistors on mercury 
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 Navy 
Procedure DR-03 (2). However, it was noticed that 
data from the moving resistor method at this lab was 
not very repeatable. In fact, it was sometimes difficult 
to tell from the data alone that two runs had been 
produced by the same instrument. 

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

After several years of work in other anas. the author 
returned to electrical standards work in 1974. Since 
that time, considerable attention end interest have 
been devoted to divider calibration. There m’e 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 involvement in calibration work that can 
conceivably be done by industry personnel. Ratio 
calibrations are good examples of this trend. 

The first attempt to deal with the repeatability 
problems was to construct a “perfect divider” that 
consisted of twenty-one ltlO-ohm resistors which could 
be individually adjusted so that all were equal. A 
regulated current was passed through the Pivider, 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 appeared at low currents. In early 1979 
the project was abandoned, and the L&N 4333 
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 
Ram&y (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 could 
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 
increased one order of magnitude. These accurately 
established corrections on the first dial of the URS 
could then be transferred back to the seven dial 
providing corrections for it. 

x 



The method just described was attempted and almost 
succeeded. Equations 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 data that had the 
same characteristic shape, but had larger differences 
between runs toward the center of the divider. It was 
calculated that an error of 4 x 10m4 divider units in 
the magnitude of the compensation error would cause 
an ei-~0s of 10 x lob4 divider units in a final correction 
near the center of the divider. Therefore, the 
experimentation with the URS ten-step substitution did 
not yield B 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 
switch contact resistance was no longer being changed 
in null seeking. The use of the nanovoltmeter did not 
CBUS~ 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 contact 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. Since switch contact resistance 
is negligible in the presence of such high divider 
resistance, 100 .kilohm KelvirrVarley 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 Ml7lTIOD 

Early in 1982. it was decided to return to the use of 
NBS--type resistors. Every 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 sune method with 
modifications has been successfully used in this lab on 
8 120.kilohm seven-dial Kelvin-Varley divider. 

Fortunately. eleven loo-ohm NBS resistors were 
available along with mercury stands and 8 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 mechanicsl 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 digital nanovoltmeter was connected 
from the galvanometer terminal to whichever voltage 
tap was desired on the standard divider. A schematic 
of the hookup is shown in Figure 1, and a photograph 
of the apparatus is shown in Figure 2. 

Battery voltage 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 
vo1t.s~ 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 
I x 1O-4 unit step on the seven-dial is almost exactly 
0.5 microvolt. This makes the scale factor for 
translating the data from microvolts to 10e4 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 
ZOO) was compared to the corresponding step on the 
standard 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 
l-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 
& 1 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 to 1.111 volts using a series 
decade box. This voltage was applied directly 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 10m4 
divider unit) for the second dial. For the third and 
fourth dials, the sensitivities were 10 and 100 
microvolts per step, respectively. Sample data is 
shown for the second e?d third dials in the first two 
columns of Tables II and III. 

For the last three dials of the dividers the accuracy 
requirements were reduced to the point that a direct 
check against the linearity of the Model 181 
Nanovoltmeter was considered sufficient. The fourth 
dial again had 1111 volts applied across it, end the 
nanovoltmeter was connected between the low end of 
the divider and the G terminal. The fourth dial was 
set to Z~PO and the fifth dial to X. The applied 
voltage was readjusted until the mumvoltmeter 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 OII applied 
voltage. In these checks, differences between the 
observed and nominal voltages of 10 microvolts would 
have indicated a correction of 0.1 x 10m4 divider 
units. No differences this great were observed. 



In order to calibrate the standard divider, all eleven 
100 Il resistors were compared to a dummy resistor 
using the seven-dial as B one-to-one bridge. Additional 
resistance of 11.11 ohms was left in the high end of 
the circuit 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 
lOO-ohm resistors is shown in the first four columns 
of Table IV. 

The one remaining comparison necessary was the 
comparison of the 1-kilohm resistor to the first ten 
loo-ohm resistors. This was accomplished by using 
the seven dial as a onetwone bridge again. 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 microvolt readings 
and their conversion into divider units for this 
comparison. Four runs were averaged for this critical 
data. 

CALCULATIONS 

Calculations of the standard divider corrections were 
accomplished in the following manner. The corrections 
for the eleven loo-ohm resistors were calculated 8s 
shown in Table IV. The differences in readings across 
the dummy end the loo-ohm resistor being compared 
to the dummy were found and listed in the fifth and 
sixth columns as AD and AR, 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 
severrdial, but this is of no concern 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 l-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 correctiom! calculated in Tables IV and V for the 
eleven loo-ohm resistors and the 1-kilohm resistor were 
all referenced to the sum of the first ten loo-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 2000 units to be zero. A summation 
of these individual resistor corrections was made in 
the fifth column to find the ‘standard divider 
correction at each point on the lower half of the 
seven-dial. 

Column 3 of Tables I A and I B. A linear correction 
was applied in Columns 4 and 5 in order to make the 
corrections at zero end 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 calculated by 
subtracting the corrected ARs from the standard 
divider corrections. 

Corrections for the second dial, shown in Table II, 
were calculated the same way 8s 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 10m4 divider unit. The standard l 

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 wre those in the last 
column of Table N, 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 loo-ohm resistors used 
are close sough to nominal, the standard divider 
corrections will be unnecessary for the third and 
fourth dials. 

ANALYSIS OF RESULTS AND DISCUSSION 

The method just described provided improved 
repeatability compared with the other methods 
previously attempted in this lab. Corrections from 
six runs by two persons over B period of about three 
months were averaged. The largest standard deviation 
observed for any paint during these six runs was 
1.7 x 10-4 divider units. The average standard 
deviation for all points was 0.15 x 10.4 units. These 
numbers constitute an order of magmtude 
improvement over the earlier attempts in this 
laboratory. They also should be useful indicators of 
what can be expected from simiiar 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 variations of as much 
as 2.4 x 10e4 divider unit. However, the typical 
variation was 1.4 x 10e4 divider unit 01‘ less. The 
mercury stand contact resistance could be virtually 
eliminated as a source of error if higher resistance 
standard divider resistors were used. Variations 
caused by switch contact resistance were also 
investigated and appeared to make a somewhat 
smaller contribution, typically less than 1.0 x lo-4 
divider unit, with a maximum of 1.4 x 10-4 divider 
unit. This was after exercising 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 be 
SiU77ifiPa”t I_~__________. 

In looking back at the moving resistor method of 
calibration, some thoughts BP? offered. This early 
work w&s accomplished using resistors and mercury 
stands located on an open bench-top where they were 
exposed to air currents and changing tempersture 

Table VI B us?s the individual corrections from the 
fourth column of Table VI A. but rearraneed in the 
correct order to calculate the standard divider 
corrections for the upper-half points on the seven-dial. 

In calculating 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 



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 
“sing a fixed standard divider are able to achieve 
excellent results “sing resistors in an inslllated 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 so great an 
obstacle. The question of URS calibration has lost 
some of its importance today, as even some lab-type 
potentiometers we being replaced by digital 
multimeters and Universal Ratio Sets by Kelvin-Vwley 
dividers. 

Obviously. the method presented here can be applied 
to Kelvin-Varley dividers having .s 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 we available. 

CONCLUSIONS 

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

An order of magnitude improvement in 
repeatability of corrections. 

Increased confidence in the corrections as a result 
of statistical analysis. 

More rapid data acquisition, primarily because of 
the “se of a calibrated digital null detector. 

Independence from NBS in this area of ratio 
calibration. 
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*These two resistors are interchanged to obtain points ranging from 1000 to 2100 
divider units. 

FIGURE 1 - FIRST DIAL CALIBRATION 
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TABLE I A 

Seven Dial 
Setting 

1000 
2000 

000 
0x0 

100 
1x0 

200 
2x0 

300 
3x0 

400 
4x0 

500 
5x0 

600 
GXO 

‘1130 
7X0 

800 
8X0 

900 
9X0 

1000 
000 

Data and Calculation of Corrections 
Lower Half of First Dial 

181 Standard Seven Dial 
Reading AR=2AV Linear Corrected Divider Correction 
y (VW (Units x 104) Correction AR Correction Cl x lo4 

-0.5 -1.0 
1.6 3.2 

5.7 11.4 
-8.8 -17.6 

-10.8 -21.6 
-5.8 -11.6 

-6.0 -12.0 
-4.0 -8.0 

-5.3 -10.6 
-2.9 -5.8 

-2.8 -5.6 
4.5 9.0 

2.4 4.8 
5.2 10.4 

6.0 12.0 
5.5 11.0 

3.3 6.6 
3.0 6.0 

-0.1 -0.2 
1.5 3.0 

0 0 
2.3 4.6 

-0.5 -1.0 
5.3 1 o.li 

-3.2 0 

-11.4 0 
-11.0 -28.6 

-11.0 -32.6 
-10.6 -22.2 

-10.6 -22.6 
-10.2 -1~8.2 

-10.2 -20.8 
-9.8 -15.6 

-9.8 -15.4 
-9.4 -0.4 

-?.4 -4.6 
-8.9 1.5 

-8.9 3.1 
-8.5 2.5 

-8.5 -1.9 
-8.1 -2.1 

-8.1 -8.3 
-7.7 -4.7 

-7.7 
-7.3 

-7.3 

-7.7 
-2.7 

-8.3 

0 0 
-33.9 -5.3 

-33.9 -1.3 
-28.7 --6.5 

-28.7 -6.1 
-27.9 -9.7 

-27.9 -7.1~ 
-26.7 -11.1 

-26.7 -11.3 
-17.2 .-16.8 

-17.2 -12.fi 
-12.7 -1~4.2 

-12.7 -15.8 
-14.0 ~-16.5 

-14.0 12.~1 
-16.9 -.I 4.8 

-16.9 --8.6 
-18.0 -’ : 3 ,:3 

-18.0 -iX1 
-18.7 -;I]~(, 

-13.7 -.. j (1 ..$ 



Seven Dial 
Setting 

000 
2000 

181 
Readine AR = ZAV Linear 
AV (uV) (Units x 104) Correction 

5.4 10.8 
1.9 3.8 

-10.8 

1000 18.0 36.0 -6.9 
10x0 21.7 43.4 -6.5 

1100 21.8 43.6 -6.5 

11x0 21.7 43.4 -6.1 

1200 18.0 36.0 -6.1 
12x0 18.0 36.0 -5.7 

1300 17.1 34.2 -5.7 

13x0 21.4 42.8 -5.3 

1400 18.7 37.4 -5.3 
14x0 20.7 41.4 -5.0 

1500 18.0 36.0 -5.0 

15x0 16.8 33.6 -4.6 

1600 17.3 34.6 -4.6 
1~6x0 16.3 32.6 -4.2 

1700 16.0 32.0 -4.2 

17x0 18.2 36.4 -3.8 

1.800 14.9 29.8 -3.8 
18X0 15.9 31.8 -3.4 

1900 
19x0 

2000 
20x0 

1,000 

16.7 33.4 -3.4 
1.4 2.8 -3.0 

1.5 3.0 -3.0 
5.4 10.8 2.6 

18.2 36.4 

TABLE I B 

Data and Calculation of Corrections 
Upper Half of First Dial - 

Standard Seven Dial 
Corrected Divider Correction 

AR Correction Cl x lo4 --- 

0 

29.1 18.7 -10.4 
36.9 23.8 -13.1 

37.1 23.8 -13.3 
37.3 24.7 -12.6 

29.9 24.7 -5.2 
30.3 25.9 -4.4 

28.5 25.9 -2.G 
37.5 35.4 -2.1 

32.1 35.4 3.3 
36.4 39.8 3.4 

31.0 39.8 8.8 
29.0 38.6 9.6 

30.0 38.6 8.6 
28.4 35.7 7.3 

27.8 35.7 7.9 
32.6 34.5 1.9 

26.0 34.5 8.5 
28.4 33.9 5.5 

30.0 33.9 3.9 
,-0.2 0 0.2 

0 
8.2 

0 0 
2.4 --5.8 



Seven Dial 
Setting 

000 
0x0 

181 
Reading 

A V (N) or 
AR(Units x 104) 

Linear 
Correction 

Standard Seven Dial 
Corrected Divider Corrections 

AR Correction cq x 104 

-121.1 
81.8 

000 -121.2 121.2 0 0 
00x -103.6 100.8 -2.8 -3.2 -00.4 

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 
03x -41.0 39.8 

-2.2 
-1.9 

0 
-0.7 

040 -41.9 39.8 
04x -19.7 19.4 

050 
05x 

-0.8 -0.3 
-0.2 -0.7 

060 0.7 -0.9 
06X 21.6 -21.2 

-2.2 
-1.2 

-2.1 
-0.3 

-0.5 
0.5 

-0.2 
0.4 

-0.2 
-0.1 

-0.4 
0.4 

-0.7 
-0.4 

0 
0.9 

-1.9 0.2 
-0.8 -0.5 

-19.9 
1.4 

19.4 
-0.9 

-0.2 
-0.1 

-0.1 
-0.2 

-0.2 
-0.1 

-0.1 
0 

0 
0.4 

0 
-0.5 

070 21.0 -21.2 
07x 41.5 -41.6 

0.1 
-0.1 

080 41.2 -41.6 
08X 62.4 -62.0 

0.2 
-0.5 

090 
09x 

0x0 
oxx 

000 

61.3 -62.0 
81.9 -82.3 

0.6 
0.4 

82.3 -82.3 
103.5 -102.6 -:.5 

-121.7 

TABLE II 

Data and Calculation of Corrections 
Second Dial 
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TAEILEIII 

Data and Calculation of Corrections 
Third Dial 

Seven Dial 
Setting 

181 
Reading 
AV (VI’) CUniE 104) 

Standard Seven Dial 
Linear Corrected Divider Corrections 

Correction AR Correction c.J x 104 

0.0 -267.9 -26.8 
x.0 200.6 20.1 

0.0 -268.7 -26.9 26.9 
0.x -224.2 -22.4 22.2 

1.0 -223.7 -22.4 22.2 
1.x -175.7 -17.6 17.5 

2.0 -175.5 -17.6 17.5 
2.x -128.0 -12.8 12.8 

3.0 -128.0 -12.8 12.8 
3.x -80.7 -8.1 8.1 

4.0 -81.0 -8.1 8.1 
4.x -33.0 -3.3 3.4 

5.0 
5.x 

-33.0 
14.3 

-3.3 
1.4 

3.4 
-i.3 

6.0 13.7 1.4 -1.3 
6.X 60.9 6.1 -6~.O 

7.0 60.8 6.1 -6.0 
7.x 107.7 10.8 -10.7 

8.0 107.2 10.7 -10.7 
8.X 154.4 15.4 -15.4 

9.0 
9.x 

x.0 
x.x 

0.0 

153.8 15.4 -15.4 
200.1 20.0 -20.0 

200.4 20.0 -20.0 
247.0 24.7 -24.7 

268.3 26.8 

0 
-0.2 

-0.2 
-0.1 

-0.1 
0 

0 
0 

0 
0.1 

0.1 
0.1 

0.1 
0.1 

0.1 
0.1 

0 
0 

0 
0 

0 
0 

-00.3 -"o.l 

-0.3 -0.1 
-0.2 -0.1 

-0.2 -0.1 
-0.2 -0.2 

-0.2 -0.2 
-0.2 -0.2 

-0.2 -0.2 
-0.1 -0.2 

-0.1 -0.2 
0 -0.1 

0 -0.1 
0 -0.1 

0 -0.1 
0 -0.1 

0 0 
0 0 

0 0 
0 0 

0 0 
0 0 
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TABLE Iv - Comparison of 1OOn Resistors 

AD AR cD 
Difference Difference coRections for 

181 Readi- Av(Wv) Across Dummy Across Com- Resistors Ret 
SN of Seven Dial Seven Dial Seven Dial 1OOR pared 10051 Dummy 

Compared at 000 at 1000 at 2000 Resistor, Resistor, AR -AD 
Resistor Rdg 1 Rdg 2 Rdg 3 Rdg 2 - Rdg 1 Rdg 3 - Rdg 2 (Units x 104p 

1807 52.3 4.6 -78.0 -47.7 -82.6 
4249 52.2 -13.1 -74.3 -65.3 -61.2 
4242 52.1 -10.6 -73.5 -62.7 -62.9 
4230 52.0 -11.0 -73.8 -63.0 -62.8 
7247 52.0 -15.3 -74.1 -67.3 -58.8 
4227 52.1 -12.3 -73.3 -64.4 -61.0 
4232 52.1 -10.5 -75.4 -62.6 -64.9 
4226 52.2 -9.0 -74.1 -61.2 -65.1 
4235 52.1 -10.6 -75.5 -62.7 -64.9 
4246 52.3 -11.2 -76.4 -63.5 -65.2 

4245 52.2 -11.9 -74.6 -64.1 -62.7 1.4 4.3 

-34.9 
4.1 

-0.2 
0.2 
8.5 
3.4 

-2.3 
-3.9 
-2.2 
-1.7 

1 = -29.0 

Cl0 
Corrections 

z Cl9 
Correctmns 

for Resistors for Each 
Ref First Ten, Step for 

CD - UlO 
wlits x 104) 

10 Step Dials 
waits x 104) 

-32.0 
7.0 
2.7 
3.1 

11.4 
6.3 
0.6 

-1.0 
0.7 
1.2 
Kci 

*Using 2.11 volts across the Seven Dial, one microvolt on the Model 181 detector is equal to 100 microhms. 
When the resistors are placed in the 2111.111 ohm standard divider string, 100 microhms is equivalent to 1 x 10m4 
divider units. 

TABLE V - Comparison at 1000 OHMS 

AI 
Seven Dial Seven Dial Seven Dial Difference 

AK 
Difference 

at 000 at 1000 at 2000 Across Sum Across 1K 

!ziG !!!G !P!u of 10 x 1ocn Resistor 

Forward Readings- _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ Rdg 2_Rdg 1 Rdg 3-Rdg 2 
181 Readings AV(uVv)_ - - 5.3 -0.8 0.3 
AR = 2 AV (Units x 104) 10.6 -1.6 0.6 -12.2 2.2 

Reverse Readings- - - - - - - - - - - - - - - - - - - - - - - Rdg 3-Rdg 2 Rdg 2-Rdg 1 
181 Readings AV(IK- - - 5.4 17.8 0.0 
AR = 2 AV (Units x 104) 10.8 35.6 0.0 

Cl0 
Correction for 
1K Ref Sum 
of 10 x loon 

AK- Ar 

14.4 

-35.6 24.8 60.4 
Avg = 37.4 

-32.0 
-25.0 
-22.3 
-19.2 
-7.8 
-1.5 
-0.9 
-1.9 
-1.2 
0 



SN of 

Resistor 

1807 
4249 
4242 
4230 

7247 
4227 

4232 
4226 
4235 
4246 
1K 

4245 4.3 1.87 2.43 2.4 2100 

Cl0 
Correction 

Ref Sum of 

10 x 100a 
(Units x 104) 

-32.0 
7.0 

32:: 
11.4 

6.3 

0.6 
-1.0 

0.7 
1.2 

37.4 
c = 37.4 

SN of 
_ Resistor 

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 

TABLE VI A 

Standard Divider Corrections 
Lower Half Corrections 

P 
Proportional 
Correction, 

C/20 or Cl2 

1.87 
1.87 
1.87 

1.87 
1.87 
1.87 
1.87 
1.87 
1.87 
1.87 

18.70 

C 
Correction 

Ref 2OOOQ 
String, 

c,n-P 

-33.87 
5.13 
0.83 
1.23 
9.53 
4.43 

-1.27 
-2.87 
-1.17 

-0.67 
18.70 

0.00 

TABLE VI B 

Standard Divider Corrections 
Upper Half Corrections 

CC 
C Upper Half 

Correction Standard 
Ref 200052 Divider 

String, Correction 
C,” - p (Units x 104) 

CC 
Lower Half 

Standard 
Divider 

Correction 
{Units x 104) 

Corresponding 
Tap on 
Divider 
(Units) 

-33.9 100 
-28.7 200 
-27.9 300 

-26.7 400 
-17.2 500 
-12.7 600 
-14.0 700 
-16.9 800 
-18.0 900 
-18.7 1000 

0 2000 

Corresponding 
Tap on 
Divider 
(Units) 
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A”tcmated test equipment drawer. 

problems to the user. 
presents wave Daunt ime to calibrate the micro- 

As time drawer is doubly painful. The 
lllil”Y goes 

only 

the value of the system may increase 
al ternat iue to on-line calibration is 

E:cause of increasing costs of replacement di sassembl i ng a, 1 the mircowaue canpon- 

and increasing dependence on the system. ents, cal i brat i ng each one individually, 

One approach to the problem of older ATE and the” reassembling the drawer. This 

is to increase it’s maintainabi I i ty by 
ccm,,onent approach would not guarantee the 

using more recent technology to overcome 
functioning of the microwave drawer once 

specific problems of the test station. The 
it was reassembled. 

NaVY used this method to decrease the 
dcwnt ime encountered when the microwave 

The solution chosen by the Navr was 

portion of a test set had to be maintained 
to treat the drawer as though it were a 

and calibrated. The details of this method system, and develop a” off-line Controller 

we described and the benefits we suvnna- 
for it. An instrument controller and an 

rized. 
interface box controlled over the IEEE-488 
bus are the major components of the off- 
1 ine controller. The interface box would 

INlRoDucrIa4 

There are a number of early gener- 
ation Autanated Test Equipment systems, 
ATE, in use by the military. These systems 
pose many unique problems to the users. 
One problem is maintainability. The older 

provide the electrical interface to the 
microwave drawer, and would not contain 
any of the sequential control required to 
P”” the drawer. The control functions 
would be handled by the controller over 
the IEEE-488 bus. This approach proued 
successful. 

systems present problems with parts, in- 
creasing maintenance and decreasing relia- 

The first phase of the project was to 

bility. Although a system is old, its 
determine the interface requirements of 

value will increase with time. A system’s 
the microwave drawer by studying the docu- 

value will i “crease because the Value mentation. The information obtained was 

reflects the cost of replacement, and the checked out using a harduired breadboard. 

cost of not doing the job. An old ATE The breadboard consisted of switches and 

system may be hard to live with, impos- pushbuttons, and was intended only to 

sible to live without and expensi ue to proof the electrical requirements of the 

rep1 ace. 
drawer. The updated requirements were used 
to write the soecification to o~ocure the 

The Navy’s Mini-Sate is an early 
generation ATE system used to support the 
A6 aircraft. The Mini-Sate consists of 
three separate punched tape control led 
consoles: radar, air data simulator, and 
control function. There is a Mini-Sate 
system on each of the fourteen ‘Big Deck’ 
carriers, and approximately twenty shore 
based stations. The microwave drawer of 

interface box.’ A desk-top c&p”ter was 
used to control the interface box. The se- 
quencing needed to activate the micrcuaue 
switches, select frequencies, and set at- 
tenuator values was determined using this 
combination. Once the sequencing was un- 
derstood, the software for the NWY’S in- 
strumen t controller and the calibration 
procedure were written. 

the radar test station poses special 
oroblems to the Navy. This drawer contains 

Syst*m R*quirements 

ihe main stimulus- and response circuits 
and requires calibration. Calibration of 
the micrcwave drawer required several days 
of downtime if done on-line. The radar 
console has a heauy workload and can only 
test a few functions without the microwave 

The Mini-Sate microwave drawer is 
controlled by relays and TTL logic. The 
re1ars are activated by voltage sources 
and sinks 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 



wer* a number of 28 Vdc r.c.i”ers. Thes. 
monitor the responses and th. condition of 
the Mini-Sate microwave drawer. Part Of 
the sequence to control a relay requires 
.” ‘OK to go’ sipnal to b. receiued. Thrr. 
ar. a number of other 2Wdc signals that 
moni tar th. settinps of microwa”* 
switches, attenuators and other functions. 
There we also TTL receivers and drivers. 
The drivers control the motoP1z.d 
attenuator setting. The r.c.i”.Ps read th. 
power meter and th. settinQ of th. att,n- 
uator. The TTL drivers and receivers a-. 
also usrd in continuity checks of the 
safety interlocks. To add to th. confu- 
sion, there is also a S.P”O intcrfrce. Th. 
s.r”o is used to set the output I.“.1 of a 
microwave sou~c. after a new frequency is 
selected. The onlr way to b. EUP. the 
output is l.“eled is to watch what the 
s.r”o is doing. One. the S.P”O is zeroed, 
the leu.1 is set and th. test can proc..d. 
The interlocks make sure the on. kilowatt 
dumny lo&d is operated safely. The test 
points connect to the analop output of th. 
power meter, the SCPVO leueling loop and 
S.“.PIl other important analog sipnrls. 
Two interface cables we required. one is 
th. 156 pin main interfrc., containing all 
the signals described .bo”.. The 0th.r is 
a 30 pin connector for the power rupp1i.s. 
FiQ”r. l is a picture of the microwa”. 
drw8.r. The main intcrfac. c~nncctor is to 
the right. The other rectangular connector 
is the pwer supply connector. The fan for 
the dunmy load is located on the left. 
San. of the ua”.Q”id. witch.+ and the at- 
tcnuator IP. visible. 

One assumption mad. was it is easier 
to chang. software than ha-&arc. The 
SOf twrr. intensive approach al 1ow.d 
changes in opcrat i on to be made in the 
controller’s software and not th. firwar. 
in the interfac. box. The interface box 
was built by a contractor for th. Nauy. BY 
“sing an interfac., the Naur accepted the 
rcsponsibi I i ty for the o”.rall operation 
of the system. This approach was dictated 
because there W~P. no spar. Mini-Sac. 
micrcwa”. drrwrrs to b. loaned for the 
time required. 

Futur. “ses of th. off-l in* 
controller had to be considered. To keep 

th. unit flexible, the id.a of a 
personality module similar to the ones 
“scd in prcm progrurmers was adopted. BY 
ChanQinQ the personal i ty module and the 
%Of tware , the air data simulator drawer 
or another system could b. interfaced. 

Ther. were a numbrr of restrictions 
on the development of the off-l in* con- 
trol I.P. The mi CPOW~VC drawers were in 
short supply. In fact thcr. was one 1CSS 
than ther. were Mini-Sac. stations. When 
one ca.pri*r cam. into port the microwave 
drawer was taken off and installed on a 
outbound carrier. The shore based Mini- 
Sac* syst.ms W.P. not rradilr auailabl.. 
Th. workloads on the srstem did not permit 
th. downtime nece5sa.p~ to develop the off- 
lin. c0ntr011*r. DurinQ the ear1~ phases 
of the project th. documentation for the 
Mini-Sac* system was studied. Al 1 the 
manuals auailabl* W.P. stamped ‘PRELIMI- 
WRY’. No manual is perfect, but there 
were a number of 9ra.r ar.a.5 that seemed 
black at the time. One furth.r problem was 
th. lack of pcopl.. The tasks had to be 
selected, so those tasks that could be 
done only by the Naur W.P. don. by th. 
NlVY. Th. design of th. interface systrm 
was influenced as much by these non-hard- 
WaP. rcquircmcnts as by the hardware PC- 
quirements. 

Th* Approach.s 

The off-l in. control I cl- for the 
microwa”. drawer has four distinct parts. 
The first, as shown in figure 2, consists 
Of th. “01 tag* drivers and reC.i”.Ps that 
pro” i de the electrical interface to the 
draucr . Th. second part is th. s.qu.ncinQ 
“CCessaPY to en.rgiz* a I-C1.Y in th. 
mic~0wa.v. drwcr. Th. correct sequence Of 
st.ps n.cessa.~y to perform a task is th. 
nrxt pa,rt of the srstcm. Setting th. value 
of the attenuator, OP ChanQi”Q freqU.nCi.s 
Of the oscillator arc such tasks. The 
final part of the system is the set of 
tasks, or procedure, required to calibrate 
or perf arm maintenance on the drawer. 
Three of th. four parts of th. srstem we 
really softwar., and make up the intel- 
ligcnc. of th. rrstcm. 

On. major decision mad. in the desipn 
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of the micrauauc drawer ~ontPolle~ was how 
to partition the system. On* approach 
would have be.” to lump everything into 
O”. box. The results would ha”. been a 
larger, more expensive box that only did 
one thing. Much of this design would hau. 
been ‘reinventing the wheel’ because most 
of the processing could be handled by a 
desktop computer OP instrument controller. 
Another approach would be to ccmbin. th. 

i sequencing with the drivers and the procc- 
dur. with the tasks. The exact sequencing 
was not kncwn until much later in th. 
project. This approach would have required 
software in two units to be changed frcq- 
uent1r. One approach scri ourl y considered 
was to include the drivers, the sequencing 
and the tasks in on. unit and f..d in 
procedures from another . This would 
require on. unit to hau. most of th. 
capability, and the second to act 1 ike a 
tap. deck. This approach was not used 
b.caure it lacked fl.xibility. 

Th. partitioning chosen was to 
include a11 the processing in on. box and 
th. electrical interface in mother. The 
clrctrical interface would be control led 
O”.P the IEEE-488 bus so the unit would 
have to haue some processing capabil ity. 
The job of converting a procedur. into a 
series of instructions to operate the 
drivers is w.11 within the capabilities of 
an off-the-shelf instrument CO”tPOlleP. 
Cl”. other benefit of this arrangement was 
evident during the deuelopment stage. The 
cxrct operation of the drawer had to b. 
detcrmincd during dcvclopmcnt of th. off- 
Iin. controller. True, relay drivers were 
required, but sane questions about timing 
could not be answered from the documcnta- 
tion, and a full system was not available. 
The “se of the instrument control 1 l P 
allowed a sequence to be tried and revised 
imnedirt.lr. Eve” a system using a can- 
piler instead of a” int.rpPet.r would have 
been unsatisfactory bccaur. of the .xtra 
time involved. 

The original control *Of twar. was 
written using a building block approach on 
a Hewlett Packard 9830. A microwave drawer 
was obtained and the software written to 

discdver how the drawer worked. As tests 
O? .ach function wcr. completed, the 
control sof twar. was revised. The basic 
interpreter allcwed quick software revi- 
sions. Th. questionable documentation and 
the Cmp1.X nature made this building 
block approach “.c.~..*P,‘. 

The first version of the control 
software was considered completed when the 
maintenance program for the drawer was 
functioning. This program exercised .V.PY 
relay, microwave switch and setting in the 
drawer. * failure during this program 
would be noted and the offending item re- 
placed. This maintenance program demon- 
strated all th. functions of the drawer 
were controllable, a”d the operation of 
the drawer we.= understood. The calibration 
procedure was the” 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 microwave 
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 th. instrument control 1 er 
and translates its comnands into the 
correct actions. The interface module con- 
tains the drivers and r.ceiv.rs that form 
the electrical interface to the microwave 
drawer. One requirement for the interface 
is for everything to be off when the Unit 
first comes up. The power relays are used 
to make sure the power routed through the 
intcrfac. is controlled. There are a 
number of spar. circuits to allow for a 
change in the microwave drawer or a 
rl ightly different application. 

The first level of software is il- 
lustrated in figure 4. This is the basic 
sequence to turn on a source and a sink to 
activate a C.llY. When the ‘OK-to-go’ 
signal is received the ~c1a.y is in its new 
posi t i on and the source and sink a.pe 
turned off. Figure 5 shcws the sequence Of 
carmands necessa.~~ 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 vrlu., and 

I31 Qwu.tion and Maini*nanu Manual, 
Ecngcaraabla ln~rrf.aa Unif Enr kl.tni~Sac~ 
Uclulua Driver Model ulM=2M, Arbiter 
Systems Inc, 1982. 

the attenuator enabled by setting S.V.Pal 
relays. There is a 28Vdc receiver 
mo” i tar i “g the motor of the attenuator. 
When the motor stops the attenuator is 
disabled and its value read. If the value 
is not C0PP.C t the process is repeated. 
If the value is correct the drawer is 
unaddressed and the task is complete. The 
calibration and maintenance procedures 
consist of 1 irts of these conmand se- 
quences. Also, the operator can control 
the microwave drawer without using a fixed 
procedure. This feature is important when 
troubleshooting because it allaus the 
operator to repeat a sequence to locate a 
fault. 

The partitioning of the off-line con- 
troller was a key element in the success 
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 built 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 
l asi ly and quickly be developed. The us. 
of the personal i ty modul l al 1 owed 
flexibility for other applications. Other 
drawers can be interfaced by changing th. 
personality module and the %oftware.The 
Mini-Sac. punched tap. controller could be 
replaced by using the sun. approach that 
worked for the microwave drawer. A new 
personal ity module and a change of soft- 
WlP. is all that is PequIPed. The par- 
titioning broke the project down into 
reasonably siz.d and ccmpatibl. tasks. 

[II lns&umw& m l?.coadvcl, 
MiLinizSacr ra%t Cnnsnla, Kis I)uurc, 
HIR 17-20SX-27L, 1 tlry 1981. 

I21 wA”dwmAw=L, 
mngcm ln.tarfirrLlnii m 
Halal MM, Arbiter Systems Inc. 1982. 
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Figure 1 Mini-Sate Microwave Drawer 
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Figure 3 Electrical Interface Block Diagram 
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LASER METROLOGY 

C. W. Gillard, N. E. Buholz, C-C.Huang, R. H. Anderson 
Sensor Technology Department 

Lockheed Missiles & Space Company, Inc. 
Sunnyvale; California 94086 

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 ~highlighted: 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, light- 
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 
testing, 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 laser 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 large measure are tesponsible 
for the growing interest in the technology 
Indeed, it is the applications areas where the 
science of measurement bears fruit, where its im- 
pact is tangible, exciting and can be reckoned in 
terms of new products and financial rewards. 

LMSC has long 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 CO2, 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 

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, move general uses of the technology. 

To conclude this introduction, 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 CO2 distance measurement system is based on 
multi-wavelength interferometry (1,Z). 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 tn. Distances up to 
100 m can be measured to an accuracy of ?O.O3um. 
High power is available with LMSC's special CO2 
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 or more) relative distance 
measuring version of the HeNe sensop has been de- 
veloped for the dynamic control of large space 
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structures (4). It has a distance measuring reso- 
lution of O.OBum 1 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, absolute position control of a limited 
class of structural configurations which permits 
motion of the target and, thereby, the necessary 
redundant readings. This class of targets includes, 
but is not limited to, a target on the arm of a 
robot. 

All of LMSC's laser measurement systems employ het- 
erodyne photodetection techniques. Each 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 control. For large 
space structures vibration measurements are needed 
for dynamic control. 

BACKGROUND 

positioning a& control configuration suitable for 
automated manufacturinq and assembl~v, as well as for 

Here, we shall review the basic elements of develop- 
ed laser measurement systems, and later discuss the 
use of those svstems as buildinq blocks in a robotic 

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 
souxe 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 phato- 
detection optics and signal processing electronics 
to be employed, and hence features cormnon-mode 
noise reduction advantages. The details of this 
system have been reported previously (3). 

Multi-channel Interferometer 

precision control of large space st&tures. 4 with a multiple frequency source, the basis for a 
multi-channel interferometer is achieved. Multiple 

By driving the broadband Bragg cell shown in Figure 

Absolute Distance Interferometrv frequencies both physically separate the beams (for 
pointing at separate targets) and provide a dis- 

Recent developments demonstrating the feasibility of tinct frequency offset for each target so that the 
employing laser interferometry to measure absolute combined optical returns, photomixed on a common 
distance over extended distances have been reported photodetector, can be isolated spectrally for signal 
(1). The results of this work demonstrated a processing. Figure 5 schematically illustrates a 
measurement accuracy of 0.03pm (RMS) over distances ten-channel interferometer developed to examine and 
up to 10 meters, with a largest ambiguity distance demonstrate the basic features of'multi-channel 
of 12.5 m. A CO2 laser, specifically designed with interferometry (4). Figure 6 is a photograph of 
the properties needed for this work and capable of the prototype ten-channel device. Figure 7 illus- 
operating on several sets of stable R- and P-line trates the simultaneous outputs of four channels of 
pairs, provided the basis for resolving the half- the ten-channel interferometer in response to 
wavelength ambiguity typical of single wavelength different vibratory stimuli for each channel. The 
interferometers. Stability of the laser is ade- device could easily be expanded to, say, a 50- 
quate for measurements to 100 m, but for a given channel interferometer. The limitation is the avail- 
distance measurement, the order of the 12.5 m ambig- able laser power which must be shared among the 
uity distance will have to be known apriori. desired number of channels, as well as the required 

siqnal-to-noise ratio. 
To validate and demonstrate the capability of the 
CO2 absolute distance st?nsov (ADS) to make precision 
absolute 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 rail test setup. Congruence between 
the H-P Interferometer beam (HeNe) and the ADS 
target beam (CO2) 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 
linear envelope lines bracketing the datum points 
approximately equates to an RMS statistical spread 
of approximately 0.03pm. 

It is important to realize that the multi-channel 
interferometer, unlike the absolute distance 
measuring sensors discussed previously, is a 
relative distance measu-ing sensor; for any given 
channel, it essentially counts fringes between any 
two target locations. Reference 5 shows that by 
simultaneously 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 

Laser Beam with Modulated Subcarrier It is anticipated, and indeed logical to expect, 
that the upcoming growth in robotics will stress 

Distance may be measured by using a modulated laser software standardization and compatibility with a 

beam and accurately measuring the phase of the mad- cornnon data base such as CADCAM. Laser metrology 

ulated subcarrier on the return beam. Heterodyne offers a key for unlocking this capability. 



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 employed to control a robot is schemat- 
ically illustrated 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- 
nique developed 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 modulation 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 relati?e 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 little consequence since frequent, 
periodic absolute updates are possible. 

The CO system would offer mwe accwacy than could 
be jus Ifled for robotics (0.03lim). However, it $. 
would also offer high power . . . enough to work 
against non-specular, metallic surfaces. Retro- 
reflectors would be ""necessary. However, such a 
system has disadvantages: the beam is invisible 
and difficult to align, the system is large, cryo- 
genic photodetection is required, and automatic 
focusing would be necessary. 

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., robots with no 
temperature or stress compensation). 

The ability to interface a cormnon 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 comnon 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 surface finish. 

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

In sunary, laser metrology, applied to robotics, 
appears to offer a number of potentially attractive 
benefits. For a laser-guided 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 little 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 1 m in diameter by 
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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 
tilt). 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 9. 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 axis-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 
multi-channel interferometer incorporating a modu- 
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 measwe- 
mat: (1) absolute distance interferometry 
(accuracy: +O.D3pm, RMS), (2) modulated subcarrier 
HeNe absoluTe distance sensing (accuracy: +25um ), 
(3) multi-channel interferometryfvibration 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 imaginations 
of those with problems to solve where laser metro- 
logy offers a logical approach. 

REFERENCES 

(1) 

(2) 

(3) 

(4) 

(5) 

Gillard, C. W., Buholz, N. E., and 
Ridder, E. W., "Absolute Distance Interfer- 
ometry", Optical Engineering, Vol. 20 No. 1, 
pp. 129-134, January/February 1981. 

Gillard, C. W. and Buholz, N. E., "Progress 
in Absolute Distance Interferometry", SPIE 
Proceedings, International Conference on 
Advanced Technology Optical Telescopes, 
March 11-13, 1982. 

Huang, C-C., "Structure Alignment Sensor", 
LMSC/D 577453, December 1977. 

Huang, C-C. and Chang, T., "Ten-channel 
Vibration Sensor", SPIE Proceedings, Vol. 295, 
pp. 170-175, August 1981. 

Greenleaf, A. H., "A Self-Calibrating Surface 
Measuring Machine", SPIE Proceedings, 
Inteivational Conference on Advanced Technology 
Optical Telescopes, March 11-13, 1982. 

33 



J 

FIGURE 1. SCHEMATIC DRAWING OF ADS BREADBOARD AND TEN-METER RAIL 

FIGURE 2, TEN-METER OPTICAL RAIL FOR ADS-HP COMPARISON TESTS 
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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 become 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 inside 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. It isdue 
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 oi" 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 coherence 
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. 



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. I" many 
laser systems the most important parameter 
is the frequency or wavelength of the 
output. This can be particularly true for 
lasers, such as CO*, 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, 
etc. 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 a" 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, T/Z 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 

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 a" 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. 

I" 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 "ccurs 
between the neon energy levels with helium 
added to assist in the pumping process 
through resonant energy transfer. (The Z3S 
and the ZIS energy levels of helium and 



neon are resonant). The HeNe laser can 

oscillate at any of three different wave- 

lengths; 3.39Gm; 0.6328pm; and 1.15pm. 

(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 0.6328pm 

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 

5 - 10. An optimum discharge current 

density also occurs and creates a" 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 

been 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 1Ol3 have been accomplished using 

this technique. 

The calibration and characterization of 

HeNe laser systems is in general quite 

basic since most manufacturers use optimum 

operatiopal 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 CB" 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 be 

measured and characterized by visual 

techniques 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. 

CO2 LASER CALIBRATION 

C@ lasers are quite complex and, unlike 

HeNe lasers, have many possible adjustments. 

Since there are many different types of CO2 

lasers, (gas flow, sealed, TEA, RF Wave- 

guide, D. C. Waveguide, etc.), the 

discussion here will be limited to D. C. 

excited continuous wave waveguide CO, 

lasers. (Figure 3). 

The CO2 laser is a molecular laser that is 

dependent upon vibrational-rotational 

quantum mechanical phenomena. The laser 

consists of a mixture of several gasses, 

(COa,CO, N;, HE, and XE), with manu- 

facturer's combinations seldom the same. 

I" general, the mixed gasses, to the COs, 

are to improve efficiency by producing 

large population inversions by resonant 

energy transfer, or to cool the CO2 

molecules by transferring energy to the 

laser walls. Since C% 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 C& 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- 

ability, PZT for cavity length changes; 

polarizers for polarization stability; 

and a host of other speciality options. 



The calibration and characterization of 

CO, laser systems can, even for very 

basic systems, encompass numerO”S 

meaSuremen ts 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 usually poor. Typical vendor speci- 

fications for a temperature stabilized 

laser, with constant line voltage, are: 

short term (minutes) i 1 x 10 '; long term 

(hours) ? 1 x 10 ' (With specialized 

dither stabilization the laser frequency 

can be stabilized to f_ 1 x 10 7 or 

i 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,um and 12pm, 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 employed. 

Frequency instability and temperature 

fluctuations cause power or amplitude 

instability. For basic waveguide systems, 

with no temperature control, typical vendor 

specifications are: long term (hours) *lo%: 

short term (minutes) = 4%.With temperature 

control: long 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 quite easy to 

measure, using calorimeters 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. 

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. I"ne mode can be easilymeasured 

in the farfield with phosphorescent 

targets or a pyroana1yzer. To measure 

polarization, the "se of polarizing 

elements together with a power measure- 

ment is an easy technique. 

LASER INTERFEROMETER 

Interferometers are an important applica- 

tion of 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 "se of this system is to measure, 

in sit", surface figure of large aspheric 

carbon/carbon laser mirrors. (Figure 5) 

Another "se 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 CO1 laser, at 10.61rm, rather than 

the current Zygo that uses a HeNe laser 

at .6238pm. 

DIMENSIONAL MEASUREMENT SYSTEM 

The calibration of coordinate measuring 

machines and large numerically controlled 

machines has always been a long and 

tedious job. With the incorporation of 

the Hewlett-Packard Corp. 5526A 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, 

i 
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straightness, perpendicularity, and 

linear measurements with O.OlPm 

resolution, (kO.5 parts per million 

accuracy), over a measurement range 

of up to 61 meters. 

The Laser Measurement System works 0" a" 

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 polarizations 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 retroreflectorscauses 

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 Tecbmet 

"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 resolution of 

.00005". The "Laser Mike" system hasbeen 

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 bee" 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 feed- 

ings system. Basically, the robotic 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 a" im- 

portant measurement for many military 

applications. The characteristics of 

laser reflectance, at 10.6Pm, 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 systel~ for precise measure- 

ment. The newly developed Optical 

Metrology Laboratory a~ Xneral 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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FIGURE 1. 

TYPICAL HeNe LASER 

FIGURE 2. 

ENERGY LEVEL DIAGRAM FOR THE HELIUM - NEON LASER 
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ENERGY LEVEL DIAGRAM FOR A BASIC CO2 LASER 



FIGURE 5. 

PRELIMINARY INTERFEROGRAM OF A 30 CM CARBON/CARBON MIRROR 

FIGURE 6. 

H.P. 5526A LASER MEASUREMENT SYSTEM SIMPLIFIED BLOCK DIAGRAM 
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FIGURE 7. 

TECHMET “LASER MIKE” FU?K!TIONAL BLOCK DIAGRAM 

FIGURE 8. 

REFLECTANCE hIEASUREhlENT CONFIGURATION 
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IEEE-488 was intrcduced in 1975 and 

today there are close to 2000 products 
which conform to this interface 
standard. This paper examines inter- 

facing problems prior to IEEE-488 and 
the solutions provided by the 
standard. Key technical specifica- 
tions are examined with emphasis on 
what set* their technical limit and 

how these limits can be extended if 
necessary. 

IEEE-488 had it* beginning in 1965 
when Siewlett-Packard decided to 
standardize the interfacing of all 

their future products. Prior to the 
introduction of IEEE-488 a "ser 
putting together a measurement system 
had to find instruments that would 
make the meaS"*ements 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 hiqh- 
speciality item and not something that 
"*"ally came with off-the-shelf 
instruments. Adding 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 co"nter 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 "as no common 

interfacing arrangement, i.e. no 
common connector, no common cabling 
pi" 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-488 was introduced typical costs 

were Often below or equal to .5x the 
hardware costs. on top of that systenl 
hardware costs have been coming down 
because most of the special fixturing, 
cabling and interface processing has 
been eliminated. 

The acceptance of mEE-488 was aided 
greatly by the arrival of the 
"friendly" desktop computer as it used 

an interpretative-language operating 
system 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. men 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 proyrans by non-computer 
trained personnel such as test and 

meaS"rement 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 

,982, there are close to 2000 products 
available that can be interfaced via 
IEEE-488. 

IEEE-488 defines a bus str"ct"re that 
has three basic parts. There is the 
data bus, which consists of 8 data 
lines CD10 I-81, and the control bus, 

which consists of 5 control lines 
(WC, Am. REN, SRQ. and WI). 
Finally, there is the handshake b"s 
consisting of 3 handshake lines (DA", 
NRFD, and NDAC). summarizing the 
interface technical specifications: 

NO. of devices - 15 max (inch. 
controller) 

Signal lines - 8 data and 8 
control 

Data rate - up to 1 
meqabyte,sec 
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Data transfer - Byte serial, 
bit parallel, bidirectional, 
inter-locked handshake 

Transmission path - 2 meters x 
the "umber of instruments up 
to a maximum of 20 meters 

A few comments on these specifica- 
tions 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 15 instruments in parallel but 
not much more. The second consider- 

ation was whether or not a 15 instru- 
ment limit was realistic. Studying 
many existing systems indicated that 
15 was a very practical upper limit as 
typically that "as 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 virtually 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 "0 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. 

Transmission path length has a double 
restriction. It is either 2 meters x 

the "umber 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 insi& 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. 

Eventually the reduced termination 
resistance plus the combination of 
signal-to-noise plus the cable 
resistive losses becolne dominant. 

If necessary, the distance limitation 
can be overcome by using distance 
extenders as is shown in Figure 2. 
Bere, speed is traded for distance as 

the byte-serial, bit-parallel strw- 
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 
sync loss. 

IEEE-488 and its equivalent inter- 
national 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 bee" 

translated into nine languages and by 
any analysis has been one of the most 
significant system events of the past 
decade. 
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ABSTRACT 

This paper covets trade-offs of different IEEE- 
STO-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 sumnary lists several of the most popular LSI 
IEEE-STO-488 chip sets available. 

INTROOUCTION 

Since the adoption of the IEEE-STO-488 in 1975, 
instrument manufactureres have used a variety of 
circuit designs to implement the interface into 
their products. Soon after the standard was 
published, IEEE-STO-488 to BCO adapter 
assemblies allowed older EC0 instruments to work 
on the new bus. Many of these adapter type 
interfaces used a microprocessor to control the 
GPIB (IEEE-STO-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 IEEE-STO-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 BCO Interface 
Adapter. Introduced in early 1975, this 
represents a first generation type design 
approach. 

Using a 4004 (4-bit) microprocessor, the 
handshake function was controlled 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, lJ17) are dedicated to controlling (U18) 
and sensing (U17) the NOAC, NRFO, 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/%x. A 
block diagram of a typical hardware design for 
the GPIB interface of a high speed digital 
voltmeter (OVM) 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 mach'ne (ASM) which handles 
all interface commands and allows the GPIB to 
operate independent of microprocessor control. 

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/O 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 listener while ATN was low. The 
controller does this by sending the OVM's listen 



address on the Data I/O bus. A comparison is 
made by the ASM with the device address switches 
on the DVM. If a match occws, 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 attention 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 programed. 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 flip-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 expensiwto 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 1iStS 
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 
(2) Intel 
(3) Motorola MC68486 
(4) Signetics/Phillips HEF4738V 
(5) Texas-Instruments 9914A 

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 OPT software 
designs. The designer's approach in 
implementing these LSI circuits can 
significantly change the way an instrument will 
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 circuits 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 
"idiosyncrasies" 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: 

(1) 

(2) 

(3) 

EOI line (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. 

Documentation does not indicate the need 
for a pull-up resistor on the SRQ line. 
Without this resistor, the noise on the 
line may cause erroneous SRQ conditions. 

Data byte "in action" by the 68488 must be 
transmitted over the GPIB OP 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 occw due to the inability 
to reset the EOI line is illustrated by the 
following sequence. 

I) 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 SRD elsewhere in the system, the 
final data byte and it's EOI terminator are 
not transmitted. 

4) After servicing the SRI?, the system 
controller reprograms the instrument to 
another function and requests a reading. 
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5) 

6) 

7) 

8) 

The instrument's microprocessor 
"overwrites" the data byte in the 68488 
with the first byte of the new reading. 

The 68488 outputs the new byte plus the 
previously set EOI. 

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

Dependinq 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 sequential bytes of the reading 
to the 68488. 

(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. 

(4) The 68488 handshakes out the previously 
stored data byte from the old reading. 

(5) 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 
line (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 ii 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 awerroneous 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 itmnediately overwrite a 
"space" character into the 68488 whenever the 
unit is addressed as talker by the GPIB 
controller. This gives unwanted "space" 

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

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 
Racal-Dana design contains additional circuitry 
to compensate for the chip's idiosyncrasies. 

The IEEE-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 "Output Holdoff Circuit" was added 
between pin 18 of the 66488 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 
programning instruction, the RFD line from the 
68488 is disconnected from the buffer/driver and 
pulled to ground. This makes the 68488 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 line 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 EO! as an input only. When 
multiple readings are transmitted to the GPIB 
from internal memory, they are separated by a 
comna 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 ability 
to procure from multiple vendors may outweigh 
the technical problems that must be considered 
during the design effort. 

TEXAS INSTRUMENTS 9914A LSI BASED INTERFACE 

While the 68488 implements only the 
talker/listener GPIB capabilities, the 9914A 
contains talker, listened, 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/listener capabilities 
and the 8292 provides the controller function. 

Although 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 
improved 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 lists thirteen (13) changes 

between the 8291 and the 8291A. When using 
instruments containing the older 8291 chip, a 
review of these changes is recormnended. 

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

SIGNETICS HEF 4738V AND FAICHILD 94LS488 

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 473811 requires use of two, 8 
input, serial 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 cornnon commercial 
devices available and key facts on each. 
Although lower 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. 



Figure 1 - GPIB (IEEE-Std-488) Interface designed with 
microprocessor software control. 



Figure 2 - GPIB (IEEE-Std-488) Interface designed with descreet IC's. 

. 
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Figure 4 - GPIB (IEEE-Std-488) Interface using Texas Instruments 
TMS 9914 LSI Interface Chip including capability far DMA. 



!P bus architecture. 
Second sourced. 
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yP bus architecture. 
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Stand-alone interface designs. 

Signeticsl 
Phillips AEF-473BV 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 UP bus architecture. 
Major improvement eliminated, 8293 GPIB Transceivers (2 ea.: 
bugs from 8291. 

8292 Yes X YC?S 

. , 



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 last 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 actually 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 DO TKINGS DIFFERENTLY 

1. 

2. 

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

They have a 220 ps data command rate. This 
means that if a Wavetek instrument is on the 
bus, and addressed to listen, the bus rate has 

been reduced to 4.5 Kbyteslsecond. 

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 comaand 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 ldst on the now unlistened devices. 

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

LOCAL LOCKOUT (LLOL 

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 
imediately 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 long as 3 seconds to 
respond. 



When Operating in Real Time, Problems Occur 

The voltmeter, just set-up, does not respond until 
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 comand. 

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 bytesj16.666 nn = 
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" OCCUPS. 

Solution 

Use disc with track buffer so that data can be 
stored in the buffer and transfeired 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 Strinq of Ones and Zeros 

ZRO ZRP ONE ONE 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 31 30 31 31 31 30 

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

6 n where 6 , = 00110110 and n = 01101110. 



END OF RECORD DELIMITERS 

Different instruments demand particular "end of records." 

Example: Record sent is F3RZA5 

Sample end of records 
required by instruments: F 3 R 2 A 5 CR 

F 3 R 2 A 5 LF 

F 3 R 2 A 5 CR LF 

F3RZA5 
EOI 

F 3 R 2 A 5 CR 
EOI 

F 3 R 2 A 5 LF 
EOI 

This one works in most F 3 R 2 A 5 CR LF 
cases EOI 



AUTOMATED SYSTEMS AT THE STATE-OF-THE-ART 

Loebe Julie 
Session Developer 

Julie Research Laboratories, Inc 
New York, NY 

have invited a distinguished pane1 of experts to present PIl 
overview of automated systems operating at the present-day limits 
of measurement performance and accuracy. The members of the panel 
wi 11 give a brief background of the subject, covering a broad 
range of measurements from DC to Microwave and from Electrical to 

zphysical and leaving time for a discussion of the 
automation/accuracy 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, Baflantine Labs 
Dr. Arthur McCoubrey, National Bureau of Standards 
Mr. Charles Weber, Grumman Aerospace 

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 to 
dwel I on the importance of our session topic. Still 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 a second optimum !stemming from automation) in the 
cost and time effectiveness of our performance of these functions 

The enormous practical significance of this achievabIe maxi-max 
in measurement exactness and effectiveness has to do with the key 
role of our national measurement system in supper t ing a 
technologically sophisticated. multi-trillion dollar Per year 
economy. The quality and cost-effectiveness of measurement 
support for our science, our manufacturing and our defense 
estab!ishments to a considefpptl, extent determines our national 
capability and productivity. 

Each measurement laboratory and every measurement scientist plays 
a vital part in the performance of the national measurement 
system. Maximizing the accuracy/cost-effectiveness of an 

individual laboratory thus not on!y benefits the productivity and 

profitability of the part but aIs0 makes an important 
contribution to the capability of the whoIe. 
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ACCURACY YES-ACCURACY NO 
AUTOMATION YES-AUTOMATION NO 

Having affirmed the theme, let me now quarrel with it, at least a 
little. Neither accuracy nor automation deserve special interest 
unless 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 reIiabIe by virtue of being automated). The desireability 
of increased accuracy/automation, whether to the individual 
laboratory or to the national measurement system. thus depends 
not on arcane theoretical or crass marketing arguments but on 
extremely careful practical evaluations of real benefits 
actually obtained in the real world. out of such evaluation 
come5 the determination of where the accuracy and automation 
(cost-effectiveness) optimum--the maxi-max benefit-- is obtained. 

With carefu1 evafuation the benefit potential in “accuracy and 
automation’ is enormous. 1x-l fact, in the modern measurement 
laboratory, effective and accurate automation is the key to 
economic survival. since it represents “the only way to greatly 
improve 1 
measurement 

Unfortunate 
of too many 

bcratory cost-effectiveness while not degrading 
quaIity.” 

AUTOMATION VEHSUS AUTOMATEABILITY 

y, the term automation is applied to too many things, 
sizes and scales, to be very meaningful. A miniature 

digita watch, a test instrument with built-in microprocesso.r and 
a rack-size computerized test system complete with all syrtem 
interfaces and including a11 operating and application software 
are all referred to by the same catch-all word “automated’. 

WhiIe the words aut 0 mation and automatic have the same root, 
a.“tomation has by far the broader meaning: 

automatic--“made 
manner at a certain t i, 

automation--“aut 0’ 

50 that certain parts act in a desired 
me II 

maticalIy controlled operation Of an 
apparatus, process or system by mechanical or electronic devices 
that take the place of human operators” 

Manua I 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 logging and remote programming 
capability, to which the microprocessor has added IoCaI number- 
crunching capability. 

While these additions have made instruments more automatic and 
more automateable (i.e.-having a greater adantabilitv to 
automation), the automatic instruments themseIves faI1 far short 
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of providing the major benefits implied by the word automation--a 
great reduction in the dependence of the measurement profess on 
human operator labor cost, time, training and experience. The 
new automatic and ~utomateable_instr”ment by itself is, in fact, 
a much more bewildering ar’ray 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 to a dual software 
configuration comprising both operating system and applications 
software. 

TO reap the enormous potential benefits while avoiding the 
problems of automation, requires either extraordinary luck OF 
considerable engineering skill. At each of the five major 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 overal~l system is only a.5 strong as 
its weakest link. The statistical odds against designing an 
optimum or near optimum system, assuming a 50% 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 ths panel, 
productivity gains from accurate measurement automation are 
large, operator costs are substantially reduced, operator 
training requirements more nearly match the skill and experience 
levels now available, and measurement quality and accuracy are 
maintained without degradation while measurement cost- 
effectiveness is substantiaIly increased. 

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

If a measurement or calibration involved solely a single point 
comparison of two items, for example of a resistor under test to 
a Thomas type resistance standard, then the concept of acc”racy 
would be single-faceted. But if the measurement I 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 P decade box at sixty different levels of 
resistance, then the concept of accuracy becomes multi-faceted. 

ObviousIy, except in an unusually simple case, it is 
unacceptable to specify accuracy at only a single point. In order 

to specify “accuracy” accurately, u of the facets of accuracy, 
over the f”Il performance range of the item under test. a11 of 
the levels , frequencies, sensitivities,and resolutions must be 
covered. 
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“ACCURACY “-THE CAL 1 BHATOH 1NSTHlJMENT 

Configuring “Pccura te” automated systems requires selection of 
individual automatic or automateable instruments meeting 
uniquely high accuracy requirements. Fortunately our measurement 
industry has long recognized the need for and has developed a 
suitably high accuracy class of instruments, called calibrators, 
to be used a5 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 ca!ibrate other test instruments--they are 
designed with wider ranges of amplitude and frequency, with 
better sensitivities and resolutions and with 4 to 10 t imen 
better accuracies over their broadened operating ranges. 

The man”z.1 calibrator instrument has a long and honored tradition 
in the highest echelons of our measurement system-the standards 
and caIibration !aboratories. Accurate manual measurement and 
calibration would have been impossible without the development of 
the manual caiibrator instrument-- by the emae token, accurate 
measurement and caIibration automation is impossible without the 

accurate automatic calibrator. 

There has been an unfortunate tendency in instrument specsmanship 
to downgrade the speci,a! word ca!ibrator to be equivalent to the 
genera1 word tester--leaving us with two words to describe 
general test instruments (of a wide variety of accuracy classes) 
and none to describe the specially designed and specially 
accurate calibrator instruments created a$ state-of-the-art 
reference standard instruments. 

With the substitution of a motley array of test instruments for 

accura.te ca,Iibrators has come a degradation in the concept of 
calibration itse!f. Because these test instruments lack the fuli 

range of performance of calibrators--i.e. amplitude and frequency 

range, sensitivity and resolution--the specification of accurary 

has been treated as though accuracy was, a5 it is not, single- 
faceted. This has led to the substitution of single-value tests 

for over-the-scale calibrations, single-frequency tests for 

m”!tipIe-frequency caIibrations, single-range tests for multi- 

range calibrations and, in sum, a redefinition of the overal 1 

calibration process 50 that it refIects not an accurate picture 

of the performance of the unit under test, but of the design 
!initations of the Iimited performance substitute ca!ibrator. 

Ill the interest of clarity, and in order that the words 
calibrator, calibration and calibration laboratory continue to 

have significant meaning, it is essential that the special name 

calibrator continue, a5 in the past, to mean those accurate 

(instrument) standards against which all other test instruments 

are compared. 

Automation at high accuracy, the subject of this conference and 

this session, is at least theoretically achievable once automatic 
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or automateable instruments of the calibrator accuracy class have 
been designed. 

W-IA?‘ IS TRE ‘JL’TlMUM CONflGURATlON OF CALIBRATOH INSTRUMENTS? 

Measuresent laboratories have had a quarter century of 
at selecting optimum configurations of calibrator ins t 
support accurate manual measurements. By far the most 
method permits a measurement or calibration laboratory 
two or three dozen carefully chosen high-performance 
instruments-- to support thousands of models of test i, 
of fcrty or fifty totally dissimilar classes and a t 
accuracy level is necessary. 

experience 
ruments to 
successf “1 
with Only 
calibrator 
nstruments 

whatever 

By contrast with this extremely efficient configuration strategy, 
a1 ternate configuration methods--using “shop queen” test 
instrument “standards” instead of calibrators, or using a variety 
of difterent narrow-range, special function testers instead of 
one set of wide-range. versatile, f”lI-accuracy, general function 
caIibrztors--have proven completeIy impractical and,in the long 
run, enormously costly. 

Too aany recent attempts at automated measurement system 
configuration ignore the configuration lessons of our manual 
measurement and calibration history. The successfully proven 

configurations of versatile, full-performance and full accuracy 
calibrator instruments have not been used. while extensive use 
has been made of the successsfuliy disproven configurations of 
limited performance, medium accuracy and excessively specialized 
test instruments~ The configuzrtion strategy of using instruments 
of performance has been even less successful in automated 

measurement system design than in manual. Not Only does it 
obvioiusly fail to achieve “accuracy and automation” but it has 
failed to produce the expected automation benefits even as a 
Iimited~ performance backup capability in a measurement or 
caIibraticn Iaboratcry environment. In sum, to acheive optimum 
sutorcation benefits, choose a small configuration of high 
performance versatile calibrator instruments. 

BRIEF OVERViEW OF “ACCUHACY AND AUTOMATlON” FROM DC TO 10 MHZ 

(2°K panel’5 overview of ?.ccuracy and automation covers an 
ei-XorItlo”5 range-- from DC to Microwave and from Electrical to 
Fhysieal. Fart of this range, covering accurate measurement and 
calibration from UC to 10 Mhz, is of majo interest, representing 

as much a+ 40% of the total of electrical and physical workload. 

Systens operating in this range at the National Bureau of 
Standards, are to be described by Dr. McCoubrey. There is also 

pub1 ished work by Julie 
systems 

Heseaf~P,~h~~?l~tories on automated 
operating in this range. 

There have been and are some systems operating in this extremely 

important portion of the electrical spectrum--HP9213, Fluke 
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2’erminai 101 Rotek PAMCbO, VaIhaIla 227000, fluke 5100, f 
7405A. l-he first two are apparently no longer in product 

while the remaining four are advertised as systems for 1 im 
accuracy 2ppIications~ 

luke 
ion, 

.i ted 

“ACCURACY ANL, AVTOMATION” BENEFlTS-SUMMARY 

Data that the author is familiar with ind 1 

extraordinary benefits have been realized over subs t 

Of the DC to Microwave and Electrical to PhysicaI 
me3suremrnts. 

cates that 

antial parts 
spectrum of 

ror example, in the DC to 1OMhz range, calibrati 0 n Iabor is 
reduced !wi thout any reduction or degradation of calibration 
‘S.?i”raCy, range, resolution or sensitivity1 by an average of one 
hour per calibration, 

The tot21 incremental cost of automation (difference hetwren the 
capital investment, maintenance, depreciation and software cost 
of the automated system and the manual system(s) it replaces) 
ranges from a maximum of $25 per day for a small laboratory to 
zero !or less than zero) for a medium-size or large Iaboratory. 

The breakeven point for automation. at $25 per hour, occurs at an 
ex:raordinari!y low workIosd density-- one calibration per day! 

At work:oads above one c .z!ibration per day the system returns a 
profit of 525 per caIibraticn <or 562 per hour usedi above its 
tot+1 incrementa cost. 

At fuI1 capsbiIity (16 calibrations per E hour shift) the system 
returns a theoretical profit above its total incremental cost of 
$ ? 7 5 per day. 

Whether benefits of this magnitude from “accuracy and automation” 
are rea11v achieveabIe 
government 

has been the subject6j;f7ja I-,;;;;;~~;; 
agencies studies and evaluations. 

;e;~;e~ta 
rvey and assessment by the Office of the Secretary of 

a letter frolc Deputy Under Secretary of Defense Long 
to senator Jackson describes responses to the OSD survey from 
user5 as foIIows: 

“The responses reflected a clear consensus that the 
equipment had a high capability for calibration and measurement 
with great accuracy, was reliable, we11 designed and of quality 
construction, and offered the potential for an early return on 
investment if utiIized frequently. One response indicated that a 
unit purchased in 1976 has had a 690% payback to date.” 

It appears safe to say that “Accuracy and Automation” is here to 

stay. 
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CALIBRATION COST: A FUNCTION OF CALIBRATION DATA ACCURACY 

by H. F. Gonealez and J. A. Harmon 
Calibration Division 

White Sands Missile Range, New Mexico 88002 

ABSTRACT: 

This paper discusses the effect of inaccur;;: 
management data on the costs of calibration. 
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 ex erience 

B 
is related to the 

use of computer aded etermination of instrument 
conditipn upon receipt for calibration. The cost 
model includes lnventor$ ?nd service coat, but 
does not Include compu atIon of intanglble 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 Laboratory maintains standards and provides 
calibration and repair services for... 

1mensional/Optical instruments (7%) 
length, angle, hardness etc.) 

. ..Physical Measurement instruments and 
f;;;;d""f",',",,'l9%) 

temperature acoustics, 
vibration, o<ti$?% nuclear radi)ation) 

oscillators 
1 part in \b')to the 

Other Laboratory Services include... 

. ..The WSMR Test M asuring 
Equipment (TMDE 7 

and Diagnostic 
program 

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

. ..Performance of special measurements services of 
calibration like tests 

WSMR calibration processes have evolved over the 
years from the classical calibration operations to 
emphasize the ac uisition of the best services 
consistant with t e % requirements f I 
We have been led to the automation Q 

the money 
see appendix i 

Of ma"{ 
procedures within the lab and began with 

the fo lowing considerations 

REASONS FOR AUTOMATION... 

. ..Reduction of cost 

. ..Increase capacity (reduce queue waiting time) 

. ..Reduction of service time 

. ..Execution of consistant procedures. and making 

consistant judgements 

. ..Replacement for competance 

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

Although a11 of the above are directly or 
indirectly related to the costs of calibraFfont;;; 
highlighted rason is the subject 
discussion. 
jvdf ements 

The effects of making consistant 
could not have been so easily analyzed 

wit out the validation process which we use in the 
installation of automated processes. 

A WSMR EXPERIENCE: 

In the late 1970's 
signal generators 
distribution that 
from 45%to 62% for 
time automation was available to increase the 
capacity to double the calibratio? frequent . 
This increage in frequency thepretlcally wou d r 

! 
rovidfhtJx 

v%idation 

improvement of ;;llabllltT to our goal 

't oepguttlon* 
extensrve 

was performed with p%?% 
testing on the automatic station and the manual 
station. This resulted in collection of data on 
in or out of tolerance jud ement comparisons for 
the two methods of test. % he measured value of 
reliability (proportion good) on reciept Tin; 
calibration was found to be inaccurate. 
inaccurac equalled 15% of the judgemat. made. 
For mode s with, thethw.r 60% .defectlve 
exfected 'error po u1at1on 

the 

de ectlve would to%& % of g t e propor+ total popu atlon. 
Since 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 
an3 the unnecessary extra ser‘y1ce 

ADDED SERVICE COSTS 

. ..snd the costs associated with the needed extra 
(.33)(25000)(1.6)(34.65) = $457,380 

calibrations indicated by the analysis of the 
reliability 

TRUE SAVINGS 

This type of error produces the requirement to 
Inventory costs $1,872,210 

calibrate at a frequency which is greater than is 
Added service cost -457,380 

necessary to achieve a selected reliability goal. $1,414,830 

F:XCESS COST COMPUTATION The following chart is based on these assumptions: 

Using the, exponential distribution as a good 
apgroximatlo" of the reliability of instruments 
su matted 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 
ambda 
be: 

the required interval for calibration would 

gl Time interva 
oal for the inventory; .8 
established for inventory; 141 

Cost of service. $34.65/hr 
Total units in the 
Average Cal/yr; 2.5 g 

opulation; 25.000 

Error in data IS equally 
defective as $ in tolerance 
7) Laboratory output quality 

R= ce -AT for T (C=.9559 NET SAVINGS IN CORRECTION OF DATA ERRORS 

1 R 
DATA COMP SPEC CON? DELTA 

T= - h log F ACCURACY REL INT INT CAL/YR SAKGS 

=-l/.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. 

50% 50% 141 205 -.79 $5,132,578 

60 56 141 192 -.69 49036,324 

65 59 141 187 -.53 3,497,906 

70 62 141 181 -.56 2,963,514 

',; w;h;ake {ifferent assumptions on t;~r?;xra& 
rellablllty data, we can 

followin : 
If &he data accuracy is .85 

the" good = in-tolerance 

bad = out-of-tolerance 

Currect 'good' instruments = (.a)(.@)=.68 

Current 'bad' instruments = (.2)(.85)=.17 

75 65 141 175 -.49 2,441,210 

80 68 141 169 -.42 1,913,832 

85 71 141 162 -.33 1,290,090 

90 74 141 156 -.24 915,145 

95 77 141 149 -.13 443,425 

97 78 141 146 -.08 263,562 

the" current reliability = .68 f .03 at the time 
COSTS OF ERRORS OF THE FIRST KIND 

of receipt for calibratlo". the Costs related to errors of the 

Therefore for .85 data accuracy the instruments 
~r~?'&%?"~rejecti"g a good instrument) the 

supported are being under calibrated. 
condition that we found to be the most c&o" we 
must consider the two elements of cost mentioned 

Service Costs due to this Under Calibration 
previously. 

0a1/yr 162 days = 2.25 
If we look at defectives which we, in fact, in 
tolerance at a mesured reliability of .8 

ca1/yr 14, days = 2.58 .2 defective (.85 data accuracy) 

delta = .33 cal/year under calibration .03 the proportion 
which is in error called 2 

ood (of the population) 
efectives. 

If the outgoing quality level of calibration is 
.9559 and 

5”” assume 
.8 reliability w%th .85 The servi e costs which are """eces~ar 

accuracy WI h a" eri-or oifs T% second kind the 
current true reliabilit 

,P;f;nn;;z gzrs of :he . ::::;'"'",; ':: 

$$3h(l.6hr/cal?(25 000)(2.58cal/yr) = $JJ996f 

f the good instrume" s arfee&tually defective 
at this level of reliability IS "e ligible 

bui'becomes significant when the propor 10" of pt. 

.09 by increased calibration and 
defectives is high. 

I. 

use the approximation of l/2 of the .09 ro ortion 
P ?. 

However, the excess service costs for the 
defective as the average proportion de ec 1ve in increased calibration 
the hands of the users the savings could be 

indicated frequency is 

computed: s=g"=;1:af:;(.77/.9559),'(-.23) = .40 

INVENTORY COST The excess costs are then: 

(.09)(1/2)(.9559)(25,000)($1741/i"fit)=$1,872,210 (2.34)(25,000)(1.6)($34.65)(.06) = $194,594 



CONCLUSIONS 

Although the data 
! 
resented in this discussion 

have not been exac the generalization of the 
order and sensitivities of cost to variations of 
errcr should be representative of the situation at 
WSMR. 

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

Errors of the second kind result in significant 
inventory costs which if ?aved wi;l,in virtua;ly 
~U~cases offset the required addltlcnal service 

It should be noted that if the reliability is not 
of the high level assumed in this discussion: 
Service costs caused by e~rcrs of the first kind 
for t‘ne current action can become significant and 
in case of errcrs of the second kind the saved 
inventory costs may not offset the added service 
costs. 

Consideration should be given to the probability 
of large;csysror;hean"d t+erefctr;e greater. risk ;; 
exces.s technl ues 
adjusting intervals f~~'%ems by seria P number 
where few degrees of freedom a-e availabl;si,: 
computation pf the estimates of errcr. 
seP"Lce and~lnv+x$. cost? only as the bssig c P 
ai;g;ent Justlflca 1cn might make this technique 

As in any measurement process in order to take 
action based on the anal sis of the data taken in 
the measurement we must &rst evaluate the quality 
and applicability of the data. 
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APPENDIX 

PRESENT AUTOMATED SYSTMS... 

. ..Hewlett Analyzer Packard 8580 Automatic Spect;;," 

Signal Generators, 
Frequency Counters 

Spectrum Analyzers, 

. ..Hewlett Packard 8542 Network Analyzer 
Passive Microwave Components 

. ..Hewlett Packard 5451 Fourier Analyzer 
Accelerometers, Low Freq Noise Generators, 
Microphones, and Blast Transducers 

. ..Julie Research Labs Locost 106 
Meters, AC/DC Transfer, Standards Maintenance, 
and application development 

. ..Ruska Hi h Pressure 
Gages, 5 E2lSdUCS~S, 

Sy;Edm (o-2500 PSI 

Systems 
Pressure &easuring 

. ..Wallace and Teirnan 30 inch Sonar Manometer 
Low Pressure Devices 

. ..Tektrcnix WP-1200 
7000 series Plug-ins 

. ..Fishbach and Moore 
Environmental Monitor 

. ..PSL Counter Calibration System 
Frequency Counters, Plug-ins, and oscillators 

. ..Jchn Fluke 5101 Meter Calibrator 
On-site Meter Calibration 

. ..Gilmcre Industries 13,300 and 133,000 lbs Force 
Machines 
Load Cell Calibration 

. ..Keithley Solar Radiometric Calibration System 
Pyrcnometers, pyrhelicmeters 

EPILOGUE 

T;ealm?st didn't tell of thTnenth;f the saga $ 
sIgna 

ad'usting 
1 

the 
ge,nerators. 
Interval to half of ,Pt","""former 

YB ue we improved the management data accurac 
You may have guessed, the estimated reliabill y .%' 
exceeded cur goals and by returning to the 
original interval we can meet cur goal and avoid 
the costs of cver calibration. 

NM, 13 October 19776. 
_. 



CALIBRATION COST: A FUNCTION OF CALIBRATION DATA ACCURACY 

by H. F. Gonzalez and J. A. Harmon 
Calibration Division 

White Sands Missile Range, New Mexico 88002 

ABSTRACT: 

This paper discussea the effect of inaccur;;~ 
management data an the costs of calibration. 
cost sensitivity is discussed for ~-POPS of the 
firat and second kind in recorded data of in or 
cut of tolerance condition where this data is used 
to determine the calibration interval. White 
Sands Missile Range ex erience is related to the 
"se Of ccmp"ter alaed B eterminaticn of instrument 
conditipn upon receipt for calibration. The ccat 
model lnclpdes wentor{ ?nd serv+ce coat, but 
does not include ccmpu atlon of lntanglble 01‘ 
unauditable ccsts 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 Laboratory maintains standards and provides 
calibration and repair services for... 

~mensicnaljOptice.1 instruments (7%) 
length, angle, hardness etc.) 

Other Laboratory Services include... 

. ..The WSNR T st N asuring 
Equipment TTNDE~ program 

and Diagnostic 

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

. ..Perfcrmance of special measurements services of 
calibration like tests 

WSMR calibration processes have evolved ever the 
years from the classical calibration operations tc 
emphasize the ac uiaition of the best services 
consistant with t e % requirements f P 
We have been led to the automation P 

the money. 

Of ma? 

see appendix) 
procedures within the lab and began with 

the fo lowlng considerations 

REASONS FOR AUTOMATION... 

. ..Reducticn of cost 

. ..Increase capacity (reduce queue waiting time) 

. ..Reducticn of service time 

. ..Execution of ccnsietant procedures, and making 

consistant judgements 

. ..F!ep1acement for competance 

. ..Prcvide scurce data automation for the WSMR 
Calibration data system 

Although all of the above are directly or 
indirectly related to the costs of calibraFfcnt;;g 
highlighted reason is the subject 
discussion. 
jud ements 

The effects of making consistant 

wit !! cut 
could not have been so easily analyzed 

the validation process which we use in the 
installation of automated processes. 

A WSMR EXPERIENCE: 

this are caused by wer-calibration in tvo forms: 
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. ..the cost of trouble-shooting the current action 
sud the unnecessary extra serace 

. ..sud the costs associated with the needed extra 
calibrations Indicated by the analysis of the 
reliability 

This type of errcr produces the requirement to 
calibrate at a frequency which is 8reste.r than 1s 
necessary to achieve a selected rellsbillty goal. 

EXCESE COST COKPUTATION 

Using the sxpcuentisl distribution as a good 
sp rcrimaticn of the reliability of instruments 
s"%mitted for calibration and: Giveq.s constant 
failure rate and s time interval T 1x1 years) we 
wish to investigate the effect of data accuracy on 
the computation of a service interval. Assummg a 

t? 
osl of .8 reliability and a constant failure rate 
smbds 
be: 

the required interval for calibration would 

for T (C=.9559 

=-l/.2 1og(.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 t;~r.c$ur;;~ 
of the reliability data, we csn 
followin : 

If ?he data accuracy is .85 

the" good = in-tolerance 

bad = cut-of-tolerance 

Currect 'good' instruments = (.8)(.85)=.68 

Current 'bad' instruments = (.2)(.85)=.17 

then current reliability = .68 + .03 at the time 
of receipt for cslibrstlon. 

Therefore for .S5 data accuracy the instruments 
supported are being under calibrated. 

Service Costs due, to this Under Calibration 

Cal/y= 162 days = 2.25 

CSl/yr 141 days = 2.58 

delta = .33 csl/yesr under calibration 

must consider the two elements of cost mentioned 
previously. 

If we lock at defectives which sre. in fact, in 
tolerance at a mesured reliability of .8 

Ig5;p Gitgoing quality level ~of~c+ibrstic" i; 

vu sss”me 
.8 rellsb111ty rlth 

accuracy x1 h an errcr of the second kind the 
current true relisbilit is .lI. 
f the good 

Therefore, :09 

.;%:i.%? teh%crs 
P. : 

instrumen B BPe actually aefgt1-g P 
of the first kind). 

.09 by increased calibration and 

.2 defective (.85 data accuracy) 

.03 the proportion cod (of the population) 
which is in errcr called ? efectives. 

"se the spprcxinstic" of I/2 of the .O 
defective 8s the average proportion d9exK;lz 
the hands cf the users the savings could be 
computed: 

Timlever, the exe88 service costs for 
indicated increased calibration frequency 

*=gws?t,,(.77/.9559)/(-.23) = .40 

INVENTORY COST The exces8 costs sre then: 

(.09)(1/2)(.9559)(25,000)($1741/inst)=$1,872,210 (2.34)(25,000)(1.6)($34.65)(.06) = $194,594 

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 based 0" these SssUmptic"s: 

csl for the inventory; -8 
Time intervs established for i"ve"tCry; I41 pl 

Total units in the 
Cost of service. $34.65(hr, 

Average Cal/y=; 2.5~ 
cp" stlcn; 25,000 

Error in data 1s equally 
defective ss $ in tolerance 
7) Laboratory output quality 

NET SAVINGS IN CORRECTION OF DATA ERRORS 

DATA COMP SPEC NET 
ACCURACY REL INT zp DELTA CALfYR SAVINGS 

50% 50% I41 205 -.79 $5,132,578 

60 56 141 I92 -.69 4.0369324 

65 59 141 I87 -.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 1,913,832 

85 71 141 162 -.33 1,290,090 

90 74 141 156 -.24 915,145 

95 77 I41 I49 -.I3 443,425 

97 78 141 146 -.08 263,562 

COSTS OF ERRORS OF THE FIRST KIND 
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CONCLUSIONS 

Although the data 
have not bean exac ! 

resented in this discussion 
the generalization of the 

order and sensitivities of cost to variations of 
error should be representative of the situation at 
WSMR. 

APPENDIX 

PRESENT AUTOMATED SYSTEMS... 

. ..Hev1ett Packard 8580 Automatic 
Analyzer 

spectrum 

Signal Generators, 
Frequency Counters 

Spectrum Analyzers, and 

. ..Hewlett Packard 8542 Network Analyzer 
Passive Microwave Components 

. ..Hevlett Packard 5451 Fourier Analyzer 
Accelerometers, Lou Freq Noise Generators, 
Microphones, and Blast Transducers. Errors of the second kind result in significant 

inventory costs which if Bawd wi;l,in virtually 
;;;tcaaes offset the required addItIona service . ..Julie Research Labs Locost 106 

Meters, AC/DC Transfer, Standards Maintenance, 
and application development 

. ..Ruska Hi h Pressure 
Gages, % ransducers, 

Sy;2dm 

systems 
Beasuring 

As in any measurement process in order to take 
action based on the anal sis of the data taken in 
the measurement we must grst evaluate the quality 
and applicability of the data. 
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. ..Wallaoe and Teirnan 30 inch Sonar Manometer 
Low Pressure Devices 

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

. ..Fishbach and Moore 
Environmental Monitor 

. ..PSL Counter Calibration System 
Frequency Counters, Plug-ins, and oscillators 

. ..John Fluke 5101 Meter Calibrator 
On-site Meter Calibration 

. ..Gilmore Industries 13,300 and 133,000 lbs Force 
Machines 
Load Cell Calibration 

. ..Keithley Solar Radiometric Calibration System 
Pyronometers, pyrheliometers 
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IMPLEMENTATION OF AN IEEE-488 GPIB 

AUTOMATED OSCILLOSCOPE CALIBRATION SYSTEM 

ABSTRACT 

Milton J. Lichtenstein 
Vice President 

Marketing Department 
Ballantine Laboratories, Inc. 
Boonton, New Jersey U.S.A. 

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 a" 
oscilloscope inventory of as few as 40 instru- 
ments can be a substantial 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 used 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 some 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 "umber of divisions set constitutes the 
calibration error, but this deviation ,must be 
estimated visually and the percentage of devi- 
ation, or error, the" calculated. Similar 
adjustments, reckoning, and computation occur for 
other scope functions such as time bases (fixed 
and delayed) and more. 

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 
61258 and the Tektronix PG501/TG501. These units 
produce calibration signals to check all major 
oscilloscope functions and parameters. The Bal- 
lantine 6125B is a single cabinet instrument, 
while the Tektronix PC501 and TG501 are modular 
elements that plug into a required main frame and 
power SO"I‘CB. Both instruments are designed with 
front panel controls that track amplitude and 
time ranges in the same sequences found on con- 
ventional modern day oscilloscopes, and reduce 
the need for much computation by reading devia- 
tion directly in percentage on a digital display, 
They also 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 61258. It provides full oscilloscope am- 
plitude calibration xpability from 10 microvolts 
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 
s""rce can CO"ell ScOpe ranges from 2 nsec to 50 
set 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 low 
cost frequency doubler can prozde a 1 nsec in- 
terval capability. 

The calibrator also provides a rise time and 
trigger output; pulses at repetition rates from 
100 "set to 1 set (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 "axomating" 8cope 



calibrations were in place, except for software. 
Ballantine now has developed software to run a 
complete turn key computer controlled system com- 
boning the 6125C-Option 60, a personal computer, 
a dual disk drive, and a printer, and provides 
this as the Ballantine COMPUTEST 4000A System 
(Figure 2). The system's structural concepts, 
and the objectives to be satisfied in its use 
will be discussed later. 

AUTOMATED CALIBRATION 

The decision basis for thelevel of automation 
the system design was to achieve, was based in 
good part on the following considerations. 

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

(I) Straight forward setting of a 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 out 
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 involved 
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-loop calibration. Complete computer 
control of the calibrator. Application of the 
test signals to a programmable UUT with talk/lis- 
ten capability. Operator involvement consists 
solely of connectihg UUT to 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-adjust when an external accurate source is 
used. 

The fundamental question "why automate" 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'.? products have been properly tested, and 
in many companies also because it is required by 
government or commercial contracts. 

lb) Skilled calibration technicians are in short 
SUPPlY. Simple instruments provide no challenge 
to such technicians and repetitive calibration of 

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 personnel. Labor rates become 
costly and bear heavily on overhead budgets. 

(d) Down-time for instrument verification op 
calibration reduces production and lab test effi- 
ciency while such departments await return of 
test equipment, with attendant add& time and ex- 
pense. 

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

If) The complexity of present day instruments 
requires much complex testing. 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 WIW~-ptWn~. 
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 store ccormouc ban!<s af <ata 01 
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 record analy- 
sis and storage, time the calibration pt'ocess if 
needed, and printout calibration certificates. 
Optionally, it can provide the data base for 
record manipulation required in managing the cal- 
ibration records, instrument recalibration sched- 
uling, equipment location and general instrument 
inventory management. 

SYST!9 DESCRIPTION 

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 to be used by techni- 
cians and operators having no knowledge of pro- 
gramming. Since every calibration 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 is resident on the user's staff, which is 
often not the case. 

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

A block diagram of the Ballantine 4000A COMPUTEST 
System is illustrated in Figure 3. The computer 
chosen as the system controller is a reliable, 
inexpensive, personal computer made by Commodore 
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. Optionally a 
1 M byte drive can be substituted. The large ca- 
pacity dual disk drive allows many test proced- 
urea and results to be written to disk without 
the need for frequent disk changes. 

The COMPUTEST program also requires the operator 
to enter a pasaword 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 
options to give a hard copy printout of the test 
procedure itself. 

Additional functions in the program not shown 
here, include "Extra Checks" which allow inser- 
tion of tests not provided in the main 07 sub 
menus, and "lltilities" which 'hatter 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 0, 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, 011, if he seeks a 
procedure to calibrate a UUT the operator would 
enter from the right column the option 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 "C" 
(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 Imanufacturer, 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 

shown in Figure 5. Since the system is intended 
for use by operators with lesser skills than the 
calibration technician who prepared the proce- 
dure, the operator is 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" control on the 6125C until it is 
the proper number of divisions high (Amplitude 
check) 0~ until time markers line up with verti- 
cal graticule lines (Time check). A following 
instruction tells him to press the keyboard space 
bar, at which entry the percentage Errol dis- 
played on the 6125C is recorded, compared to the 
allowable en-or 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 be 
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- 
tions 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 options can then be activated. 

When generating a new test procedure, after chos- 
ing from the left side of the main menu and fol- 
lowing Sub menua 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 man"- 
facturer, model, and procedure I.D. 

The print "p" function allows printout of the 
calibration certificate (Figure 81, either for a 
just completed calibration, or for a unit which 
may have been stored on a results disk for months 
or years. In <his function, the certificate can 
be viewed on the CRT screen only if no hard copy 
is needed. 

The Ballantine 4000A System will verify and cali- 
brate oscilloscopes with bandwidths up to 500 
MHZ. For calibration of state of the art scopes 
of 1 GHz or better capability, the Ballantine 
4002A System using the Ballantine 6127A Program- 
mable Oscilloscope Calibrator, can be used. The 
6127A (Figure 9) has amplitude ranges similar to 
the 6125C-Opt.60, but provides timing signals 
from 500 psecs to 5 sec. It also provides a fast 
rise time pulses to 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 
peek to peak, 1 kHz to 1 MHz. It has provisions 
for checking the accuracy of a IJUT's internal 
calibration signal, and a current signal for 
checking current probes. The integrity of the 
6127A is automatically rhecked on every power up 
or CLEAR command by an internal UP run program 
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verifying all major operating functions including 
front panel, displays, and the unit's RAM. The 
4002A System includes the 4020A COMPUTEST 
software package, which runs similar to the 4010A 
(6125C) program, and uses the same Commodore com- 
puter, disk drives and printer. 

CONCLUSIONS 

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

(2) Such systems are highly cost effective. 
Where regular verification and calibration is 
required in scope inventories of 40 or mope in_ 
struments. 

(3) Such systems are highly flexible allowing 
preparation of user-tailored procedures and elim- 
inates the necessity to use "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. 

(6) Skilled personnel 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 from 
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. 
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Serial no.. . . . . . .021-553 Clslte. . . . . . . . . . . . 12Z15.42 

TEST CHHtwEL./ TEST GI’IEH MEHSURED PRSW 
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“C-GND-HC: 
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‘.,HR RTTEN. DC BRL. 
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UC TRIG. MODE 
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CH 1 

C’H 1 

OH 1 
CH I 

CH 2 

CH 2 
CH 2 
CH 2 

CH 1 
CH 1 
CH 1 
CH 1 
CH 1 
CH 1 

CH 2 
CH 2 
CH 2 
CH 2 
CH 2 
CH 2 

TB R 
TB R<+> 
TB A<+> 
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CH 2CTB A luS<x 10, 
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00 Pass 

.0i u Pass 

.0l D Pass 
0D Pa55 

.01 0 Pass 

0” Pass 

0 0 Pa55 

.02 0 Pas5 

-00.0% Pasl. 

-“0. i)! Pass 
-00. 1% Pass 
-08.1% PBS5 
-80. 2% Pass 
20 PkFP 

-00.2% Pas5 

-88.0% Pass 
+m. 0% Pass 
+00.0% PaSS 

+00. 1x PSSB 
1.8 0 Pass 

n/J Pass 
.3 0 Fait 
.2 0 Pass* 
.2 0 Pa.53 

+00.1:< Pass 
+00.4x Pass 
+00.5x PuaS 
+00.-f)! Pr;sS 
+00.4x PaSS 
+02.1x Pass 

3.3% Pass 
16.SnS<21.2MHz>Pass 

3.w Ps55 
16.8nS<20.BMHr>Plss 

5mV/CH.l 8, DC to I0kHz 3 Dew-ees 2 Degrees Pas5 

Calibration time...BBH. 06”. Passed on all tests. 
Produced on a Ballantine 4800R CGMPUTEST Rutomated Calibration System. 
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FIGURE 8. TYPtCAL BALLANTINE -EST 
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 

resulted directly from this program. Progress was further accelerated 

by the advent of microcomputers and particularly, 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 

or four years. 

The storeroom 

available from storeroom supplies for the past three 

components, originally selected for eight bit micro- 

processor compatibility, are gradually being 

sixteen bit microprocessors. It is possible 

extended to include the 

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 

levels of accuracy; (uncertainty statements, etc.) 

0 in contrast to the dominant requirements for industry 

system support facilities, automated calibration systems 

usually not required to process large numbers of devices 

the highest 

and for military 

at NBS are 

submitted for 

test. However, they are generally 

data for each unit tested and data 

extensive. 

required to acquire large volumes of 

processing operations are usually more 

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 NBS 

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 these 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 automated 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. 

It 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-line 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 lead screw to implement a necessary motion. Departures from

linearity 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 listed 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 iuncticns is still vcr:

limited 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.

Colnputer 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



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 listed 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.

e 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.

0 Reduction of labor 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 labor 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.

e 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 600 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 300 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 I

Automated Calibration Systems at NBS

Electrical Quantities (d.c. and low frequency)

Standard Cell Comparator
Resistance Calibrator (l-ohm)
A.C.1D.C. Voltage Difference
A/D and D/A Converters

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

Automatic Network Analvzer I (first aenerationl

Temperature

Thermocouples
Cryogenic Thermometers
Temperature Fixed Points
Gas Thermometry’
Platinum Resistance Thermometers
High Sensitivity Temperature Transducers’

Volume and Flow

Automatic Network Analizer ll‘(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

Water Flow Rate+
Gas Flow Rate+

Force and Acceleration

Accelerometers System I (vibration transducers)
Accelerometers System II (extended high frequency testing)+

Optical Radiation Quantities
Spectroradiometer (FASCAL)
High Accuracy Spectrophotometer

Ionizing Radiation Quantities

X-ray and Gamma ray Dosimeters
Dosimetry lor High-Dose ApplicationsTime and Frequency

‘Routine calibration service (SP-250) not available

+Automation in progress.

I . . ,



Table II

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 Reoort 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 III continued

General Functions

Specific Functions

Thermocouples

Cryogenic Thermometers

Temperature Fixed Poinls

Gas Thermometryt

High Sensitivity Transducers t

Ultrasonic Manometer

Water Flow Rate

Gas Flow Rate

Accelerometer System I

Accelerometer System II

Acoustic Emission Transducers

Spectroradiometer  (FASCAL)

High Accuracy Spectrophotometer

X-ray and Gamma ray Dosimeters

Dosimetry lor High-Dose Applications

Time and Frequency

1 2 3 4

X x x

x x x x
X x x x
x x x x
x x x x
xxx*
x x x x

z* xz
X

X

X x x
X x x
x x X

* x x x
x x x x

1 2 3 4 5 6

x x X

x x x x x
x x x x
X x x
x x x x
xxx*x
x x x x *
***zx*
x x
X X
X X

X x x x X
x x R X

X x x *x
*xxxxx
x x x x xx

x x x X
X X X
x x X1R R X

R x R X

x x x x x
xxxxxxx

R _ lmplemenled  on a remote system using a communications link

t - 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 2-80/S-100
(NBS Storeroom Components)

1.1.2 Commercial 2-80/S-100
(Cromemco or Industrial Micro Systems)

1.1.3 Desk Top Computers (H-P 85 or H-P 9800 Series)
1.1.4 Apple II
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 Inpu1/0utput
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
4.3.4 RS 232

5.0 Programming Language(s)
5.1 Assembly
5 .2  Fortran
5.3 Basic
5 .4  Pascal
5.5 HPL

1 0 2
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CALIBRATION SYSTEM AUTOMATION

AT GRUMMAN AEROSPACE CORPORATION

Charles E. Weber
Engineering Supervisor

Measurement Standards Section
Quality and Safety Operations
Grumman Aerospace Corporation

Bethpage, New York

CALIBRATION SYSTEM AUTOMATION AT GRUMMAN AEROSPACE
CORPORATION

Calibration automation at Grmman 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 80,000 calibration and repair
operations per year. Active aerospace programs
supported by the calibration laboratories covered
an extremely wide application range resulting in a
verv diverse calibration and repair workload.. The
major programs included:

e Lunar Module (LM) -

a F-14 (Tomcat) -
a A-6 (Intruder) -

l EA-6 (Prowler) -

a E-Z (Hawkeye) -

a C-Z (Greyhound) -
a OV-1 (Mohawk) -

a Gulfstream II -

Moon lander, Project
Apollo
Fleet defense aircraft
All weather fighter/
bomber
Electronic warfare
system
Fleet surveillance and
control system
Fleet cargo aircraft
Army surveillance
system
Corporate jet

Approximately 250 personnel were directly involved
in the calibration effort at the Long Island
laboratories in 1969, the peak workload year.
Fourteen years later, the Measurement Standards
section of Grumman Aerospace Corporations'
Quality and Safety Operations Department is utiliz-
ing 98 personnel to process 56,000 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

calibration laboratories today are to a very large
extent the same ones that existed in the late
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:

e EF-111 - Air Force electronic warfare svstem"
e Space Shuttle Wing
l 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 later 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
0.05% of reading.

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



repeatability. Up to 10 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 line
checking of aircraft air data computers. The
calibration system consists of a Ruska 6000
Automatic Air Data Test Set controlled via a
Fluke 1720A Coinputer. 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 dati
acquisition system was designed for high accuracy
at millivolt input levels making it ideal for
thermocouple calibration. An existing thenno-
couple calibration furnace was made oroorammable
and interfaced with the camouter 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 1800°F. Accuracy
levels were -i3OF. In operation, the system
compared thermocouples under test against a
reference thermocouple. Thermocouple outputs
were linearized by the computer, compared
against allowable tolerances and presented on
an automatically produced data sheet.

On average this system reduced calibration labor
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.

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 _+l"F. using the new system over the
sal~,e 200" to 1800°F. temperature range. This
was made possible by tighter control of the
furnace and improved data acquisition.

AUTOMATED METER CALIBRATOR

Grunnnan's first venture into automating the
calibration of electrical measuring equipment
focused on the lowly multimeter which existed and
still exists in large quantities in the Grumman
inventory. An ES1 System 70 Meter Calibrator was
placed in service in 1970. 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-70s 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 Of 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

DC Volts

AC Volts

DC Current

Resistance

Ratio

AC Current

Mode Ranges

Generate D-12OOV
Measure 1.2uv to 12oov

Generate 1oouv to 120v

Accuracy (% Rdg)

0.001 - 0.005%
0.001 - 0.003%

0.025% 2OHz - 20kHz
0.05% 20kHz - 1OOkHz
0.2% 1OOkHz - 1MHz

1DOV to 1200V 0.035% 50Hz - 1OkHz
0.05% 20Hz - 50Hz
0.1% 1OkHz - 1OOkHz

Measure

Generate

Measure

Generate

Measure

Measure

Generate

o-1ooov

0 to 12A

0. to 12A

0 to 10 Megohms

0 to 10 Megohms

0 to 1.2

0 to 2A

0.01% DC - 5OkHz

0.003 _'0.005%

0.01%

0.005 - 0.01%

0.002 - 0.005%

0.00025%

0.05%

Frequency Response Generate 1OHz to 12MHz 0.5% to 2% of level

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:

l Digital and analog meters
l Voltage calibrators
l Current calibrators
l Resistance decades
e Resistance bridges
e Potentiometers
l Temperature indicators
e Current shunts
l Voltage dividers
e 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- LOW FREQUENCY CALIBRATION SYSTEM
UPDATE

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

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):

DC voltage measuring capability was extended
to 1 millivolt full scale by adding a Julie
Research BA-108 amplifier
AC voltage measuring capability was added
through use of a Ballantine 1600A Automatic
Thermal Transfer Standard
Extended frequency response capability was
added through a Fluke 6011A Synthesizer
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. The software is "user friend-
ly", requiring no computer programming knowledge to
prepare calibration procedures for discrete instru-
ments. To date, over 800 individual 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. 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 4051 computer, Comprint print-
er, Krohn-Hite 6880 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:

a Frequency
l Distortion
l Amplitude
l Frequency response
e Rise/Fall time
l 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 laboratory 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 Grumnan'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 Svstem (Fiaure 121 was installed durino
the

The
the

pa;t few‘weeks.

Microtel System designed for Grumman provides
following capabilities:

Attenuation measurement to 1OOdB from 1OMHz
to 18GHz
VSWR measurement (usina custom Wiltron
bridges)

_

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 Micro&l
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 -1OOdBm from
1OMHz to 18GHz.

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 oreviouslv used method of using multiple
narrow band swept setups.

Signal generator calibration
50% to 75% are anticipated.

time reductions of

FUTURE AUTOMATED CALIBRATION

Load Cell System

SYSTEMS

In-house development is currently underway to auto-
mate the calibration of load cells. This system
will utilize a Fluke 1720A 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) is in process.
The calibrator itself is the corrmercial version of
the unit developed for the Navy MECCA program.

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 paperwbrk
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



upon it in bar code. The code will be scanned by Conclusion
a reader wand as the instrument is received for
service. A menu will be provided to allow scanned Grumman Aerospace Corporation, through its Measure-
input of dates, repajr and calibration times, tech- ment Standards section, has compiled an outstanding
nician identify, performance ratings, etc. This record of successfully applying automation to the
system is highly error resistant and should also calibration process. The key ingredients for
significantly reduce terminal operator time. A successful automation have proved to be careful
mid 1983 operational date is anticipated for the
bar code system.

selection of hardware and software, diligent over-
sight of system operation and most importantly
a willingness to be innovative and creative.



Figure 1 Automated pressure calibration system

Figure 2 Automated air data test set calibration system



Figure 3 Data sheet - automated air data test set'calibration  system
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Fig. 4 Automated thermocouple calibration system
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TNERFII~C:OUPLE  CHLIBRHTION
METMD: TEST THERMOCOUPLE VS. WORKING STHNDHRD

**t*'~l*'***~tl****t~**)(ffllltltl**ot~***~~******

CUSTOMER.................:STONE  8 WEBSTER

CRLIIIRATIOII  DHTE.........:S-3-82

THERMOCOUPLE I.D. NO. . ...05518

TYPE...............,.....:K

ISR TOLERRNCE: SPECIHL
RT OR BELOM  530 DEG.F  = +,- 2 DEG.
HEOVE  530 DEG.F  = +,- :3/S OF I% OF SET-POINT

HLL TEMPERRTURES RRE IN DEGREES FAHRENHEIT

LIMITS OF
WORKING DEVIHTION ISR
STHNIIHCD TEST (STD - TEST) TOLERRNCE
_ _ _ _ _ _ _ _ _  _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _

200.2 202.1 -1.9 +2.0 -2.0

600.4 602.3 _- +2.3 -2.3

1000.1 1,047 -3.8

Figure 5 Data sheet - automated thermocouple calibration system

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



Fig. 9 Automated oscillator, function and pulse generator
calibration system

GRU”“AN  REROSPRCE  CORPORl=lTION
“ERSUREMENT STANDRR,,S LABORATORY

BETHPAGE, NEW YORK 11714

REPORT OF CALIBRATION

“RNUFACT”RER......HEA PROCEDURE N0..~.....14110058
“ODEL  NO..........ZBBAB TECHNICIAN.........240
I.D.N0............59134 CALIBRRTION  DRTE...121482

TEST RESULTS

TEST FREOUENCY NOllINAL “EASUREII E/A C O N D I T I O N

FREQUENCY 4000.000HZ
FREOUENCY 8000.000HZ
FREQUENCY Z0000.000HZ
FREOUENCY 40000.000HZ
FREQUENCY Z0B00.O00HZ
FREQUENCY 2000.000HZ
FREOUENCY Z00.000HZ
RESPONSE l000.000HZ
RESPONSE 100.000HZ
RESPONSE 10000.000HZ
RESPONSE 20000.000HZ
DISTORTION Z0.000HZ
DISTORTION 10000.000HZ
DISTORTION Z0000.000HZ

-O’?TION 40000.~RD””

4000.000”Z
8000.000HZ

20000.000HZ
40800.000HZ
E0000.000HZ

Z000.000H.z
z00. B00HZ

0.000lJB
0.000DB
0.000DB
0.0BBDB
0.000%
0.0’

3960.000HZ
8060.000”Z

200Z0.000HZ
39560.000HZ
19663.780HZ
1360.000HZ
130.000HZ
0.000DB
0.100DB
-0.120DB
-0.39008
0.000%

Figure 10 Data sheet - automated oscillator, function gwlerator,

calibration system

-60.0% PASSED
31.3% PASSED
5.0'2 PRSSED

-55.0% PRSSED
-84.1X PASSED
-100.0X FFIILED
-250.0'* FAILED

0.0): PAS5ED
10.0% PASSED

- 12.0% PRSSED
-39.0% P R S S E D

0.0% PASSED
16.6X PRSSED
- 8% PASSED

~sSSED

pulse generator



Figure 11 Automated microwave calibration system

Figure 12 Automated microwave component and signal generator calibration system



Figure 13 Automated t-f power sensor calibration system

Figure 14 Automated oscilloscope calibration system



ATE SOFTWARE - A PRODUCTIVITY TOOL

Frank Sevean
Supervisor - Applications Software

Bendix Test Systems Division
Teterboro, New Jersey

ABSTRACT

The use of Automatic Test Equipment and its test
software has entered into all levels 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

oevlces 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 qf 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:

@ Set all devices to the proper mode
l Perform all UUT interface connections/

disconnections
l Make all pass/fail decisions
l 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 test 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 pun 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, is becoming more and more cMnplex
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 level
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 list of general software
elements existing throughout the entire spectrum
of ATE:

a ATE Operating System
l Test Execution System (Executive)
l Support/Utility Software
l Instrumentation Software
l Facilitating Software

All 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:

Operatinq 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:

a Resource  Management
e Peripheral Control
l File Management
l Text Editors
l Utilization Reporting System

The above list is certainly not all inclusive
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 large
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:

l Device Controller Routines
l Dperator Interface Software
a 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:

l Language Translators
l Test Language Compilers
l Automatic Test Program Generators
l UUT Simulators
l Software Debuggers/Monitors
l 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 comnunications 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 chwge could cause field probleins.
Control, however, of this software is usually not
available to the ATE developer and, subsequently,
the end usev.

Facilitatinq 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 little 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 low
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-
light those modules whose change would cause high
risk. Recognizing these risks and providing the
proper control procedures will minimize costs and
SurDrises.



SYSTEMS APPROACH TO AUTOMATIC

CERTIFICATION AND CALIBRATION OF ATE

Ronald Ruotolo
Grumman Aerospace Corporation

ABSTRACT The proposed paper will address system approaches
to providing efficient and practical automatic

Major certification and calibration problems ATE field certification that solves the types of
exist with sophisticated Automatic Test Equip- problems highlighted previously. The techniques
ment that contains extensive analog, video and that will be explored in the paper will consider
RF test capabilities. Generallv. individual impacts on:
instrumentk  within such ATE reqiire 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:

ATE Wstem Hardware (particularlv  RF
elemek)
ATE Svstem Software includina  ATLAS and
its aisociated Operating Syskm
Transfer Standards
Calibration at the ATE/Unit Under Test
Interface
Traceability from System Performance
Specification to Primary Standards
Automatic Software Correction of Out-Of-
Tolerance Conditions

(1)

(2)

(3)

(4)

(5)

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

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

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

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

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

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 level.

Unnecessarily high and costly traffic
through a limited 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.



GAGE BLOCK CALIBRATION WITH COMPUTER ASSIST

Lloyd A. Carver
Physical Metrology Supervisor

SIMCO Electronics
382 Martin Avenue

Santa Clara, CA 95050
(408) 727-3611

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, (6) 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 length, (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-80 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-
ly broken down by companies. A separate disc is
used for each major company to simplify future CM-
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 comercially
available data base management system. Figures 1
through IV show data entry forms as they appear on

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 CS>tandard set manager*. It must be remembered
that anything in the computer memory will be lost
when we go to anything followed by *, so be sure to
save everything to the disc before going to <D
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-l), and (L-2) readings are the
history of the deviation of your standard gage
block.

Another step that must be completed prior to meas-
uring the gage blocks is 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 listed 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 - length 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
<U>.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 <P>recheck or<F)ull
check. In <null 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 fran 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 list. If there are, as before, it will print
all the information and delete the duplicate from
the list. 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 S 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 last 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

letters will only be allowed to be in the appropri-
ate place.

In<P>recheck 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
an<F>in the Last Chk: block in the <C>hange  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 4l.0.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<C>hange U.U.T. block mode.

A formal certification, Figure XI, is then printed.
First we do to the <T>raceability report, entering
the temperature, humidity, date calibrated and date
due. Then (C)ontinue 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-
ligned 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 longer 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 everythinq  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>easure  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 length 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 <M>easure  U.U.T. will
increase the readability of the mechanical compara-
tor from an interpalation  of about .3 millionths to
.OOl 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.

.



Standard Set

Block size: .OlO Serial #: 5DHP Chk:, . ..****

Unknown Set

Block size: Serial #: Material:
Ptol: s+to1: S-to1:
Last reading: Last Chk:

Measurement,

Temp Deg. c Std.:
Unk.:
Std':

This Chk:

V-arrows move std. blocks (ENTER) adds to unk. set (@)Menu

Figure I
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Standard Set M0352/E2

Block size:.......... Serial#:....... Chk: . . .

Unknown Set TESTfVAR 9
Block size: .OlO Serial #: Material:

Ptol: 4 s+to1:  +4 S-to1: -2
Changing block 1 Last reading: Last Chk:

1
Measurement

Temp Deg. c Std.:
Unk.:
Std':

This Chk:

V-arrows move blocks H-arrows move cursor .C.hk .D.el <@>Menu

,

Figure II
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Traceability Report

-Header -

Unknown set --3 TEST/VAR Make: WEBER SerialH: 323322
Grade: 2 Property of: SIMCO ScP: 44432 #/blocks + 3

- STATEMENT - ( <E>dit from menu.)

- Footer--.

Std-1: 3-0352 Std-2: 3-0357 Std-3: Std-4:
Ambient temp: 23.4 deg.c Recall date: B/14/83
Rel. humidity: 40% Prepared by: L. Foutche'
Issue date: B/14/82 Approved by: L. Carver

(I>nput (C>ontinue (~3 )Menu

Figure III
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Standard Set M0352/E2

Block size: .OlO Serial #: 5DHP Chk: . ..****

Unknown Set

Block size: Serial #: Material:
Ptol: s+to1: S-to1:
Last reading: Last Chk:

Measurement

Temp Deg. c Std.:
Unk.:
Std':

This Chk:

V-arrows move std. blocks <ENTER) adds to unk. set (0 )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

<0 hange U.U.T. blocks

CM) easure U.U.T. blocks

<T> raceability report

<D> ata report

<m.U.T. file handler
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CE> dit traceability test*

(@ >D.O.S.* STD: M0352/E2

*U.U.T. block data in memory will be lost. UUT:
=GPIB=

Make selection

Figure V
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Block-size: ##.####### Serial #:....... Material: .

Ptol: . . . s+to1: . . . . S-to1: . . . . Check: . . .

(L-2)reading: . . . . (L-l)reading:..... Last(L)reading:..

(L-4)delta: . . . . (L-4)date: m/dd/YY

(L-3)delta: . . . . (L-3)date: nnn/dd/YY

(L-2)delta: . . . . (L-2)date: rrPn/dd/YY

(L-1)delta: . . . . (L-1)date: nrn/dd/YY

Last-delta: . . . . Last-date: mm/dd/YY

Delta-avg.: . . . . 3Sigma(u):  . . . . Note:........

Figure VI
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CONTRACT#/ITEM#: #-####

DESCRIPTION: . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

SERIAL#: . . . . . . . . . .

CALDATE: MM/DD/YY

DUEDATE: YY/MM/DD

ACCURACY: . . . . . . . . . . . . . . . . . . . . . . . . . . . .

*NOTE: . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Figure VII
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DRIVE :l

SA003356
SC003356

SIMCO
SB002256

M0013/E2 M0014/E2
S1003366 S1001483

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

(R) ecall (S) tore (K) ill (p)Menu

Figure VIII
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Standard Set M0352/E2

Block size: . . . . . . . . . . Serial#: . . . . . . . . Chk: . . . .

7 Unknown Set v4123032

Block size: .03125 Serial#: Material:

Ptol: 4 s+to1: +4 S-to1: -2

Changing block 1 Last reading: Last Chk:

Temp

Measurement

Deg.c Std.: This Chk:

Unk.:

Std':

<P> recheck (F) ull check <E)xit

Figure IX
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LOGIC FLO!! DIAGRAM

GAGE BLOCK CALIBRATION

Search for Std.
Block of Equal
Size of U.U.T.

Compare Size and
S/N of Block "N"
and Block "N-l"

Print Message-
and Delete

Check Tolerance

25Continue

Figure X

132



s-c .
alaotronl~s

STANDARD CERTIFICATION and SERVICE LABORATORY
382 Martin Avenue, Santa Clara, California

REPORT
FOR

GAGL BLOCK SET

133



-

134



ACCURACY AND AUTOMATION IN WINE PRODUCTION

Larry E. Brink
Director of Winemaking and Blending

Paul Massan 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 latest 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 laboratory. The juice

is analyzed for total sugars by refractometer or hydrometry, for total acid by titration with a strong

base, NaOH, 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.



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: leaves, 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. 7

5.) pH by pH meter, in biological systems the pH is often of greater significance than the total

acidity.

6.) Temperature of each load 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 left 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 420nm 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,



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 p~repared for bottling. Each tank of each blend is

tasted for quality and consistency. A "complete analysis" is 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 salution,  and gives results

reproducible to 0.1% alcohol. The alcohol concentration legally has to be within f 1.5% of the stated

alcohol on the label. 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 coimnercially  salable than they were only thirty years ago.



Enjoying The Pursuit of Quality
By Operating a Small Winery

Reinhold Banek and Dennis Bassano
Co-aYners of Grover Gulch Winery

7880 Glen Haven Road
Sequel, CA 95073
(408) 688-4335
(408j 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 frMn 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 lawyer for help, but being stub-
born, we thought that we could at least 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 yourname
with most needing your address as well, and so hav-
ing written that much in, we were on OUP 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'll 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 OUP 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

.

State Alcoholic Beverage Control Office to see if
we needed their blessinos. which indeed we did. We
filled out more fonts, 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 least was the
county level approval in the form of business li-
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 oui- 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 Govenent level
and we had worked OUP 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 OUP 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 OUP winery education with hands on experi-
ence. By 1977, we had outgrown our Little Shack

L

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 ears
we fermented in plastic lined cardboard drums %d
borrowed a small basket press from a friend doyh
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
a* 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 eve" 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 bushinqs.
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 caTIs and adjust-
ments and eve" a couple of panics to get it to put‘
our labels 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 labor 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 least
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 like. 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 lookout for available, high quality redgrapes.

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
like 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

it's even overwhelming. Visiting the vineyards is
one of our favorite aspects of winemaking. But how
dces the vineyard rea!ly look? Have the vines been
cared for? Do they look healthy iwith lots of nice
green foilaqe, 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. lie start tastlnq 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% suqar 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 like 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 effectchanoes
We've chose" to keep our additionsto a bare minimum
adding only yeast culture, malo-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 is 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.

All of the grapes in rl 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 like 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 loaded 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, DUP spirits are
high, as are worries about rain, heat, cold
weather, too much or too little 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 OUP 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 OP less. That makes crushing~one of
our move minor labors. 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 nqtural 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 liquid yeastculture
from the wine lab, and have chosen one thatmaintains
good color and fruitiness. If we have our culture
prepared and ready to use, we qon'tfeel  it 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 temperatur~e  and sugar content are checked twice
daily during the fermentation process. We also pump
the wine over the floating skins, whichis called ttie
"Cap" , in an'effort to extract the most color possi-
ble fron 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 lactic 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-lactic 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 liquid and is
merely pumped. Press time means a late night for
us unless it comes on a weekend. When the wineis
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

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 iton
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 like to drink. We make only red wines in a
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style we call "California-Italian" wine. That is
in contrast to what we call "California-French"
wines. By our over simplified definition here, a T
California-Italian wine is one in which the major
influence is the fruit itself with very little
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 larger particles and settle out.
We avoid fining and filtering when it appears that
we can clarify the wine by "racking" along. Rack-
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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. Our 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 laboratory chemistry that goes into our pro-
duction. We attempted to set up a lab 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-eval-
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 is read off the
hydrometer before fermentation even begins. Accurate
determination is made using an ebulliometer. "Alco-
holic solutions boil .at lower temperatures than
water, and ebulliometers determine differences in
boiling points, which are referred to tables or
sliding scales to find the corresponding percentage
of alcohol" 1.

2. Total Acid. Acid is expressed in terms of
grams per 100 ail. 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 alrlount of sulphur dioxide is calculated from
the quantity of titrate solution used. Sulphur is
us& in wine to inhibit oxidation and spoiling.

Actually, we made wine for 10 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-lab 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
like we think it should, then we are truly on the
right track. If this test is run regularly

1 BATF, part 240 of Title 27, Code of Federal Regu-
lations.

and often, any problems will probably be notlced in
time to avert serious problems. Most potential pro-
blems are avoilded by keeping the sulphur dioxide
content at the proper levels 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 level 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 least 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' potelF
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 like
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 license 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 OUP
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 givesa person
that warm feeling like 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 winerakers
who grow their own grapes should find it doubly
gratifying.

We would like to grow all ou1^ own grapes, butthese
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 soace that we enjoy visitinq and
working in and we hbpe that everyone who visits it
will enjoy it,also.

.

We like to think that the values by which we live
OUP lives, and by which we make our wines are the
same. We strive to do the very best we are capable
of, with every facet of OUP lives, including wine-
making.

c



OF TEST EQUIPMENT  REQUIRrnENTS  DOCUMENTS

 A. Schultz
Physicist

Navy Metrology Engineering Center
Pomona, California

The Navy  Metrology Engineering  center,  Pomona has
the responsibility of providing technical guidance
and direction to the Navy Metrology and Calibration
(METCAL) magram. One of the key elements in this
program is the preparacio"  and distribution of In-
strument Calibration Procedures (ICP's), including
the review  of Local Calibration Procedures (LCP's)
prepared by various Navy activities and ICP's pre-
pared by cmtrxtors  prior to distribution. How-
ever, differences in the availability of calibra-
tion equipment, the calibration method used and in-
terpretation of test requirements have led to con-
siderable variations in calibration documentation.
A large expansion of test instrument (TI) inventory,
combined with the continual introduction of new cal-
ibrafio"  equipment including automated calibrators,
has made it necessary to prepare many new ICP's and
also change, revise and expand existing ICP's. It
has become apparent that a new approach,to  calibra-
tion procedure prepararion  is necessary to cope
with the increasing workload and diversity of Navy
requirements.

THE PROCEDURE PREPARATION PROBLEM

The increasing procedure preparation workload has
escalated the need for uniformity and standardiza-
tion in calibration procedure preparation. MiliCary
Specification MIL-M-38793, Manuals, Technical: Cal-
ibration Procedures, Preparation of, provides in-
structions on the organization, structuring and gen-
eral contents of a calibration procedure. ilowever,
additional information is required to establish a
consistent technical approach with respect to the
tests performed, calibration test points and ranges
selected, and the measurement methods employed.
Such guidance is needed to ensure valid calibrations
and to achieve maximum efficiency in performing cal-
ibrations consistent with prescribed acceptance/
rejection criteria and desired confidence levels
for each TI. The current lack of uniformity and
consistency in defining test requirements and cali-
bration methodology among various Navy activities
and government contractors has limited the service-
abiliry  of calibration procedures for Navy-wide use.
The above factors have also limited the inter-
changeability of procedures prepared and used by
the three military departments - Air Force, Amy
and Navy.

THE CALIBRATION REQUIREMENTS DOCUMENT CONCEPT

I" view of the problems noted above, the Navy's
Metrology Engineering Center has initiated devel-
opment of a series af documents designated as Cal-
ibration Requiremenrs  Ddcuments (CRD's).  These
documents establish technical policy for the Navy
METCAL  Program and provide calibration test re-
quirements  for generic families of instrumenrs.
The CRD will form the basis for uniform ICP pre-
paration and cm 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 government 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 families or groups of
instruments.

INTERSERVICE  APPLICATIONS

The Calibration Procedures Working Group, 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 commitment to establish common
technical requirements for calibrating selected
groups  of test equipment. The long range objec-
tive of the working group is to promulgate policies
and procedures to ensure that the three services
develop comma", interchangeable calibration pro-
cedures. CRD's on Signal Generators, Electronic
Counters. Digital Multimeters,  RF Wattmeters,  co-
axial Attenuators, Waveguide  Attenuators, Liquid-
in-Class  Thermometers, Cable Tensiometers.  Pres-
sure Cages, Micrometers and Tachometers have bee"
distributed to the services for study. review,
changes and final approval.

THE CALIBRATION REQUIREMENTS DOCUMENT IN DETAIL

As presently formulated, the CRD is separated into
five sections. Section 1 establishes the basic
scope of the document, including a definition of
the peculiar category of test equipment addressed;
categories excluded from the CRD may also be de-
fined far clarity. Section 2 states the purpose of
the CRD, which is to provide technical requirEme"ts
for achieving and maintaining consistency in the



development of calibration procedures and calibra-
tion of teat equipment. Section 3 refers to appli-
cable reference documents. Section 4 generally con-
sists of a Table and Footnotes, as required. Table
1 describes the basic calibration test requirements
including performance parameters to be tested, ra-
tionale for conducting tests and choice of test
points, and provides guidance for combination and
sequence of tests to minimize testing time. The
test type is defined by a letter code: TeSt type A
is a parameter/test which verifies specific values/
tolerancsand which s be performed. TeSt type B
is a test without quantitative tolerances but is
critical to the calibration. Test type C is 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. Set-
cion 5 contains an Appendix with useful information
subdivided into four subsections: Subsection 1
lists the applicable reference documents. Sub-
section 2 provides supplementary information not
addressed in Table 1, such as preparations for
tests, adjustments, special requirements/conditions
imposed on the calibration, and calibration test
specifications other than the manufacturer's speci-
fications. Subsection 3 describes functional checks
that may be required. Subsection 4 provides a
listing of generically-related documentation, such
as Measurement System Operation Procedures (&GOP's)
and Measurement Method Modules (MMM's). The MSOP
describes the operation of a combination of cali-
bration standards or a calibration system in mea-
suring all parameters peculiar to one category of
test equipment. The MMM describes the operation of
calibration standards or systems for measuring a
single parameter which may be applicable to one or
more categories of test equipment.

FUTURE DEVELOPMENTS

Although CRD's are required in all the measurement
areas, those of greatest importance are categories
of test equipment involving newly developing tech-
nology or "state of the art" measurements and areas
where test requirements are not well defined. These
areas include infrared, gas analysis, nondestructive
test (NIT), and electro-optical. Priority will also
be given to areas subject to widely divergent cali-
bration practices in an effort to achieve early
standardization. Examples of the latter are the
various types of Automated Test Equipment (ATE) be-
ing utilized by the Navy.

The newly emerging CRD, properly formulated, prom-
ises to be an effective coal in standardizing, im-
proving and accelerating calibration procedure de-
velopment in the Navy and other services. Addition-
al benefits will be a mare efficient utilization of
manpower in writing calibration procedures and in
performing test equipment calibrations.

.



Product Assurance of Test Software

by
R. N. Miller, TRll

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:

a improper display/storage of test data;

e making of inaccurate measurements;

o 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-l 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 AN0 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-

signed experiments, as well as detailed analyses of the
screening data generated by several large production
programs.

S&ening  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 Z), 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

2.

3.

4.

5,

6,

7

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.

Even state-of-the-art quality inspection systems in-
volving optical and IR scanners will not uncover all
flaws.

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.

A screen is the application of stress to precipitate
failures at a convenient time.

The rate at which flaws are forced into failures by a
screen is proportional to the number of flaws in the
equipment being screened.

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.

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

U(M,t)  = U(l,O)M~~h(l  - b)P’, M > 1 0

where:
p = the environmental severity rate,

U(M,t) = the number of flaws contained in the equip-
ment serial number M at time t,

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.

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. = axmb (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?(l - b), x > 10 (2)

On log log graph paper, expressions (1) and (2) can be
plotted as the straight lines shown in Figure 2.
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Figure 2. Typical Learning Curve Used in
Production Time Estimation



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,

U(M.0)  =  U(l.O)Mmb (3)

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

U(M,t)  = U(l,t)M-“(1  ~ b), M > 1 0 (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 PFIOCESS

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 C&U-
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 cru-
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,

dU-= --pV
dt

and by integration,

Ilog Ul.,’ = I-la
U, = U, e ~~1/1 (5)

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(lJ)  = U(l,O)e-  @’
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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

~U(M,t) = U(l,O)M-%7”  (1 - b), M > 10 (6)

An expression analytically usable for all serial numbers
is:

U(M,t)  = U(1,O)  [M1~~b  - (M - I)l+bl  em”’

The asymptotic form shown in expression (6) is sufficient-
ly accurate for regions of practical interest.



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  = D U,,(l  ~ e-l”) (7)

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

f = 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 oroduct  of two indevendent  factors. One, f(E), is a
measure of susceptibility as., function of equipment type;
the other, h(S), is the effect of environmental stresses.

Thus,

p = f(E) h(S)
tc

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 2.153). 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:

P = + IPT + Pi + PVI

?is shorthand for rate of change of temperature, s

TABLE 1. SUMMARY OF STRESSES AND RELATED FAILURE RATE EXPRESSIONS FOR SELECTED PROCESSES

stresses

Temperature, T

Number of Thermal Cycles, N

Vibration

Failure Rate’ Expressions

(For most of the processes)

(Effects of low cycle fatigue)

TV
(Effects of insulation breakdown)

I”
T e-K4/T
(Effects of electromigrations)
# K5)  e _ K,,T,  g”’

(Effects of both low and high cycle fatigue)

Remarks

Tin  ‘K

t = time

T = cycling temperature range

n varies from 1 to 3

” = frequency
g = acceleration in number of gs
K, = varies with equipment (a value of
roughly 4 for some  air-to-air missiles tested)



p; = St $ P, -$$ ?,
m=1

Pv = sv g
P,t,g,K7e-=““l

t, = time to complete one cycle

I
* =

(
298 + IT - 251 -

‘) which is the normalized
298 temperature coeffuent

T = average part temperature (“C)
P = 1 or 0.5 depending if power is “On” or “Off”

ST = temperature susceptibility rate
S+ = rate of change of temperature susceptibility rate
SV = vibration susceptibility rate

and K,, K*, 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,
So, 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 p can  be further simplified by the follow-
ing assumptions:

KI and K, are equal. The value used will be 2298,
which has been used on at least hvo successful
screening programs. This represents the normalized
failure activation energy.

KS and K, are assumed to be equal to unity for the
equipments considered. If Kz = 1 then t dT/dt  =
AT, range of temperature excursions.

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., S, S; and Sv. These
unknowns need to be determined from the effects of screen-
ing on the equipments of interest.

SOLVING FOR Sp s;. AND s,

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

~~

The ESR for each equipment was determined using fail-
ure and screening time data from many systems. The best fit

used on the equipment from which the hvo

The pertinent data required to calculate S, S; a n d  SV

FLIR:lo-’ =+ ST + S; +  3.1’3,)

RADAR I: 178 X lo-’ + ( 1 6 . 9  ST S; +  5.4%)

 I I :  1 0 6  X  I O - ’  =G ( 5 . 3 5  S., !3+ +  2 . 1  S,)

The above set of equations can be used to calculate the
f o l l o w i n g :

 =  3 . 3  x  lo-’

s, = 0.55 x lo-’

SV = 3 . 3  X  lo-*

-‘)

lo-’
c P, AT,
,“=I

+ 3.3 x lo-’ 1 P,t,g,e-m8 (
1

298 + IT, - 251
I=,

phase. Note that “AT-
of temperature change for Kz
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Figure 4. Flaws Remaining Versus Screen Time

MODEL USE

One of the uses of the model is to evaluate changes to
ungoing

ened the time in other more

a

TABLE 3. CHANGE IN  WITH CHANGE OF SCREEN

FLIR

-8%

? +17% +ll% +30%

+6% +lo% i4%

+6% +ll% +l%



The assumed test conditions to which Radar I is to be
subjected are listed in Table 4.

system decreases. How much screening at which level is
most economical depends on each organization and only the

TABLE 4. RELIABILITY DEMONSTRATION user can design an economical screening regimen for use in

TEST CONDtTlONS his factory.

Temp range

Dwell at high temp

Temperature rate
of change

Vibration

Fixed time

Nominal cooling

--54 to 71°C

2 hours after stabilization

5”Cimin

10 minihour 2.2 f 0.2 g, sine at a
single non-resonant frequency

100 hours on

Same as during screening

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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TABLE 5. RELIABILITY DEMONSTRATION
FAILURES-RADAR I

to 10 hours

Improve screen

From Table 5, one can see that:
1. Using one system results in Ies! i I%Iures  than two_

systems, thus improving the chances ot passmg the
reliability test.

t

90

181

126

D F

0.8 25

0 . 8  1 4 . 2I0 . 8  1 2 . 4

0.8 7.1

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 71, 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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THE APPLICATION OF QUALITY ASSURANCE

PROGRAMS TO SERYICE INDUSTRIES

Fred H. Sieg
SIMCO
3b2 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 low volume, labor-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 larger 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 hospitals3 , 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

Devel,oping  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 in

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 is 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 levels, 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 tolerated5. Without this and

without topmanagemen~t'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 leadership 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 like

a big job and it is, 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 inadequacy of marketing and internal specifications to clearly define

the customer's quality use requirements is one of the weakest links in

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.

.

.
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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

Control of the above items can not only reduce
I

result in shorter lead times across the board.

back-up for the job.

late deliveries but also

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 level 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 50'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 10 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

8. Post-production service

9. Management of the Q.C. function

10. Special quality studies

The concept created great interest in quality circles

changes in management philosophy of quality control.

"Quality Program Requirements" was issued and in 1963

but no sweeping

In 1959 MIL Q 9858,

superceded by

MIL Q 9B5SA 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 985BA  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 ccm-

panies was a slow process and tended to be regarded as "too expensive,"

"too restrictive,""too idealistic,"ad infinitum. However, the influence

exerted by MIL-Q-9858, the quality programs developed by some of the

technical giants like 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 larger number of elements and then condense and modify

as the situation demands. The ANSI/ASME NQA-1 lists 18,5asic  require-

'9
ments that can serve as a manageable development outline. They are:

Orqanization

The structure, functional responsibility, level of authority, and lines

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 level such that required

authority and organizational freedom are provided, including sufficient

independence from cost and schedule considerations to make objective decisions.
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Quality  Assurance Proqram

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 in

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 Drawinqs

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 is 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 Measurinq 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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Handlinq, Storage and Shipment

Handling, storage, cleaning, packaging, shipping and preservation of

items shall be controlled to prevent damage or loss.

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

Abe 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 least 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,
not subject to copyright in the United States.

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 spee~d, 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



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 in research; and in other
government agencies to reduce costs, and to
improve significantly system reliability (1,Z).

To illustrate how the National Bureau of
Standards is 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
semiconc(uctor technoldgy, giving a few examples
of the transfer mechanisms used in disseminating
the reswlts of this work.

2. THE C~ENTER FOR ELECTRDNICS  AND ELECTRICAL
ENGINEERINE

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
comnunity, 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 wile 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. l), 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).

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 1O'e) 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 devic/es  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

3
for use both in manufacturing

control and n 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 (SRM'S) needed to
transfer measurement calibrations to the
industry. The presence of selected impurities,
intgntibnally  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 lo"), 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
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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 <lOO> and <ill> crystal
orientations will be issued in 1983); and
improved measurement and understanding of non-
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 pm (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

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 Pm 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
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problem [See Ref. (6), Micrometrology, pp 21-221.
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 urn, is calibrated with a
repeatability of 0.01 WI (1 0) and with a
certified accuracy of 0.05 urn. 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 SRMs 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

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 WI 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 low-
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 CSl which is primarily directed at
short-channel MO:FETs (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 (a), 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-urn  channel and 10'5-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 CSI
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,lO).

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 urn to 20 um on a side. A least-squares
fit of the data shows a linear relation as
expected.

A similar set of measurements for IOO-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, designs, 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 (V B), and the device on-
resistance (RDS[onl  .P

Examples of calibration curves for these
parameters are shown in Fig. 10. The results of

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 I. 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 rm
used to obtain a given power dissipation. This
is very different from the situation reported
earlier by NBS for bipolar device dissipation l

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 I
Temperature Measurement Data from Specimen Devices;

Measurements Made Using Temperature-Sensitive Parameter Techniques and Infrared Microradiometer

Device
operating
Conditions Telnperaturs  Rise Rhove Case (v!)

Number ID(A)/VDS(V) ml4 "SG “OS RDS(O”)

1
0.5/60 33.5 31.0
::Z.g :::: 31.0 E

25.7
26.6

31.0 27:tl 28.0

2
0.5/60 36.5 33.4

::E$::
::*z
3e:o

::*:
35:o E:! ::::

3 E% 80.0 80.3 70.7 69.2
80.0 80.3 70.4 68.6

4
0.5/60 37.0 36.8 36.1
1.0/30
1.5/20 x . :E

36.1~ :x
35.0 35:o

5 1.5/40 73.0 69.0 62.0 56.0

6 1.0,20 34.3 31.4 28.1 28.2

5
=
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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 Isolid 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 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
]microamperes]  for a metal oxide-semiconductor field-effect
transistor having a 1.99-micrometer  channel and channel
doping density of 1015 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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Figure 9. Results from the test structure of Figure 8. The plotted points represent measured
values of interfacial contact resistance [ohms] as a function of contact window
area [micrometers squared]. Linearity and nonlinearity are discussed in the text.
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THE MI KASUREMENT CHALLENGE*

C. K. S. Miller
Electromagnetic Fields Division
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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 N)P~
commonplace televisions, radios, hi-filstereo
centers, and telephones. The younger generation
at-a taking as a matter of course 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 II cl)--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 EM1 problem. The difficulty is that semicon-
ductor electronics is rare susceptible to EM1 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 occut-s 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
view of the EM1 measurement
radiated energy and to describe
belng made by NBS to provide a
which to attack the problem.

The MI Measurement Problem

1. The EM Environment

to present an over-
problem caused by
some of the efforts
metrology base from

To assure that any electronics is iflune 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 (21." 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 111, 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

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, and of multiple
frequencies comprises the EM environment. It is (
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, in 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 pi
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.



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, far-field) use. Yet the environments
that surround electronics equipment is primarily
near field, or near-field like, in 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 (TEMl 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 (41. Generally, many of these
techniques are not adequate for two reasons: (11
they are not sufficiently understood technically as
regards interpretation of the results obtained and
(21 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, I 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
OP susceptibility testing is notoriously poor
(5,Gl. 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 (51; 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 ianaunity  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 IiBS MI Measu-nt Program

The electromagnetic interference problem first
became significant during World War II; 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. In fact, 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 imnediately 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 fiber 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 withy 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 fields in the 0.2 to 1000 MHz frequency
range from 1 to 1000 V/m(lZ).  An instrument based
on this design is now being marketed commercially.

Antenna research to devise antennas that are nwre
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-

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 beings developed that may serve
as a tool for more easily evaluating such facili-
ties.

Research is currently underway to investigate *
methods of generating and evaluating less well
defined environments. For example, mode-tuned and
mode-stirred chambers are currently being used for I_
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 enviran-
merits.

3. Measurement Methods for Emission and Immunity
Testing

NBS has examined the traditional shielded room as
applied to emission and imnunity 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 i!mIUnity 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
u,niformity 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
imnunity 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



verification of normal operation in the actual
operational environment. A substitute could be the
effective testing of the whole system, but today no
adeqllate 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
Imethods  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.

c. 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 OUP technically based
society and the increased proliferation of radiat-
ing sounces  are increasing 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. Existing
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.

Single Spectrum

Figure 2. Plot of electromagnetic wave parameters as a function of frequency and time.



Figure 3. The zone of EM wave typically radiated from an antenna.

Figure 4. Two electronics packages connected by a wire or cable Illustrating interception of electric
and magnetic fields.



Figure 5. Transfer function of a traveling-wave linear antenna with a.nonlinear  parallel load.

Figure 6. Photograph of the EFM-5 rf radiation monitor.



LASER MEASUREMENTS*

Aaron A. Sanders
Electromagnetic Technology Division

National Bureau of Standards
Boulder, Colorado 80303

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 for rock concerts, and industrial
processing. These applications include lasers of
various wavelengths from the ultraviolet to the far
infrared and encompass cw 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 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 spectra1 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 may 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.

This talk will review SOIW of the national
standards and measurement services for lasers
available at NBS, highlight some of the current
research, and indicate some of the future needs and

1

direction of NBS laser metrology research.

NBS PROGRAM IN LASER POWER/ENERGY MEASUREMENTS

The approach for laser power/energy standards has
been to emphas!ze standard detectors. This is
because they are convenient to "se and no one knows
how to construct a laser of known pawer/enerqy 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 ths
fluence of the laser beam exceeds about 200 ml/cm
in times shorter than 1~s. In this case surface
absorption can become non-linear and one must
;;yrb the beam within a volume. Studies at NBS

elsewhe;Er have developed suitable volume
absorbers 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 I depi:;;,;;: *
range and nominal accuracy of the
measurement systems and Table II lists 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.



The current research challenge in laser
pOWer/energy measurements is for absolute
measygements  of very low pulse energy
(lo- joules) for the spectral range of .4-15 urn,
extremely high laser pulse energy (15 kJ for pulses
of 1~s or less) for excimer,  chemical, iodine, and
CO lasers,
pu ses of l-10 picoseconds.?

and peak power measurements for laser
These ranges of laser

measurements are needed respectively for wavelength
agile laser target designator receivers being
developed by DOD, DOD 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
wavelenqth of the laser beam radiation. Since no
known - optical detectors
electromagnetic fields directly
Of the fields), indirect
employed. As a practical
intervals much larger than lh
most applications.

measures the
(rather the square
methods must be
matter, sampling

are sufficient for

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
1mw-zw, .4-l .5um
Nominal accuracy = 1%

K-series Calorimeter Measuring System
lW-lkW, .4-15 !Jm
Nominal accuracy = 3%

Q-series Calorimeter Measuring System
lml-ZOJ, .4-l.lum
Nominal accuracy = 1%

BB Calorimeter*
lOkJ-7ml lO.bpm
lkW-200kW
Nominal accuracy = 4%

TABLE 2

Special Calibration At Cost

Measurement Assurance Program for Laser Power or
Energy

514.5 nm 1OmW - 600 mW $lbO!X/yr.
632.8 nm 1mW 1605
632.8 “m (luW, 3OuW,  10011W) 1605

(Cost is $1000 to
participants of 1 mW,
632.8 nm, Laser MAP where the
intercomparisons are
performed together.)

647.1 nm 10 mW - 200 mW 1605
1.06 urn lOmW- 1w 1605
1.06 urn (Q-switched)

100 ml - 10 2690
10.6 urn 5 - 5 o w

*This calorimeter system is now maintained by AGMC,
Newark Air Force Station, Ohio.

200



TRANSIENT FIELD INFRARED VIDEO THERMOGRAPHY
AS A PROCEDURE FOR NONDESTRUCTIVE TESTING
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A feasibility 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.

IflTRODUCTION

Radiography and ultrasonics are the twO primary
techniques used in the nondestructive evaluation
(NDE) of flaws in engineering components and strut-
tures as well as in the biological field. Whether
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 therrrographic systems, a consider-
able amwnt 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 (mt-
als)  to insulators (plastics and ceramics) as well
as composite materials [I- 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 choice 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. On
the other hand, steady state heat transfer pro-
cesses may be indicated and in fact have been am-
ployed.

The choice of the surface temperature field detec-

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 SIRC 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
i$ 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

Before any infrared testing can be undertaken the
related heat transfer problem must be analyzed.
Since infrared scanning techniques are operated in
a remote fashion, often considered advantageous,
there are some inherent problems as outlined below.

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

J=cEb+pG (I)

The energy emitted from a real surface iS given
by the expression E Eb where Eb is the arount
of energy that an ideal surface can emit at a
given temperzture

Eb = oT (2)



and E is the total surface emissivity which in
turn depends on the quality of the surface
0 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 in-
terpreting infrared scanned data.

Often atmospheric conditions, C02,  or water
vapor, which absorb and scatter radiation, or
other media (perhaps a mirror) in the camera's
line of sight, create considerable noise and
suppress mild surface gradients.

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 involving transient
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-
mtries  and complicated boundary conditions can
be accommodated with little effort.

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 O.l*C
or better and for thermal resolution with li-
quid crystals as high as O.O07'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. I. It was decided to investigate the surface
temperature distribution of such a system subject
to unsteady state heat conduction with the follow-

ing boundary conditions:

The solid has very large dimensions in the x
and z coordinates.

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-
t"re are assumd to be insulated.

=

The flaw is assured to be made of insulated ma-
terial: i.e., it does not allow any heat flow
through it.

The surface of the solid bounded by x = 1, y =
1 and all I values is suddenly subjected to and
thereafter maintained at a temperature step of
100 degrees.

Utilizing a finite energy bdlance technique on each
volum 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 (l,l,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,~).

The real ImpacC 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 H, 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 H was limited to a minimum value of
six. Values less than six generate an impossible t
condition that violates the second law of thermo-
dynamics. Furtherrrore,  the choice 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 A? is fixed. Having
this information and the surface temperature pro-
files from the example In Table 1, 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 dlf-
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 flawlsss plate. If the ma-
terial were aluminum the time would be shortened
considerably to 0.9 s because20f  aluminum's larger
thermal diffuslvity, a(0.33 m /h).  If the mate-
rial were plastic (Epon  828) the time  elapsed
would be approximately 9 mln,  again because of he
vsry different thermal diffuslvity, ~~(5.5 x 10 -i

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 dim%sions  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. It is
clear that an optimum time/distance combination
exists for rest 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 I9 mm which "as drilled wlth a
3.2 mm drill to approximately  1.6 mm below the top
surface at distances of 12.5 mm, 50 mm, atid 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 thermxouples "as
placed parelIe to and approximately l/2 in. away
from them. The corresponding therrrocouples  were
connected in a differential mode and their output
"as 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 to the
similarity of these curves to those predicted by
the numrical solution and shown in Fig. 4. Again,

1 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 performd  on the metal surfaces
(steel and aluminum plates) using the same heating
technique but employing llquld crystals In order
to observe their behavior. The liquid crystals
were applied by a) placing in direct contact with
the metal surface a thin plastic film containing
1°C sensitivity  cholesteric  crystals which actl-
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. I so-
therms will bulge when approaching the flaw and
recede when leaving It. This "as observed part-
icularly when using the llquld crystals as a
detector.

The time dependence of the magnitude of the
disturbance over a flaw "as 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 "as quite evident when the steel and alu-
minum plates were tested simultaneously.  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 more
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 cholesterlc crystals is a very large temp-
erature activation range with the smallest sen-
sltlvlty compatible with the activation range.

The numerlcal solution predicted that the posi-
tion of the flaw relative to the point of heat
Input would have an effect on the magnitude of
the disturbance of the thermal field. The
therrocouple 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 cholesteWc
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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Fig. 2. 3-D representation of the effect
of a surface defect on the transient
temperature profile.
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ULTRA-STABLE TEMPERATURE MONITORING AND CONTROL SYSTEMS
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ABSTRACT

Most of the electronic temperature monitoring and
control systems 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 amplifier, and temperature coefficient
of the components. The DC system stability problem
can be reduced by using higher quality parts and
good engineering practices. Ultra-stable
temperature monitoring and control systems can be
made by using an AC system which greatly reduces
the thermocouple effects. Stability can also be
increased by using the proper sensor. A good
stable sensor is the platinum RTD.

INTRODUCTION

The technology of electronic temperature monitoring
and control systems has advanced rapidly in the
last ten years. As technology advances accuracy
and stability of temperature monitoring and control
systems have improved. Today there are electronic
or digital thermometers that are more accurate than
the bulb type thermometer. Most temperature
monitoring and control systems that are
manufaotured today are less stable than the bulb
type thermometer.

The purpose of this paper is to explain the
problem of stability and to show that ultra
stable and highly accurate temperature monitoring
and Control  systems oan 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 two parts
the sensor and the electronics. The second
section shows how the problem of stability oan be
solved. Finally the last section will deal with
applications of the solution.

DEFINITION OF THE PROBLEM

As the need for higher accuracies and stability
increases in temperarure  monitoring and control,
engineers are finding it difficult designing stable
and accurate temperature monitoring and control
systems. one Of the largest problems in
temperature measurement and control is stability
and accuracy. Stability refers to the drift of the

output of electronic temperature monitoring and
control system with respect to time. Drift can be '
caused by changes in ambient temperature or by
component aging. Accuracy is the output deviation
from the absolute temperature that is being
measured.

There are two main parts in a temperature
monitoring and control system that contribute to
the stability problem. They are the sensor and the
electronics.

Most temperature sensors in electronic temperature
monitoring and control systems, are platiuim
(resistive temperature deotor)  RTDs, thermocouples,
and thermistors. There are two main problems 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. Thermocouples
have poor aging characteristics and very 1OW
sensitivity with approximately 75 to 10 uV/C.
Thermistor aging is fair and sensitivity is high
with approximately 40 to 10 r&'/C. For a highly
accurate and stable temperature sensor with a wide
temperature range, a platinum RTD is a good choice.

Almost all electronic temperature monitoring and
control systems that ape 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 system the output voltage is
proportional to the resistance change of the
sensor. The major problems with a DC system is
stability. There are three major contributors to
instability.

The first contributor is thermocouple effects.
Thermoelectric  voltages are generated at solder
connections and in connectors. Thermocouple
effects oan be the most serious contributor to the I
stability problem. Thermoelectric voltages in a
standard bridge arrangement (figure 1) are f
approximately  50 w/c. Assuming the sensor output
is 2.5 q V/C the over all effect of thermocouples
are 0.02 c/c.

The second contribution to instability is input
offset voltage drift of the input amplifier. Host
common operational amplifiers have offset voltage



drift of 10 to 2 w/C. There ape some special
operational amplifiers that have Input offset.
voltage drifts of less than 1 w/C but they are
expensive. With the common operational amplifier
and 2.5 mV/C sensor sensitivity, effects of the
offset voltage drifts are approximately 0.004 to
0.001 c/c.

The third contribution to instability is the
temperature coefficient of components used In the
electronics. The largest contribution of component
temperature coefficient are the resistors used in
the bridge (figure 1). If 100 PPM/C  resistors ape
used in the bridge, the contribution to instability
is 0.025 C/C. Gain resistors contribute
approximately 0.01 C/C if 100 PPM/C resistors 3r.e
used.

If all the effects of Instability are added up, the
total stability of the system is 0.06 C/C. In a
normal room where the ambient temperature change is
*2 C, the stability of the electronics Is + 0.12.
The accuracy cannot be any better than the
stab~lllty.

SOLUTION TO THE PROBLEM

Stability is a major problem with most DC
temperature monitoring and control systems. "he"
stability Is improved, acouraoy  can also be
improved. There are two methods to solve the
stability problem. The first Is improving the DC
system, and the second Is using an AC system.

The first method of improving the stability of a
temperature monitoring and control system Is
improving the DC system. Thermocouple effects can
be reduced by locating the sensitive connections
close to each other and use a low thermoelectric
voltage solder. This modification can reduce the
thermoelectric effect by a factor of two. Reducing
input offset voltage is simple but more expensive.
When low temperature coefficient components are
used In the bridge a large contribution to the
stability problem can be solved. By making the
necessary modification, stability of a DC system
can be improved to 0.015 C/C, which Is an
improvement of about four times. But, there are
still problems with thermocouple effects especially
when different alloys of metal we used In
co""ection§. Thermocouples contribute
approximately 60 percent of the instability.

Temperature monitoring and control  systems ~3" be
made 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 systems have
similar problems as the DC system except the
thermocouple effects are greatly reduced to less
than 0.0003 C/C and these thermoelectric voltages
occur after the AC signal Is rectified. When low
temperature coefficient resistors are used In the
AC system, stability 13 reduced to less than 0.005
c/c. If very low temperature coefflclent  parts  are
used, a stability of better than 0.002 C/C can be
achieved. This low stability Is a factor of
3Pproxlmately  30 times better than commercially
availhle  electronic temperature monitoring and

control  systems.

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
temperature monitoring and control system, an AC
system should be used.

APPLICATION OF THE SOLUTION

By using these good engineering practices, Hart
Scientific has designed two ultra-stable
temperature monitoring systems and a control
system.

One of the temperature monitoring systems is an
ultra-stable and highly accurate digital
thermometer. The Micro-Therm 1006 has a
guaranteed system accuracy of kO.03  C and a typical
accuracy of +o.o,  c. The stability of the system
is better than 0.010 C/year.

The other temperature monitoring system is an
ultra-stable OEM RTD monitoring system. The model
1010 temperature monitor uses  a platinum RTD.
Absolute accuracy is adjustable to within 0.005 C
of an absolute reference. Stability Is typically
20.005 C/month.

Ultra-stable constant temperature bath, circulator
and temperature 00ntr011er3 have been
developed that have short  and long term stability
Of ~0.0005 c. The stability Is rated with 27
liters of water at a temperature range of 10 to 80
C. Other baths with different temperature ranges
and stability of less than ~0.005 C depending on
the fluid and temperature have  been developed.

CONCLUSION

As the need for electronic temperature monitoring
and control systems increases,  so does the accuracy
and stability specification. After reviewing the
present manufactured temperntured  monitoring and
control systems, very few manufacturers make an
ultra-stable system. The reason for poor stability
is the DC system. By lncorpratlng  an AC system,
ultra-stable systems can be manufactured.
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ULTRA-STABLE TEMPERATURE MONITORING AND CONTROL SYSTEMS

Hark F. Smith and Roger M. Hart
Hart. Scientific

Provo, Utah

ABSTRACT

Most of the electronic temperature monitoring and
control systems 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 amplifier, and temperature ooeffioient
of the components. The DC system stability problem
can be reduced by using higher quality parts and
good engineering practices. Ultra-stable
temperature monitoring and oontrol  systems can be
made by using a" AC system which greatly reduces
the thermocouple effects. Stability can also be
increased by using the proper sensor. A good
stable sensor is the platinum RTD.

INTRODUCTION

The technology of electronic temperature monitoring
and Control systems has advanced rapidly in the
last ten years. As technology advances accuracy
and stability of temperature monitoring and control
systems have improved. Tohy there are electronic
or digital thermometers that we more accurate than
the bulb type thermometer. Most temperature
monitoring and control systems that ere
manufactured today are less stable than the bulb
type thermometer.

The purpose of this paper is to explain the
problem of stability and to show that ultra
stable and highly accurate temperature monitoring
and control systems 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 two parts

, the sensor and the electronics. The second
section shows how the problem of stability can be
solved. Finally the last section will deal with
applications of the solution.

DEFINITION OF

As the need
increases in
engineers are
and accurate

THE PROBLEM

for higher accuracies and stability
temperature  monitoring and control,

finding it difficult designing stable
temperature monitdring  and control

systems. one of the largest problems in
temperature measurement and control is stability
and accuracy. Stability refers to the drift of the

output of electronic temperature monitoring and
Control system with respect to time. Drift can be
caused by changes in ambient temperature or by
component aging. Accuracy is the output deviation
from the absolute temperature that is being
measured.

There are two main parts in a temperature
monitoring and control system that contribute to
the stability problem. They are the sensor and the
electro"ics.

Most temperature sensors in electronic temperature
monitoring and control systems, are platinum
(resistive temperature dector)  RTDs, thermocouples,
and thermistors. There are two main problems that
relate to the stability problem. They ape 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 W/C. Thermocouples
have POOI' aging characteristics and very 1OW
sensitivity with approximately 75 to 10 uV/C.
Thermistor aging  is fair and sensitivity is high
with approximately 40 to 10 mV/C. For a highly
accurate and stable temperature sensor with a wide
temperature range, a platinum RTD is a good choice.

Almost all electronic temperature monitoring and
control systems that 3re presently being marketed
are direct current (DC) systems. DC systems use a
DC voltage excitatior  for the bridge circuit (see
figure 1). I" a DC system the output voltage is
proportional to the resistance change of the
sensor. The major problems with a DC system is
stability. There are three major contributors to
instability.

The first contributor is thermocouple effects.
Thermoelectric voltages are generated at solder
connections and in co""ectors. Thermocouple
effects can be the most serious contributor to the
stability problem. Thermoelectric voltages in a
standard bridge arrangement (figure 1) are
approrim3te1y  50 uv/c. Assuming the 3e"so~  output
is 2.5 mV/C the over all effect of thermocouples
are 0.02 c/c.

The second contribution to instability is input
offset voltage drift of the input amplifier. Host
common operational  amplifiers have offset voltage



drift of 10 to 2 "v/C. There are some special
operational amplifiers that have input on-set
voltage drifts of less than 1 "v/C but they are
expensive. With the ccmmcn operational amplifier
and 2.5 mV/C sensor sensitivity, effects of the
offset voltage drifts are approximately 0.004 to
0.001 c/c.

The third contribution to instability is the
temperature coefficient of components used in the
e1ectr0n.ic3. The largest contribution of component
temperature coefficient are the resistors used in
the bridge (figure 1). If 100 PPM/C  resist&s are
used in the bridge, the contribution to instability
is 0.025 C/C. 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 system is 0.06 C/C. In a
normal room where the ambient temperature change is
+2 C, the stability of the electronics is T 0.12.
The accuracy cannot be any better than the
stability.

SOLUTION TO THE PROBLEM

Stability is a major problem with most DC
temperature monitoring and control systems. When
stability is improved, accuracy can also be
improved. There are two methods to solve the
stability problem. The first is improving the DC
system, and the second is using an AC system.

The first method of improving the stability of a
temperature monitoring and control system is
improving the DC system. Thermocouple effects can
be reduced by locating the sensitive connections
close to each other and use a low thermoelectric
voltage solder. This modification can reduce the
thermoelectric effect by a factor of two. Reducing
input offset voltage is simple but mere expensive.
When low temperature coefficient components are
used in the bridge a large contribution to the
stability problem can be solved. By making the
necessary modification, stability of a DC system
can be improved to 0.015 C/C, which is a"
improvement of about four times, But, there are
still problems with thermocouple effects especially
when different alloys of metal are used in
connections. Thermocouples contribute
approximately 60 percent of the instability.

Temperature monitoring and control systems can be
made 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 systems have
similar problems as the DC system except the
thermocouple effects are greatly reduced to less
than 0.0003 C/C and these thermoelectric voltages
cceur  after the AC signal is rectified. When low
temperature coefficient resistors are used in the
AC system, stability is reduced to less than 0.005
c/c. If very low temperature coefficient parts are
used, a stability of better than 0.002 C/C can be
achieved. This low stability is a factor of
approximately 30 times better than commercially
availble  electronic temperature monitoring and

control  systems.

There are some of draw backs with the AC system.
They cost more, use higher precision parts, and
mere parts. To achieve a highly stable electronic
temperature monitoring and control system, an AC
system should be used.

APPLICATION OF THE SOLUTION

By "sing these good engineering practices, H a r t
Scientific has designed two ultra-stable ’
temperature monitoring systems and a control
system.

One of the temperature monitoring systems is an
ultra-stable and highly accurate digital _
thermometer. The Micro-Therm 1006 has a
guaranteed system accuracy of 9.03 C and a typical
accuraoy  Of *0.01 c. The stability of the system
is better than 0.010 C/year.

The other temperature monitoring system is an
ultra-stable OEM ATD monitoring system. The model
1010 temperature monitor uses a platinum RTD.
Absolute accuracy is adjustable to within 0.005 C
of an absolute reference. Stability is typically
tO.005 C/month.

Ultra-stable constant temperature bath, circulator
and temperature controllers have been
developed that have short and long term stability
Of *0.0005  c. The stability is rated with 27
liters  of water at a temperature range of 10 to 80
C. Other baths with different temperature ranges
and stability of less than &0.005 C depending on
the fluid and temperature have been developed.

CONCLUSION

As the need for electronic temperature monitoring
and control systems increases, so does the accuracy
and stability specification. After reviewing the
present manufactured temperatured  monitoring and
control systems, very few manufacturers make an
ultra-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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HIGH SPEED, ACCURATE MEASUREMENTS ON TEE SHOP FLOOR

RUSSELL S. SHELTON
PRODUCT MANAGER

COORDINATE MEASURING MACHINES
E. LEITZ, INC.

ROCKLEIGH, N. J. 07647
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INTRODUCTION:

Any attempt to look into the future is
risky, as anyone who has ever played the
stock market can verify. Still, there
are times when we must try. A case in
point is the "factory of the future", so
called because it will be a combination
of existing capabilities together with
others yet to be developed. In general
terms it will maximize productivity and
minimize labor and scrap in order to
generate the greatest profit for the
manufacturer.

So far most of the effort which has gone
into the FOF concept, at least if one
can believe what has been reported on
the subject, is in the areas of CAD/CAM,
robotics, flexible manufacturing centers,
etc. Admittedly, some lip service has
been given to inspection and quality con-
trol, but not too much. This is remini-
scent of the 1950's. Remember? NC ma-
chine cools had just been introduced,
and management fell in love with them.
It was only later, in some cases much
later, that the need for an equivalent
increase in inspection technology be-
came apparent. The purpose of this paper
is to identify some of the quality prob-
lems which will exist in the FOF, and to
offer some solutions.

PHILOSOPHY:

There is a technique of logic called
"reductio ad absurdurn". This is a means
by which you can determine the truth, or
trend, of something by decreasing it to
its simplest possible terms. Let's do
that with the FOF concept:

(1) No manager WantS to inspect any-
thing: All he wants to do is make
money by making parts.

(2) Labor is expensive and unpredict-
able. The FOF should eliminate
labor.

(3)

(4)

(5)

(6)

(7)

(8)

(9)

The U.S. ia moving away from the
"throwaway" concept. Thus, manu-
factured parts have to be more
reliable.

Tolerances are being tightened to
ensure reliability and longer life.

Scrap must be eliminated.

Machine cycle times must be reduced

Inspection must become an integral
part of manufacturing.

Inspection results must be looped
back to machine tools to correct
for deviations.

The environment on the shop floor
will remain as bad in the future as
it is now.

Clearly, some of the above statements
are not totally true, but from the view-
point of establishing the trends for the
future, let us assume that they are &-
stantially correct.

Assuming the philosophy we have adopted
to be valid, how do we now fit the
Quality Control function into the FOF
concept? Broadly stated, we have to have
a system which will make highly acc"rafe,
rapid measurements under adverse condi-
tions and have the capability of looping

*

the inspection results back to the manu-
facturing unit within the cycle time of
one part, if possible. All of the above
features must be applicable to a wide
variety of mac,hines (milling, drilling,
grinding, EDM, etc.), and to an even
wider range of part Configurations pro-
duced by these machines. Has it been
done? J&. Can it be done? Yes. Here's
how.



TEMPERATURE 6 ITS EFFECTS ON WORKPIECES

We generally describe the change in shape
of an object resulting from differences
in temperature by assigning to each en-
gineering material a '*coefficient  of
expansion". This is expressed as a
change in length per unit length per unit
temperature.

("/"/"F)  o= (MM/MM/'C)

For most people in everyday life this is
perfectly acceptable. But for those of
us interested in making very accu=ate  di-
mensional measu=ements,  it should be con-
sidered only an approximation.

Temperature is an indication of energy
content. At the atomic o= sub-atomic
level, all materials are in motion. To
make it simple, let us "observe" an elec-
tron as it whirls in its orbit. If energy
is transferred to this electron, its or-
bit increases in diameter. It pushse its
neighbors aside a bit, much 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 moves away. The "co-
efficient of expansion" concept assumes
that everyone in that subway car reaches
for his handkerchief at the same moment,
and that all~the  elbows are the same
length, with the result that a predictable
number of people are pushed into the next
car. In other words, it is assumed that
the material in question is homogeneous.
Unless we a=e dealing with a pure element
which, by definition, e homogeneous, this
assumption is unt=ue. The types of en-
gineering materials we must  deal with are
mixtures of various elements, 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 the e of
energy transfer. Workpieces with varying
thicknesses will change shape unpredict-
ably, even if their coefficients of expan-
sion a=e identical. Figure 1 shows the
results of a simple test run at Shelton
Metrology Laboratory about 15 years ago.
Three parts made from the same melt of
aluminum were put in a box, one at a time.
Rot water was poured into the box. The
water temperature was 125'F  ? 1°F. The
length of each sample was monitored on an
L"DT supported on an insulated base, and
the change in part length was monitored
as a function of time. At any moment
these parts appear to be quite different.
Thus it is obvious that measurement taken
on a workpiece during a time of fempera-
ture change will not necessarily reflect
the same results as if the same measu=e-
menrs  were taken at a stable workpiece
temperature.

The message is clear - you cannot make ac-
curate measurements if temperatures are
changing, because parts respond to the
changes based upon their own configura-
tion. Additionally, it is impossible to
predict, with great accuracy, the steady-
state change in size of a part from a base
temperature to a higher temperature (or
the other way around) because the coeffi-
cient.of  expansion value fqr the part
material is not really known far the m
cific part itself.

TEMPERATURE AND ITS EFFECTS ON MEASURING
MACRINES

If we consider a measuring machine to be
a workpiece - albeit a very complex one-
then it is easy to see that the same
factors which create the problems men-
tioned above will have similar adverse
effects on the measuring machine itself.
Therefore, if we take a standard CMM,
place it on the shop floor, and measure a
part with it, what we end up with is an
unstable measuring system checking an un-
stable part.

Over the years various efforts have been
made to reduce the effects of temperature
on CMM's. Some of these are:
--Installing the entire machine in a tem-
perature controlled =oom.

--Building machines out of only one type
material to minimize bi-metal effects.

--Building machines with bi-metal effects
to cancel out temperature effects.

--Making measuring elements (glass scales,
etc.) with tha same coefficient of ex-
pansion as the workpieces to be mea-
sured.

--Creating air turbulence in the meas"=-
ing a=ea to minimize thermal gradients.

--Surrounding measuring a=eas  with air
barriers to avoid drafts.

Clearly all the above measures are stop-
gap attempts to OVercome  temperature ef-
fects by fighting them. Unfortunately,
this ha@ never worked in the past, and
will not in the future. Figure 2 shows a
simple slide mechanism. In a typical CMM
three of these slides would be compounded
to provide an K,Y,Z measuring envelope.
If we consider the first-order e==o=
sources in this single slide we will dis-
cover that there are six (6) of them. If
we now combine these slide movements,
there a=e 18 first-order e==o=s  caused by
geometric imperfections, a much larger
number of second and third order e==o=s,
and last %ut by no means least, the errors
caused  by imperfections in squareness be-
tween the slides. It simply isn't pos-
sible to eliminate these e==o=s,  whether
they are caused by imperfecr:  component
parts o= by temperature effects. Howeve=
it e possible to observe them, and
through the use of computers mathematic-
ally eliminate them. All we need is a,



reference system without mechanical error,
and totally unaffected by temperature.

A NEW, SELF-COMPENSATING COORDINATE
MEASURING MACHINE

The secret to making accurate dimensional
measurements in an industrial, which is
to say, uncontrolled environment, is to
have a reference system built into the
measuring machine which is unaffected by
that environment, and by its own inac-
curacies. Figure 3 shows the basic ele-
ments of such a system. A pair of pivot
mounted, journal-type air bearings sup-
port a round shaft. The center of rota-
tion of each bearing defines a point in
space. Since two points define a line,
these two bearings fix an axis of rota-
tion far the shaft. We cannot directly
measure the axis of rotation, so we must
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 rigidly to
a machine slide can observe the in-
accuracy of slide movement by repeated
calculations taken from the axis of the
rotating rod which is "parallel" to the
slide.

Figure 4 shows two of these reading heads
attached to the same slide. With this
setup we can observe any yaw of the
slide.

To observe roll/pitch, it is necessary
to solve the problem of shaft sag. Ob-
viously in horizontal position our shaft
will deflect due to gravity. This de-
flection far any point is given by:

y WX(L-X)
24 EIL

Where W = Shaft Weight
L = Shaft Length
x= Distance of Y from one bearing
E= Modulus of Elasticity
I = Moment of inertia

The value of E is, like the coefficient
of expansion, an approximation for a
specific shaft. To eliminate this, we
actually measure the deflection at the
midpoint for a specific shaft before as-
sembling it into a slide and, knowing Y,
solve far RI. Now we can use this actual
value in calculating values for Y at any
point. We now have an actual centerline
of rotation, corrected mathmatically  for
sag. Any readings taken from the shaft
in a vertical orientation can be car-
rected by the sag value.

(Y)_ -SAG - Vertical deviation of
slide

This allows us to use a reading head
(Fig. 5) with four sensors. Now roll,
pitch and yaw of the slide can be ob-
served. The setup would be identical to
Fig. 4, except for four sensors in each
head rather than only two.

By combining multiple slides into a well
designed CMM mechanism it is therefore
possible to determine the roll, pitch and
yaw of each slide at any point in their
travel. But what about squareness? After _
all, one arc second is about 5 millionths
of an inch per inch of travel. In 20"
this leads to an error of .OOOl". It is
not rare to see changes in squareness that
are on the order of 20 arc seconds due to
temperature changes. Over the same 20" of
travel this becomes .002", a totally un-
acceptable amount.

Fig. 6 shows two shafts, each constructed
as above, into two mutually perpendicular
slides. Details have been omitted for
clarity. We 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 terminates in an
arm which contains two sensors. It is
carried on a slide which moves "parallel"
to Shaft 1. To detect any change in angle
between the shafts do the following:
Move Shaft 2 to the left end of Shaft 1.
Rotate Shaft 2 until the sensors straddle
the protruding end of Shaft 1. Rotate
Shaft 1, as above, and read the o"tput of
the sensors. Again, A-H is the location-
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of the axis of rotation of Shaft 1. Now
matree,,  the other end of Shaft 1 and re-
peat. Any difference between the read-
ings is the result of an angular change
between the shafts. The air thrust bear-
ing prevents any axial pump of Stage 2,
which could confuse the results.

A word about the accuracy of this tech-
nique. Repeated experiments at Shelton
Metrology Laboratory showed the ability
to define and axis of rotation within
? 3 millionths under a wide variety of
conditions. An air thrust bearing is
also accurate to within these values. The .
sinsors used were matched Eddy-current
transducers with digital resolutions of
10 millionths (optional 1 millionth), and
linearity of 10 millionths over a .005"
working range. Although 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 uncertain



within 6 millionths, the worst case is
12 millionths uncertainty over ZO", or
a" angular uncertainty of approximately
0.1 arc second. Assuming uncompensated
variables to be 10 times this amount,
we should be well within 0.1 arc second
angular accuracy regardless of the
environment!

To determine length meas"reme"t  err"rs
a thin-wall, accurately ground cylinder
is permanently mounted to the table of
the CMM. Its height and diameter are
known at 6~3~. By periodically measuring
this part (which will rapidly respond to
thermal changes) it is possible to cal-
culate scaling factors to apply t" all
machine readings. (See Fig. 7)

Finally, the workpiece to be inspected.
On'the table of the CMM is a tank into
which the part is placed (by hand or by
robot). The tank is filled with a "on-
corrosive fluid, which is agitated by a
pump. Heat from the part will rapidly
transfer to the liquid. A thermal sensor
in the tank will detect bath temperature
changes. As soon as bath temperature
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 temperature. The part
can now be inspected, and the temperature
value observed by the sensor will be used
as a scaling factor to approximate the
coefficient of expansion of the part.
While not perfect, this technique does
eliminate hot spots in the inspected part
caused by machining. Please remember
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. unless it is cooled
partions of such a part could be more
than lOOOF above nominal. Figure 8 shows
such a setup schematically.

I" co"clusio", it must be admitted that
"""e of this would be practical without
the speed and calculating ability of the
computer. Nothing presented in this
paper is "flue Sky". All of these capa-
bilities referred to above have existed
for a "umber of years. It is e"e" pos-
sible to adapt the principles outlined
above to a machine tool for "on-machine"
inspection. The process would be to
machine a part in the normal way, switch
to the sensor outputs for the inspection
routine to avoid the machine being
blinded to its own errors, and inspect
the part while still clamped a" the ma-
chine table. This is only a" approxi-
mation of a" independent inspection,
since part temperature and clamping de-
flections would be present, but it would
be far better than simply putting a sens-
ing head in the spindle and probing the

part.

The "Factory of the Future" will "ever
reach its full potential unless inspec-
tion techniques are rethought so as to
be adapted in a practical way t" the
harsh environment which exists on the
shop floor. This paper is intended to
show one way in which this can be ac-
complished.
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A COMPUTER CONTROLLED SYSTEI'I  TO CALIBRATE
MICROWAVE POWER SENSORS AND ATTENUATORS

Mike Cuevas and John L. Minck

1. MICROWAVE POhiR  IS EXPENSIVE.

Power at microwave frequencies is expensive,
the higher the power! the higher the price.
F"T exaap1e, the typlcal  price of a one watt
amplifier at x-band is in the neighborhood
of $5K. But a two watt amplifier can cost as
much as 50% more than its one watt counter-
part. Double the frequency and the price can
also easily double.

Venoors  want to ensure that their products -
be it an FET, an amplifer, or an entire sys-
tem are meeting 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 meayure
power, and measure it accurately.

2. HOW POWER MEASUREMENTS ARE MADE.

There are many ways to determine 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. Or
one could use a spectrum analyzer, or one
could connect a resistor, of the proper
Value, to the test port and by measuring the
temperature rise due to the power output,
the power level can be calculated. But, for
most power measurements, there is a simpler
and far more accurate method. And that is to
use a power meter with the appropriate power
sensor.

3. HOW TO GET ACCURATE PObxR MEASUREMENTS

Because power is one of the most fundamental
microwave parameters and it is important to
know its level precisely, we want to
measure it as accurately as possible. TO do
that we need to understand what it takes to
make an accurate power measurement.

Power  measurements are very simple in con-
cept, all that is necessary is a power sen-
sor that covers the appropriate power range
and frequency range and a power meter to
display the power level. However, the
analysis of the uncertainties involved in
the measurement can get complex.

PsubK= G ,M=P,,b(l+  i)

P
'inc =

(l? P&,

F i g u r e  1 . Element of a Power Measurement

For example, in figure I, 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 K is for the power
sen.5or

b) The accuracy to which K is known

C) Per the reflection coefficient of the
power sensoz

To a lesser degree, we also need to consider
the following factors:

d)

=)

f)

g)

1, the instrumentation accuracy of the
meter

Near  and tear on the connector

Undetected defects on the connector bead

Unnoticed changes in K due to damage or
overpower

Consideration of the above factors indicates
that to have continuous confidence in a
given power measurement system, it is e*sen-
tial that, at the very least, the factors
that contribute the most to the measurement
uncertainty be periodically calibrated. The
factor that gives the most information about
the general health of a power sensor is its
Cal-factor. For example, a drastic change



in Cal- factor is a sure sign of a defective
sensor. Hence the emphasis on periodically
calibrating the Cal-factor of power sensors.

4. A NEW SYSTEM TO CALIBRATE POWER SENSORS
AN!, ATTENUATORS

Figure 2. Computer controlled system to
calibrate microwave power sensors  and
attenuators.

HP is introducing a new automatic calibra-
tion system with five frequency band options
consisting of a power meter based reflec-
tometer  to calibrate HP power sensors. It
also calibrates attenuators to an accuracy
exceeded only by error correcting automatic
network analyzers.

Because the system can measure the reflec-
tion coefficient of the device under test,
it can determine the mismatch uncertainity.
Since the actual performance of the key com-
ponents such as the coupler and the "stan-
dard" sensor are stored in memory, the
measurement uncertainty can be calculated
and traced to higher echelons.

A version of these systems is used by key HP
service facilities to calibrate customers
power sensors.

5. PONER  SENSOR CALIBRATION

For power sensor calibration, the basic
technique is to measure the power from a
carefully controlled source, first with a
"standard" power sensor that has bee"
calibrated by a higher echelon standards
lab, and then compare this measurement to a
power measurement made with the se"so~  being
calibrated.

Figure 3. Procedure for Cal Factor Calibratior

hhat we want to know is the calibration
factor Kb of the sensor under test

'subBy definition Kb==  and Psub= M
(iii)

from figure 3 Kb= -Mt 1 ="dK = Ms '_-
(l*it) Pit s (l*i,) Pis

Mt (l?i,) Pi8
-_

Kb= Ks M, (I~+)  ~~~ (5.1)

But, we "efd to express  Pis and Pit in terms
of their respective incident power meter
readings. Using S-parameter analysis we get

P,,=  la, I2 = Iail  I
2

.T,2
WP, P,) 2

Pit=  Ia+ I T,
2

2= IQ 12 -
(19, P$

but

I ai1 12 = Pi1 = Mil
(l+iI) K1

'%2 I2 ='i2
%2

(I~i2)  K1

K
b
=K % Mil cl* P, PtP _(l*i,) (lii2)

' M,

- (5.2)

%2 u* Pep,)2 (liit) (l*il)



Where:

K,,=

K, =

Mt =

n:l, =

nail =

Mi2 =

Pt=

T,=

Cal-factor of sensor under test

Cal-factor of "standard" sensor

Reading of test power meter when
sens01 under test is connected
to it.

Reading of test powr meter when
"standard" sensor is connected
to it.

Reading of incident power meter
when transmitted power is
measured with "standard" sensor.

Reading of incident power meter
when transmitted power is
measured with sensor under test.

Test port source match

Reflection coefficient of
"standard" sensor

Reflection coefficient of sensor
under test

Transmission from the incident power ~ensx  to the
test power SenSor.

is = it = Accuracy of test power meter
when "standard" sensor (is) or
sensor under test (it) is
connected to it.

il = i2 = Accuracy of incident power meter
when transmitted power is measured
with "standard" sensor (il),
01 sensor under test (i2).

6. ACCURACY OF POh.GR SENSOR CALIBRATION

The whole purpose of deriving the above
equation that expresses the calibration fac-
tor of the sensor under test, Kb, as a func-
tion of the calibration factor of the "stan-
dard" sensor, KS, plus mismatch uncertain-
ties and power meter instrumentation uncer-
tainty is to calculate the uncertainty in
Kb.

This uncertainty is easily derived from
equation 5.2, and is

lti,01- -1 100 (6.1)
lrit

Typical Values
at X-band for

84BlA

where:

"Kb = Cal-factor uncertainty of the power sensor
being calibrated in % ?

'K,= Cal factor uncertainty of the Standard Sensor 1.9%

Pt = Reflection coefficient of sen.wr under test 0.05

Ps = Reflection coefficient of the Std. sensor 0.026

P, = Test port reflection coefficient including
effect of 10 dB coupler 0.08

i= Power meter uncertainty, includes
(l~i2)(lii,)/(ltil)(l~it)

plus effects of noise and mismatch of
reference oscillator and sensor

0.5%
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Using the typical value for the 8481A  in
equation 6.1 will give an estimate of the
magnitude of the uncertainties expected:

"Kh=

In %

UKb =

100

(1.019) (1.012) (1.005) -1 1100

Std. sensor Mismatch Instrum.
Cal-Fact Uncut

UKb = 3.64% Worst  Case

However, since the elements of the uncer-
tainty, (Cal-factor accuracy of the standard
*erl*or, mismatch, and instrumentation) are
independent of each other, combining them in
a worst case manner is very unrealistic. A
more  realistic and generally accepted method
of combining the individual uncertainties is
in a rwt sum of the squares (RSS)  fashion:

uKb= /I.92+1.z2+  0.52

RSS

uKb
= 2.3%

RSS

7. ATTENUATION CALIBRATION

Attenuation calibrations are made by taking
the ratio of the transmitted power to the
incident power. They are very accurate be-
cause power sensors  have very low SWR (typi-
cally better than 1.1 in x-band).
Therefore, mismatch uncertainty is low,
Plus. the 436A is extremely linear and *c-
curate. Note that the "se of tw0 power
meters permit* a measuring dynamic range of
over 70 dB even when either power *en*01
only has a 40 dB range. The reason  is, of
coui-**, that the incident power meter can be
used to adjust the generator's output range
extremely accurately over a 40 dB range
which then gets added to the 40 dB detection
range of the test power *ensor.

Under  Tert
P.

Figure 4. Procedure for attenuation
calibration

8. ACCURACY OF ATTENUATION CALIBRATION

The two main contributors to attenuation
rwasurement  uncertainty with this system are
mismatch and instrumentation uncertainty.
For ?a~ of analysis these tw uncertainties
will be treated separately and then combined
to determine the overall uncertainty.

a) Mismatch

Mismatch uncertainties are due to the
reflections and re-reflections at each con-
nection. These reflection* change the
amplitude of the incident wave  so that it is
different from what it would be for a system
that had a zero-reflection generator, device
unoer test, and Power sensor.  There are two
elements to the mismatch uncertainty. One,
when the system is being calibrated and the
test Power sensor is connected directly to
the test port of the coupler (no device un-
der test). The other element of the mismatch
uncertainty is when the device under test is
connected. This gives rise to
re-reflection*:

a) From the input of the device under test
and the signal source

b) From the test sensor  and the output of
the device under test.

c) From the test *en*or  and the signal
source through the device under test.

These mismatch uncertainties can be mathe-
matically derived from flow graphs modeling
of the attenuation measurement process.

Figure 5. Flow Graph Analysis of mismatch
uncertainties measurement
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b) Instrumentation Uncertainty

To make an attenuation measurement, three
power ratios are taken:

One, during calibration, the ratio of the
transniitted power to the incident power,
without a device under test is taken and
storea  into memory. This ratio determines
the 0 dB reference from which the attenua-
tion of the device under test is measured.
By setting the 0 dB reference across the
frequency range of interest, the system
variations  with frequency are taken into
account.

TWO, during the measurement, the ratio of
the transmitted power to the incident power,
with the ievice under test inserted,is  again
taken and stored into memory.

Three, the ratio of the above two ratios
determine) the attenuation of the device un-
der test. In general:

M
,and P,,h = -

(l+ i)

Mt (ltii) Ki

T=M,.p.-(liit)  Kt

During calibration

Mtc (l* iic)
Tc=--'

3
Mic (1 * itc) Kt

Mtm (It&,,)  Ki

Tm _ Mim (12 itm) Kt

To determine attenuation

T,Attenuation = -
T,

MtmAttenuation = q
Mic (l? itc)  (l* iim)

Mi,,, (liitm)  (1 ?iic)

c) Total Uncertainty in Attenuation
Calibration

Combining the uncertainties due to mismatch
and instrumentation  we get

%tt =
(1 * 6’s Pd)

(1 30~ ol) (1 i 02 PJ + (TlT2  ps Pd,
-1 100+

in % I

(I * itc) (1 * iim) _I

1
100 (3.3)

(l+itm)  (li iic)

where:

Ps =

Pd =

Pl =

6’2 =

T1 =

T2 =

itc = itm =

iic = iim =

Effective source match
at the coupler output 0.12

Reflection coefficient
of test sen.scl* 0.07

Part  1 reflection
coefficient of the
device under test __

Port 2 reflection
coefficient of the
device under test --

Forward transmission
coefficient of the device
under test -_

Reverse transmission
coefficient of the device
under test (T1=T2) - -

Acc":Xy  of test power
meter during calibration
(itc) and during
measurement(it,)

t

0.5%
Accuracy of incident
power meter during
calibration (iic)  and
during measurement (ii,)

The main contributor to the attenuation un-

Typical
Values

at x-band

certainty is mismatch. NotIce  1n  t h e  aDO”e
expression that the contribution due to in-
strumentation is (should be) much smaller
than indicated. This becomes apparent upon
closer examination of the term that express-
es the uncertainty due to instrumentation.
In the numerator, we have the uncertainty of
the test power meter during calibration
times the uncer tainty of the incident power
meter during the measurement. While in the
denominator we have the uncertainty of the
test power meter during measurement times
the uncertainty of the incident power meter
during calibration. But the test power meter
is the same for both calibration and
measurement. Therefore, if it reads high,
let's say, during calibration, it will also L
ready high during the measurement. Because
the power levels will be nearly the same for
attenuation levels up to 30 dB, therefore (1 _
+ itc)=(l  + itm) and their ratio will be
very close to one. The same argument holds
true for the incident power meter when the
attenuation level being measured is small,
10 dB, and therefore the power meter does
not change ranges from calibration to
measurement.

TO get an estimate of the magnitude of the
uncertainties expected for attenuation
calibration, let's assume that we are going



to calibrate a 20 da pad with a reflection
coefficient of 0.1 at either port. Usinq
these numbers and the typical values lisied,
when we plug them in equation 8.3; we get:

“Zitt _ 4.29%
in Y.

“att = 20 log  (1.0429)

in dB

",tt = 0.365 dB WOISt  Case
in dB

As in the case of power sensor calibration,
the elements of the attenuation calibration
(mismatches and instrumentation) are indepen
cent of each other, comblninq  them in a
worst case manner is very unrealistic. h
more realistic  method of combining them is
in a root sum of the square fashion.

9. REFLECTION MEASUREMENTS

Reflection measurements are made 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
mismatch uncertainty. Because the parameters
ot the key components of the system are

stored in memory, plus the knowledge of
mismatch uncertainty gives the computer all
the necessary information to calculate the
overall measurement uncertainty for each
measurement.

Figure 6. Procedure for Measuring Reflection

10. ACCURACY OF REFLECTION MEASUREMENTS

The two'main  sources of uncertainty in
reflection measurements are the coupler

Using  flow graph analysis it can be shown
that the error in reflection measurements

to the coupler performance is:due

AQ=A+BQ+CP'

Magnitude of reflection coefficient
uncertainty

A= Directivity of reverse coupler

B=

c=

P=

Calibration and tracking errors which
include effects of forward and reverse
coupler directivity and mismatch between
device under test and coupler source
match.

Effective source match for coupler

Reflection coefficient of D.U.T.

per-
formance which includes reverse coupler
directivity  and source match, and the in-
strumentation uncertainty. For ease of
analysis, these two uncertainties will be
treated separately and then combined to
determine the overalls  uncertainty.

a) Coupler Performance

Notice that the greater the reflection
coefficient of the D.U.T. the greater  the
uncertainty.

b) Instrumentation uncertainty

To make a reflection measurement, as in at-
tenuation measurements, three power ratios
are taken:

One, during calibration, the ratio of the
reflected power to the incident power is
taken with a short (pc = -1) connected at
the coupler test port. The data is stored in
memory. This ratio determines 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 measurement, the ratio of
the reflected power to the incident power is
again taken, with the device under test con-
nected to the coupler test port. This ratio,
as a function of frequency, is stored in
memory.

Three, the ratio of the above two ratios
determines the reflection coefficient of the
device under test.

Using the same analysis as the one used for
the instrumentation uncertainty for attenua-
tion measurements, the instrumentation un-
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certainty,  ur, for reflection measurements
is:

c) Total Uncertainty in Reflection
Measurements

Combining the uncertainties due to coupler
performance and instrumentation we get:

” 9 = (A+B~~+CP’)~~~+ (1 i i,,) (1 i iin)
K" P (11 i,,) (liiic)

-1 1001
11. SYSTEM CAPABILTIES

a) Sensor calibration

With the E-40, the following 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

anti in waveguide

From 8.2 to 26.5 GHz in 3 bands

X = 8.2 to 12.4 GHz
P = 12.4 to 18.0 GA*
K = 18.0 to 26.5 GHz

b) Attenuator Calibration

The 436A-E40  also calibrates coaxial
attenuators

From 100 MHz to 26.5 GHz (in 3 bands)

with a dynamic range of

70 dB to 18.0 GHz and 35 dB to 26.5 GHz

12. 436A-E40  BENEFITS

The main benefit* of the 436A-E40  are

a) It provides traceability. Traceability is
provided by the 'Reference Standard" sen-
sor. The system is now configured, with
standard sensor calibrated in
Hewlett-Packard's Metrology Lab. The
Hewlett-Packard Metrology Lab in turn
gets its standards calibrated by the U.S.

b)

C)

d)

e)

f)

National Bureau of Standards. But, of
CCJ"r%, traceability can be established
to any primary standard that the user
wishes. Attenuator traceabilty  is
provided by the power meter*.

It provides self sufficiency. Sensors and
attenuators can be calibrated internally.
Tile advantage of internal calibration
capabilities is that the user can perform
the calibration immediately. Plus the
user will probably calibrate more often, ,
therefore, catch defective devices that
otherwise might have gone unnoticed.

It increases productivity. It takes an .

average of 5 minutes to calibrate a sen-
sor at 20 frequencies, including the
measurement of reflection and the comple-
tion of the calibration report.

It provides reports in useful formats:

0 Tabular

CI Graphs

0 Includes uncertainty of each calibra-
tion point, date of calibration, serial
number of "standard" sensor, and initials
Of operator.

Easy to operate. The friendly software
guides the operator thru statements dis-
played on the computer 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 mathematically, but
very time-consuming to verify with all
the possible permutations of the system
variables. For this reason, we only
specify the typical performance. We use
the equations previously derived to cal-
culate the measurement uncertainty. This
uncertainty is listed in the calibration
report.

The actual measurement 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-
lated worst case uncertainty of the
436A-E40  is about twice of that obtained -
with a" error correcting automatic
Network Analyzer.

13. CALIBRATION WORK LOAD TO JUSTIFY AN E-40
SYSTEM

The average price of a 436A-E40  system iS i"
the order of $50,000. The obvious question
is then, how big of a calibration work load
will justify a" E-40 system?



The miniirum  typical annual work loa that
would justify a 436A-E40  system would con-
sist of a combination of 50 power sensors,
50 pads, and 25 step attenuators, or more.,
that need to be calibrated on an on-going
basis. With this type of work load, the an-
nual calibration bill, if the calibration 1s
done by HP is in tt.e order of $18K per year.

Power

sensors Pads

Recalibration $75 $50
Paperwork 30 30
Shipping 10 10
Downtime 25 10

step
Attenuators

$150
30
10
40

$140 $100 $230

Yearly calibration cost
of 50 sensors:

Yearly calibration cost
of 50 pads:

Yearly calibration cost of
25 step attenuators:

$7.00K

5.00K

5.75K

Total Cost of Calibration: 517.75K

Cost of calibrating E-40:

Cost of maintenance E-40:

$l.OK

2.OK

Operation cost based on
above workload:
(3 days @ $2OO/day)

0.6K

Total cost of Ownership/year $3.6K

Net savings = cost of calibration

- cost of ownership

= $17.75K  - 53.6K

Net savings = $14.15K

Average cost of E-40 = $50K

Pay off period = ::i",,K

= 3 years 6 months
(faster if work load greater)

This analysis 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-
gible benefits such as faster turn-around
time, and calibrations made more often.

References: Hewlett-Packard Application
Note 64-1

Hewlett-Packard Application
Note 64-2



MULTI-PORT CHARACTERISTICS

A. L. Lance
TRW Operations and Support Group

One Space Park
Redondo  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.

INTRODUCTION

The basic relationships of the incident voltage wave,
Ei, and the reflected voltage wave, E,, as measured
in the lossless  netawrk  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 Ei OCCUI‘  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 lb[ll.

FIGURE 1. Basic Phasor  Relationships of
Any Two Signals Expressed in dB.
E Restricted to Values Between
Z&o and E,.

For the in-phase condition,

K = 20 log = 20 log (1 + Ir,l) (I)

since the reflection coefficient is defined as Er/Ei

For the 180' out-of-phase condition,

K' = 20 log = 20 log (1 - ir,il (2)

The standing wave ratio in dB, 5, is the variation
between K and K'.

The dB difference between the two voltages is

-u = 20 log (::$ 1 ;) = 20 log (w) (3)

u = -20 log lri (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.

K’ = 20 l$,os,2E + J

(5)
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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,
(: = I), connected at the measurement plane, is
adjusted over a distance corresponding to 160" phase
shift.

2 Ei _ _ _ _ _6_102 dB 4 mW
_=, -

\
7 - - - z - -

/' I
/ \

I
/ \

/I

I
I \

I 5 \

/
I \

_  _ _ _ _ _ _ 9 _ -,l_mW_
I r 4L

\ I
\ Ei /
\
\

/

\ /
1, / -co

l 0

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 - 171)  = 6.02 dB (7)

and at the minimum

K’ = 2” log (1 - lrl) = -_ (8)

These values are also shown at the right hand axis in
Figure lb.

If the short circuit is not perfect, OP if there is a
loss between the measurement plane and the probe, the
result will be a circle inside this dotted circle since
Er will "ot equal Ei.

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 o t (3, 5 and 6) of the six-port,
as defined by E"ge"e25.  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 b2 are not
established. The complex ratio, a2/b2, is obtained by
measurements of the signals at the detector and

referred to the measurement reference plane.

FIGURE 3. (a) A Three-Port Impedance
Measurement System.

(b) Phasor Relationships and
Corresponding Assumed
Magnitudes.

(c) Relationships to Basic
Theory.

Engen defined a q-point as -B/A which places the
q-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 bv the short circuit
at ti& reference plane anb which muit now be represen-
ted by the solid circle.

E, = Ei + 7Ere = Ei (1 + rr,) (9)

where T 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 = Bb2 + Aa (10)

b3 = Ab2 (rc - 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 3c 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 3c and d for the assumed
reflectionless 2 dB loss.
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The solid circle shown in Figure 3c represents a
reflection coefficient, r = 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 systti
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 T 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 Ei reference,  a~ 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
Z. 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 2, 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.

P I

&

Reference
Short Circuit

II
Offset Short
Circuit

a

(a)

(b) ’ . _/ _ I ’
FIGURE 4. (a) Three-port - Forward signal always

larger than the reflected sianal.  Offset
short or dielectricas shown,eused  to find
quadrant location of Ps(Refere"ce)'
(b) Corresponding phasors and magnitudes.

The slight offset short can be connected and the
resulting power level change establishes the quadrant
location Plor P2, shown in Figure 4. The insertion of
a lossless  (or characterized) dielectric phase shift
device can also be used for this ~uroose.  as illustrated
in Figure 5.

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 PII and the dielectric
vane is inserted to obtain a power level change in PlI
merely to locate the quadrant then it is removed.
A short section, reflectionless, precision line
(properly characterized) can be inserted to obtain P2,
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 ra, and, thereby,
making it possible to find the complex rp. This is
merely an illustration of the technique and the "eces-
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 rv.

fa Reference 1

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 P4 and a single reflected port of a
Six-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

b3 = Aa + Bb2 (12)

P3 = /Aa + Bb2j2 (13)

P3 = jA/Z~bZ(zl'p  - q312 (14)

by Engen[&
since by d finition, rE. = d2/b2 and q3 = -B/A as defined
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b4 = Ca2 + Db2 (15)

P4 = :%a2 + Db2;' (16)

2'
II
Offset Short

P4 P

#

Line
Extensions

Calibration of the system can be performed by estab-
lishing the dB variation, 5, and phase angle az
previously explained.

Also. one can establish Pvn which is the P? power
levei when a Lo load is efFected  at the mea;u&nent
plane. Then, perfeLt  offset shorts, or a perfect
variable short circuit, can be used to establish the
P3(max)  and Pj(min 2 values as illustrated. CaIibration
values can be esta llshed. as orevlouslv  set forth.
coupled with the fact that b2 can be esiablished  b;
measurement at the measurement plane.

Engen has shown that the solution for obtaining Y. is
obtained from the int rsection  of thress circles fn
the complex piar~2~~9~~.  The centers of the circles,
"2, qg and 96, are given by -B/A, -F/E and -;WE ;;jii
- IA 1s as shown and previously  evaluated.
of remive circles are proportioned to
>Pj/P4, vP5/P4 and v/pgipq if C = 0, which establishes
q4 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 in is located. Fisure 6 also
indicates that precision &tions of line (properly
characterized) can be used to obtain the q-points and
also to obtain a circle representing rf,. It is also
noted that b2 can be measured at the reference plane
and A and D can be measured.

Usino onlv the two additional "characterized" sections
shown in figure 6, the six-port measurement concepts
can be applied.

The Six-Port

The basic six-port structure can be illustrated as
shown in Figure 7.

FIGURE 7. Six-Port Representation.

The equations which describe the system are

b4 = Ca2 + Db2

bj = Aa + Bb2

b5 = Ea2 + Fb2

b6 = Ga2 + Hb2

(18)

(19)

(20)

(21)

The complex constants, A, 6, H, can be obtained
according to the basic calibration concepts previously
set forth.

In the general case, the power meter readings are
expressed as

$e;;,~~;,;f!A.  q5 =,- F/E, and q6 f -H/G, as defined
The six-port  is configured so that the

q-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
q = 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 q-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
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FIGURE 8 Illustration of the dB variations and the
phaior  relationships for the three Ports
used to determine the phase and magnitude of
reflection coefficient. The q-points in
dB are measured from the Y-axis which
represents the short circuit variation
indicated by the dotted circle.

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 r = 1 and each of the
inside solid ciroles  represent r;.

/---

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 Enge"~2~3].  The q-points are
illustrated on the dotted circles as a reminder that
q-points of given magnitudes would occur an the circle
depending upon the operating frequency and particular
complex circuit constants. The solution for r; is
obtained from Equations a n d The intersection of
the three circles in the comolex Plane. as set forth
by Engen, are illustrated. ihe circle.centers,  qjl q
and 46, are determined by calibration and the r&ii o ?
the respective circles are proportional to ,,wP4,
>m and v'pg/pq.

Figure 10. Complex plane representation of the six-por-
determination of reflection coefficient.

Figure 11 illustrates another possible complex plane
normalization.

FIGURE 11. Illustration of normalization with respect
to the theoretical short circuit reference.

.
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_Interestinq  System Characteristics _--.
/ \ E Probe 1 if 18Oo

\ out-of-ohase with
Figure 12(a) illustrates a two-probe system in wave- / \ ~~~~Probe 2:
guide with an insertable dielectric for establishing
the quadrant, as previously explained. The short

_ _ _ _ _ _ _ _ .t ._ _ _ _ _ _

circuit and offset short are also used to obtain the
0" and -180" relationshios  of each orobe  referenced '\ n

\

be used in various measurement techniques also
previously discussed. The reference planes are
illustrated in Figure 12(b) with the corresponding

Probe 2 (a)

_+J -
/

.--
FIGURE 12 c. Magnified view of the NORMALIZER

representation.
- - -
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/
/
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FIGURE 12. (a) Two-probe system.

(b) Illustration of phasor signals and
magnitudes NORMALIZED with respect to
t
10.

The value of r is obtained with respect to the X-Y
chart axis (Em& and Emin), 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 Em,, and Emin values. This
is also the value shown between b and c' as the
hypotenuse of the triangle shown. Since
IE31 = \EIi - /E21, the indicated triangle, can be
established then the triangle involving rg and E2
can be solved, thereby establishing the magnitude and
phase of ra with respect to the diagram (Emax and
Emin). The reference correction establishes the angle
of rp, 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 I3 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 re.

‘\&/,y
-----

FIGURE 13. Two-probe system with probes located 90'
apart. NORMALIZED representation.

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.

References

1. Lance, A. L., "Introduction to Microwave Theory
and Measurements," McGraw-Hill Book Company, 1964.

2. Engen, G. F., "The Six-Port Reflectometer: An
Alternative Network Analyzer," IEEE Trans. MTT,
Vol. MTT-25, Dec. 1977, pp. 1075-1080.

3. Engen, G. F., "The Six-Port Measurement Technique:
A Status Report," Microwave Journal, Vol. 21,
No. 5, May 1978.

233



RECENT INNOVATIONS IN DIRECT VOLTS CALIBRATOR DESIGN

N e i l  F a u l k n e r  a n d  W a l t e r  Prue

John Fluke Manufacturing Company Inc.

E v e r e t t , Washington

ABSTRACT

High acourecy  direct voltage calibration systems
have t r a d i t i o n a l l y  b e e n  b a s e d  upan  p r e c i s i o n
resist ive voltage dividers  which are manually
calibrated at frequent intervals to maintain
the required resistance ratio. Due to resistance
temperatiure  coe f f i c i en t ,  h igh  ac curacy  is o n l y
attainable when the  sys tems  are used 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 ra t i o
determination and d e r i v a t i o n  o f calibration
c o n s t a n t s  i s described. D e s i g n  O f the
environmental controls which enable the instrument
to deliver rated accuracy of 4 ppm while operating
in ambient temperatures +/- 5 degrees C from t h e
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
ca l ib ra ted  a t f r e q u e n t  i n t e r v a l s  t o  m a i n t a i n
required resistance ratio accuracy. Use of these
s y s t e m s  Ha9 r e s t r i c t e d  t o environmentally
c o n t r o l l e d  area= due to the temperature
coefficient of resistance of the voltage dividers.
An addit ional  restrict ion was manual  operation
only, because the high quality switching required
for the resistance decades ruled out the use of
relays.

T o  overcomes t h e s e limitations an engineering
project was initiated to develop a direct voltage
calibrator suitable for c a l i b r a t i o n  o f high
accuracy  6  l/2 and 7 l/2 d ig i t  vo l tmeters ,  that
was remotely programmable and which could be
operated over a reasonable temperature range. The
instrument developed as a result of this project,
t h e  F l u k e  m o d e l  5440A,  met al l  o f  the design
object ives. It has a basic accuracy specification
o f  0 . 0 0 0 4 %  (Ilppm), is IEEE programmable, is
calibrated completely without manual adjustments
and oa” be used without degradat i on  o f
specifications  in ambient  t e m p e r a t u r e s  O f  15-30

I

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
IleaP  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 9ource 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
(PWH)  type. An electronic switch at the input to
the filter alternates between Vref and ground at a
constant freq. Of 83 Hz. This  s ignal  is  then
f i l t e red  by  a  l ow  pass  f i l t e r  t o  y i e ld  the  do
component. This dc voltage can be varied from OV
to Vref by changing the duty cycle which 1.e the
ratio  of  the pOrtion of  the period the switch is
connected to the reference to the total period.
The duty cycle  is c o n t r o l l e d  b y the
microprocessor.

The power amPlif  ier, which i s  a n  i n v e r t i n g
amplifier, is made up of two parts,  a prs-amp
which has very high gain and a current amplifier
whi ch  supp l i e s  up  t o  25mA to the load (Fig 3).
The gain of the PA is changed by switching in
dif ferent feedback r a t i o s  t o give dif ferent
ranges. For the 1OV Lange  the gain is one, for the
ZOV range it is two, for the 250V range It is 25
and for the 1OOOV  range it is 100. The 2OV range
is  divided by a resist ive divider with divis ion
ratios of 10 and 100 to give the 2V and 0.2V
ranges respectively.

SYSTEM DESIGN

Calibrating the 54408  dif fers  considerably from
the technique used in previous calibrators. The
m o s t  n o t a b l e  dlffwsnoe i s  tha t  there  are n o
Fotentiometers  to  be adjusted to trim resistors.
Instead each part of the instrument is designed
for  extreme stabi l i ty  and l inearity so  that  the
output voltage can be related to the DAC d u t y
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cye1 e by a simple Cq”Z3tiOll. Calibrating the
instrument involves determining by measurements
the constants used 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 19 the key element in
producing a high accuracy calibrator. 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:

y q ax + 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 Nl. With a co”nt of zero the duty cycle
is zwo and the output of the DAC is zero. With a
count of 24096 the duty cycle is 1OOP 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= Vref/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 (St= Fig. 41, which
uses the same switching frequency (83 Hz) and has
the same range of counts, 0 to 24096 (the count
will be celled Nil), but has an input reference
voltage which is attenuated from the 13.2 volts of
the first switching circuit. The output of th is
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 (Rat io  o f  ReSolUtio”S)  iS
typically 7200. This makes the voltage resolution
of the second switching circuit and thus the DAC:

DAC Resolution=550 ~17200 = 76 nV/Oount (3)

Exact value for RR is determined as a part of the
instrument calibration.

The filter takes the pulses froop  the two  switching
oircuitS  and filters out the dc component with a
multiple pole filter with overall gain of negatiVe
one at d o .

The DAC output also ,incl”des a” offset  Voltage
(VOS). this offset comes from two sources within
the DAC. First there is the offset  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 Nl=lO So t0 get
good linearity down to Z=PO volts it is required
that the DAC be able to put o”t zero  volt.? with
NT=10.  To accomplish this a fixed offset or bias
of -5.5mv, equivalent to Nl=lO,  is introduced at
the input of the filter. This offset is obtained
by inv=Pting  Vref, attenuating it to the proper
level, and injecting it at the input of the filter

(See Fig. 4).

The instrument outputs “egatiY= 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. T h i s  r e s u l t s  i n  two  valuee  for  the
offset, one for positive polarity and one for
negative polarity.

The output of the DAC is given by the equation:

DAC Out=(G,)[(Vref)(DC,)  + (Vref/RR)(DC2)  -

( Vosdp  11 (4)

Where: Vref=Reference  Voltage (13.2V)

DC,=Duty  Cycle of the 1st
Switching Circuit

DC2.Duty  Cycle of the 2nd
Switching Circuit

G =Gein  of the DAC Filter(-1)
R&Attenuation Factor of 2nd

Switching Circuit

VOS~~.DAC  Offset voltage where
Polarity  is positive
or negative

Now relating duty cycle to Nl and N2:

DC,.N1/24096 (5)

DC2=N2/24096 (6)

Substituting (5) and (6) into (4) end factoring
gives:

DAC Voot=(GF)(  (Vref/24096) (N~+NZ/RR)  -

(VoadpH (7)

Relating equation (7) to equation (1) the constant
(Vr=f/24096)(GF)  is the value for a. The variable
(Nl+N2/RR)  is  the value of  x a n d  t h e  o f f s e t
voltage (-VoSdp)  is the value for b.

Following the DAC 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 0.2V  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.(G pAr)((PA Yin) + (Vo8ex03 (8)

Where: PA Vout=PA  output voltage

x=Range(0.2V,2V,1OV,2OV,25OV  and 1KV)

G pAx=Gain  of the Power Amplifier and
Divider (when used) on range x

PA Vin=PA input voltage
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“OS*x q PA offset voltage on range x

The input to the PA is the output of the DAC so
e q u a t i o n  (7) can be substituted for (PA Yin) in
equation (8). The resulting equation is:

PA Vout.(G ,,~~~GF~~Vref/24096~~Nl+N2/RA~  -

(G ,,,)(G,)0os,,) + (GpAx)(Vosex) (9)

The output Of the PA is connected to the
instrument output terminels  so the above equation
i s  e q u a l  t o  t h e  o u t p u t  v o l t a g e  o f  t h e  5440A.
Making come substitutions this equation becomes:

5440A VOUt=Kx(Nl+N2/RR)  - Vosxp (10)

Where: 5440A Vout.5440A output voltage

x=Range(O.EV,2V,lOV,20V,250V  and 1KV)

Kx=(GPAx )(GF)(Vref/24096)

“osxp=(GpAx )(GF)(Vosdp)  -

(G PAx)(“~~~x)

Equation (10) also has
(1) where:

y.5440A Vo”t
e=K
x=(fil+N2/RR)
b=-Vos

XP

CALIBRATION PROCESSES

the same form as equation

T O cal ibrate  the 54401 it  is  necessary only to
determine the values for K , vos and RR. Since
t h e  outp”t is characteri&  b y  kPstraight  l i n e ,
finding the values for Kx end “OS only requires
finding ,two  points on that line. 8”ce the DAC Is
l i n e a r  d o w n  t o  GV it is one  o f  the  two  points
used. To find this point the instrwnent  goes thru
en auto zero process whereby it is zeroed, under
program co"trol, on each range and both
polarities. It is during this process that the
value for RR is determined. Since RR is the ratio
Of resolutio”s, its value is equal to the "umber
of N2 counts that changes the output by the eeme
amount as one Nl count. After the instrument has
been set to OV on the 1OV  range Nl is decremented
by one count and N2 incremented until the output
i s  a g a i n  GV.The  number  o f  added  co”nts  of  N2
required to reach zero is equal to R R .

The hardware used to do this auto zero invol”ss  e
low noise  ampli f ier  and low thermal  EElF  re lay
connected to the 54401  o”tp”t (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 witohed to various points within the
5440A circuitry by means of multiplexers. One Of
t h e s e  p o i n t s  i s  t h e  o u t p u t  o f  t h e  low “oiee
amplifier. The auto zero process  fire+. measures
the amplifier output with the input connected to
S e n s e  LO w h i c h  places a short  c ircuit  or z e r o
volts  on the input. The output reading is not
n o r m a l l y  zero as the ampli f ier  has a”  of fset
v o l t a g e  o f  <=25OuV.  The voltage that  is  rdid is

stored by the UP. The output of the 54401 ie eat
to zero by the UP according to  values  Of Kx,Vos
and RR it has previously stored in memorY. TW
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 the 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 zer" is
within prescribed limits. The program then stores
the Nl and N2 count required for zero and &es on
to the next range.

The next step is to find the seeand  point on the
straight line. The best point would be one as near
Vref  es  possible  but  because of  the excel lent
linearity of the DAC a point half Way up the lins
can be Used ,,ith satisfactory  results. This
Process requires external equipment and operator
intervention so is called External Calibration
(BXT CAL).

Figure 6  s h o w s  t h e  c o n n e c t i o n  o f  e x t e r n a l
equipment used to calibrate the 10” and 2 0 V
ranges. A null  detector with UV resolution such es
a Fluke 8451  is connected between the 54408 HI
output and the HI output of  a  Precision 1 0 "
voltage standard like the Fluke 732A.

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 same voltage as the
standard using the values for constants currently
in memory. The null detector then indicates bow
much the 54401 output differs from that of the
voltage standard. The operator then increments or
decrements t h e  5 4 4 0 A  o u t p u t  u n t i l the ““11
detector reads 0”. At that point the 54408 1s
p u t t i n g  o”t the seme v o l t a g e  e s  t h e  v o l t a g e
standard. The “ENTER” button is pressed and the
values for Nl and N2 used to get this voltage are
stored in memory.

To calibrate the other ranges a precision voltage
divider such as the Fluke 752A is rquired.  This
divider is used to divide 1OOV  on the 250V range
by 10 and 1OOOV  on tbc,lOOOV range by 100 to get
1OV  which is again compared to the 1OV Prom the
7328 standard (See Fig. 7).

To calibrate tbe 2V range the 'I5211 divides the 1OV
from the 7326 by 10 to get 1V which is compared to
the 54401 output. F o r  the 0.2V range the 7521
divides the 1OV  by 100 to get O.lV (See Fig. 8).

When all six ranges  have bee"  calibrated with the
external equipment the program the" CalCulates the
new values of K and Voa.  It does this by using the
values of Y1 ,N2 and RR it has stored in memory
from the auto-zero process and EXT CAL. A value OP
K for each oP the six ranges  is calculated using
the followi"g  squation:

Kx=Std  V,/((Nls~-Nlz~~+(N2a~-N2z~)/RR)~ (11)



W h e r e :  x=Range (O.ZV,  2V, lOV, 2OV,  25OV,
and 1OOOV)

Std V&‘oltage Standard Voltage
used on range x.

Nle and N2s =Nl and N2 used by the
54488 to outBut  a voltage qua1 to
the standard on range I(.

Nlz a n d  N2z =Nl and N2 used by
they44OA  to &put zero volts on
positive polarity and range x.

T h e r e  a r e  e i g h t  v a l u e s  f o r  V o s ,  o n e  f o r  e a c h
polarity,  for  the 1OV through 1OOOV ranges.  T h e
Vos values for the 0.2V and 2V ranges when scaled
by 10 and 100 respectively so nearly equal the 20V
r a n g e  values  that the 20V range values  are used
without further correction. Tbe equations used to
oa1cu1at.e vos are:

Where: Vos+Offsct Voltage for Positive
o= Negative Polarity on

(12)

Range  x

x=Range (lOV,  2OV,  25OV, a n d  1OOOV).
Kx=value of K f o r  range X.

Nlz and N2z =Nl and N2 used by the
544w to outpuT ZCPO volts on positive
or negative polarity and range I.

Once  all the values of K and Vos arc calculated
they and RR are stored in non-volatile memory so
t h e y  will not be l o s t  w h e n  power  i s  t u r n e d  o f f .
This  completes  the calibration of  the 54401,  a
process “o~mally  done every 30 days.

IMPROVING PERFORMANCE WITH INTERNAL CALIBRATION

To improve the 54408 accuracy betveen  the 30 day
c a l i b r a t i o n s  Internal  calibrati00  (INT C A L)  is
normally run daily. It first goes through the auto
Zero p=ocess on the 1OV through 1OOOV ranges a n d
finds the value for RR ss already described. From
this information any change in the values of Vos
can be corrected using the “e,,  values of Nls sod
N2z.

The value of  K can also change i f  the value of
vref, DAC Rain  and/or PA gain changes. A second
part  o f  I N T  C A L  s w i t c h e s  t h e  instruent  into e
special  co”figuration  which  allows  measu=anc”t  o f
any shift in the value of K due to a shift in DllC
0= PA gain and thus determines correction for the
shift. Any shift in the value of Vref 0s”  only be
corrected f0= by EXT CAL.

The special configuration used during INT CAL to
determine the gain shift in the 1OV range is shown
in Fig. 9. To acbeive this configuration:

l.In t h e  D A C  t h e  r e f e r e n c e  i s  c o n n e c t e d
directly to the filter input. This is accomplished
by setting the first switching circuit to lOO$
duty cycle and the second switching cirauit  to 0%

duty oycle.
2.1” the DAC the bias supply is disconnected.
3.111 the PA the feedback resistance which

connects between the PA output and the Pre-Amp
input  is disconnected from the PA output and
connected to the reference.

4.Tbe Pre-Amp is disoonnected from the current
amplifier and configured into a “on-inverting
amplifier with  * gain  or approx.  600 .  Its o u t p u t
18 connected to the A/D through a q ultiplerer.

The gain of the DAC and the PA are set by
resistors and this special configuration places
these resistors in e type of bridge configuration
eo that small shifts in resistor ratios and thus
the gain  can be acourately measured. Since the
resistors are not exactly qua1 and there is
offset voltage in the DAC filter amplifier, the
voltage at the input to the Pre-Amp is not
“OrmellY  zero but is <1.2mV. Through the Pre-Amp,
with its gain and offset voltage the maximum
voltage at the input to the A/D is <lV.

The voltage at the input of the A/D is a’ Punction
O f  o f f s e t  V o l t a g e  o f  the D A C  f i l t e r  a n d  t h e
Pre-Amp as  well  8s resistor ratio. To overmme
this problen the program takes two measurements
and the” subtracts one from the other. The first
meas”=eme”t is taken with the connections es show”
in Fig. 10 and the second take” after the p o l a r i t y
of the reference is reversed. When the second
reading is subtracted from the first the offset
voltages drop out of the calCulatio” leaving only
the effect of resistor ratios. The difference of
the two q eeeuraments varies in direct proportion
to the total shift in gel” of the DAC end PA.

When EST CAL is performed, the value of K is
accurately set and stored in memory. Since INT CAL
is always run prior to EKT 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 wee  I’““. Any ohawe in
t h e  differenoes  is proixwtional to a”Y gain s h i f t
so t h e  p r o g r a m  ones t h e  a m o u n t  o f  change  t o
determim  bow muoh to 0bs”gs  t h e  Value of  K  ueing
the quation:

AKIOz((vl-v2)old-0%V2)new)/24096 (13)

Where:  Vl and v2 ere the voltaages  at the input
of the ore-imp with a positive Vref and e negative
Vi-Of  respeotive1y ior t h e  1ov renge.

The “old. values 8re tboee in memory from the
last time INT CAL wee ro”.

The .“.Y’ veluee are the current readings.

As implmented  A” the 5440A a ohe”ge  in gain of
O.lppm  OP” be determimed.  Note that tbie technique
CallDot  m**ewe the aotua1 gain  accurately  b u t  only
small  shifts in gei”. As mentioned earlier it does
n o t  M)==ect  for dr i f ts  in  Vref  but a”~ drift  in
Vref does “ot affeot  the acouraoy OP determining
the gein shift.

This peme  technique can be used to- determine the
gain  shift of the 2OV, 250V and 1OOOV ranges.  Tbe

23.7



feeobzck  resist;r.ce u s e d  o n  t h e s e  ranges  is 4OK,
5GOK  snd 2M respect ively  so  none of  them can be
conphred  directly with the 2OK reference resistor.
Tk,is Problem ia solved on the 2OV  range by
SPlittirE the 40K into two iOK’s.  One of the 20K’s
ic. the one  wed for the 1OV r a n g e .  T h e  o t h e r  20K
is ttler,  switched into the bridge and compared
Separa te ly .  The  sh i f t  in  K due to  this  20K is
calculated and added  t o the sh i f t already
calculated  for the 1OV  range and this becomes the
sh i f t  for the 2OV r a n g e .  T h e  e q u a t i o n  f o r  t h e
shift in K for the 2OV range is :

~K2C=AK,0+t~V1-V2~old-~V1-V2~neul/2409d  (14)

Where :  “1 end “2 are for the 2OV range.

T h e  250” renge and the l@OOV  range “se  the same
ten 200K I‘eaistops  configured differently for each
range ( S e e  F i g .  10). For INT CAL all ten are
cornected in p a r a l l e l to give 2OK which is
switched into the comparison bridge. Again a set
of readines  i s taken and the i r 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 di f ferent configuration.  The shift
is simply multiplied by the gain for that range as
can be seen in the fo l lowing equations for  the
shift in K:

A K 250=25t(Vl-V2)old-(V1-V2)new)/24096 (15)

A K ,,,=100~(V1-V2)o1d-(V1-V2)new~/24096 (16)

Where: V, ad 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 stab i l i t y it is impDllt.ant that
Eensitive c i r cu i t  c omponents  be  mafntained  in a
very stable environment. The 5440A package design
includes three temperature controlled component
O”i?l!S. The  f i r s t  oven enc l o ses  the  so l id - s ta te
reference components and se”slti”c  DAC components,
the second contains the pre-ampli f ier  and the
third e”Cl0SeS the Power Amplifier range
resistors. The ovens are made by surrounding a
section of  the printed circuit  board with thick
alumir,um  blocks which contain heater resistors .
This assembly is then covered with a foam
insulat ion 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 a d d i t i o n  t o temperature stabi l izat ion,
sensitive components are selected and matched for
very low t e m p e r a t u r e  coefficient. The direct
result of this selection and temperature control
is  the abi l i ty  of  the instrument to  operate at
fu l l  ra ted  ac curacy  spec i f i ca t i ons  over a  wide
range of ambient temperature.

PERFORMANCE

The internal  cal ibration 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 wrrect  for large changes in ambient
temperature. Internal calibration corrects for all
component shifts except the reference element and
the resist ive dividers for  the 2.0 and 0.2 volt
ranges. External calibration, normally performed
at 30 day intervals , cwtwcts  f o r  s h i f t  i n  t h e
reference and the low voltage divider. It requires
use of a null  d e t e c t o r ,  a n  e x t e r n a l  r e f e r e n c e
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 ad jus tments  a re required; only
i n c r e m e n t i n g  or decrementing output voltage from
the front panel.
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Traditionally, inventory data management systems
have required large high-speed computers for their
implementation. The limited storage and processing
capabilities of microcomputers have precluded their
use from extensive data handling.

Thin paper presents 2 technique where a large data
base can be reduced to its common elements and thus
minimize storage requireaents.  The technique is
illustrated by implementation of a 'Calibration
History Management System', where approximately
2,000 instruments, each with 10 detailed historical
records, can be stored and manipulated using a
single 2OOK Byte flexible diskette.

The paper also emphasizes the advantages of being
able to reconfigure the data structure easily, so
as to expa"d  its utility to other data bases.

Most major businesses have data management systems
which are used to control such things as payroll,
order  processing, parts inventory and manufacturing
PPoCeSSeS. These computers tend to be large,
expensive mainframes with extensive memories and
often timeshared for a multiuser environment.
Systems such as these are usally  managed and
supported by departments of computer scientists,
engineers, and data processing personnel. This
paper is concerned with implementing a data
management system for Calibration Records, and
independent of the sort of computer facility just
described that has traditionally been used.

Calibration Records Management 1s generally
required for instrument recall, inventory control,
and calibration report generation. Often a data
base must cope with many thousands of different
instruments, each with its own batch of historical
data. This requirement for a large data base has,
in the past, precluded the systems implementation
on the smaller 'controllers' or microcomputers. I"
addition, the limitations of the microcomputer has
put practical limitations on the amount of data
that can be manipulated quickly.

Rnother  limitation 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 complexity of
structure of these systems or just being able to
gain the time of one of its support personnel, to
implement the new requirements for what is probably
one of the lower priority functions. With these
limitations in view, the objective set was to
design a data management system, primarily
orientated towards calibration records. This would
store sufficient information for most requirements,
have considerable versatility in restructuring the
data base, o? the "se of the data base and, of
oowse, include the function of data sorting in a
resonable  period.

Before examining the particular implementation of
the Calibration History Managment  System, types of
data bases used in other systems will be reviewed
and compared.

A linear data base is one where each individual
item in 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
simple 2 dimensional matrix is a" example of the
linear data base.

__________________________________________________
Material I Color I Density I Stock
TYPO I lbs/ci I Tonnes

3G
3G
3G
3G
4G
1IG

Number of data points: 24

Figure  1:
Linear Representation of 'Material' Data Base
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The following represents a typical search algorithm
to find all stock with densisty of .08 lbs/ci in
the data base illustrated by Fi&ure 1:

SEARCH COLUMN HEADER FOR 'DENSITY'
B.EFa

READ ELEMENT IN ROW OF SELECTED COLUMN
LF .08 FOUNC

PRINT COMPLETE ROW
uQI.E
INCREMENT TO NEXT ROW

!U.TU  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 (.OB),
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 row or entry. No effort is made
to link common  elements and reduce space.

An hierarchical data base is one where data is
gwuped  like a tree with branches interconnecting
elements. For instance, if an element has multiple,
exclusive attributes, then these attributes are
branched off from that element.

4G

--------s-v______ _________
I

G REY BLACK FREY BLACK

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
I

I I

.08 1.0 .08 1.0 .09 .09
I I

1000 1100 2000 1105 875 2000

Number of data points: 18

Figure 2:
Hierarchical Representation of 'Material' 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:

READ MATERIAL TYPE FROM LEFT TO RIGHT
S MATERIAL TYPE OK

REMEMBER MATERIAL TYPE
EEPEU

READ COLOR LEFT TO RIGHT
1E COLOR OK

REMEMBER COLOR
BEEEBT

READ DENSITY LEFT TO RIGHT
IE DENSITY .08

PRINT COMPLETE
INFORMATION

EtuF
!J.UU  ALL DENSITY CHECKED I

Eiau
!UTU ALL COLORS CBECKED

&tur
J.U.LL  ALL TYPES CHECKED

(Note, in the above example all material types and
colors ape OK.)

The example above illustrates fast searching on the
root and upper level branches, but when searching
for a lower level requirement, such as the density
having to be .08,  it has to go through many time
consuming loops.

Data storage is more economical than the linear
example earlier. However, there Is still
duplication of data. For instance, colors occur  in
two locations.

AN&iQ&~&@X

A network data base is made up of elements, whose
relationship is indicated by pointers between the
elements. This permits non-hierarchical
relationships. For example, more than one material
can point to the same color.

Quantity Type color Density

a 1000

b 1160 3G GREY .08

c 2000 .09

d 1105 4G BLACK 1.0

e 875

f 2000

Number of data points: 13

Figure 3:
Network Representation of 'Material' Data Base
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I” Figure 3 the reference  element, or element from
which  all pointers  eminate,  is represented by the
'Puantity'. The following 7eQpesent.a a typical
search algorithm to find all stock with density of
.08 lbs/ci:

BEEEBT
READ MATERIAL POINTERS
STORE ALL MATERIAL POINTERS
READ DENSITY TO WHICH MATERIAL POINTS
IE DENSISTY .08

PRINT COMPLETE INFORMATION USING
POINTERS FROM MATERIAL

_iw.ra
INCREMENT TO NEXT MATERIAL

JJNlX ALL MATERIALS READ

The example 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.

All duplicate elements have been eliminated by the
network method minimizing the space for data, but
it is now necessary to allocate space for the
pointers. One enhancement that could be made tc
this techniqoe  is tc include the ability fw
backwards searching. For example 'GREY' would have
backvards pointers tc 'lOOO', 'llOO', and '875'.
Search for all GREY materials would then be
accomplished by locking in the cclcr location for
GREY and locating the materials to which it points.
I" essence, each element becomes the source from
which pointers eminate. In this case a trade off
would be made between extra pointer storage space
for less element storage space.

CALIBRATION-m-

The following sections deal with implementing a
Calibration History Management System on a FLUKE
1720A Microcomputer. The 1720A has 64K Bytes of
RAN, 256K Bytes E-DiskTM, and a l99K Byte
Minifloppy. These sections will concentrate on
areas associated with the data base definition,
modification and manipulation.

Calibration reccrds are split into 'Instrument
Data' and 'History Data'. Instrument data describes
information particular tc an instrument that does
not vary with time. History data describes
information about a particular event or calibration
pertaining tc an instrument. For a single
instrument there may be many History records.

The stored Instrument data requirements are as
follows:

x.iu&

Manufact"rer,,Mcdel NO* 56 Characters
Lacatign Name 11

Remark 11

Calibration Interval < 256 weeks
Serial Number 16 Characters
Date Next Calibration < 32768 days

The stored History data requirements are as
follows:

Title Default size

OQeratcr,Name'
UUT Code

16 Characters
11

SYStWD  DQe < 1611
Result Pass 07 Fail
No. of Adjustments < 256
Date of Calibration < 65536 days
Calibration Time < 65536 minutes

The disk allocation requirements are as follows:

Each Instrument record will have up to 10
History records associated with it. This
number will be flexible, and be used to
calculate the maximum number of instruments
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
available in both the Instrument and History
records. This flexibility allows each user cf the
Calibration History Management System to optimize
it for his own particular need. If the user
requires mere Histories per Instrument but retain
the same number of Instrument per disk, he can
choose to reduce the length of some other data
field, and swap the space.

IB.taRB.S structureuzti

The data structure utilized is a combination of a
Linear and NetwcI‘k scheme. Figure 4 illustrates
this scheme.

-

Network Structure . Linear Structure

Serial No.

I ’ I .
I I Aemark  I . Date Next Cal

Location I . Cal Interval
Manufacturer I . Cal InterVal

/ :
History 0 .

I .
__________________________________________----

I I .
UUT Code I . Type

Name I . Result
I . No of adjs.
I . CAL DATE
I .
I .

HISTORY 1 .
I .

I I .
UUT Code I . me

Figure  4:
Combined Linear and Network Data Base Structwe



The right hand side of Figure 4 represent a Linear
structure where information is contained
sequentially with its reference point. In this
case, the reFere"ce point is the Serial Number OP
History Record. The left hand side of Figure 4
represents a Network Structure, these  being
elements that are pointed to from a reference
point. It can be see" that there we, in fact, two
levels of Network structure. The first level is the
History reference point being pointed to by the
Serial Number location, and the second level, the
History reference painting to other elements.

The Calibration History Management software
hierarchy is illustrated in Figure 6, attached.
This is a reprint from the Fluke 7400 Calibration
History Programming Manual. Each block of Figure 6
represents an individual program. The programs are
linked vie 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

The elements considered part of the Network This directory program is the central logic point
structure ape those elements that are common to of the management system. MGTPRT is entered o" a
more than one Instrument OP History. Elements that power fail, Initial system boot, and between each
are particular to an individual Instrument or major function of the system. This program has the
History we considered pert of the Linear ability to define a password in order to protect
stP"Ct"re. Network elements are pointed to by history data integrity.
variable stored within the Linear structure. Figure
5 attached shows this in more detail. This is a History Update Program
reprint from the Fluke 7400 Calibration History
lianagement  Programming Manual.

Refering to Figure 5, 'HIST.BIN'  is the file where
most of the data is stored. For convenience in
searching, 'Date Next Calibration' is etolled in a
separate file called 'hIST.DAT'. HIST.DAT also
contains pointers to the first record of the
vepioue data fields of HIST.BIN.  This will be delt
with in more detail later in the section celled
'Reconfiguring the Data Base'.

Instrument strings are contained in a block
immediatelv "rior to the History Strina. The

Before history data can be stored about a
particua1ar instrument, that instrument has to be
defined on a data disk. MGTDDF provides that
utility es well as the ability to modify existing
Instrument data.

Report Printout Program

The purpose of a Calibration History Management
System generally culminates in the printing of come
sort of report, be it for instruments recall or
some other facility. MiTPRT provides the printout
utility.

Serial N&be; and Cal Interval-are contained
directly in the Instruments string. the rest of the Report Definition Program
string consists of pOi"tere  beck into HIST.BIN.
Some of these pointers are absolute. For example, Reports printed from a Management System are

the number stored in the first 2 bytes of the usually selective in that, i" most instanoes it is

instrument string points directly to the location not required to print out the total data base.

containing the Manufacturer/Hodel. Some of the MGTDRT allows for the generation of repopt

pointers are relative. For example the 6th byte definitions. These definitions restrict the

contains the offset for the Remark String relative information that is to be included in a report.

to the first possible Remark String in HIST.BIN.
Using relative pointers reduces the "umber of bytes Results Download Program

necessary to store their index.
The particular Calibration History Management

History strings are stored in HIST.BIN in a System being described allows data to be entered

location related  to the Instrument of whioh they either by hand or automatically downloaded from the

et-e history. The relative formula is inoluded in FLUKE 7400 Series Calibration Systems. MGTUD,

Figure 5. Like the instrument string, history interfaces the history data base with the 7400

strings directly contain come information, and Calibration System's results data.

other fields, such es the Operator Name end "UT
Code, are located by pointers back into HIST.DAT. system Configuration Program

The combination of direct data access (linear The Calibration History Management System data
structure) end data aocess through pointers format is flexible. This data format is defined in
(network structure), is designed to provide the MGTCFG, and is described in detail in the section
optimum Solution of fast data acceee and high following called 'Reconfiguring the Data Base'.
denaiety  storage.

History Disk Initialization

The history data base is stored one minifloppy
diskettes. The data Format is flexible as defined
by HGTCFG. The disks have to be configured in this
defined Format. MGTINI initializes a disk based on
the format defined in MGTCFG.



The Calibration History Management Software 13
specifically structured so that the data base
format ~a" be customized and modified 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
H1ST.DP.T 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
variables 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 allowing each
disk to contain the decriptio" about its OH" data
format, allowing the same Management System to
manipulate disks with different data farmats.

A complete description of the variables that define
the position and size of the History data base ape
included in Figure 7, attached. Figure 8, attached,
is a" extraction from the program MGTCFG where
these variables are defined. By changing the values
of the variables, the data format can be redefined.
Consider the simple case where it is wished to add
300 spare i"str"me"t strings of length 32
characters. It is only necessary to change CO(3) to
300 and CO(4) to 32. I" addition only 5 History
records per Instrument may be needed, so cbanga
CO(30) to 5. The program MGTCFG is the" RUN and all
relevant pointers recalculated. I" this case the
"umber of instruments that can be stored on a disk
has changed from 1677 to 2576.

If data is to be archived accordi"g to the modified
data base definition, the" it must be stored on a
disk initialized with that definition. This is
accomplished by RUNNING MGTINI on the new disk.

The 1400 Calibration History Management System is a
me"" drive" system capable of storing data, either
entered manually or from a" automatic calibration
station. This data ca" the" be manipulated to
produce reports.

Figure 9 shows the selection of the major system
functions. Pressing the 'Update History Disk'
selection allows for adding results to a" existing
data disk, modifying a" existing data disk, or
initializing a data disk. This is depicted in
Figure 10.

Figure 10:
Data Disk Update Menu

Before History data can be added to a" Instrument
file that Instrument file has to be created on the
data disk. Tuo methods are available to perform
this function. One method 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 loading any
History data.

Figure 11:
Entering Instrument Data

Figure 11 is a" example of entering or modifying
Instrument data. The reverse video block highlights
the current data field being entered. This
information may be compared with the data structure
illustrated in Figure 5.

The type of information that is to be included in
that report must be defined before a reDort can be
printed. This selection is made in the me"" of
Figure 12.

Figure 9:
Main System Menu



Figure  l2:
Report Cefinition Menu

Figure 13:
Report fefi~nition  Entry

-

Report. Definition
-

Figure 13 shows selecting the fields that are to be
included. Figure 14 shows defining the report
Parameters by which the Particular Instruments and
Histories will be chosen. The Calibration History
Nanagement  System under discussion allows  for the
definition and storing of UP to 32 different report
formats.

The main menu, illustrated in Figure 11, allows the
uae~ to choose the option of printing a report.
These reports may be Printed on either the
microcomputer CRT, or a printer. Figure 15 shows
this choice.

Print Menu

A typical report may be to print out all of those
instruentS  calibrated by an individual during a
certain month. Figure 16, attached, is the first
page of suoh a rePort.

Three types of traditional data bases were
presented; linear, hierarchical, and network. The
characteristics of these data bases were compared.
A practical Calibration History Management System
implemented on a microcomputer  was described. This
management system took advantage of the best
attributes of the various standard forms of data
base to optimize speed and storage capacity. The
easy ability to reconfigure the data base for
varying uses requirements was emphasized.

The ability to store and manipulate a large data
base on a microcomputer 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 customize the
system for his OYD particular requirements.
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FIGGRE 5: Calibration History Management System File Structure
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CO(O)

CO(l)

CO(2)

CO(3)

co<41

CO(5)

CO(6)

CO(7)

CO(8)

CO(9)

CO(10)

CO(l1)

CO(12)

CO(13)

CO(14)

CO(l5)

CO(16)

CO(l7)

CO(lB)

CO(l9)

CO(20)

CO(21)

CO(27)

CO(28)

CO(29)

CO(30)

CO(31)

CO(32)

cot331

CO(3'0

CO(35)

Total number of spare instrument strings allowed.

Length of each spare instrument string.

pointer  to first spare instrument string.

Tot31 number of 3pa~e history strings allowed.

Length of each spare history string.

Pointer to first spare history string.

Number of manufacturer/model numbers.

Length of each manufacturer/model number string.

Pointer to first manufacturer/model number.

Number of location strings.

Length of each location string.

pointer to first location  string.

Number of remark strings.

Length of each remark string.

Pointer to first remark string.

Number of operator name Strings.

Length of each operator name string.

pointer  to first operator name string.

Number of UUT code strings.

Length of each UUT code string.

Pointer to first UUT Code string.

Tot31 number of blocks on MFO:.

Number of instrument strings.

Length of each instrument string.

Pointer  to first instrument string.

Number of history strings per instrument string.

Length of each history string.

Pointer to first history string.

Base year for date calculations.

Revision number of software under which the Cal History Date Disk ~33
generated

Pointer to laet dimensioned array on a Cal History Data Disk

FIGURE 7: Configurator  Variable3 Definition
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l020!-SPARE I N S T R U M E N T  S T R I N G -
1o22coio%)=o% ! NUMSER
tO24CO!1%)=0% ! LENGTH
1026CO12%)=0% !POINTER  O F  B E G I N N I N G
1026!-SPARE  H I S T D R Y  S T R I N G -
1030c0i3%!=0% ! NUMEER
1032c0!4%~=0% ! LENGTH
1034 ! P O I N T E R  O F  B E G I N N I N G
1036C0~5%~=1NTiC0i0%!+C0o/BZ+C001
1038!-MANUFACTVRER/MOaEL  N U M B E R  S T R I N G -
104OCO<6%!=300% !NUMSER
1042Coi7%~=5h% ! LENGTH
10441 P O I N T E R  O F  B E G I N N I N G
1046C0!8%~=1NTiC0!3%)xCDo/8%+C00)
1048!-LOCATION  N A M E  S T R I N G -
1050c0i9%3=50% ! NUMBER
1052c0i10%~=56% ! LENGTH
1054 ! P O I N T E R  O F  B E G I N N I N G
‘l056C0i11%~=1NT!C0i6%)xi0o/8%+CO!B%!)
lOSG!-REMARK  S T R I N G -
1o6ocoil2%!=25% ! NUMSER 1255
1062COi13%)=56% ! LENGTH
1064 ! P O I N T E R  O F  B E G I N N I N G
1066C0i14%!=INTiC0i?%~*COi~O%!IB%+COi~l%~~
1068 ! - O P E R A T O R  KAME-
107OCOi15%!=20% ! NUMSER (255
1072COilb%)=lb% ! LENGTH
1074 ! P O I N T E R  O F  EEGINNING
lO76C0(17%)=INTiC0~12%)xC0!13%)/e%+COil4%~~
1078!-UUT  CODE-
1060C0i18%~=50% 'NUMBER <25=, _I
foa2coii9%)=16% ! LENGTH
1054! P O I N T E R  O F  B E G I N N I N G
iO86C0~20%~-INT!COtl5%~*COil5%~/8%+COi~7%>~
lOE.8 !-TOTAL NUMBER OF SL:?CKS IN NFC: I N i'l I) L T S OF 12 8 + 1 4
1090c0i21%)=398%
jI04!-HISTORY  PGINTER DATA-
11ObCOi3O%)=lO% INUMBER PER INSTRUMENT
l1oScoi31%~=s% iLENGTH <=64
lllO!-INSTRUMENT  POINTER DATA AND SERIAL NUMSER-
1’1121 POINl~ER  OF REGINNING
1114C0i29%)=1NT!C0!18%)+C0oIB%+CD(20%~~
~116COi28%~=24% !LENGTH  C=54
1118! NUMBER iNOT > 343X,
1120C0i27%~=1NTiiiC0i21%~-14~*5~2-C0(29%~*.S~
11221FC0i27%)>3431THENC0<27%~=3431
1124!POINTER  OF SEGINNING  OF HISTORY DATA
1l26C0i3Z%~=INTi1*COi27%~*COi2.S%~/E7.+COi29%~
112B!PRINT  O U T  N U M R E R  O F  I N S T R U M E N T S
I130PRINT’ H i s t o r y  D i s k  w i l t  hoid’iCOi27Z
1132!-GASE  Y E A R  F O R  @ A T E  C A L C U L A T I O N S

1

.)i’instruments’

1134COi33%>=1975%
1136!-REV  OF SOFTWARE THIS HISTORY DISK WAS GENERATED UNDER-
1138COi34%1=-9%
1140!-POINTER  T O  L A S T  S T R I N G  O N  H I S T D R Y  DISK-
1142C0i35%~=INTiC0i32%j-l%+l*COi27%~*cO~3O%~~coi3~%~~~%~

+co(?a%I

FIGDRE  8 : COnfigUFator  Program  Listing



JOHN FLUKE MFG. CO., INC. 7400 HISTORY
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REPORT NAME: P.J.  PLITT IN APRIL 1982

12-Nov-82
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ManufactureriModel FLUKE BOOOA
Serial Number 0000906
Locat ion Name PLANT 1
Da te  Nex t  Ca l ib ra t ion 2 7  Aor 1903
C a l i b r a t i o n  I n t e r v a l 52 weeks
Remark

Ooerator  Name P . J . PLITT
UUT Code
System Type 7405
Pass/Fai  I Pa55
N u m b e r  o f  A d j u s t m e n t s  0
D a t e  o f  C a l i b r a t i o n 2 7  Apr 2982
C a l i b r a t i o n  T i m e 12 minutes

Manufac tu re r /Mode l FLUKE 892OA
Serial  Number 2285023
Location Name PLANT 2
D a t e  N e x t  C a l i b r a t i o n 29 A.pr  1 9 8 3
C a l i b r a t i o n  I n t e r v a l 52 weeks
Remark

Operator Name P.J .  PL ITT
UUT Code
System Type 7405
PasslFai  I Pass
N u m b e r  o f  A d j u s t m e n t s  1
D a t e  o f  C a l i b r a t i o n 2 9  A?r 3982
C a l i b r a t i o n  T i m e 17 minutes

ManufacturerfUodel FLUKE 9318
Serial  Number 70932
Locat ion Name PLANT 1
Da te  Nex t  Ca l ib ra t ion 2 7  A?r 1963
C a l i b r a t i o n  I n t e r v a l 52 weeks
Remark

Operator Name P.J .  PL ITT
UUT Code
System Type 7405
Pass/Fai  1 PdSS
N u m b e r  o f  A d j u s t m e n t s  0
D a t e  o f  C a l i b r a t i o n 2 7  Agr <902
Ca l ib ra t ion  T ime 13 minutes

Manufac tu re r /Mode l FLUKE bOllA



Ph i l i p  Benoit
Naval Weapons Station Seal Beach

Metrology Engineering Center
Panonr,  Ca l i f o rn ia

AbStrac t

The calibration of accelerometers  and
velocity transducers is a growing problem
for the Naur. As more of these serlsoi-9
are incorporated into systems the demands
o” the limited calibration resources  have
increased sharp1 y. 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 srstem
used both software and harchuare  techniques
to overcome the problems of increasing
workload and decreasing resources.

Introduction

In t h e  Navy vibration cdl ibretion
program, there are two types of se”sors
requir ing support: accelerometers and
ueloci ty transducers. Acceleraneters  are
cal i brated over a frequency  range of SHZ
to lO,OOOHz, with an amplitude range of lg
to 5og’s. We1 oc i ty transducers are cal i b-
rated over a frequency range of 1OHz  t o
2000H2, with an amp1  i tude range of
O.Sin/sec to IOin/sec. Ueloci  ty
transducers pose an addi  t i onal problem
because Scme types can weigh up to 5
pounds and therefore requ i re  a 1 arge
shaker and drive amplifier. The vibration
systems used by the Navy in the late
1970’s were between 10 and fifteen yea.9
old. The o ld tube the
shakers were nearing

am;;;f;;y  a n d
of their

useful  l i fe .

The Navy’s  Metrology Engineering
Center at Paona  was tasked to develop
solutions to these problems. The basic pe-
quirements for the system were t o  CoVeI+
the required frequency and amp1  i tude
ranges with J/: accu~ac~. The operation of
the system also had to meet human in te r -
face requirements . The system had to be
easy to use, understandable, operate in a
manner the technicians were used to, and
be conf igured in  a  manner that would

Hark Kaufman
Ford Aerospace and Conwnunications  Corp.

Newport Beach, California

assul-e proper calibration of the  un i t s
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
d e s i g n e d ,  a n automated and a manual
system. The autanated  systems WCP~ to go
to the four labs with the highest work-
I odds. The remaining ten facilities WCFC
to receive the manual system. Then  manual
and the automated systems are the same
except for an instrument controller and a
pr in te r . The basic calibration method is
to  comp.re t h e standard Pccelercmeter’s
output Voltage  a t a knwn g leuel and
frequency to the accelerometer OP velocity
transducer under test. Using the known
CharacteriStics of the standard the sen-
sitivity of the unit under test is Cal CU-
lated.

SYStem Description

Figure 1 is a block diagram of the
autcmated system. The shaker and amplifier
provide the stimulus. The drive signs1
for the amplifier is produced by a signal
generator. The measurement system
consisted of a digital RMS “01 tmeter. A
signal selector and a display module were
the Only t w o ‘speci*l. units in the
system. The display module generates
horizontal sweep Signals for an o s c i l l o -
scope to display a fixed number of crcles,
independent of frequency.

T h e  autaated p a r t  o f t h e  system
consisted of a desktop caputer used as an
instrument controller and a pr inter . The
instrument controller was equipped with
&-I IEEE-488 bus and a 16 bit input/output
interface. The contro l ler  gets  a list of
the test to be performed fran a tape. The
con troll CP then sets output of the signal
generator and reads the measurements taken
by the uoltmeter. Then the results are
computed and formatted for the printer.



The shaker , an  Unho l tz -D ick ic  1068 ,
i s capab le  o f  s inuso ida l  mot ion  o f  up  to
50 g ’s  over t h e  f r e q u e n c y  r a n g e  o f  5Hz to
1OkHz. T h e  s t a n d a r d  acceleraneter  a,,d the
u u r  a r e mounted  on the shaker t a b l e .
Special attention was paid to the des ign
o f the  mount ing  hap&rare  to avoid i n t r o -
d u c i n g  d i s t o r t i o n . The  a l te rnat ing  cur rent
d r i v i n g the shaker  i s pro” i ded by the
pauer a m p l i f i e r , an  Unho l t r -D ick ie  AlOO-6.
The s igna l  generator  i s  the  source  o f  the
s inuso ida l  uol tage . F, F luke  6011/AA syn-
thesized s igna l  generator  was  used  in  th is
system.
and IS

:;i-os is a programmable instrument
means  o f  cont ro l l ing the g

1 euel and frequency of the shaker. The
output  o f  the  6011/r% is  s tab le  enough  to
a v o i d us ing  a  separate  f requency  counter
for monitoring.  The standard accelerometer
u s e d  i n  t h i s  s y s t e m  i s  a piezoelectric  ac-
ce1ercmeter a n d  a m p l i f i e r . The units are
cdl i brated a t a Navy pr imary l a b . The
to le rance  o f  the  s tandard  acceleraneter  is
3 %  fran IOHz t o  SOHz, 2% fran 50Hz t o
2000H2, and 4% above 2000Hz.  The heart of
the measurement system i s the d i g i t a l
vol tmeter  . T h e  o n e se lected for t h i s
system i s the Fluke 8502&09A/FIA. The
first systems were built  using t h e  8 5 0 0
u n t i l the 8502 became a standard within
the Navy. T h e  09WFr?  option is a m o d i f i e d
F@lS modu le  allcwing lauer f r e q u e n c y  m e a s -
urements. The accuracy of  the “01 tmeter
a n d  RMS conver ter  i s  +/- 0 .5% over the 5Hz
to IOkHz f requency  range . Since sampl i ng
r a t e s and f i l t e r  c o n s t a n t s  a r e program-
mabl e, t h e  v o l t m e t e r  i s  ‘ t a i l o r e d ’  t o  t h e
f requency and amp1  i tude to be  measured .
One  minor  pecu l ia r i ty  o f  the  OPWAA o p t i o n
i s  a l l  r e a d i n g s  a r e  m u l t i p l i e d  b y  I f a c t o r
o f ten . This is because  o f  the  modifica-
t i on to  the  input  c i rcu i ts  to a1 low the
5Hz measurements . The  s igna l  se lector  in
the s y s t e m  i s  prograrmnable  over t h e  c o n -
troller’s 16 bit input /output bus. The
s i g n a l  s e l e c t o r  c o n s i s t s  o f  a  r e l a y ,  sane
i n d i c a t o r s and a function/manual override
swi tch . The  16  b i t  in te r face  cont ro ls  and
moni to rs  the  pos i t ion  o f  the relay. T h i s
was  done t o  t e s t f o r e i t h e r  a relay
f a i l u r e  o r the function switch being in
‘manual : T h e  s y s t e m  a l s o  i n c l u d e d  an os-
ci 1 loscope  control led by a weep  synchron -
i z e r . The sweep synchronizer controls the
h o r i z o n t a l d r i v e o f  t h e  o s c i l l o s c o p e  t o
shcw only th ree  o r  four  complete  cyc les  a t
a t ime . The use of this device was man-
dated by the speed of the system. Manual
control  of  the oscil loscope would not have
kept up with the rapid frequency changes.
The osc i 11 oscope i t s e l f  i s a T e k t r o n i x
5011. T h e  sweep synchron izer  and  the  s ig -
nal  selector are in Tektronix TM 500 mod-
u l e s and are mounted in a TM 5 0 3  m a i n -
frame.

Software is important in an autanated
system, however being important does not
mea” software is magic. T h e  p r o c e s s  o f
c a l i b r a t i n g acce1 erane tea-s OP “eloci ty
transducers is the same for a manual or an
autanated  system. The  f i r s t  i tem requ i red
is a l i s t  o f the t e s t p o i n t s . Each
frequency and amplitude at which the UUT
wi 11 be cal ibrated must be known. Dur ing
t h e  c a l i b r a t i o n , the frequency is set and
the s h a k e r  d r i v e  a d j u s t e d  u n t i l  t h e  COP-
rect l e v e l  i s  o b t a i n e d . The outputs fran
the UUT and the standard are then measured
and compared. F i n a l l y , a  repor t  o f the
results is generated .  The  so f tware  o f  th is
system performs the same process.  The l ist
o f  the  test  po in ts  i s  obta ined  f rom a  test
matrix stored on tape.  For each test point
the g l e v e l  o r  v e l o c i t y  i s set to the
correct level  and the outputs measured and
c o m p a r e d .  A report showing the test points
used the
obtafned

standard used and the r e s u l t s

t e s t . EG
generated at the end of the

p a r t  o f the process i s
performed near1 Y the same way a human
operator would. The dif ference being the
mach ine  i s  not  as  smart ,  but  i s  fas ter .

CI c a l i b r a t i o n  o f  e i t h e r  a n XCelerO-
m e t e r  or a  ve loc i ty  t ransducer  follws the
flare char t  o f  f igure  2 . A f te r  get t ing  the
cor rect t e s t  m a t r i x  a n d  i n i t i a l i z i n g the
system the control ler begins a loop. Each
complete loop  executes  the  level set I-O”-
t i n e and the measure routine. After  a l l
the test p o i n t s  h a v e b e e n  r u n , the
c o n t r o l l e r beg ins the p r i n t o u t  o f the
r e p o r t . There  are some s l ight  d i f fe rences
in s e t t l i n g time constants between the
velocity and accelerometer proprams, and,
o f  courE.e, the  p r in touts  and  test  po in ts
are d i f f e r e n t . The process is the same.
The test matrix can be c h a n g e d , but the
p r i n t o u t  o f  t h e  c a l i b r a t i o n  d a t a  wi l l  show
what points were used. Th is  a l lows the
freedan to adapt to new IJUT’s, b u t  s t i l l
c o n t r o l s  t h e  process. e tes t  mat r ix  fo r  an
accelerometer i s  i l l u s t r a t e d  i n  f i g u r e  3 .
The f i r s t column is the g l e v e l , the
second, the  f requency  o f  the  test  po in ts .
The th i rd  i s  the  s igna l  le”e1 n e e d e d  from
the s igna l generator t o  p r o d u c e the
des i red  g  leve l  a t  the  f requency  o f t e s t .
The f o u r t h c o l u m n  i s  t h e  s e n s i t i v i t y  o f
the standard acce1eranetcr  a t the
frequency a n d  g leve l  o f  the  test p o i n t .
The f i fth column is the expected output of
the standard at the correct frequency and
y:ity;‘,tin mU PJIS. Included as part of

mat r ix i s the manufacturer ,
model and serial  numbers of  the standard .
Th is  data  i s  p r in ted  out  in  each  repor t .

The l e v e l  s e t  r o u t i n e  i s  i l l u s t r a t e d
by f i g u r e  4 . T h e  process  of s e t t i n g the
cor rect  ampl i tude  leve l  c lose ly p a r a l l e l s
the way it  would be done manually. one of



t h e  c o l u m n s  o f t h e  t e s t  m a t r i x i s the
e x p e c t e d  l e v e l  o f  t h e  s i g n a l  g e n e r a t o r  t o
produce t h e  d e s i r e d  v o l t a g e  r e a d i n g fran
the s t a n d a r d . There is a housekeeping
program t h a t de te rmines  th is e x p e r i m e n -
tally. The Easyoff subrout ine makes the
t r a n s i t i o n  fran o n e  f r e q u e n c y  o r  l e v e l  t o
another  eas ie r  on  the  sys tem by  s low ly  in -
c r e m e n t i n g the c u r r e n t level  t o the
expected  one. T h e  a c t u a l  p r o c e s s  o f  s e t -
t i n g a l e v e l  i n v o l v e s  a  n u m b e r  o f t r i e s .
I f  the  vo l tage  fran t h e  s t a n d a r d  a c c e l e r o -
meter i s w i t h i n  O.O&! o f the r e q u i r e d
level, t h e n  t h e  s u b r o u t i n e  r e t u r n s  t o  t h e
main p r o g r a m  a n d  s t a r t s  t h e  m e a s u r e  rou-
t i n e .  I f t h e  m e a s u r e d  l e v e l  i s  n o t  c l o s e
enough, a c o r r e c t i o n  i s  c a l c u l a t e d . The
proposed level i s checked a g a i n s t the
e x p e c t e d  s i g n a l  g e n e r a t o r  l e v e l . If the
di f ference between the two amounts to more
t h a n  25% o f  t h e  e x p e c t e d  l e v e l ,  a f au l t  i s
assumed and the system shutdmn. T h i s i s
one of t h e  p r e c a u t i o n s  t a k e n  t o  p r o t e c t
the system and the UUT. A c o u n t  o f the
n u m b e r  o f t r i e s  t a k e n  i s k e p t .  I f the
m e a s u r e m e n t s  a r e u n s t a b l e for sane
r e a s o n , or t h e  s h a k e r ’ s  o u t p u t  i s chang-
i”9, t h i s r o u t i n e w i l l shutdown the
system. The l o o p  c o n t i n u e s  u n t i l the g
leue1 i s  a t  t h e  e x p e c t e d  v a l u e  o r  a  s h u t -
down occurs. W h e n  t h e  g  l e v e l  i s  c o r r e c t ,
then the measure rout ine begins. At the
c o n c l u s i o n  o f  a  c a l i b r a t i o n  t h e  n e w  l e v e l s
a r e  r e c o r d e d . This way the system 1 earns
the n e w  d r i v e  l e v e l s  f o r  e a c h  t e s t  p o i n t .
B Y u p d a t i n g  t h e  l e v e l s  t h e o p e r a t i o n  o f
the system is  speeded up because the di f -
ference between the expected value and the
ua1  ue n e e d e d  w i l l  o n l y  b e  t h e d e g r e e  o f
d r i f t  i n  t h e  a m p l i f i e r  a n d  t h e  s h a k e r .

~The  m e a s u r e  r o u t i n e  i s  a c t u a l l y  very
s imp le . The uol tmeter has been programned
f o r  t h e  c o r r e c t  f r e q u e n c y  i n  t h e  l e v e l  s e t
r o u t i n e . T h e  v o l t m e t e r  i s  programned for a
f r e q u e n c y  b y  s e t t i n g  t h e  f i l t e r  t i m e  c o n -
s t a n t s and the sample rates. The measure
r o u t i n e takes ten readings and looks a t
the maximum dif ference between the r e a d -
ings . I n  t h e  c a s e  o f  t h e  s t a n d a r d  a n d  t e s t
acce1eraneters t h i s d i f f e r e n c e m u s t  b e
l e s s than 0.1%. The maximum dif ference
al lowed f o r the ueloci  ty t r a n s d u c e r s
v a r i e s w i t h the accuracy of the t r a n s -
ducer  . T h i s t e s t  w a s  i n c l u d e d  t o  i n s u r e
the r e a d i n g s  w e r e  n o t  c h a n g i n g  over the
measurement p e r i o d . The ten readings are
then averaged to provide the measurement.
T o  m i n i m i z e ?.“Y changes d u r i n g the
measurement cycle, the UUT and then the
s t a n d a r d  ai-e measured.  The actual  value of
the s t a n d a r d is  used to c a l c u l a t e d the
ampl i tude . FOP example, ua1ues o f 4 . 9 9
i n s t e a d  o f  5 . 0 0  g ’ s  are c a l c u l a t e d . How-
e v e r , the 4 . 9 9  v a l u e  i s  a r e a l  mersure-
ment, not an assumed urlue.

E, s a m p l e  p r i n t o u t  i s  chew”  i n  f i g u r e
5 . Each t e s t point  and the UUT’S  sen-
s i t i u i t y a t  t h a t  p o i n t  a.pc sharr”. The g
leuels a.re not l “e”, because the ac tua1
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ual “es were measured and r e c o r d e d , not
assumed. The model number and manufacturer
informat ion about  the standard and the UUT
a r e  i n c l u d e d  i n  t h e  r e p o r t .

T h e r e  a r e a number of housekeeping
programs. T h e r e  i s  o n e  t o  e d i t  t h e  m a s t e r
t e s t m a t r i x . Euerr t e s t  m u s t  b e  i n the
maste r m a t r i x to be used. T h e  m a s t e r
m a t r i x i s  u s e d  i n  a n o t h e r  p r o g r a m  t o  e x -
p e r i m e n t a l l y  d e t e r m i n e the  d r i ve levels
needed f o r each t e s t p o i n t . There is I
ano ther  p rogram to  se lec t  wh ich  tes ts  w i l l
b e  u s e d  f o r  a  p a r t i c u l a r  U U T .

R e s u l t s

The in tegra t ion  o f  the  ha rdware and
software produced a system meet ing the re-
qu i rements . one Of t h e  m o s t obvious
benef i ts  of  the system was the decrease in
t e s t t i m e . c) cal ibrat ion of an ac-
ce1eraneter u s i n g the eutanated system
wi l l  l as t  abou t  s ix  to  twe lve  m inu tes .  The
ueloci  ty transducer c a l i b r a t i o n s last
e igh t  to  twe lve  minu tes . The manual t e s t
t ime f o r  a  v e l o c i t y  t r a n s d u c e r  i s  n e a r l y
an hour . A direct  comparison between the
manual  and automatic  a c c e l e r o m e t e r cal i b-
rat ions shcws  a  s im i la r  improvement . The
r a n g e  i n  t i m e s  i s  d u e  t o  v a r i a t i o n s  i n  t h e
number o f  t e s t  p o i n t s  a n d  t h e l e n g t h  o f
t ime r e q u i r e d  t o  r e a c h  a level. Consi  s-
tency i s  a n o t h e r  b e n e f i t  o f  t h e  autcmated
system. Since the automated system gene-
r a t e s a  p r i n t o u t  f o r each cdl ibration,
there is no doubt or confusion about  what
was done.

One s i d e effect  O f the autanated
s y s t e m  w a s  t o  f o r c e  a  c l o s e  l o o k  a t the
v i b r a t i o n measurements. The automated
system w i l l  n o t  w o r k  c o r r e c t l y i f the re
a r e ground l o o p s , or problems with the
s h a k e r  OP a m p l i f i e r . The unforeseen pr i cc
o f  p r e c i s i o n  a n d  s p e e d  i s  e v e r y t h i n g  m u s t
work precisely.  Technicians can c o m p e n s a t e
fo r  many  p rob lems , t h e  a u t o m a t e d  s y s t e m
c a n  only compensate for  a few. Every th ing
from UUT mount ing to cable rout ing caused
problems f o r the automated system.
I m p r o p e r  ULIT mount ing can c a u s e  d i s t o r t i o n
or d e c r e a s e d  h i g h frequency response.
Accelerometer  can have to be isolated fran
the shaker body or n o i s e  i s in t roduced .
Power s y s t e m  g r o u n d s  also introduced
n o i s e . D u r i n g  t h e  early stages of  dcurlop-
m e n t  a VCPY  old and tired shaker  a n d aP-
lif ier were u s e d .  M u c h  o f  t h e  s o f t w a r e  w a s
w r i t t e n t o  a v o i d t h e  a f f e c t s  o f the
s h a k e r ’ s  d e t e r i o r a t i n g  c o n d i t i o n a n d  t o
auoi  d i n c r e a s i n g the r a t e  o f dcteriora-
t i on. S o l v i n g  t h e s e  p r o b l e m s  also made  the
manual  version of  the system work better .

T h e  l e s s o n s  l e a r n e d  d u r i n g  t h e  deve-
1 opmen  t o f  t h i s  s y s t e m  ca” b e  a p p l i e d  t o
o t h e r systems as wel l . Nearly all m a n u a l
t e s t systems ca” be automated. T h e  m o s t



direct way of translating manual steps
into software  is to observe the process in
detai 1 and duplicate it using software.
SUM portions of the process cannot  be
done exactly the same, and this is where
many unforeseen problems wi l l  occur.  BY

closely pa-al  lel ing the manual pPOCe*S,
the autanated  process is kept understand-
able. The human interface is very impor-
tant. Remember the operator is there, even
i f he is not interacting with the system.
The system display should tell 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 a” to-
mation, then their interaction should be
kept nearly the same as before. This eases
the transition fran manual to automatic.

The ~CCUPXY of the system is limited
by the accuracy of the standard accelero-
meter. Further increases in ~CCUPXY  will
follau improvements in the standard.
Another possibility is to use a di f ferent
technology for a standard. G level is
determined by motion, and motion is deter-
mined by posi t ion and time. A  l ase r
‘rangef  indcr’ could be used to determine
the instantaneous position. FPOm this
position information, motion and accelerr-
tion could be calculated.

The outstanding lesson  o f th is
p r o j e c t  i s there will be problems that
have nothing to do with automation. The
s h i f t to automation revealed problems
caused by increasing workload a n d  more
stringent requirements. Any real improue-
ment in the vibration measurements would
have discovered these problems. HC44Jever
these problems did have to be solved while
autanating. If there were problems before
autanation, there certainly will be after.

RSf l r*nc*

IerhpiclL  and Eabciratian  M a n u a l ,  MEIzD;:
4 2 2  4u.taaa.ird  !Ubcltion srsi.em  , Navy
He tro1 ogy Engineering center, Naval
Weapons Station Seal Beach, Pomona  Annex,
Pomona California 91769, I Julr 1982.
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NOTE 1 : CUIBRATION  STAND4RDIZER  IS NOT USED NOTE 2: LSE THIS  CHARGE  AMPLIFIER THAT WAS
WHEN U\LIBRATlNG  VELOCITY TRANSDVCERS. ~LIBPATE~  WITH T H E  STD ~\CCELEROMETER

BEING LISED -YE REPORT OF CALIBRATION.

Figure 1 System Block Diagram
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ACCELEROMETER TABLE

G Level FreqLlellcy Drive

G's Hertz Volts

STD STD
Sensitivity output

mV/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: Manufacturer: KISTLER
Model Number: 808K/561T
Serial Number: 877/558

The column headings are explained as follows:

Column 1 - Shaker output in g's

Column 2 - Shaker frequency

Column 3 - voltage required to drive power amplifier

Column 4 - Sensitivity of standard accelerometer

Column 5 - Standard accelerometer output in mV

Figure 3 Test Matrix



GO TO SUBROUTINE
"EASYOFF"

YES
L RETURN TO

MAIN PROGRAM

INCREMENT OR
DECREMENT LEVEL

YES
c

R TOO LOW?

SHUT DOWN SYSTEM
DISPLAY "NO LEVEL

YES

Figure 4 Level Set
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REPORT OF CALIBRATION

FOR

ACCekKOmeter
Model 2217C
S/N HA59

Using the Automated Vibration System
Standard Used:KISTLER  808K1/561T SN 5032/2008

G Level Freq Sensitivity

G'S HZ Kc/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

SUBMITTING ACTIVITY: MEC

Figure 5
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CONTEMPORARY APPLICATIONS ROBOTS
Leonard B. Gardner
ScD, LLB, P.E., CMfgE

AUTOMATED INTEGRATED MANUFACTURING’

INTRODUCTION
This paper is intended to illustrate, to a
group of engineers primarily engaged in
measurement sciences, the major contempor-
a+y applications of industrial robotics.
It assumes that this group has heard and
read much genera1 information about
robots. This has arroused their curosity
for a concise in-depth authoritive summary
of this fast growing branch of science and
technology. The science o f robots
involves the COmplSX interactions of
coordinate transformations (in six degrees
of-freedom), optimal and adaptive control
systems, neurological modeling, artificial
intelligence and the common thread of com-
puter programming that "puts this all
together for use by the technologist."
These subjects are mentioned only to give
the reader a" idea of the sophistication
and complexities 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. Her.?,
productivity equates to the cost of manu-
facturing a finished product. Certainly
there are other benefits from robots such
as the ability to remove workers from a
hostile environment and the reduction in
material Spoilage and accidents. However,
the main concern is with increasing
productivity.

so, the implication is that industrial
robots can help you make a better product
for less cost while improving worker safe-
ty -- at least in certain instances. But
exactly "hat is this robot? Apparently,
the word was first used in 1923 by a
Czechoslovakian playwrite, Karel Capek in
"R.U.R. - Rossurn's Universal Robots." A
few years later, Charlie Chaplin in
"Modern Times" mimicked the American
worker on the automated production line,
perhaps inspired by R.U.R. I" 1942 Isaac

*Automated Integrated Manufacturing
2406 Buttetop  Place
Bprlng Valley, CA 92076
619.464-2446

Asimov crystallized the "Three Laws of
Robotics" and in 1950 his book, "I Robot"
which was a collection of nine previously
published stories came out. In the mea"
time (late 40's) George Devol began his
experiments with the transfer mechanisms
that was later called a Programmed Article
Transfer and was awarded US Patent No
2,988,237 in 1961. Still later, in the
mid 60's, Joseph Engelberger realized the
potential of this invention and bought out
George. Several more years were required
before the first industrial robot was sold
in 1961, for die casting. EVS" the",
growthwas slow (Unimatio" did not shoti~  a
profit until 1975) and manufacturers of
robots did not polificate until the late
70’S "he" there were about 200 early
developers, many of whom abandoned their
effort. In the Orient, almost anything
that replaces a human in performing even
the simplist of tasks is called a robot.
Thus they consider as robots both a hoist
to move Steel bars and a"~ assembler that
puts together the insides of the modern
VLSI chip. Closer to home, the Robot
Institute of America has defined a robot
as "a reprogrammable, multifunctional ma-
nipulator designed to move material,
parts, tools, or specialized devices
through variable programmed motions 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-
erally acceptable in America) the number
shrinks to 3~,000. Today's industrial
robots have three major components: mani-
pulator, controller and power supply. The
manipulator consists of mechanical links
and joints, capable of moving in various
di,rections; actuators, that drive t h e
mechanisms either directly or indirectly
through gears, chains,, or ball screws;
control valves that adJust the flow of
fluid to the actuators; and feedback
devices that sense positions of the links
and joints and feeds these data to the
co"troller. The controller directs the
movements of the manipUlStOr, stores POSi-
tion and sequence data, and interfaces the
robot with the real .outside  world. The
power SUPPlY may be electric, hydraulic,
or pneumatic and provides regulated ,"E;',;.
for the manipulator's actuators.
tists add to this list a few capabilities
not generally available off-the-shelf



today. These capabilities are locomotion
in a specified environment, perception and
interpretation of its environment in term1
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, when one thought of in-
dustrial robots, they thought of spot and
arc welding, spray painting and assembly.
Many such applications still use the most
robots in terms of the value of equipment
installed. But mining, equipment repair
and farming (just to mention a few) are
comming up close behind. Domestic robot
manufacturers appear to fall into four
groups: traditional ma""fact"rers o f
machine tools, established speciality man-
ufacturers, large general purpose manufac-
turers, and small entrepreneurial and in-
novative firms. The relative importance
in the market place of these different
types of firms will depend on, and in turn
influence, the evolution of robotics tech-
nology.

COMMERCiALLY  AVAILABLE ROBOTS
It is convenient to introduce commercially
available robots by their machanical con-
figuration and their classification.
Mechanical configurations are character-
ized by coordinate systems and degrees-of-
freedom. The classification of robots
made by the Japanese Industrial Robotic
Association (JIRA) consists of the follow-
ing six types:

1. Manual manipulators that are
worked by a" operator.
2. Fixed sequence robots that
perform successive steps of a
given operation in a predeter-
mined sequence.
3. Variable sequence robots
where the sequence of steps may
be easily changed.
4. Teaching mode playback robots
that repeat instructions after
being taught a work procedure.
5. Numerical-controlled robots
that execute operations on the
basis of numerically coded infOr-
mation.
6. Intelligent robots that per-
form various functions through
its sensing and recognizing
capabilities.

Robots are available in four coordinate
systens: rectangular (Cartesian), cylin-
drical, spherical (polar), and jointed-
spherical (revlolute). The work envelop
in rectangular coordinates is the x,y,z
axes. Typical robots of this configura-
tion are:

Advanced Robotics Cyro 750
General Electric AW7. Al2 Allegro

I

IBM RS-1
Mobot (most models)
Westinghouse 5000,.7000

The work envelope in cylindrical coordi-
nates is the r,B,z  axes forming a portion
of a cylinder. Typical robots of this
configuration are:

ASEA MHU
Cybotech HE0 H8
IBM 7535
Prab Servo E. FA. FB and FC,
Seiko

The work envelope for spherical coordi-
nates is the r,0,0  axes forming a portion
of a sphere. Typical robots of this con-
figuration are:

Bendix AA160
General Electric GP66
Prab,  Non-servo 4200
Unimation 1000 ect

The work envelope for revolute coordin-
r1, 91: 0, r2, 82, 02, axes forming a"
approximation of a porition of a sphere.
Typical robots of this configuration are:

Advanced Robots Cyro 820
ASEA IRb-6, IRb:bO
Bendix ML 360
Cincinnati Milacro" T3
DeVilbiss Trallfa
Unimation Puma
United States Robot, Maker

The major axe3 of motion relate to the
robotic arm moving in and out, up and
down, and rotating about the base. I"
addition a minor axes of motion is related
to the effector placed at the end of the
robotic arm and sometimes referred to as
the wrist. The motion of the joint
between the effector and arm are:

pitch, a" angular motion in a
vertical plane through the
last major axis.

yaw, an angular motion in a
horizontal plane through the
last major axis.

roll, an angular motion in a
plane perpendicular to the I
last major axis.

Additional one and two axis motions of the ~
entire robot may be provided by mounting
it on a traverse mechanism attached to the
floor or to the ceiling.

The characteristics of robots follow from
their classification. Manual manipulators
are like those of a hot cell or hoist.
Fixed or variable sequence robots may be
controlled by a sequencer or by a servo
motor. NO”-St?rVO sequencers have a con-



t r o l l e r  t h a t  i n i t i a t e s  a n d sequences
operat ions . Limit switches s ignal
the  proper  pos i t ion  i s reached and
the motion. I ”  g e n e r a l ,  t h e r e  a r e

al1
when
stop
only
Thistwo  s tat i c  pos i t ions  for  each  ax is .

mode of operation is commonly usea on
smaller robots; but, it may also be appli-
cable to larger robots. Relatively high
speeds are possible and repeatability is
usually to within 0.01 inch. On the other
hand, the servo controller addresses the
memory location of the first command posi-
tion and also reads the actual position of
the various axes. These two sets of data
are compared and their differences used to
adjust the position of the robot. This
process continues until the differences
are effectively reduced to zero. With
this system the robot can move and stop
anywhere wlthi" its limits of travel.
Programming is accomplished by manually
initiating signals to servo valves to move
the robot to a desired position and then
recording the differences in a computer
memory. Smooth motions may be executed
while controlling acceleration and VelOC-
ity. Subroutining and branching capabili-
ties permit this robot to take alternative
actions. Accuracy of positioning the end
of  the  arm usual ly  var ies between 0.125
and 0.001 inch.

Teaching playback robots employ point-to-
point servo-control sequencer and poten-
tiometric controls. They are tedius to
program. However, unlike a simple servo-
control, the programming positions can be
easily modified during program execution.
The actual path followed by the robot
between points is not controlled and may
be different from the path followed during
the teaching process. That is, the coor-
dinate data are sampled on a time base
rather than discretely determined points
in space. Usually more than one program
may be stored in memory and randomly
accessed. Generally, these robots are
smaller in size and lighter in weight than
the point-to-point Servo robots.

Numerical-controlled robots are programmed
off-line from their operation typically by
means of a special purpose high level
language. Some more common languages and
also some special  purpose languages have
bee” used. The time location of the
robotic joints are referenced by coordi-
nate transformations to some fixed point.
These become input data to a control sys-
tem that follows a motion axiom to con-
strain velocity arld acceleration of the
joints. A great amount of flexibility is
permitted with orogram selection, modular
modification anu operation.

Intelligent robots are the highest class.
They are still in development. With this
robot an objective of the movement and any
co"strai"ts are given in English like
instructions. The robot is then otherwise
free to~achieve the objective.

JUSTIFICATION FOR ROBOTS~
Robots aid in achieving increased oroduc-
tivity more as the result of the consis-
tancy of the robot's pace rather thap the
rate of the pace which may not be much
different than for ma". Thus, the robot's
higher productivity is measured in terms
of increased parts per day. This consis-
tency of operation also results in improv-
ed quality and rejection of scrap. For
example, in die casting and plastic mold-
ing, consistant cycle time of the robot
loading and unloading allows die tempera-
tures to stabolize  and operation without
shutdown for breaks and shift changes
avoids the production of scrap cold-shots.
In another example where a robot applies a
spray coating, greater consistancy in
thickness of layer is achieved and over-
spray is reduced. The application of
robots can allow people to be removed from
noisy, dirty, dusty, hot (and noxious
fumes) working conditions and monotonous,
fatiguing jobs. Why 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
work, indirect supplies, supervisory
labor, and training while increasing 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-
rangement and modification of equipment;
other required facilities; tooling; main-
tenance supplies, tools and labor; train-
ing; taxes and insurance; application
engineering and the cost of capital.

APPLICATION DEVELOPMENT
The first thing to do in developing appli-
cations for robots is to become familiar
with the basic capabilities and limita-
tions of those that are available. Then
make an initial survey of potential appli-
cations. Look for tasks that are within
the robot's capabilities, that do not
require judgement by the robot, and (most
important) that justifies the use of a
robot. IF this initial survey yields a
list of potential applications, then make
a more detailed study and pick the first
application. I suggest the simplist job
on the list be picked For the first
application. Now, study the job and make
certain you know everything a ma" has to
do to perform the job. Try to anticipate
all the things that could go wrong with
anything associated with the job. NOW
select a robot with sufficient reach,
speed, memory, program and load capacity
to do the job. Provide some 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 i d e n t i -
fy ing  any  fac i l i ty  char&es r e q u i r e d . Make
pbovision f o r u t i l i t i e s , interlocks and
guards. Provide t h e  n e c e s s a r y effector
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and look at the alternative way by which a
part could be picked up. Provide for
backup equipment or plan to protect pro-
duction when the robot is down.

IMPLEMENTATION OF ROBOTS
Do a much of the planning for the robotic
installation as possible before the robot
actually arrives for installation. Most
important, prepare and train all levels of
personnel at the site for the robot.
Anticipate some Start up problems. Ge"-
erally, programs may have to be refined,
tooling adjusted, timing and interlocks
tuned in. After installation, ClOSely
monitor the operation. Keep track of down
time to identify recurring problems. Com-
pare estimated and actual cost and perfor-
mance. Develop a" in-house capability for
programming and maintaining the robot.
Lastly, give your own people total respon-
sibility for the robot's performance.

TECHNOLOGY AND MARKET ISSUES
What types of manufacturers will play the
most significant roll in the production of
robots and their innovative use? Will
robot use and production be concentrated
in a few large companies? Will a variety
of robots be available for Illany applica-
tions by diverse types and sizes of Users?
What will be the effects of financial
health of different types of potential
producers and Users? Should R&D stress
applicat;:;;  or,should it focus on funda-
mental alming at a significant new
breakthrough in the state-of-the-art?
What roll shoulh the Federal Government
play in funding this research? What type
of work should be pursued in Government
research laboratories and at what level
should it be funded? What additional
policies, if any, would be required to
stimulate R&D in the private sector? Are
there particularly important apaplications
of robots in the Federal Government that
should be explored and developed? Should
the Government encourage the establishment
of technical standards for robotic devices
and components? Should standards be set
for interfacing robots with other automa-
tion and information technology? These,
and other questions, are important ques-
tions that must be addressed at a" early
date; now is the time for action and for
direction! HO" technology is addressed
will determine the market and influence
the structure of the robotics industry.

SOCIAL ISSUES
Much of the literature on robotics
contains references  to the contribution
toward improving industrial productivity
that can be expected. It is important for
US to examine this issue. No person or
group are in agreement with others on this
subject. But they do agree a simplistic
solution that exaggerates the importance
of robotics is not possible. There are
two reasons. First, robotics is only one
part of a wide array of technologies

available to automate manufacturing and
increase productivity. Second,
productivity iS a subtle and complex
concept with sever2.1 definitions and
measurements. It depends on many factory
that interact with one another. It is
difficult! therefore, to attribute
productivity  improvements to any single

technology. These warnings do not suggest
robotics is unimportant for production,
rather, they emphise the dangers inherant
in taking a" overly "arrow definition of
technology when assessing impacts on

,

industrial productivity. Robotics can
open up new business 0pI;ztunitie.z for
specialized equipment application -
software. Robotics can lower the minimum
scale for efficient production and create
new manufacturing oppertunities for small
business. HOWeVer, the adoption of
robotics by larger firms mSY foreclose
some manufacturing oppertunities for small
firms that cannot afford to invest in new
equipment. To furthers  the applications of
robotics requires investment capital.
There does not Seem to be a lack of such
capital but a tax policy that encourages
such investment is a" important stimulus
to rapidly push this technology forward.

Unemployemnt  is a" issue that is constant-
ly raised when the social impact of robots
is discussed. Productivity improvements,
resulting from the use of robots, can
affect labor in a number of ways Such as
changing the relative proportion of
machinery to workers, changing the demand
for consumer products resulting from a
change in pricing, and the supply of qual-
ified workers with Specific skills.
Employment in a particular industry may
fall because fewer workers are need to
automatically produce a particular pro-
duct. But increses  in production volume
to meet a" increased demand could cancel
or eve" turn around a decline in the work
force. Most expert have argued more jobs
are created by a new technology than there
are eliminated, however, they are in
different industries and require different
skills. The effect on a" induvidual  who
has been replaced by SutomStiO"  can be
traumatic. Without question, robotics
will improve working conditions and job
satisfaction. Robotics can also be a
definite aid to the handicaped. Where the L
these benefits are realized depends, in
part, on the particular ways in which
industry uses the technology. Some feel .
the long-term effect of robots may be to
"deskill"  labor, requiring less ability on
the part of humans. Some have expressed
concern that robotic automation provides
increased oppertunities for employer sur-
veillance of employees. Unions feel
employers having robots will "downgrade"
jobs. HOWever, all generally agree that
workers with improved technological liter-
SCY Will be better able to oversee  the
operation of robots, would be less likely
to resist introduction of robots, and



would be easier to retrain.

MARKET VALUE OF ROBOTS
TO study the market value of robots, we
look toward Japan, who for many years has
lead the w o r l d  i n the manufacture  o f
r o b o t s . Their industry is growing faster
than eve” they previously estimated. JIRA
forcast  in 1979 that Japan’s s h i p m e n t  o f
robots would be ~36~ while actual ship-
ments were Y42B,  an increase of about 178.
Early forcasts of shipments of robots for
1980 was Y43B and later was revised Y65B;
a c t u a l l y ,  i t  w a s Y78B,  a n increase  o f
about 20%. This growth has continued.
Forcast  for 1985 in Y500B  and by 1990 this
r i s e s  t o  YlT (500B$).  I t  i s  a l s o  u s e f u l
to note that the Value f o r true robots
shipped (playback, NC and intell igent sys-
tems)  i s  increas ing ,  whi le  the Value f o r
f ixed and var iab le sequence machines in
decreas ing . Another interest ing s t a t i s -
t i c : between 1979 and 1980 the number of
installed and operating Japanese robots of
all  types is increasing by 135% while the
i n c r e a s e  o f inte l l igent  robots  increased
by over 200%. This  re f lects  a”  increas ing
demand that  was  forcasted.  In 1980  the
demand f o r all  types of  robots was about
20K u n i t s . This is estimated to increase
to 68K units by 1985 and to 115k units by
1990. The corresponding demands for
i n t e l l i g e n t robots about tripples each
reporting period. But so much for Japan.
Let's see how this compares to the US. In
1980 Japan had produced 3,200 units with a
total value of 180M$ while the US had
produced 1,300 units with a value of
lOOM$. 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 some
interesting labor statistics. In Japan,
the average labor cost Per person has
steadily increased from about X1,000 in
1970 to Z3,OOO in 1978. Over the fame
period of time, the ,average price of
robots has remained about the same: X5,000
for all (Japanese, definition) robots and
X12,000 for playback type robots. Thus
the  rat io  o f  labor cost to robot cost has
been decreased about l/3. The actual
value was about 3.7 in 1976 for playback
robots . Superfically,  a playback robot
could be amortized within four years on a
single shift. But the actual expenses of
installation and maintenance resulted in a
SlOWer rate of amortization. In the
future, labor costs are expected to rise 5
to 10% annually while robot costs will
remain about steady. A summary of
responses to a questionaire distributed by
JIRA l i s t e d the  order  o f  importance  for
insta l l ing  an  industr ia l  robot  as

1. Economic advantage
2. Increased worker saftey
3. Unaiversalization  o f

production

;:
Stable product quality
Labor shortage

Hence, the economic  advantage  o f the
i n d u s t r i a l robot over human labor, which
seems certain to grow i n the future, is
considered as the most important factor in
the increased application of industrial
robots.

APPLICATIONS
In a broad sense, robots may be classified
by the industry in which they are used.
Statistically, about 30% of the robots
have been used in the automobile industry
from 1974 to 1.980. Over the same time,
their use in the electrical applicance
industry has increased from 10% to over
35%. The metal products industry show a
less significant increase from 6% to 9%
while use in the machinery industry has
remained constant at about 5%. Another
way of classifying robots is by applica-
tion. In 1980 spot welding accounted for
57% and arc welding for 19% of all robots.
The next leading application  Was spray
painting at 11%. All other applications
accounted for 13%.

In Japan, by the end of 1980, Nissan was
t h e  l a r g e s t  user  of spot “ e l d e r s  (300).
At the same time, Toyota reported 200 spot
welders. Kawasaki Heavy Industries is the
leader  i n p r o d u c t i o n  o f Unimations.
Mitsubishi Heavy Industries occupied sec-
ond place producing 10 per month. Other
runner ups were Toshiba Seiki and Toyoda
Machine Works. For arc welding a much
lighter weight robot may be used. This
market is presently dominated by Yaskawa
Electric Manufacturing with a relatively
low priced playback robot. Shinmeiwa has
developed a" arc welder for heavy plate3
and Osaka Transformer has developed an arc
welder for sheet metal. Koebe Steel has
produced a "ore expensive, continuous path
control, arc welder. Hitachi has a 10”
priced articulated playback robot and
Matsushits is entering the market.

Painting robots are the third largest type
of playback machines and are now i"CreaS-
ing in number at the same rate as welding
robots. A person requires 2 to 3 years Of
experience to become a ski l led  manual
coating worker. HOWWC!t-, the poor working
environment and the tendency to be a more
educated society has contributed to a
developing shortage of skilled manual
workers. This shortage is being filled by
robots. Their use also saves 10 to 20% of
paint. Koebe Steel has introduced the
Norwegian Trallfa spray painting robot.
Both Hitachi and Mitsubishi Heavy
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Industr ies have worked with Nihon
Parkerizing Company and 1wata Air
Compressor Manufacturing, respectively,  to
develop playback spray r o b o t s . Tokico
p r o d u c e s  a large v a r i e t y of  low priced
painting robots whi le  Nachi F u j i k o s h i
o f f e r s a spray robot with both remote and
direct  teaching .

Industrial  robots have been applied to a
wide variety of machine loading app1ica-
tions such as  d ie  cast ing ,  forg ing ,  press
work and machine tool handling. I n  p r e s s
working Aida Engineering seems to dominate
the area but it  is being strongly chal-
langed  b y Toshiba Seiki.
Fusjitsu Fanuc is leading over

Similiar?
Kawasaki.

Heavy I n d u s t r i e s  i n the area of  loading
machine tools, Ichikoh Engineering
Company, Ichikoh and Kyoshin E l e c t r i c
o f f e r  a  c o m p l e t e  l i n e  o f f i x e d sequence
machines. S t a r  Seiki, Shoku and Daido
o f fer  both f ixed and var iab le sequence
r o b o t s . Shinko  Electr i c  has  a  re lat ive ly
sophisticated variable sequence robot for
putting workpieces into a furnace. Nachi
Fuj ikoshi  o f fer  a  robot  spec ia l ly  des igned
t o  to1erte hot temperatures that f inds
application in transfering  workpieces  f rom
a furnace to  a  press .

Fujs i tsu Fe.“UC’S robot is usually found
working with NC machines. T h e i r  M o d e l  0
“SeS the NC of the single machine tool
which  i t  serv ices , while their Models 1,  2
and 3 have their own NC and s e r v i c e from
two to f ive machines. These machines make
possible an unattended system that oper -
ates a u t o m a t i c a l l y  a t night . Okuma,
Yamatke-Honeywell and Ikegami Iron Works
have also started producing robots for use
with their NC machines.

Close ly allied to machine loaders are the
robots that simply transfer material form
one place t o another. Thus, Shinko
E l e c t r i c , Taiyo and Kayaba Industry have
entered t h i s f i e l d . conveyor manufac-
turers t h a t  a l s o  h a v e transfer robots
include Tsubakimoto and Sanki Engineering.
Others are Kawasaki,  that has a mod;::;;
Unimate, Daido Steel, Yaskawa,
Fujikoshi and Toyoda Machine. Dainichi
Kiko has developed a l ine of  heavy trans-
fer  robots . Togo Keiki has deve loped  a
ser ies  o f  var iab le  sequence  robots  specif-
ically ded icated  to  palletizing.

Assembly robots , c a p a b l e  o f i n s e r t i n g ,
Screw driv ing ,  bonding , e t c  e x i s t  l a r g e l y
in the ear ly appl i cat ion stage . Most
major e l e c t r i c a l manufacturers s u c h  a s
Hitachi , Matsushita, Mitsubishi, Oki and
Fuj i tsu have developed f u l l y automatic
systems for bonding. A l l  o f t h e s e  u s e
cameras for  v isual  percept ion  to  pos i t ion
by shape or pattern and to detect defects
(Mitsubishi). Hitachi manufacturers  an
intelligent robot with a 25 step memory
and a 200 gm l o a d  c a p a c i t y  t h a t  c a n  f i t

together different components, one-by-one,
in a s p e c i f i e d order . The  larger  e lec -
t r o n i c ma”“fact”rers a r e p l a n n i n g  t o
r o b o t i z e  50 to 7 5 %  o f  t h e i r  a s s e m b l y
operations by 1985.

Supporting this type industr ia l develop-
ment both in Japan and in the US is a wide
r a n g e  o f university research; let me de-
scribe the US involvement. The pr inc ipal
u n i v e r s i t i e s are Stanford, MIT, Carnegie-
Mellon, Rhode Is land, Flordia , Purdue, -
Massachussets, Maryland, Rochester,
Rensseler  P o l y t e c h , Arizona, Wisconsin,
Ohio s t a t e and others . The robotics t
research at Stanford U n i v e r s i t y  i s 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 a r t i f i c i a l inte l l igence  laboratory
has produced a l i s t  o f ground breaking
research p r o j e c t s  i n manipulation,
hand-eye coordinat ion , and assembly.
Danny Hillis and John Hollerback of MIT
are bui ld ing robot skin that detects
pressure to give a sense of  touch. MIT is
a lso  act ive  in  robot  v is ion and program-
ming languages. Carnegie-Mellon Univers-
i t y has programs in f lex ib le  assembly ,
mobi l i ty and i n t e l l i g e n t 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  f i rs t  to  p i ck  parts  out  o f  a bin
o f random or iented  parts . They are also
working on dexterous robot grippers and
programming languages. Del Tessasr at the
Univers i ty of Flordia is working on tele-
operators , force feedback and the kinemat-
i c s / d y n a m i c s  o f r o b o t i c motion. Purdue
U n i v e r s i t y  i s  w o r k i n g  o n  r o b o t  c o n t r o l
systems, programming languages, v i s i o n ,
and modeling part-flow through industr ia l
plants. The University of  Massachusetts
is working on the visual interpretation of
natural scenes and the design of  parts for
automatic assembly. T h e  U n i v e r s i t y  o f
Maryland has a Computer Vision Laboratory.
Herb Voelcker  a t t h e  U n i v e r s i t y  o f
Rochester is  developing advanced methods
o f representing three dimensional shapes
in a computer memory. From t h i s w o r k  a
computer graphics language called PADL was
developed. Herb Freeman at Rensselear *
Polytech Institute is studying the genera-
t i o n  o f computer models for three-dimen-

s i o n a l curved surface o b j e c t s . The =
Univers i ty of Arizona is doing teleopera-
tor work and the University o f  W i s c o n s i n
i s doing work in machine Vision. Robert
McGhee  at Ohio State University is working
on dynamics and control of industrial ma-
nipulators and legged locomotion systems.

There are also many non profit and private
industrial laboratories performing re-
search in robotics. C. S. Draper Labora-
tories are working on machine vision for



recognition and inspection. G. M.
Research Laboratories has a unique method
for obtaining silhouette immages of parts
on a conveyor system. GE has a substan-
tial robot demonstration facility.
Westinghouse has established a robotic
research laboratory. IBM has developed
AUTOPASS and EMILY programming languages
for robots. Texas Instruments is using
robots for assembly and testing of hand
calculators. Machine Intelligence Corpor-
ation, in coorperation with Unimation

* developed the first commercially available
seeing robot. Unimation is working on
control systems, calibration techniques,
mobility and programming techniques.
Cincinnati Milicron is SlSO working on
programming languages, control system
architecture and mechanical design. Other
manufacturers are Prab-Versatran,
Autoplace, Advanced Robotics, DeVilbiss,
Mobot, Nordson, Thermwood, ASEA, KUKA,
Trallfa and US Robots as well as a dozen
other smaller companies. Western Euro-
peans are estimated to be spending from
two to four times as much as the US in
robotic research. Fiat, Renault, Olivetti
and Volkswaga"  all have developed their
own robots. The fact is, US robotics
efforts are neither better funded nor
better organized than those of our over-
seas trading partners.

PROBLEM AREAS
One of the first problems is accuracy
(not repeatability). Robot positioning
accuracy needs to be improved. Although
repeatability of most robots is on the
order of 0.05 inch over its working vol-
ume.(and in Some cases as good as 0.005
inch), the absolute positioning accuracy
may be off as much as 0.5 inch. Thus it
is not now possible, without 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 come closer than half-an-
inch. Presumably, this accuracy problem
could be solved by applying closer manu-
facturing tolerances to the robot. Today,
the solution is calibration or using the
teaching method. HOWeVer, no efficient
method of robot calibration has been de-
veloped. AlSO, robot control software iS
not presently designed to use calibration.
Thus, using a robot for Small lot batch
assembly remains uneconomical.

Second, dynamic performance must be impro-
ved. Present day robots are too slow and
clumsy to effectively compete with human
labor in Assembly. Two execptions to this
are arc welding, where a heavy welding gun
must be moved through a string of points
in space, a task which the.robot does very
well. HOWever, if robots are to perform
other types of assembly and construction
tasks, they must be able to execute much
more complex routines with greater speed
and dexterity. Control systems need to be

Slternately Stiff and compliant along dif-
ferent axes in space. This requires much
more sophisticated cross-coupled servo
control computations than
employed.

are presently

Third, most robots can lift only about
one-tenth of their own weight.
weight construction is

Light
needed. Advanced

control systems that can take advantage of
such light weight structures and
speeds are a major research project.

high

Fourth, is the design of grippers that
presently have only one degree of freedom.
contrast this with the hmuman hand that
has five fingers, each with four degrees
of freedom. No robot has come close to
duplicating the dexterity of the human
hand! The problem is not so much in
building such a mechanical structure, but
in controlling it.

Fifth, sensors of many different types
must be developed. Robots must be able to
see, feel, and sense the position of ob-
jects in a number of dfferent ways. Pro-
cessing of visual diata must become faster
and be able to determine three-dimensional
shapes and relationships. Robot grippers
must both feel the presence of objects and
sense the forces developed on these ob-
jects. Proximity sensors are needed on
robot finger tips to enable the robot, to
Dleas"re the final few millimeters before
contacting objects. Longer range proximi-
ty sensors are needed on the robot arm to
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 metals ferromagnetics,
plastics, fluids,and l:mp goods, and to
detect various types of flaws in parts and
assemblies. Both the sensing devices and
the software for analyzing sensory data
represent research and developement pro-
blems of enormous magnitude.

Sixth, control systems are needed that can
simultaneously take advantage of sophisti-
cated sensory data from a large "ember of
different types of sensors. Present con-
trol systems are severely limited in their
ability to modify a robot's beha'vior in
response to sensed conditions. sensory
data used in tight servo loops for high
speed or precise motions must be processed
and introduced into the control systems
with delays of no more than a few milli-
seconds. Sensory data used for detecting
the position and orientation of objects to
be approached must be available within
hundreds of milliseconds. Control systems
that are properly organized in a hierarch-
ical fashion (so that they can accomplish
a variety of sensory delays of this type)
are not available on any commercial robot.



Seventh, robot control systems need to
have a much more sophisticated internal
model of the environment in which they
work. They must know three-dimensional
relationships of both workplace and work-
piece. These data are needed to generate
expectations as to what parts should look
like to the vision system, 0~ what they
should feel like to the touch sensors, o=
where hidden or- occluded features are
located. Eventually, such internal models
might be used in the automatic generation
of robot software by describing how a fin-
ished assembly should look, or e"e" how
each stage of a" assembly or construction
task should appear in sequence.

Eighth, techniques for developing robot
software must be vastly improved. Pro-
gramming by teaching is impractical for
small lot production, especially for com-
plex tasks where sensol-y interaction is
involved. Eventually, it will be neces-
sary to have a whole range of programming
languages and debugging tools at each
level of the sensory-control hierarchy.
Shop floor personnel, unskilled with com-
puters, must be able to instruct robots in
what to do and what to look for in the
making sensory decisions.

Lastly, many potential robot applications
require robot mobility. Most robots today
are bolted to the floor or table top, or
are hung from the ceiling. Small robotr
can reach only a few inches; larger robots
only a few feet. But many applications
need robots that can maneuver over much
larger distances. For example, a robot
used to load a machine tool typically
spends most of its time waiting for the
machine to finish its operations. Some-
times a single robot can be positioned
between two or more machine tools so taat
it can be more fully utilized. Other
times it can be mounted on a" overhead
gantry traveling on rails in order to gain
access to many machines. U"fort""ately,
to date this has prove" too expensive and
clumbersome for wide scale use. I" many
applications, like welding ov painting
large str"ct"res such as ships and air-
craft, it is not practical to bring the
work to the robot; the robot must go to
the work. A good ship building robot
should be able to maneuver inside odd
shaped compartments, climb over ribs and
bulkheads, Scale the side of a ship's
hull, and weld Seams several hundred feet
in length. Similar mobility is required
in the construction of buildings. I" some
cases robots will need to climb stairs and
work from scaffolding. Robots will al30
be used in undersea explorations, drilling
and mining. Both of these developmenta
will require significant new developments
in mobility mechanisms. It may be pos-
sible to improve the mechanical accuracy
of robots, and to improve servo perfor-
mance with little more than careful engi-

n e e r i n g . But, much more fundamental
research and development will be
before

required
the sensor, control, internal

modeling, generation, systems interface
and mobility problems are solved. Much
remains to be done in sensory technology
to improve the performance, reliability
and cost effectiveness of all types of
sensory transducers. Even more reniains to
be done in improving the speed and sophis-
tication of sensory processing algorithms
and special purpose hardware for recogniz- I
ing features and analyzing patterns in
both space and time. Se"SOl-y interactive
control systems, that can respond to var-
ious kinds of data at many different ’
levels of abstraction, are still very much
in the research phase. Current commercial
robot control systems do not eYe" allow
real-time six-axis incremental "ove"e"ts
in response to sensory data. None have
convenient interfaces by means of which
sensory data of many different kinds can
be introduced into the Servo loops on a
millisecond time scale for true real-time
sensory interaction. None of the commer-
cial robot control systems have anything
approximating CAD data bases or computer
graphics models of the environment and
workpieces. Finally, current programming
techniques are time consuming and not cap-
able of dealing with internal knowledge or
sophisticated sensory interactions. These
are very complex problems that require
many person-years of research. Is it not
surprising that robot applications are
still very limited?

It is often felt that standards are an
inhibiting influence on a newly developing
field because they impede innovation and
stifle competition. In fact, just the op-
posite is true. Well chosen standards
promote technology development and trans-
fer. They make it posssible for q S"y
different manufacturers to produce various
co"po"e"ts of modular systems. Standard
interfaces assure that multi-vendor sys-
tems will fit together and operate co=-
rectly. Individual modules can then be
Jptimized and upgraded without making the
whole system obsolete. They make it pos-
sible for a large number of robots, mach-
.ine tools, sensors, and control computers
to be connected together in integrated ,
systems.

THE FUTURE w
I" the future, you can expect that the
problem area of today that I have just
described will be solved. The industrial
robot is still in it3 infancy. During the
next decade I fully expect it will bloom
into adulthood. Intelligent robots are
representative of the leading edge of
technology products. The growth of the
industrial robot industry will bear
eloquent testimony to state-of-the-art
technology.



All of our problems are amenable to solu-
tion. It is only a matter
expenditure of resources be%'eti::ns:::
and control systems are developed that can
produce dexterous, graceful, skilled
behavior in robots. eventually, robots
will be able to store and recall knowledge
about the world that will enable them to
behave intelligently and eve" to show a
measure of insignt regarding the spatial
and temporal relationships inherent in the
workplace. There is no question that
given enough time and resources, robotics
will eventually become a significant
factor for increasing productivity in
industrial manufacturing. The only ques-
tion really is: How much time and resour-
ces will be expended before our desires
become reality? In my opinion, more than
a few tens of millions, and less than a
few hundreds of millions of dollars will
be required for R&D to make robots capable
of performing a sufficient number of tasks
to make significant productivity improve-
ments. MOP2 that a few humdred and less
than a few thousand person-years of high
level scientific eand engineering talent
will be needed. I" other words, a
national R&D effort of at least one, and
perhaps two,. orders of magnitude greater
than what has bee" done to date will be
required to succeed in this quest. And
more than just total dollars spent is
important. Robotics research is systems
research. At least a few stable, CO"SiS-
tantly well funded research centers of ex-
CSllS"CS will be required. It is a chal-
langing  and a" adventurous quest, a quest
in search of today's solutions to yester-
day's problems for increased productivity
tomorrow. I hope you will join me in this
quest!
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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

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 l-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, Xi (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 OUP
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 occw-
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



where Z=3 for three-sigma limits and X is the
average of all plotted points Xi.

The standard deviation of the measurement process
is either known (a) from past experience or it
is es,timated  (s) from the plotted points using

;&xQz@ (2)

n-1 n-l

The first expression for s represents the defini-
tion of the term and is widely used to calculate
s. The right hand expression for s 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 Xi only the variable part of Xi in the
calulation of 5. For example, if X1 = 1004,
X2 = 1006, X3 = 995, etc., Use as Xi Only
4, 6, -5, etc.

2
The term stands here for the sum of all

n measured values of X, squared
after summation:

n(9
z

Xi = (X, + x2 + ...x")2
i=

And Xfp stands for the sum of all squared values
i-l of x,

8

2xi2  5 Xl2 + x22 + . ..X” .
i=

If equation 2 is used to estimate the stand-
ard deviation of the n plotted points Xi, s
replaces sigma (a) in equation 1. Simultane-
ously, the factor 2 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 2 aoolies strictlv  onlv when the standard
deviation is computed fro; a v&y large number of
data points. Hence, for a limited number of
points, equation 1 becomes

‘U ’ “ = x * * tp, “-1 (3)

where tP n-l is the two-sided P-probability
value for' Student's t for n-l degrees of freedom.
For upper and lowe? control limits, to.gg73
(corresponding to the normal deviate Z = 3.0) or
t
a 1 points Xi is9

995 are recommended. When the number n of
small, the equivalent of

two-sigma control limits is often used; in such
cases, to.9544 (corresponding to the normal

deviate Z = 2.0) or to.95 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-l). 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 coetrol 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
equifialent lines are drawn using equation 3 and
to.6826 and to.9544 respectively or, if these
t-factors are unavailable, to.70 and tO.95.

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
too1 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 OF 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 latest
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 devation of random
error of approximately 0.2 microohms. The
standard deviation of each mean of two measure-
ments, therefore, is calculated to be

o-O.2
fi -fi

= 0.14 microohms.

Control limits drawn at three standard deviations
of NBS's random error would, therefore, fall
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 ccJ"lYe, 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 (nl = 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 ("2 = 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
LU’ LL = x *rtp, "-1 (4) F

For the first five values, the limits of
uncertainty are at 1.000 013 44 ohms to.66
microhms, tq_9644,9  = 2.869. After April 1967,
the uncertainty limits about the assigned value
are at 1.000 013 47 ohms to.51 microohms,
to.w4,5 = 2.649. 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 random'fluctua-
tions of x.

the symbols f and x represent average t and
X-coordinates

To arrive at the total uncertainty with which the
value of the standardis 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, so 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
narrower limits of uncertainty
than before, it may be appropriate
to weigh the charted values with a
factor inversely proportional to
the reported uncertainty limits.

2 1
8x = x

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.

A A
X = b + m t (5)

A
where b is the least squares X-intercept and $ is
the least squares slope.

i=$ ti z=: i: Xi (7)

i=l i=l

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

r

(8)

L 2

where tP n-2 is the two-sided P-wobabilitv
value of 'Stude nt's t for n-2 deqrees of freedom
and sX is the estiiinte  of the -standard devia-
tion computed from

i=l i=l

(9)

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
tf is calculated from

df = tP,r&X I
l/Z

1+++ n
(tr-i) 2

;t: -x $ ti ('O)



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 or
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 first
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 Z? 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 l-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 i-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 Y-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

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 t-easons  to use the (s-Chart), the
R-Chart is the method of choice" (Ref. 4, p. 2-7). *
"For small samples, the seinple  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 x Chart, F, is the (grand)
average of the pl_otted  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 belog 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 our *
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



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 me_asuring 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 o without additional
justification. Control charts can be used to
provide the justification" Ref. 4, p. 18-Z).

Constructing and Evaluating the ji 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
A2R = 0.729 5 2.2 = 1.6 microohms from the
grand average X. Upper and lower co!trol limits
of the R-Chart of ranges are at 04R = 2.282 x
2.2 = 5.0 microohms and 03R = 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

and the three-sigma control limits are at

3 ' 2'2 = 1.6 microohms = A2R
2.0596

The factors A2, d2, D3, and D4 are
tabulated in Ref. 4 and 5. See also Table 3.

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"
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 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 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 Jhis
process diffe_s from the long-term average, X in
Figure 6 or X in Figures 1 and 2, shown as the
center line of ow control chart. This may mean
that our process converges to a value which is
somewhat different from a value obtained else-
where.

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,

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 (I if it is larger than

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)

2.2ox=
2.059 fi

= 0.534 microohms

and from (12)

" = 1.96 0.534 = 0.25 microohms
fi



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 sowces 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 1s probably one of the single
largest causes of underestlmatlng  uncertalntles.

ji and R-Charts will signal the presence of
unaccounted for between-group random erron.
Since the ranges and the average range ii 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 A$, or too many
points fall on one OP 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.

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 I
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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APPLICATION OF GENERAL LINEAR MODELS TO CALIBRATION DATA
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ABSTRACT

Measurement processes and measurement systems
exhibit variability which forms part of the limit
on calibration accuracy. Standards laboratories
often maintain separate recurds of in-house inter-
comparisons and customer calibrations. If data
from customer and in-house measurements all
originate from a single, cornnon 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
WlUE. 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,

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 = bo + b,x, + e = "true"
(observations)

(1)

The instrument indication is x1, b. and bl are
constants and e is "noise."

There are several possible sources of measurement
noise in the term e. One source is short range
"nrepeatability 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 = bo + blxl + bzxz + . . . . + bkxk + 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 e&h 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 = bo + blxl + b2x2 + b3xlxz + 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 (Z), the error between any
one observation y and the "best fit" is given by:

ei = yi - bxi (4a)

The estimate of the variance based on n measure-
ments is:

I(yi - ~ bjxij)'
s2 = ’

(n - k - 1) (4b)

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.

g+=o,~=o a%. . . . . p = 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:

b,lXo' + bllxoxl + bk_lIxoxk_1 = lX,Y,

b,lx,x, + b,lx,' . . . . + bk_l XlXk_1 s Ix,Y . . . . .

bolxk-1% + bllXk_lXl  . . . . + bk_llXk_1'  = Lxk_lY

(6)

(The summation index, i, is not shown in order to
simplify notation)

The normal equations express the relationship be-
tween the variables x0 through xk_1 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.

xnxi = X'Y (7)

(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 c) 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).

; = (X'X)_'(X'Y) (8)

Finally, the estimate of the variance of a general
linear model with (k + 1) parameters is estimated
from n measurements by:

s _ Y’Y - BX'Y
o _ (k + 1) = SSE/df

285



The estimated variance is the "Sums of Squares
for E'rror" 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:

t =
Bi - Bi

S+ (10)

A confidence interval for the estimate of the i
coefficient is calculated for n measurements and
k coefficients from:

tt
a/z

SG (11)

SAMPLE MULTIPLE LINEAR REGRESSION PROGRAM

The sample program, written in BASIC uses the in-
put/output codes appropriate to Atari (Shepardsan)
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

RUN To run MLR
(initializes
dimension state-
ments for various
arrays)

200 Operator defines
number of observa-
tions, number of
variables, number of
constraints, and
variable names.

480 Set up screen
column headings with
Variable names and
"Data" for ease in

JUMP TO

_____

20000

30000

visualizing the matrix
of regression coef-
ficients X and that
of Data.

539 Fill the screen 5750
with a representation
of the B and Y matrices.
Trap out garbage non-
numerics.

RANGE

IO-158

200-450

480-525

539-581

ENTRY/FUNCTION

582 Compute X'X
matrix. Store it
in 8 temporarily.
S ts a scratch pad.

596 Store X'X in a
permanent location.
Call it XPRIMEDX.
Print. Note: scratch
pads S4A4B 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
inverie permanently
in XPRIMEDXINV.

610 Print covariance
matrix (XIX). 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. If N = 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

RANGE (Cont.)

582-595

_____ 596-598

10000

_____

_____ 620-630

_____ 700-710

_____ 719-790

32000 795-800

-____

-____

_____

810-820

5740-5750

10000-10040

_____

_____

599-600

601-610

11000-11500

20000-20030



ENTRY/FUNCTION JUMP TO 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 ftfmin 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 bl,
b2, and bS, to be: 1.16(#3920),  1.05(#3930),  and
1.07(X2420)  respectively. However, the estimate
of the standard deviation (pooled with 12 degrees
of freedom) is 35 ftlmin. 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 comnon pro-
cess variance.

The computer program can be easily modified to ac-
comnodate 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=O TO P-l:PRINT "COL
#".K+l:" NAME ";:INPUT T$:GOSUB 20000:PRINT "#
TEiMS?":INPUT X:T(K)=X-l:NEXT K . . . (where T(K)
carries the order of the power series in the Kth
variable.)

581 PRINT "I'M FILLING OUT THE POWER SERIES FOR
YOU NOW.":FOR I=0 TO R-l: FOR I=0 TO R-l:X=O:FOR
K=O TO P-l:FOR J=X TO X+T(K):X(I,J)=S(I,K)+(J-X+1)
NEXT J:X=X+T(K)+l:NEXT  K . . . this fills 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 X(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 #3g20 is:

y = x1 - (1.374 f to,2 * 0.045) +

Xl2 - (-2.62~-04  i ta,, . 5.34~-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 standara 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(Z) developed the
;Iipch to applying  constraints to callbratlon

. A constraint is a linear combination of
calibration variables with an assigned value.

igk
.bk=L (13)

The method of applying constraints is best demon-
strated with an example. We choose the NBS design
for maintaining a bank r~f 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 rlenwnts zero 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:

B = ~-'r~-~-~-~-'  1‘1') (I4)

This is illustrated by substitution of the Figure 5
information into equation (14).

COMPUTER PROGRAM CHAIIGES  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 I=0 to R-l

542 FOR K=O 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$(l25):NEXT 1:RESTORE
565:FOR K=O TO P:READ X:X(R,K)=X  :NEXT K:RESTORE
565:FOR I=0 TO R:READ X:X(I,P)=X

553 FOR I=0 TO R:FOR K=O TO P:PRINT X(I,P):NEXT
K:?NEXT I:STOP:REM EXAMINE THE AUGMENTED X MATRIX.
YOU CAN REMOVE TEIS AFTER YOU'RE SURE IT'S OK.

554 PRINT" SUM OF SIX CELLS ";:INPUT  X:X(R,P+l)=X:
REM THIS IS THE CONSTRAINT. SEE LINE#566.

560-561 DATA (containing the un-augmented X matrix)

565 DATA O,O,O,O,O,O,l :REM BOTTOM LINE OF X MATRIX
(CONSTRAINT 0~ 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

7.88

least square error criteria we have a tool of in-
tuitive appeal with useful analytical properties.
These properties allow us to estimate randw
uncertainties in the calibration process, subject
to the underlying assunwtions. The asswptions
are that 1) we already know the general for!;1 of
the relationship between variable(s) and observ-
&ll+ZS, 2) all observations are statistically in-
dependent (uncorrelated), and 3) the observations
are all characterized by the sale expectation
value for the variance. For confidence interval
construction, we also added the asswptian that
the population of observations possessed a Gas- ’
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 wer 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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INDICATED MEASURED VELOCITY (Ft/Min)
VELOCITY Jet Jet Orifice

(Ft/Minl #3920 #3930 #2420

200 250 240 210
400 500 440 555
600 735 670 640
800 950 860 870
1000 1100 1000 1040

FIGURE 1

Figure 1 - Velometer Calibration Data
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10 REM GENERAL PURPOSE PROGRAM FOR MULTIPLE
20 REM LINEAR REGRESSION ANALYSIS. USER
30 REM
40 REM
50 REM
60 REM
70 REM
80 REM
90 REM

100 REM
110 REM
120 REM
130 REM
140 REM
150 DIM

151 DIM

152 DIM

153 DIM
154 DIM
155 REM

158 DIM

SPECIFIES GENERAL LINEAR MODEL. SEE
"APPLIED REGRESSION ANALYSIS" BY
DRAPER&SMITH (WILEY SERIES INS PROBA-
BILITY&MATHEMATICAL STATISTICS 1966)
THIS PROGRAM IS WRITTEN IN ATARI DIALECT
OF BASIC. ALL STRING ARRAYS ARE ONE
DIMENSIONAL. ARITHMETIC ARRAYS ARE
CONVENTIONAL. PROGRAM PREPARED FOR
U.S. NAVY PRIMARY STANDARDS LAB BY
L.S. MORDECAI 10/81. PRESENTED
TO MEASUREMENT SCIENCES CONFERENCE
l/83.
A$(lOO),T$(6),L$(6):REM  COLUMN HEADINGS
ARE STORED AS 1 STRING IN A$.
X(99,5):REM THE OBSERVATION MATRIX.
COLUMNS 0 TO P-l ARE X. COLUMN P
IS USED TO STORE OBSERVATIONS, Y.
XPRIMEDX(5,5),XPRIMEDY(5,l):REM  X'X
B X'Y MATRICES FOR 5 VARIABLES.
XPRlMEDXINV(5,5):REM  INVERSE X'X.
A(5,5),8(5,5),S(5,5):REM  SCRATCH PADS.
ALL DIMENSIONS SET FOR 5 VARIABLES
AND 99 MEASUREMENTS. CHANGE AS NEEDED.
XCs(39):REM THIS IS USED TO COPY
SCREEN'TO  PRINTER. (PUT AND GET).

200 GRAPHICS 0:PRlNT "INPUT THE NUMBER OF
OBSERVATIONS ";

220 INPUT R:PRINT "HOW MANY CONSTRAINTS?":
INPUT C:R=R+C:REM SET NUMBER OF ROWS
IN X & Y MTRICES.

225 PRINT CHR$(125):PRlNT  "SPECIFY THE NUMBER
OF VARIABLES":REM CHR$(lZS) IS CLEAR
SCREEN.

227 PRINT "LIMIT IS SET TO 5 CHARACTERS
AT PRESENT."

229 REM CHANGE DIMENSION STATEMENTS IF NEEDED.
240 INPUT P:lF P>5 THEN GOT0 245:REM SAFEGUARD

GOING OVER DIMENSIONED MATRICES.
244 GOT0 250
245 PRINT "CHANGE DIMENSION STATEMENTS(PARTICU-

LARLY LINES 150-154 OR REDUCE NUMBER
OF UNKNOWNS IN YOUR MODEL."

246 GOT0 IO
250 REM VARIABLE NAMES HEAD THE COLUMNS.

LIMIT OF FIVE SET BY DIMENSIONS.
270 PRINT CHRb(l25):PRINT  "NAME COLUMNS

1 THROUGH ";P
390 MAXLEN-6:REM SET SIZE OF COLUMN NAMES.
400 FOR K=O TO P-l:PRINT "COLUMN# ";K+l;

" NAME":lNPUT T$:REM NAME OF Kth
VARIABLE.

410 GOSUB 20000:~~~~ K:REM COLUMN (VARIABLE)
NAMES ARE GOING INTO 1 DIM STRING.

420 PRINT "CHECK COLUMN NAMES":FOR  K=l TO
300:NEXT K:PRlNT CHRb(125):REM  PAUSE
TO READ SCREEN. ARE NAMES OK?

430 FOR K=D TO P-l:GOSUB 30000:REM READ THE

440
450

480

500
510

5 2 0
525

PRINT CHR$(125)
FOR K=O TO P-l
GOSUB 30000:POSITlON 6*K,I:PRlNT  T$:NEXT K
POSITION 6*K.l:PRlNT ' DATA"

539 J=O
540 FOR

547 FOR

543 REM

l=D TO R-l:J=J+l:IF  J=21 THEN GOSUB
5750:REM LARGE MODELS WILL FILL SCREEN.
THIS CLEARS ALL BUT HEADINGS.
K=O TO F':TRAP 40000: REM THIS IS A
DOUBLE LOOP TO FILL THE TWO DIMENSIONAL
X MATRIX WITH NUMERICS(NUMBERS).
THE OBSERVATIONS GO IN THE Pth COLUMN
FOR UNCONSTRAINED MODELS, & IN THE
P+lth COLUMN FOR CQSTRAINED ONES.

550 TRAP 550:POSITION 6*K,J+Z:INPUT X:X(l,K)=X
570 NEXT K:NEXT l:REM YOU HAVE FILLED THE

EXPERIMENTAL AND OBSERVATIONAL MATRICES.
580 TRAP 40000:RESET THE TRAP. DISPLAY ERROR

DIAGNOSTICS OF COMPUTER.
582 PRINT CHR$(125):PRINT  "COMPUTING X'X

MATRIX":REM I LIKE TO KNOW WHAT'S
HAPPENING INSIDE THE MACHINE.

583 N=O:GOSUB 1000O:REM MULTIPLY X(TRANSPOSE)
AND X MATRICES TOGETHER. THIS IS
SOMETIMES NOT A LIBRARY ROUTINE.

584 REM FOR l-0 TO P-l S
585 REM FOR J=N TO P-l
586 REM FOR K=O TO R-l :
587 REM R
588 REM S=S+X(K,I)*X(K,J)
589 REM i
590 REM NEXT K:S(I,J)=S 0
591 REM
592 REM NEXT J :
593 REM 1 0
594 REM -NEXT I *
595 REM THIS IS HOW SUBR 10000 WORKS *
Kg6 RFM l *******************************I _ _ _.
597 FOR I=0 TO P-1:FOR J=O TO P-l:XPRlMEDX(I,J)=

S(I,J):NEXT J:NEXT I
598 PRINT "X'X MATRIX":FOR I=0 TO P-l: FOR

J=O TO P-1:POSITION J*7,1+5:PRINT
XPRIMEDX(I,J):NEXT  J:NEXT I

599 PRINT "NOW CALCULATING X'Y":N=P:GOSUB
1000O:FOR I=0 TO P-l:XPRIMEDY(I,l)
=S(I,P):PRINT XPRlMEDY(l,l):NEXT I

600 FOR I=1 TO 200:NEXT l:REM PAUSE & READ.
601 REM ********************************
602 REM INVERT X'X. FIRST LOAD IT INTO A.

THEN INVERT A IN LINES 11000 TO
12000 (B IS A INVERTED). PUT B IN

603 REM MATRIX XPRIMEDXINV PERMANENTLY.
( THIS IS R ATHER WAS TEFUL OF RAM. I T

IS A CLEAR ALGORITHM, HOWEVER.)
607 REN ********************************
610 FOR J=O TO P-l: FOR I=0 TO P-l:A(J,I)=

XPRlMEDX(J,I):B(J,l)=O:NEXT  I: B(J,J)
=l:NEXT J

619 OPEN#3,4,0,"S:":REM  OPEN IOCB TO SCREEN.
620 PRINT CHR$(125):PRINT"XPRIMEDXINV":GOSUB

llOOO:FOR I=0 TO P-1:FOR J=O TO
P-1:XPRlMEDXINV(I,J)=B(I,J)

630 POSITION 7*J+l,I+3:PRINT lNT(XPRlMEDXlNV(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.
SINCE ARITHMETIC ACCURACY OF ALGORITHM
IS NOT AFFECTED, MODIFICATION IS

632 REM OPTIONAL. IT IS USEFUL TO SEE X'X
INVERSE ONLY'DURlNG EXPERIMENT DESIGN.

700 REM *** COMPUTE XPRIMEDXINV*XPRIMEDY***
701 REM THE RESULTANT IS THE MATRIX OF THE
702 REM REGRESSION COEFFICIENTS. STORE THESE

IN THE MATRIX S.

. .



11370 FOR K=O to P-l
11380 A(L,K)=A(L,K)+lO*T*A(J,K)/lO: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)=8(L,K)+lO*T*B(J,K)/lO
11400 NEXT K
11410 NEXT L
11420 NEXT J
11500 RETURN
19998 REM *******t****************************
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(K)=L:START=K*MAXLEN+l: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+l
30010 T$=A$(START,START+L(K)-l:REM LENGTH

OF COLUMN NAME IS IN T(K).
30030 RETURN

709 PRINT "THE REGRESSION COEFFICIENTS ARE"
710 FOR I=0 TO P-l:S=O:FOR  J=O TO P-l:S=S+

XPRIMEDXINV(I,J)*XPRIMEDY(I,J)*
XPRIMEDY(J,l):S(I,l)=S:NEXT  J

711 PRINT S(I,~):NEXT I:REM (COEFFICIENTS )
719 REM NEXT COMPUTE THE ESTIMATED VARIANCE.
720 BXPRIMEDY=O:FOR I=0 TO P-l:BXPRIMEDY=

BXPRIMEDY+S(I,l)*XPRIMEDY(I,l):NEXT  I
730 YY=O:FOR I=0 TO R-l:YY=YY+X(I,P)Q:NEXT  I
740 SSE=YY-BXPRIMEDY:VARIANCE=SSE/(R-P):REM

VARIANCE=SUMS OF SOUARES FOR ERROR
DIVIDED BY DEGREES‘OF FREEDOM.

750 PRINT "POOLED VARIANCE"
7~51 PRIN:~;;FRI;,,(BEST FIT MINUS OBSERVED)

760 PRINT "DIVIDED BY NUMBER OF DEGREES OF
FREEDOM AFTER ESTIMATING COEFF."

780 PRINT:PRINT "VARIANCE= ";VARIANCE
784 PRINT "STANDARD DEVIATION = ";SQR(VARIANCE)
790 PRINT "WITH ";R-P;" DEGREES OF FREEDOM."
795 GOSIJB 32000:REM COPY SCREEN TO PRINTER.

YOU MAY ELECT TO LPRINT IT.
800 OPEN #3.4.O."S:":REM NEXT SCREENFUL COMING.
810 PRINT~"VARIANCE OF EACH REGRESSION COEF-

FICIENT IS"
820 FOR I=0 TO P-1:PRINT "COEFF.# ";I+l;" ';

VARIANCE*XPRIMEDXINV(I,l):NEXT  I
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.

5750 FOR A=2 TO 21:FOR B=O TO 38:POSITION
B,A+l:PRINT ' ":NEXT B:NEXT A:J=P:RETURN

9999 REM ***t*******************t*************
10000 REM SUBROUTINE TO MULTIPLY X' AND X

AS WELL AS X' AND Y. SET N = 0 OR P
RESPECTIVELY FOR X'X & X'Y.

10030 FOR I=0 TO P-1:FOR J=N TO P-l.+N/P:
S=O:FOR K=O TO R-l:S=S+X(K,I)*X(K,J):
NEXT K:S(I,J)=S:NEXT J:NEXT I

10040 PRINT "FINISHED":RETURN
10999 REM ************************************
11000 REM SUBROUTINE TO INVERT A. EXITS

WITH THE INVERSE OF A IN 8. THIS
SUBSTITUTES FOR "MATINV" COMMAND.

11150 FOR J=O TO P-l
11160 FOR I=J TO P-~1
11170 IF A(J,I)oO THEN GOT0 11210
11180 NEXT I
11190 PRINT "THE EXPERIMENTAL MATRIX WAS

SINGULAR. THE VARIABLES ARE UNDER-
DETERMINED."

11200 END
11210 FOR K=O TO P-l
11220 S=A(J.K)
11230
11240
11250
11260
11270
11280
11290
11300
11310
11320
11330
11340
11350
11360

A(J;Kj=A(I,K)
A(I,K)=S
S=B(J,K)
B(J,K)=B(I,K)
B(I,K)=S
NEXT K
T=l/A(J,J)
FOR K=O TO P-l
A(J,K)=T*A(J,K)
;~;;K;=T*B(J>K)

FOR L=O TO P-l
IF L=J THEN GOT0 11410
T=-A(L,J)

32000 REM PRINT SCREEN TO PRINTER
32020 XC$="

32030

32040
32050
32060
32070

32071
32080

":REM 39 SPACES
FOR YLOOP=O TO 23:POSITION 1,YLOOP:FOR

XLOOP=l TO 39:GET #3,XC:XC$(XLOOP,XLOOP)
=CHR$(XC):NEXT  XLOOP

LPRINT XC%
NEXT YLOO6
CLOSE #3:RETURN
REM SCREEN TO PRINTER ROUTINE FROM

COMPUTE! MAY'81 PAGE 78 BY LINDSAY.
PUBL. SMALL SYSTEMS SERVICES

REM P.O.BOX 5406 GREENSBORO, N.C. 27403
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. (l), a cryogenic thermometer (Prize No. (Zl),  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.

.

. d

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.

l Aeronutronic-Ford

w Ballantine Laboratories, Inc.

l Basic Systems Corporation

l Beckman Instruments, Inc.

l Bruel & Kjaer Instruments

l Cutlass Electronics

l Dale-Dahl Associates

l Dalfi, Inc.

l Datron Instruments, Inc.

l Data Precision Corporation

l DynaSales Company

a Electra Rent Corporation

l Electra Scientific Industries, Inc.

l Flow Technology, Inc.

l John Fluke Manufacturing Co.

. Guildline Instruments, Inc.

w Honeywell, Inc.

. Robert Irvine

l Lakeshore Cryotronics, Inc.

w Measurement Science Conference

a Metron Corporation

. PCB Piezotronics, Inc.

l Probe Master

l Quality Magazine

l Racal-Dana Instruments, Inc.

l RFL Laboratories, Inc.

l Rockwell International, Inc.

l Ruska Instruments, Inc.

l Simco Electronics

l Standard Reference Labs.

l K. Y. Rogers, Inc.

a L. S. Starrett Company

0 Spectracom Corporation

a Tektronix, Inc.

l True Time Instruments

w U.S. Instrument Rentals

a Valhalla Scientific, Inc.

l Viking Laboratories

l Ward/Davis Associates

. Wahl Instrument Company

. Weinchel Engineering Company
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PRIZE
NO. DONATOR

( 1) AERONUTRONIC DIVISION
of FORD AEROSPACE and
COMMUNICATIONS CORP.
FORD MOTOR COMPANY
Ford Road, P. 0. Box A
Newport Beach, CA 92663
Arranged by: John Schulz
(714) 759-5487

( 2) BALLANTINE LABORATORIES, INC.
P-0. Rnx  97._. --.. _.
Boonton, NJ 07005
Arranged by: M. Lichtenstein
(201) 335-0900

( 3) BASIC SYSTEMS CORPORATION
2359 De La Cruz Blvd.
Santa Clara, CA 95050
Arranged by: Larry Hodel
(408) 727-1800

MEASUREMENT SCIENCE CONFERENCE
DOOR PRIZE PROGRAM RESULTS

January 21, 1983

PRIZE

l One-week use of 1983
Lincoln Automobile
Winner will arrange with FORD
Motor Co. (John Schulz) for
a mutually agreeable delivery
date and pick-up in Long Beach,
CA. The automobile will come
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

e Ballantine Laboratories Model
3028A, Option 20, 3 l/2 digit
bench-top (portable) DMM
Has both digital and analog
display, high/low resistance
rangesi~diode  check and many
other features.
Approx retail value: $365.00

@ Thermo-Electric Model 31171000
Hand-Held Digital Temperature
Meter with penetration thermo-
couple probe.
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



DOOR PRIZE PROGRAM RESULTS (continued)

PRIZE
J&

f 4)

( 5)

( 6)

DONATOR

BECKMAN INSTRUMENTS, INC.
210 Ranger
Brea, CA 92621
Arranged by: Dennis White
(714) 993-8855

B$L & KJAER INSTRUMENTS,
., 1542 E. Katella

Anaheim, CA 92805
Arranged by: Rob Greene
(714) 978-8066

PRIZE

l Beckman Instruments Model
H0110 Heavy Duty Hand-HeTd DMM
Resistant to accidental droo-
ping, contamination and over-
loads, bright NATO yellow color.
Approx retail value: $189.00

a Two Complete Sets of Six-each
Hardcover Handbooks
(See below for description and
prize number.)

o 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

l 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. Statistician
TRW
Redondo Beach, CA

Duncan F. McDonell, Mech. Engineer
Pacific Missile Test Center
Pt. Mugu, CA

r ,



PRIZE
*

i 7)

( 8)

( 9)

(10)

(11)

DONATOR

CUTLASS ELECTRONICS
P.O. Box 6503
18039 Crenshaw Blvd.
Torrance. CA 90504
Arranged by: Dean Marxer
(213) 324-7360
(714) 549-9358

DALE DAHL ASSOCIATES
2738 West Main Street
Alhambra, CA 91801
Arranged by: Gene Bleasdale
(213) 682-3417

DOOR PRIZE PROGRAM RESULTS (continued)

OALFI, INC.
100 Carroll Canyon Road
San Diego, CA 92131
Arranged by: C. Van Winkle
(714) 578-9500

DATA PRECISION DIV. OF
ANALOGIC CORPORATION
Danvers, MA 01923
Arranged by: M. Koulopoulos,
Jay Long and John Seney
(617) 246-1600

DATRON INSTRUMENT, INC.
3401 S.W. 42nd Avenue
Stuart, FL 33494
Arranged by: Geoffrey Cannel1
(305) 283-0935; and
David Walker, (714) 545-8115

PRIZE

e Valhalla Scientific
Model 3302 Hand-Herd DMM
Approx retail value: $129.00

0 Samsonite Carry-On Luggage
Approx retail value: $95.00

l Imported Beer Stein
Especially manufactured in
Germany for DALFI, Inc.
Approx retail value: $65.00

l Data Precision/Analogic
Model 938 H d H Id Digital
CapacitanceanMe;eE
Approx retai'1 value: $219.00

l $50.00 Cash

WINNERS

Edgar Lee Graef, Elect. Technician
Navy Primary Standard's Lab
Washington, DC

Charles E. Weber, Eng. Supervisor
Grumman Aerospace Corp.
Bethpage, NY

Gary L. Smith, Training Manager
Metron Corp.
Ranch0 Cucamonga, CA

Alfred B. Wingfield, Leader
Marine Corp Logistics Base
Barstow, CA

Algie L. Lance, Sr. Scientist
TRW
Redondo Beach, CA



DOOR PRIZE PROGRAM RESULTS (continued)

PRIZE
NO. DONATOR

(12)

t.J

z
(13)

DYNASALES COMPANY l Two Vintage Westinghouse
P. 0. Box 6757 Taut-Band dc Meters
Los Anqeles. CA 90022
Arranoed bv: Bob Marshall

(Sixteen-years old, but new
and unused. See below for

PRIZE

(213)<268-ii75 description and prize number.)

m Westinghouse Model PX161,
Style 2918745A26 Taut-Band
ijC Voltmeter. Has 3, 7.5, 15,
30, 75, 150, 300 & 750 volt
ranges, 11" mirrored scale and
1/2_of one percent accuracy.
*1972 price
Approx retail value: $286.00

b

(14) ELECTRO RENT CORP. a
4131 Vanowen Place
Burbank, CA 91505
Arranged by: Howard Blackman
(213) 843-3131

Westinghouse Model PX161,
Style 291B744A27 Taut-Band
DC Ammeter. Has 11" mirrored
scale and l/2 of one percent
accuracy (for use with 50 mV
shunt). "1972 price
Approx retail value: $286.00

Interstate Electronics Corp.
Model P24 Pulse Generator
Instrument was purchased in
1977 for use asa rental unit.
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

WINNERS

Ernie B. Crisologo, Tech. Manager
Viking Laboratories, Inc.
Mt. View, CA

Harvey M. Zall, Site Manager
Simco/NASA
Santa Clara, CA

Ronald Broschinsky, QE Metrology
Brunswick Corp
Costa Mesa, CA



PRIZE
* DONATOR

(15)

(16)

ELECTRO RENT CORP.
(continued)

DOOR PRIZE PROGRAM RESULTS (continued)

ELECTRO SCIENTIFIC 0
INDUSTRIES, INC.

14000 N.W. Science Park
Portland, OR 97279
Arranged by: Jim Currier
and Doug Strain
(503) 641-4141

PRIZE

offset, variable rise and fall
from 5 ns to 0.5 5, 10 V pulses
into 50 ohms, exclusive con-
stant duty cycle and many more
features.
Approx retail value: $995.00 (1977)

Two each Electra Scientific
Industries Model SR-1
Standard Resistors
-(See below for prize number.)

WINNERS

l ESI, Inc. Model SR-1 Ervin V. Abbott, Engr. Specialist
Standard Resistor I-K ohm Vought Corporation
Approx retail value: $155.00 Dallas, TX

l ESI, Inc. Model SR-1 Dave Hopping, Cal Lab Supervisor
Standard Reslstor 16-K ohm Hewlett-Packard
Approx retail value: $155.00 Santa Rosa, CA

(17) FLOW TECHNOLOGY, INC. l 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



PRIZE
* DONATOR

DOOR PRIZE PROGRAM RESULTS (continued)

PRIZE

(18)

(19)

E (20)

JOHN FLUKE MANUFACTURING CO. a John Fluke Co.Model 8060A DMM Christine G. Meek, Salesperson
2300 Walsh Avenue Approx retail value: $349.00 Crystal Engineering
Santa Clara, CA 95050 Motto Bay, CA
Arranged by : Joe Murdica
and Hines Falkenberg
(408) 727-0513

GUILDLINE INSTRUMENT CD.
2 Westchester Plaza
Elmsford, NY 10523
Arranged by: Ed Nemeroff
and Bob Gangawer
(914) 592-9101

a Kodak Model 6000 Disc Camera Tad Mukaihata, Manager, Met Lab
Approx retail value: $70.00 Hughes Aircraft

Culver City, CA

PROFESSOR ROBERT IRVINE
of Cal Poly - Pomona
(a personal donation by
the author)

l A reference text book on
"Operational Amplifiers"
Published in 1981 by
Prentice - Hall

Kenneth M. Walczak, Scientist
Owens-Corning Fiberglas
Granville, OH

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 filter circuits.
Approx retail value: $25.00

(21) LAKESHORE CRYOTRONICS, INC. l Lakeshore Cryotronics John Milburn, Lead Instrumentation
64 E. Walnut Street Model DI-8 DIGI-K Cryogenic Watkins Johnson
Westerville, OH 43081 Thermometer with thumb-wheel San Jose, CA
Arranged by: Warren Pierce set-point alarms - operates
(614) 891-2243 -in range of 4 to 330 K with

resolution of 1 K. Accuracy
is +(l% or 1 K) whichever is
greater.
Approx retail value: $795.00



PRIZE
NO.

(22)

(23)

(24)

(75)

DONATOR

MEASUREMENT SCIENCE
CONFERENCE, INC.

METRON CORPORATION
9681 Business Center Drive
Ranch0  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

D Free Registration to 1984
Measurement Science Conference
Approx retail value: $135.00

l 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

l Two Probe Master Products:
An oscilloscope probe--and an
attenuator. (See below for
description and prize numbers.)

. Probe Master Model PM2902RAE
Miniature, 250-MHz Band-Width,
X1 & X10 Oscilloscope Probe.
Includes enoineerina accessorv
kit and readout act;ator  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 Products
Washington, DC



DOOR PRIZE PROGRAM RESULTS (continued)

PRIZE
NO.

(26)

(27)

;i (28)
rz

(29)

(30)

DONATOR

PROBE MASTER (continued) .

QUALITY MAGAZINE .
Hitchcock Publishing Co.
Hitchcock Building
Wheaton,  IL 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. l
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

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

Approx retail value: $1,085.00

Richard A. Schultz, Physicist
NWS, Seal Beach
Pomona. CA



r

PRIZE
NO.

(31)

(32)

(33)

(34)

(35)

DONATOR

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

DOOR PRIZE PROGRAM RESULTS (continued)

SIMCO ELECTRONICS
382 Martin Ave.
Santa Clara, CA 95050
Arranged by: Carl Quinn
(408) 727-3611

PRIZE

@ Airways Executive Briefcase
Approx retail value: $100.00

l Four Each Scherr Tumico Pre-
cision Dial Dynamometers Lever
Action, 2 l/2"  dial, Plus-
Minus 50 to 250 grams force
TSee below for prize number.)

# Scherr-Tumico Precision Dial
lTynamometer  (as described above)
Approx retail value: $85.00

l Scherr-Tumico Precision Dial
Dynamometer (as described above)
Approx retail value: $85.00

l 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. Supervisor
USAF/AGMC/Newark  AFS
Newark. OH

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. Cortis, Metrology
US Army
Warrier, MI



DOOR PRIZE PROGRAM RESULTS (continued)

PRIZE
&

(36)

(37)

DONATOR PRIZE WINNERS

STANDARD REFERENCE LABS, IMC. . Kodak Model 6000 Disc Camera
Coan Place/P.O. Box 388 Apnrox retail value: $70.00
Metuchen, NJ 08840
Arranged by: Dennis Koep
(201) 549-9292

L. S. STARRETT COMPANY @ L. S. Starrett Co.
6920 Hermosa Circle Model T230XRL  1" Outside
Buena Park, CA 90620 Micrometer Caliper. Features
Arranged by: Gordon Hoehn include: Tungsten-carbide meas-
(714) 739-0323 suring faces, satin-chrome

finish, ratchet stop, locknut
and Cat. No. 910 case.
(Measures to 0.0001 inch)
Approx retail value: $55.00

SPECTRACOM CORPORATION
320 N. Washington Street
Rochester, NY 14625
Arranged by: B. Hesselberth
(716) 381-4827

(38)

(39)

e Two Quartz Travel Alarms
ISee below for prize number.)

(1 Quartz Travel Alarm
Approx retail value:

@ Quartz Travel Alarm
Approx retail value:

David Rosenthal, Project Manager
Newport Corp.
Fountain Valley, CA

Steven Greenwood, General Manager
Crystal Engineering
Baywood  Park, CA

$20.00
H.D. Farnsworth, Telecom Sls Spec.
EIP Microwave, Inc.
San Jose, CA

$20.00
Paul R. Lange, Commander, AGMC
USAF
Newark, OH

TEKTRONIX, INC. a Two ea. Tektronix, Inc.
3003 Bunker Hill Lane Oscilloscope Probes
Santa Clara, CA 95050 (See below for description and
Arranged by: Marvin Bail prize number)
and Brian Shumaker

, .



PRIZE
& DONATOR

(40) TEKTRONIX, INC.
(continued)

(41)

DOOR PRIZE PROGRAM RESULTS (continued)

PRIZE WINNERS

l Tektronix, Inc. Model P6106
250-MHz, X10 Oscilloscope
Probe with readout. Desioned
for TEK 7000-series scopes but
useable with other models.
Approx retail,value: 9131.00

Richard C. Wagner, Met. Engineer
McDonnell Douglas
Huntington Beach, CA

.

TRUE TIME INSTRUMENT CO. l

3243 Santa Rosa Ave.
Santa Rosa, CA 95401
Arranged by: J. Van Groos
and Victor Kunkel
(707) 528-1230

Three Prizes. (See below for
description and prize numbers.)

(42) l Time Cube
Approx retail value: $40.00

(43)

(44)

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

Clifford 0. Koop, Manager
Rockwell-Collins
Cedar Rapids, IA

Philip Alderton, Marketing Manager
Instrulab, Inc.
Dayton, OH

l LCD Pen Watch
Approx retair value: $10.00

Ron S. Kamerlink, President
Novus Technology
Los Altos, CA

l LCD Pen Watch
Approx retail value: $10.00

Ron A. Ramirez, VP Marketing
Weinschel Engineering
Gaithersburg, MD



DOOR 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

(47)

(48)

(49)

(50)

PRIZE WINNERS

o Leather Briefcase
Approx retail value: $100.00

Clifford Duncan, Sr. Inst. Engr.
Lockheed Missile & Space Co.
Bremerton, WA

l Valhalla Scientific Model
3301 Hand Held DMM
Approx retail value: $90.00

WAHL INSTRUMENT CO.
5750 Hannum Ave.
Culver City, CA 90230

l Seven (7) Wahl Instrument Co.
Products
(mow for description and

Arranged by: Chuck Blackburn prize numbers.)
(213) 641-6931

l Wahl Inst. Co. Model 731-12
24-Hour Temperature Chart
Recorder (0 to 100°F)
Approx retail value: $185.00

Steven Dwyer, Reliability Analyst
USN Metrology Engineering Center
Pomona, CA

l Wahl Instrument Co. Kenneth J. Lund, Metrologist
EZGRIGHT Egg Timer Rockwell International
Approx retail value: $7.00 Anaheim, CA

. Wahl Instrument Co.
EGGRIGHT Egg Timer
Approx retail value: $7.00

Lionel Mordecai, Engr. Supervisor
Navy Primary Standards Lab
San Diego, CA

l Wahl Instrument Co.
EGGRIGHT Egg Timer
Approx retail value: $7.00

Donald A. McSparron,  Physicist
NBS
Washington, DC

William A. Simmons, Manager
Barrios Technology, Inc.
Houston, TX



DOOR PRIZE PROGRAM RESULTS (continued)

PRIZE
& DONATOR

(51) WAHL \NST;UME;;)CO.
con inu

(52)

(53)

PRIZE

l Wahl Instrument Co.
EGGRIGHT Egg Timer
Approx retail value: $7.00

* Wahl Instrument Co.
Egg Timer

Approx retail value: $7.00

l Wahl Instrument Co.
EGGRIGHT Egg Timer
Approx retail value: $7.00

(54) WARD/DAVIS ASSOCIATES l All-day Tutorial/Hands-On
3329 Kifer Road course on microprocessor in-
Santa Clara, CA 95051 circuit emulation as used in
Arranged by: Leon Hamner development of microprocessor
(408) 245-3700 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

(55) WEINSCHEL ENGINEERING CO. n $25.00 Cash
29169 Heathercliff, No. 213
Malabu, CA 90265
Arranged by: Gary McNamarra
(213) 457-4563

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,
Abbott Labs
North Chicago, IL

Engr. Technician



PRIZE
NO. DONATOR

(57)

(56)

E

VIKING LABORATORIES
5555-l Magnetron Blvd.
San Diego, CA 92111

440 Bernard Ave.
Mountain View, CA
Arranged by:
Ann Foran (Mountain View)
(415) 969-5500, and
Angela Ginn (San Diego)
(619) 571-0337

K. Y. ROGERS, INC.
2670 E. Walnut Street
Pasadena, CA 91107
Arranged by:
(213) 681-3715

792-3165

DOOR PRIZE PROGRAM RESULTS (continued)

PRIZE WINNERS

@ Two Gift Certificates for
Viking Laboratory Calibration
Services
(Seebelow  for description and
prize number.)

l $50.00 Gift Certificate
$0 be applied towards cali-

Ashley Harkness, Lab Specialist
Electra Test

bration'bf any one instrument. San Ramon, CA
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-

Fred A. Dusel III, Foreman
Petersen Precision Engineering Co.

.

bration'of any one instrument. Redwood City, CA
Calibration service may be
obtained from either Viking
Laboratory facility (San Diego
or Mountain View, California).

Five K.Y. Rogers, Inc. Machine
Finish Specimans for Comparison
Evaluation of Surface Finish on
Machined Parts



DOOR PRIZE PROGRAM RESULTS (continued)

PRIZE
NO. DONATOR

(58) K.Y. ROGERS, INC.
(continued)

(59)

(60)

2 (61)

(62)

(63) HONEYWELL, INC.
7037 Hayvenhurst Avenue
Van Nuys, CA 91406
Arranged by: Bill Coe
(213) 786-6416

PRIZE WINNERS

l K.Y:Rogers,  Inc. George M. Trinite, Branch Head
Machine Finish Speciman USN Metrology Engineering Center
Approx retail value: $5.00 Pomona, CA

l K.Y. Rogers, Inc.
Machine Finish Speciman
Approx retail value: $5.00

Wolf B. Egenter, Engineering Head
Quality Engr. Test Establishment
Ottawa, Ontario, Canada

l K.Y. Rogers, Inc. Machine
Machine Finish Speciman
Approx retail value: $5.00

Ralph E. Bertermann, Supervisor
G. 0. Searle
Skokie, IL

l K.Y. Rogers, Inc. Machine
Machine Finish Speciman
Approx retail value: $5.00

Bill J. Allison, Gen. Supervisor
Hughes Aircraft Co.
Torrance, CA

a K.Y. Rogers, Inc. Machine
Machine Finish Speciman
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Marvin G. Crown, Task Engineer
Pacific Missile Test Center
Pt. Mugu, CA

# Leather Buxton Desk Set
w/Calculator
Approx retail value: $50.00

Keith Westover, Manager
Intersil
San Jose, CA
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30th Loebe Julie
New York, NY

DRAW

5th

14th

46th

50th

59th

62nd

65th

68th

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

110th Del Caldwell
Claremont, CA
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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
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70th

72nd

75th
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Mike Schmahl
San Jose, CA

Richard H. Anderson
Los Altos, CA
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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. Igoe
Wappingers Falls, NY

Robert Perry
Rio Rico, AZ

Robert Muna
Bladensburg, MD
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71st

74th

77th

80th

85th

88th

91st

93-d

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
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DRAW

1Olst Neil Faulkner
Edmonds, WA

104th Bob Hesselberth
Penfield, NY

107th Carleton D. Bingham
Argonne, IL

109th Bill Meyer
Boise, ID

112th Jack Thurbon
Montclair, CA

I

"WINNERS" HAD THEY ONLY BEEN THERE!
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102th Gary Smith
Yuccipa, CA

106th Ted Elick
Warren, MI

108th Monty Jensen
Mountain View, CA

111th Milton J. Lichtenstein
Boonton, UT



IEASURDENT  SCIENCE WM7XXE

DOORPRIZE~

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 u-
in this year’s Door Prize Program. The prize you

1. All registered attendees*: Audience, Session Developers, Speakers and
Exhibitor’s Representatives are invited to participate; however, to be
eliqible to win you must:

A. Complete and turn in your Conference Evaluation Questionnaire, and

B. Be present at the Door-Prize Orawinq.

*(the 1983 MSC Board of Directors and Conference Cormnittee  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
by 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, tie 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 secmds to state ywr selection by prize
number; winners failing to make their selection within 30 seconds
will be given a prize at randan.

4. Prizes will be available for viewing in the Exhibits Area.

The Measurement  Science Conference Board of Directors and Conference Cotmnittee
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.

Bob Couture,
Door Prize Chairman

Enclosure: Door Prize Listing
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