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EXECUTIVE SUMMARY

The Nationd Indtitute of Science and Technology (NIST) has been a the pinnacle of the
nation’s electrica measurement system since NIST’ s founding (as the Nationd Bureau of Standards) in
1901. NIST maintains research and technology expertise that assures the nation’s commitment to the
highest international standards of measurement. NIST often leads in the development and advocacy of
such measurement standards. To accomplish this mission, NIST must make invesmentsin the
development, maintenance, and diffusion of what economigts cal infratechnologies, which alow
comparable measurements among industries, between industries and university research centers, and
among ndtions.

This economic impact assessment focuses on a program that isin some ways represents amajor
change in standards worldwide— the shift to intrinsic standards. Unlike treditional measurement
standards that rely on artifacts or experiments to produce the basis for measurement, intringc standards
are based on congtants of nature, inherent properties that are invariant and independent of the
environment. Intringc sandards hold the promise of shortening the tracegbility pathway from the end
product back to the nationa laboratory. Examples of quantities supported by intringc standards include
time and frequency, resistance, and length.

An example of this trend toward intringc standards is voltage measurement. When NIST was
founded in 1901 the competition for voltage measurement technology was between two types of “wet
cdl” batteries— the Clark cell and the Weston cell. In 1905, the U.S. adopted a new representation of
the standard volt based on Weston cells located a NIST. By the late 1960s, university researchers
were beginning to understand the eectrica properties of Josephson junctions, made of superconductor
materia.  In cooperation with NIST (NBS), specid instrumentation was built to verify the accuracy of
the university's Josephson voltage standards. It was soon recognized throughout the world that a
precison intrinsic voltage standard was possible.

In 1972, the U.S. was the firgt nation to adopt a representation of the volt based on the
electrica properties of a Josephson junction maintained at NIST. By the mid-1980s, the nationd
standards laboratories of most mgjor industrialized countries used the Josephson effect to define their
unit of voltage. NIST's researchers envisioned ardatively low cost and portable Josephson Volt
Standard (JV'S) system infratechnology to improve the way that the metrology community conducts
routine cdibration.
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By thelate 1980s, NIST began to transfer its JV S technology to sophisticated manufacturing or
service production environments, such as e ectronic measurement instrument manufacturers and
aerogpace indusiry metrology laboratories. By the time this economic impact assessment was initiated,
NIST had trandferred it VS technology to more than 40 government and private sector organizations
worldwide, including more than 20 in the North Americaaone.

It was anticipated that the transfer of NIST’ s technology would result in four types of economic
impacts: calibration process savings, in-service failure cost avoidance, product development savings,
and profits from sdes of products dependent on NIST JVS system technology. While surveys of VS
system users indicate that process and cost-avoidance savings are Sgnificant, by far the greatest
measurable impact has been on enabling leading instrument manufacturers to come to market sooner
than their internationd rivas, with the most sophisticated new measurement technology, and to profit
accordingly. Thisisreflected in the measures of economic impact presented in the table below.

Table1l. Estimates of Economic | mpact

Performance Metric Esimate
Net Present Valuein 1987 $18,700,000
Net Present Valuein 2000 $45,100,000
Real Social Rate of Return 87™%
Benefit-to-Cost Ratio 5

ES-2



1. BACKGROUND

1.1 ECONOMICIMPORTANCE OF ELECTRICITY

To alarge extent, dectricity defines modern technology-based civilization. For the entire 20th
century, eectrical power and the devices it supports have been a driving force for the U.S. economy.
The scale of dectricd production and its widespread use in the automotive, aircraft, chemica, machine
tool, and, most recently, the telecommunication and computer industries has led economic higtorians to
refer to the 20th century as “the age of electricity."1 Injust over 100 years, dectricity hasradicaly
transformed and expanded our energy use.

Electricity is clean, flexible, controllable, safe, effortless, and avallable
ingantly. In homes, it runs everything from toothbrushes and televisons to
heeting and cooling systems. Outdoors, eectricity guidestraffic, arcraft,
and ships, and lights up the night. In business and industry, eectricity
enables virtualy ingantaneous globa communication and powers diverse
devices that include trains, auto plant assembly lines, restaurant
refrigerators, and autometic pin-setting machines a the local bowling

dley.”

The penetration of dectricity into our economy and way of lifeisreflected in the nearly unbroken 50-
year pattern of increasing eectric power sdles” From 1949 to 1997, while the population of the United
States grew by 79 percent, the total amount of eectricity sold grew by more than 1,100 percent. Per-
capita average consumption of eectricity was dmost seven times higher in 1997 than in 1949.

’ S. Ratner, J. Saltow, and R. Syllva, The Evolution of the American Economy, Basic Books, 1979.

? Energy in the United States: A Brief History and Current Trends, US Energy Information Administrations,
http://www.eia.doe.gov/emeu/aer/eh/eh.htmI#TE, May 1999.

? Two years—1974 and 1982—are the exceptions to the long-term trend. Energy in the United Sates: A Brief
History and Current Trends, U.S. Energy Information Administration, April 1999.

1



1.2 VOLTAGE

The measurement of eectrica parameters is fundamenta to the producers of eectrica power as
well asto the designers, producers and users of devices that employ eectricity. All dectrica systems
are designed to produce information or do work. The services they provide and the proper functioning
of their devices require accurate measurement of voltage (V), current (1), and resstance (R). Ohm's
Law (V=IR) describes the rdationship among them.

Also cdled “potentid energy,” “potentia difference” voltage is an dectrica property that is
basic to the structure of matter. Voltagein an dectrical system is analogous to water pressure in afaucet
or ahose.

Accurate measurement of voltage is extremey important in awide range of instrumentation.
Specificdly, voltage measurement is an important parameter for the following four broad classes of
indruments:

. V oltage measuring equipment
. Process control instruments
. Electricd integrating instruments

«  Andytica and scientific instruments’

1.3 CALIBRATION

Every device that used to measure dectrica energy must be cdibrated to assure its accuracy.
Such cdlibration assures that the uncertainty in measurement readings is within specified limits” While the
influence of metrology and cdibration is pervasive, the average person knows little about the
infrastructure and practice of measurement generaly, and less dtill about the infrastructure and practice
of dectrica measurement in particular. Thus, little public attention is paid to these important

) W. E. Hafford and E. W. McWhorter, Under standing Solid State Electronics, Howard W. Sams & Co., 1984.
5

These correspond with the following Standard Industrial Product Codes. 38252, 38230, 38251, and 38260.
6

“Accuracy” isthe difference between the measurement result (datum) and the actual value of the physical quantity
being measured. “ Precision” isthe smallest difference a measuring instrument can report, and is afunction of the
instrument used to make the measurement. Non-metrol ogists usually judge the quality of a measurement in terms of
accuracy. Metrologists, on the other hand, prefer to use the term “ measurement uncertainty,” which has the
advantage of being defined rigorously.



measurement issues because they are regulated and performed behind the scenes in accordance with
laws and contracts.’

Cdibration is performed by, or in conjunction with, metrology |aboratories according to dalily,
weekly, monthly and annua routines. The main business of ametrology laboratory is the calibration of
test equipment, as well as the development and maintenance of processes for conveying accurate
cdibraionsto al measurement and test equipment in its purview. In agenerd sense, caibration isa set
of operations performed in accordance with specific documented procedures for comparing
messurements made by one instrument to those made by a more accurate instrument or standard. The
purpose of cdibration isto detect and report errors in the instrument tested, and to eliminate these
errors by making adjustments.

In amanufacturing or service production environment, routine tests of production processes and
products involve awide variety of test equipment that must be calibrated to assure the quaity of these
products and processes. The costs of the facilities, equipment, training, and operation of metrology labs
arereturned in:

. More rdiable instruments
. Better control of manufacturing processes
. Fawer manufactured items that must be diverted for re-test or re-work

. Gresater sales of products and services to customers satisfied with an
organization's qudity practices.

Perfect products, perfect manufacturing equipment, and perfect test equipment are not possible.
What is possible, and what manufacturers seek to achieve, are characterizations of quality, most
generdly in terms of accuracy (uncertainty) and precision. Thejob of industria metrologists, and the
misson of NIST in supporting the metrology community, is to assure the best possible calibration
procedures for maintaining or improving product and service quality.” Ultimately, the struggle for
product and service quality assures the competitive position of U.S. producers in domestic and

For example, we take for granted that two clocksin different locations read the same. In fact, the accuracy of our
watches is often measured against a standard source by “calling time.” We assume that a pound of hamburger is
roughly the same regardless of where it is purchased, and while we may be aware that grocers' scales are
“inspected,” wetakeit for granted that the scale's accuracy is maintained regularly. We also assume that the
temperature on anew oven is accurate, so that it will cook food in roughly the time indicated in a cookbook.

Metrology is the science and practice of measurement, including the design, conduct, or analysis of atest and its
results.



international markets. The network of |aboratories, organizations, people, and documents that provide
assurances of the qudity of eectrical measurement is known collectively as the "national measurement
system for electricity.”

1.4 TRACEABILITY

Tracegbility isa property of the calibration process that alows a quaity control auditor to trace
basic calibration values back to an appropriate fundamenta standard of measurement. Hence, standards
tracesbility is analogous to apedigree.”” 1dedly, this pedigreeisinternational. That is, idedlly, a
cdibration value is agreed to by international consensus so that scientific and industrid transactions
between nations can be made with confidence that the bas's for measurement is consistent.

As shown in Figure 1, the internationd tracesbility hierarchy begins with internationa consensus
under the Treety of the Meter. The volt, dong with other key units of eectrical measurement, is defined
by a consensus of the International Committee for Weights and Measures (CIPM).” The CIPM
edtablishes, maintains, and disseminates the International System of Units (S1) through its ddliberations.
The“meter;” for example, isaSl unit, asisthevolt. S definitions are stated without uncertainties.” To
make use of these definitions, however, requires a physical artifact or an experimenta apparatus to
generate a useable realization of the defined unit. Such realizations are generaly carried out in
National Metrology Ingtitutes, such asthe Nationa Ingtitute of Standards and Technology and Smilar
agencies around the world

? N. Belecki, et a, The National Measurement System for Electricity, (NBSIR 75-935), National Bureau of Standards,
September 1978

10
The International Vocabulary of Basic and General Termsin Metrology (1993) defines traceability as, “ The
property of the result of a measurement or avalue of a standard whereby it can be related to stated references,
usually national or international standards, through an unbroken chain of comparisons, all having stated
uncertainties.” Quoted in NIST Calibration Services Users Guide, 1998 (SP 250), NIST, USGPO, 1998, pg. 3.

11
The CIPM oversees the activities required under the Treaty of the Meter, to which most technology advanced
countries are signatories.

" For example, the base unit of electricity, the ampere, isdefined as follows: “that constant current which, if
maintained in two straight parallel conductors of negligible cross-section, and placed 1 meter apart in a vacuum,

would produce aforce equal to 2 x 10-7 newtons per meter of length between these conductors.”
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Inter national
Measurement
Organization

National-level
Measurement
Organization

Industrial
Measurement
Organizations

Figure 1. TheInternational Traceability Hierarchy13

Nationd traceshility, in turn, involves a functiona hierarchy of measurement ingruments or
atifacts a various "distances’ from the primary standard of measurement. In generd, accuracy and

demands for technica expertise diminish, and the number of customers served increases, as one moves
down through the measurement hi erarchy.14

At the top of the nationd traceability hierarchy isaprimary standard: A primary sandard is
defined and maintained by some authority as the meansfor calibrating secondary standards. Within a
nationa context, NIST is the ultimate authority or "owner" of the nationa representation of the primary
voltage standard. Within a corporate context, a central metrology laboratory typically owns the primary

. Thisfigureisbased on “Traceability Diagram for Direct VVoltage,” in, Fluke, Calibration: Philosophy In Practice,
1994, p. 6-7 (hereafter, Fluke, 1994); and “Typical Corporate Support Structure”, in N. Belecki, et a, The National
Measurement System for Electricity, (NBSIR 75-935), National Bureau of Standards, September 1978, p. 24.

14
Fluke, 1994, p. 4-7.



standard (a secondary standard from a nationd perspective), which is often referred to asa "golden
standard” for internal measurement purposes.

In order to transfer the accuracy base of anationa primary standard to industrid organizations,
a transfer standard is employed. A transfer stlandard is used to compare a measurement process,
system, or device a one location or functiona level with another measurement process, system a
device a another location or level. NIST utilizes tranfer standards in its Measurement Assurance
Program (MAP). Under this program, solid state voltage output devices are precisaly calibrated at
NIST. These cdibrated artifacts are then sent to industry where their output voltages are measured. The
messurement results and the transfer standards are then returned to NIST and messured again for
comparative anayss.

Within a corporate setting, transfer sandards, which are measured againgt the corporation’s
golden standards, are transferred to loca (perhaps divisond) quality control organizations. These
transfer standards are then re-cdibrated against the organization’'s golden standard at pre-determined
intervas according to an organization's quality assurance procedures.

Ratio standards are used to obtain other values of a unit from atracesble intrinsc or artifact
standard of measurement. For example, if the nationa representation of the volt is an output of 10 volts,
and an application requires the measurement of 5 volts or 50 valts, then the standard voltage outputs
must be scaed accuratdly. The most common scaling techniqueis "ratioing” the proportion of one level
of aquantity to another level of the same quantity. There are no nationd retio standards.”

Working standards are used in routine calibration and comparison procedures in the laboratory
and maintained in comparison to a golden standard. Typicdly, thisis a solid state dc voltage output
device that is less accurate and reliable than the golden standard to which it is compared for cdibration.
Fndly, workload calibration instruments are cdibrated routinely for usein a“production

environment” (i.e., outside the confines of the metrology or cdibration |aboratory).

Egablishing NIST traceability for a production measurement implies a documentation trail
leading from a workload instrument that has been cdibrated through a series of working standards and

" Asexplained further in section 2.1.3, the situation in the case of voltage standards is somewhat more complex. Due
to technology transfer efforts by NIST, several industry -level organizations own primary standards that are as
accurate as the national primary standard.

° The instruments used to derive ratio standardsin metrology labs are known as “dividers.” Fluke, 1994, p. 9-3.
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transfer sandards and ultimately to a primary standard of measurement maintained by NIST. The
pinnacle of this sysem isthe Electricity Divison of NIST's nationd measurement [aboratory in
Gaithersburg, Maryland.

1.5 HISTORICAL ROLE OF NIST IN VOLTAGE MEASUREMENT AND
CALIBRATION

NIST's involvement with the development and maintenance of the standard volt can be
described in three eras: the Weston Standard era; the Early VS era; and the 10 volt VS era. This
focus of this economic impact assessment isthe last of the three eras. A brief review of the preceding
history of voltage measurement technology provides context. In this regard, Figure 1 depicts some of
the more important technica and legd developmentsin the history of NIST’ sinvolvement with voltage
measurement.

[ iovwsichdoy ]

1V Josephsorarray technology |

Calibration Services
Technology

| Millivolt Josephsomplementation

| Weston battery technology |

na | | |‘

1905 1972 1977 1982 1987 1992 1997

« Transfer to RMC (~1987) &

Vol M
oltage M easurement Hypreg1992-93)

Technology « Design of 10V

Development §nd Josephsorarray begins
Implementation (~1984)
« 1972 - US adopts

Josephsorbased volt
representation

« Hamilton paper (1989)

announced operational
10V array

* 1n 1987 US begins maintaining volt
) with 1V array system
«1n 1982, nine

countries (w/US) * By mid-1980s most national standards labs
_ used 1- or 2-junctio used thelosephsoreffect to define

arrays ¢ their unit of voltage
A | - | |

1905 1972 1977 1982 1987 1992 1997

*In 1970 NIST employs
2-junction to controt™

cell drift

v

Figure 2. Development of NI ST Voltage M easur ement and Calibration Technology



1.5.1 Weston Standard Era

NIST was established as the Nationa Bureau of Standards (NBS) in 1901 when voltage
measurement technology was undergoing a change in battery technology—from the Clark cell to the
Weston cdll.”” In1905, the U.S. adopted anew representation of the standard volt based on values
derived from abank of Weston cdllslocated at NIST. This Weston Standard erafor maintaining the
nationa representation of the volt lasted until 1972.

15.2 Early JVSEra

The Early VS Era began with collaboretive efforts by researchers at the University of
Pennsylvaniaand NIST to measure precisaly the relationship between voltage (V) and frequency (F) in
recently discovered superconductor devices caled Josephson junctions. In 1969, University of
Pennsylvania researchers published an important paper concerning the eectrica properties of solid
date, cryogenic Josgphson junctions. Their research resulted in the first high-precision measurements of
the Josephson constant (2e/h), and necessitated the congtruction of specid instrumentation and the
initiation of a gpecid effort, both at NBS and the University of Pennsylvania, to verify the accuracy of
the University's voltage standards. With this measurement in hand, it was recognized throughout the
world that aprecison intrinsic voltage standard was poss ble.”” One of these researchers went to NIST
to pursue this possibility.”

At that time, the U.S. representation of the volt was maintained by a series of specidized
batteries caled Weston cdlls. Asaresult of the research conducted in this era, NIST overcame certain
inherent difficultiesin usng Weston cdlsto mantain the value of the volt, especidly their variation with
time (i.e,, drift), severe dependence upon temperature, and occasiona unpredictable abrupt voltage
changes20 In 1972, the U.S. adopted a representation of the volt based on the electrica properties of a
superconductor component caled a Josephson junction device. 1t was designed and implemented by
metrologists at NIST.

Y For a detailed discussion of the technical prosand cons of these two battery technologies, see, W.J. Hamer,
“Standard Cells: Their Construction, Maintenance, and Characteristics,” NBS Monograph No. 84, January 15, 1965.

’ B. Field, et a, Metrologia, “Volt Maintenance at NBS via 2e/h: A New Definition of theNBSVolt,” Val. 9, pp. 155-
166, 1973.

. S. Kaplan, “The Josephson Primary Voltage Standard: A New Voltage Calibration System With 5 ppm Uncertainty,”
CAL LAB, March-April, 1995.

® B. Field, et al, “Volt Maintenance at NBS via 2e/h: A New Definitionof the NBS Volt,” Metrologia, Val. 9, pp. 155
166, 1973; and N. Belecki, et a, “ Guidelines for Implementation the New Representation of the Volt and Ohm
Effective January 1. 1990,” NIST Technical Note 1263, June 1989.
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At theinternationd level, the consstency of U.S. voltage standards with those of other countries
continued to require the inter-comparison of Weston cells. These were sent, every three years, to the
Bureau International des poids et mesures (BIPM) in Paris, France.” However, the uncertainties
attributed to such cell transfers were an order of magnitude worse than those attained when standard
cdlswere disciplined by Josephson arrays. Thus, internationa agreement on the vaue of the volt could
be improved by an order of magnitude by developing a VS standard that could be transported for
intercomparison with VS standards sent from other countries. Such a v S would smilarly improve
agreement between NBS-maintained primary standards and primary standards maintained at other
domestic metrology laboratories.

By the mid-1980s, the nationa standards laboratories of most major industrialized countries
used the Josephson effect to define their unit of voltage and maintain it constant in time.”™

1.5.3 10 Volt Josephson Standard Era

Ten years of NIST research culminated in 1987 with the implementation of a new one- volt
Josephson array system to maintain the U.S. legdl volt.” Since 1987, NIST had supported U.S.
industry’s trangtion to a new internationaly agreed upon value for the volt, and continued to develop its
voltage calibration technology and transfer it to industry.

Meanwhile, NIST's Josephson Volt slandard researchers envisoned ardlatively low cost and
portable technology to improve the way that the metrology community conducts routine cdibreti on.”
Thisvison resulted in continued NIST research that came to fruition in the following results:

2 The BIPM carries out technical work for the CIPM depicted in the international segment of Figure 1.

2 In 1982, the following countries utilized single junction and two-junction Josephson arrays to represent the volt:
US, UK, Australia, Italy, Russia, France, West Germany, Canada, Japan. See, A. Barone and G. Paterno, Physics
and Application of the Josephson Effect, John Wiley & Sons, 1982, pp.350-351.

= Unfortunately, three countries used values of 2e/h that differed from the values specified by the international
standards body and, therefore, used by the majority of nations. Thisinconsistency resulted in national volt
representations that were both larger than the international standard, for France and Russia, and smaller than the
international standard for the United States.

“ C. Hamilton, et al, “The NBS Array Voltage Standard,” |EEE Transactions on I nstrumentation and Measurement,
Vol. IM-36, No. 2, June 1987. R. Steiner and R. Astalos, “Improvements for Automating Voltage Calibrations Using
a10-V Josephson Array,” |EEE Transactions on Instrumentation and Measurement, VVol. 40, No. 2, April 1991.

® R.F. Dziuba, B. Field, and T. Finnegan, “ Cryogenic V oltage Comparator System for 2e/h Measurements,” |EEE
Transactions on I nstrumentation and Measurement, Val. IM-23, No. 4, December 1974; and B. Field and V.
Hesterman, “Laboratory Voltage Standard Based in 2e/h,” |EEE Transactions on Instrumentation and
Measurement, Vol. IM-25, No. 4 December 1976.



. Development and implementation of a 10 volt Josephson array system at
NIST, which culminated in 1990”

. NIST's effort to transfer 10 volt Josephson array system technology to
industry, beginning in the late 1980s and continuing today.

NIST isnow in the third era of developing and maintaining the volt, the "Josephson 10 Volt
Standard Era" This erabegan with NIST's decison to maintain the sandard vaue of the volt viathe 10
volt Josephson array.27 which displaced the one volt Josephson system technology as the national
gtandard. Since then, NIST has provided a steady stream of technologica and organizationa
improvements leading to:

. Increased dectrica measurement accuracy

. Reduced cdibration cost throughout the national measurement system for
eectricity

. Diffuson of advanced measurement technology to sophidticated
government and industria users, which hes enabled the development and
sde of dectrica measurement insrumentation worldwide.

For reasons that will be explained in the following chapter, NIST’ s efforts to transfer its 10 volt
JVStechnology to government and industria users will be the main focus of this economic impact
andyds.

* B. Taylor, “History of the Present Vaue of 2e/h Commonly Used for Defining National Units of Voltage and
Possible Changesin National Units of Voltage and Resistance,” |EEE Transactions on Instrumentation and
Measurement, IM-36, No. 2, June 1987; and N. Belecki, et a, “Guidelines for Implementation the New
Representation of the Volt and Ohm Effective January 1. 1990,” NIST Technical Note 1263, June 1989.

o NIST maintains the representation of the S| volt through both 1 volt and a 10 volt Josephson voltage standard
systems. See Appendix A for further explanation.
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2. ECONOMIC ANALYSISFRAMEWORK

NIST’ srole in the development and transfer of Josephson array technology and NIST’s
support to industry in providing both technica guidance and cdlibration services was discussed in
Chapter 1. Chapter 2 establishes the framework for analyzing the economic impact of NIST’s
contributions.

21  NIST OUTPUTSAND THEIR ECONOMIC IMPLICATIONS

The higtorica overview in Section 1.5 shows that many outputs have been generated from
NIST's Josephson Volt Standard program over along period of time. The focus of this impact
assessment is confined to just one facet of NIST’ s overdl program. Our focusis confined to NIST
effortsto transfer its 10 volt VS system technology to metrology laboratories in the private and public
sector. NIST expenditures that occurred prior to the development of the 10 volt VS system will be

considered sunk costs.”

Before describing NIST’ s efforts to develop and transfer its 10 volt V'S technology, it may be
useful to described some NIST activities that are related to the 10 volt VS technology but are not the

focus of this economic andyss.

2.1.1 Primary Calibration Services & Inter-laboratory Comparisons

NIST's Gaithersburg location provides primary cdibration services to about 50 customer
organizations with most demanding requirements for accuracy. Many of these organizations, in turn,
provide calibration services on avendor basis. The availability of the 10 volt and one volt sandards,
which are typicd voltage levels used throughout industry, reduce measurement errors that would
otherwise occur in the process of scaling up voltage measurement from millivolt output levels.

28
Theinvestment in any technical innovation starts with a preexisting stock of knowledge, and the attainment of that
knowledge is asunk cost.
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NIST’ s cdibration laboratory is a co-developer aswell as auser of the 10 volt IV S technology.
However, the calibration laboratory does not use its 10 volt VS system for routine voltage
maintenance.” (See Appendix A.) Still, from 1988 to 1991, NIST’s calibration laboratory incorporated
the 10 volt VSinto its own operation in preparation for inter-laboratory comparisons (ILCs) that
would be important to the acceptance and traceability of the VS by other government and industry
|aboratories.

The ILCswere launched to assure that the increasing number of volt representations were
performing consstently. ILCs provide participants with an increased degree of confidence that these
complex systems are behaving properly and that they are traceable to NIST's representation. 1LCs
have been very successful in confirming thet the accuracy of the transferred * primary” Josephson volt
system standard is being maintained.”

2.1.2 Transfer of JVS System Technology

Beginning in the late 1980s, NIST began to transfer its one-volt and 10 volt Josephson array
technology to sophisticated industry and government users. These users, with extensive consulting
support from NIST, integrated NIST-produced arrays and NI ST-devel oped software, with other
equipment into Josephson volt systems. Some users acquired both the one-volt Josephson array
technology and the 10 volt technology. The 10 volt technology was ultimately more ussful to industry
because it could be applied to more generdly required messurements, such as cdibrating solid state
reference sandards at multiple output levels and cdlibrating voltage measurement insruments over a
wide range of voltages.

Recdl from the discussion of the traceahility hierarchy in Section 1.4 that the nation’s “ primary”
dandard is, by traditiond definition, maintained by NIST. With transfer of VS technology to corporate
metrology labs, these organizations had direct access to, effectively, primary standards. According to an
indugtry “rule of thumb,” shortening the calibration chain should have asgnificant effect on improving
product and process ac:curacy.31 These systems were aso acquired to support develop of new
insruments.

® For this reason, the benefits of the 10 volt JV S system to calibration service providers— through NIST’ s
calibration laboratory — was not addressed in thisimpact assessment.

* NIST and the National Conference of Standards Laboratories (NCS) have organized 5 ILCs (in 1991, 1993, 1995,
1997, and 1999).

. According to thisrule of thumb, accuracy declines by afactor of four each step from the primary standard. Thus,
the transfer standard’ s uncertainty is four times worse than that of the primary standard. An instrument calibrated

12



U.S. Government metrology organizations were among the first to acquire JV S technology, and
the firgt private sector firmsto acquire NIST's technology were Lockheed (Missiles and Space
Divison), Hewlett-Packard, and Fuke. By 1995 Hypres Inc., Lockheed Martin (Astronautics
Divison), and Keithley Instruments had acquired NIST's JV S technology and participated in the
national 1LCs.

NIST transferred the technology for an integrated Josephson voltage system to HypresInc. in
1992-93.” In 1994 Hypres began to market 10 volt Josephson array chip technology, and in 1996
Josephson array system technology became available commercid Iy.33 Hypres has sold five such
systems, including one to Wiley Laboratories and one to the Boeing Company. Today, &t least 16
Josephson array systems are in operation in the United States:

e  SixaNIST

. Ninein other U.S. government [aboratories (DoE Nationa Laboratories
(2), U.S. Air Force Primary Standards Lab, NASA (3), U.S. Army,
Nava Aviation Depot, Mid-Atlantic Regiond Cdibration Center)

. Seven in commerciad standards laboratories (Boeing, Fluke, Agilent
(formerly Hewlett- Packard), Hypres, Keithley, and Lockheed Corp. (2)).
35

2.2 AFFECTED ORGANIZATIONS
2.2.1 Government & Industry Metrology Laboratories

The organizations to which 10 volt VS systems have been transferred are typicdly the
metrology laboratories of large producers or users of sophisticated dectronic equipment. In the case of
government-owned JV S systems, organizations like the U.S. Army’s Redstone Arsend, or the
Department of Energy’ s weapons devel opment laboratories, represent the capstone of voltage standard

by reference to the transfer standard has sixteen times (4 x 4) the uncertainty of the primary standard, and so forth.
While we are not asserting that the rule of thumb is empirically sound, it suggests that substantial benefits should
accrue to owners of JV Stechnology in terms of the costs of maintaining a high level of accuracy within their
organizations.

32
Following IBM's decision to abandon its substantial Josephson junction research in the mid-1980s, Hypres Inc.
was founded by aformer IBM scientist.

33
Personal communication with NIST, December 1998.

34
The six systemsreferred to are conventional and compact 10 volt VS systems. NIST also maintains two
programmable one volt JV S systems. Personal communication with NIST, November 29, 1999.

35

There are approximately as many JV'S systemsin operation in other nations.
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tracesbility across large organizations with complex dectronic maintenance and quality control systems.
In addition to the needs of their own organizations, the Army’ s Redstone Arsend, for example, is
required by foreign governments to whom it sells sophisticated wegpon systems to maintain the highest
international standards of quality cortrol.” Table 2 identifies owners of the NIST-developed 10 volt
JVS systems as of 2000.

Table2. IVSOwner's

Commercial Government
Agilent DoE (Sandia National Laboratory)
Boeing Metrology Laboratory NASA (Ames Research Center)
Fluke Corp. NASA (Jet Propulsion Laboratory)
Hypres Inc. NASA (Kennedy Space Center)
Keithley Instruments U.S. Air Force (Primary Standards Laboratory)
Lockheed Martin (Astronautics Div.) U.S. Army (Redstone Arsenal)
Lockheed Martin (Missiles & Space Div.) U.S. Navy (Primary Standards Laboratory)
Unisys Government Systems U.S. Navy (Mid-Atlantic Regional Calibration Center)

Smilarly, anong commercid owners of 10 volt VS systems, an organization's central
metrology laboratory has typicaly been respongble for the transfer and use of the JVS. Like
government owners, commercia owners use the systems to develop new product features and to
maintain high standards of measurement quadity control. The commercia owners of 10 volt VS systems
conggts of manufacturers of voltage source and voltage measurement ingtruments, including the sole
commercia manufacturer of 10 volt Josephson voltage system technology, Hypres Inc. In 1992, NIST
began to trandfer the technology for the 10 volt Josephson array system to Hypres, Inc., which began
commercia sales of Josephson array systemsin 1996.” The Hypres Josephson volt system is pictured
in Figure 3.

* Many governmentsinsist on doing business | SO 9000 registered suppliers. Inthe case of the U.S. Army, Redstone
Arsenal isresponsible for the Army -wide quality system.

7 Personal communication with Dr. Yi-huaTang (NIST), December 1998. Actually NIST’sinitial technology transfer
efforts began in late 1987 with a now-defunct company, RMC Inc.
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Figure 3. HypresInc.'s Josephson Volt System

The supply chain for eectrica measurement technology of which 10 volt VS usersare apart is
shown in Figure 4.
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Figure 4. Supply Chain for Voltage M easurement Technology
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In addition to Hypres Inc., thefirg tier of the supply chain dso includes manufacturers of what
the indudtry refers to as voltage source “ standards.” The worldwide market for dl voltage output
ingrumentsis estimated a $60- 100 million annudly, and has been dominated by just three firms: Fluke
Corporation, Wavetek Corporation, and Guildline Instruments.” These companies manufacture high-
accuracy solid state voltage sources that are used as “golden” and transfer standards by eectronic test
and measurement equipment manufacturers. Fluke and Wavetek are aso the principle manufacturers of
multifunction calibrators.

These source and cdibrator instruments are utilized for production and quality control within the
fird tier of the supply chain. They are dso utilized widely by cdibration service providersin the second
tier of the supply chain, aswell asin the manufacture and quality control processes of third-tier voltage
measurement manufacturers.

The second tier in the supply chain is comprised of about 50 organizations that provide high-
accuracy voltage calibration services commercialy.” The amua value of al voltage calibration services
(not just the highest accuracy services) may be as high as $2 billion worldwide. Domesticaly, the annua
value of these services is estimated at $600 million.” Presently, it is unclear what fraction of these
markets requires calibration services with accuracies at the level provided by NIST's Josephson volt
system '[echnology.41 The voltage source manufacturers (the firg-tier of the supply chain) provide a
ggnificant share of these services through networks of service centers that each maintains, thus showing
adegree of
verticd integration. Additionaly, many of the large aerospace and defense contractors have established
large, well-equipped, and well-staffed * primary” standards laboratories. Most of these sell servicesto
customers outside the parent company.

* Wavetek Inc. merged with Fluke Corp. in 2000.
3

? We estimate that there are approximately 350 calibration service providers domestically. This estimateis derived
from “Laboratories and Capabilities,” pp. 42-81, A Directory of Standards Laboratories, 1999-2000 Edition,
(National Conference of Standards Laboratories). NIST provides calibration services to approximately 50 of these
organizations. We assume that these 50 represent the majority of organizations that provide the highest accuracy
calibration services.

“ Thisisasingle point estimate in need of refinement. The U.S. Census of Services does not provide sufficient detail
to derive such an estimate on the basis of published data.

. We are currently communicating with NCSL and NIST to arrive at an approach to segmenting the calibration
servicestier of the supply chain. Approximately 50 of theselabs rely on NIST calibration services. Some multiple of
theseisthelikely “high-accuracy” segment that will be our focus.

* Fluke, 1994, p.6-9.
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At the third level of the supply chain are the producers of precision voltage measuring
instruments that are often used as transfer standards, working standards, and workload instruments.
Such equipment messures the parameters of an incoming voltage sgnd. In particular, digita voltmeters
are dependent on high-accuracy voltage cdibration.

The world market for digita voltmetersis estimated at ~$400 million. Only asmal fraction of
these instruments require the high-accuracy cdibration technology that derives from NIST * Market
leaders for voltage measurement devicesinclude Agilent (Hewlett- Packard), Keithley, Fluke, Wavetek,
Tektronix, and LeCroy. Table 3 provides estimates of the distribution of these voltage measurement
instrument sales across broad user sectors.

Table 3. User Market Sharesfor Voltage M easur ement |nstruments”

Using Sector Per cent Voltmeter
Sales
Communications 24
Indugtria Electronics 20
Military & Aerospace 12
Computer & Business 8
Transportation 8
Consumer Electronics 8
Semiconductor Mfg. 4
Medicd & Pharmaceutica 2
Other (e.g., utility companies) 15

The fourth and find leve of the supply chain includes the users of equipment that require voltage
measurement as part of norma operations. Among the most sophisticated users of voltage measurement
instruments are aerospace companies and defense contractors. As explained above, government
organizations are a so users of sophigticated voltage measurement equipment. As depicted in Figure 4,
above, within large manufacturing and system maintenance organizations, there are likely to be severd
“consumers’ of high-accuracy voltage metrology: the centrd metrology laboratory; locd cdibration
laboratories; equipment maintenance organizations, and local production organizations responsible for
quality control.

43
We are currently communicating with NIST to establish a basis for making this determination. We believe that the
solution will revolve around “manufacturers specified accuracies.” Whether a systematic source of such
information is available is being explored.

. These estimates were provided by Wampler & Associates, 1999.
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2.2.2 Industry Conduct

The domestic indudtrid suppliers of eectronic test and measurement instrumentsin dl levels of
the supply chain are strongly oriented toward international markets. In 1999, the industry sectorsto
which these firms belong are expected to post a $3 billion trade surpl us.” Accordi ng to the Security and
Exchange Commission (SEC) filings of leading insrument
manufacturers, a Sgnificant share of anua revenue is generated from exports. The importance of the
export market is reflected in the international marketing dliances that leading competitors have made
over the past decade.

In addition to their internationa trade motivations, voltage insdrument manufacturers market
drategies are driven by the following trends:

Growing device complexity and ectronic content in a broad spectrum of
products and services

Increasing reliance on mission critical dectronic sysems
Decentrdization of dectronic systems

Increasing need for companies to improve qudity, document compliance
with regulatory or industrid standards, and maintain a safe working
environment, as required, for example, in 1SO 9000

Movement of qudity control techniques from off-line sampling to in-line
control

Minimization of development time

Pursuit of cost reductions throughout the product design proc&ss46

These trends have guided the product/service development and marketing strategies of leading firms.

NIST's strategy in developing and transferring its V'S technology appears highly
complementary to these industry trends. Clearly, the mgjor focus of NIST's program, in both its system
development and cdibration services thrusts, has been to support the highest worldwide standards of

* U.S. Industry & Trade Outlook '99, McGraw-Hill, 1999, Table 23-1, “Industrial and Analytical Instruments (SIC 382)
Trends and Forecasts,” p. 23-1, 23-4.

* Thesetrends wereidentified in the SEC 10K reports of leading voltage source and measurement instrument
manufacturers: Keithley, Wavetek, Hewlett-Packard, and Fluke.
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accuracy. NIST’ s strategy of developing portable and stable JV'S systems, to assure easy accessto the
highest accuracy base, appears consstent with both the increasing eectronic content of manufactured
systems and the decentralization of electrical systems.” In addiition, instrument manufacturers report that
NIST's VS technology has contributed significantly to the timely development of high-accuracy voltage
measurement technology.

2.3 MARKET BARRIERSAND FRICTIONS

From an economic perspective, severd factors have contributed to underinvestment by the
private sector in the eectronic metrology technology discussed here. Such underinvestment is caused by
what economists refer to as market barriers and frictions. These factors, in turn, can lead to market
fallures, the principa economic rationde for public invesment in technology infrastructure.”

NIST haslong has a public mandate to establish standards for electrical measurements. From
an economic perspective, NIST serves this function because of the high public good content of the
underlying infratechnology.  One of the chief requirements of effective standards is the thorough
characterization of the underlying artifact, process, or method and the broadest possible diffusion of this
information. The more fredy these detalls are shared, the more effective the sandards employing the
infratechnology. Because of their needs to appropriate the fruits of their investments, private sector firms
typicaly have few incentives to provide free access to their technology, especialy when the cost of
edtablishing the capabiility are high. Hence, public sector organizations are charged with the responsibility
for maintaining standards of eectrical measurement.

A second, related, reason for the primacy of public investment in basic voltage metrology isthe
nature of the infratechnology in question. According to Tassey, “infratechnologies’ not only have
common use characterigtics (including their use as sandards), but they often derive from a different

science and generic technology base than the core technology being developed by interndly funded

v For early articulations of these goals, see R. Dziuba, B. Field, and T. Finnegan, “ Cry ogenic V oltage Comparator
System for 2e/h Measurements,” | EEE Transactions on Instrumentation and Measurement, Vol. IM-23, No. 4,
December 1974; and B. Field and V. Hesterman, “Laboratory Voltage Standard Based in 2e/h,” |EEE Transactions
on Instrumentation and Measurement, Vol. IM-25, No 4 December 1976.

* Noall, R. G., “Economic Perspectives on the Politics of Regulation,” inHandbook of Industrial Organization, Vol. 11,
R. Schmalensee and R. Willig (Eds.) Elsevier 1989, pp. 1253-1287.

® G. Tassey, The Economics of R& D Palicy, (Quorum Books) 1997, p. 175.
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industridl R&D.” Thiswas amost certainly the case with the Josephson volt standard. The research that
led to implementation of the Josephson effect as the basis for the legd representation of the volt was
very basic and exploratory in nature. The technical risks involved in these undertakings undoubtedly
resulted in formidable barriers to private sector investment.”

Market frictions are said to exist when buyers and sellers of products experience difficultiesin
assessing the quality or compatibility of products. To mitigate these frictions, market participants incur
what economigts refer to as *transaction costs” the cost of finding parties with whom to trade, the costs
of writing contracts and policing agreements, and the cost of bargaining. * The maintenance of the U.S.
representation of the volt dramatically reduces transaction costs that would otherwise be involved in the
buying and sdling of sophisticated e ectronic goods and services. While thisis generaly true of NIST's
involvement in the traceability process, it is exemplified in the case of voltage Sandards by the
government’ s role as abuyer and regulator of products and services whose quality could have important
public consequences. For example, the government is the buyer and sdller of sophisticated military
equipment and demands that it be maintained to the highest national standards. This functiondity, in turn,
depends on the maintenance of traceable performance by technologically sophisticated aerospace

contractors and government metrology laboratories.

For consumers and producers of voltage source and measurement instruments, as well as
consumers and vendors of high-accuracy cdibration sarvices, the availability of high-qudity,
independent, cdibration capability has certainly reduced the transaction costs that would otherwise have
dowed the pace of market activity. According to manufacturers of both voltage sources and voltage
measurement instruments, NIST’ s capability has been critical to

% G. Tassey, “R&D Trendsin the U.S. Economy: Strategies and Policy Implications,” Planning Report 99-2, Program
Office, Strategic Planning and Economic Analysis Group, National Institute of Standards & Technology, U.S.
Department of Commerce, April 1999, p. 40.

5

' The only alternative source of the JV S technology of which we are aware came from other national laboratories—
particularly the German national laboratory, the PTB. The German PTB and NIST perceived themselves to be
engaged in atechnical competition with national technological prestige at stake. (Personal communication with C.
Hamilton, January 1999) Over time, other nations' have implemented JV S technol ogies as well but none are
believed to have gone asfar as NIST in developing a practical, transportable, and transferabl e technol ogy.

” Williamson, Oliver, The Economic I nstitutions of Capitalism, The Free Press, 1985, pp. 18-19.
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manufacturers in testing the stability of new insrument designs and in maintaining production quality

control.”

Findly, early in the hitory of the Josephson volt standard program, NIST became a source of
highly speciaized know-how in the relatively new field of Josephson junction gpplications. NIST's
expertise concerning metrologica gpplications of Josephson junction technology enabled dissemination
efficiencies for public technology goods compared with distributed private sector investment. Thiswas
not a permanent government role. As market acceptance expanded, the private sector was capable of
taking over NIST’ stechnology diffuson function. NIST has actively transferred its system
infratechnology to Hypres Inc. over the past decade.”

2.4 ASSESSMENT FRAMEWORK AND APPROACH
2.4.1 Hypothesized Outcomes

Table 4 summarizes our hypotheses about the nature of the economic barriers that have been at
work in the market for the most sophisticated voltage output and voltage measurement products and
sarvices. Table 4 dso identifies the beneficiaries of NIST’ s technology, the benefits expected to be
redized by users, and the comparison scenario againgt which economic benefits are to be measured.
From an economic perspective, NIST’s 10 volt VS transfer program was established to mitigate these
barriers and compensate for the under-investments in this socidly vauable technology. The
conceptudization of the economic benefits of NIST’ s investments are derived from a concrete
understanding of how industry would have behaved, and how the products and services of industry
would have performed, in the absence of NIST’ s efforts.

> Personal communication with Agilent (Hewlett-Packard), March 3, 1999; Keithley, April 2, 1999

> Actually NIST technology transfer efforts began in late 1987 with a now-defunct company, RMC Inc. RMC was not
interested in acquiring Josephson array fabrication technology. The German national standards lab, PTB
(Physikaisch-Technische Bundesansalt) pursued a similar technology transfer strategy with the German firm,
Prema. PTB’s 10 volt Josephson standard technology was not available for sale or transfer until 1996. (Personal
communication with PTB, March 12, 2001.)
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Table 4. Working Hypotheses:

Barriers, Outputs, and Benefits

Market Related NIST Hypothesized Beneficiaries | Benefit Measures Comparison
Barriers Outputs Outcomes Scenario
Infratechnol ogy 10V VS Enabler of new JVS system Profit marginson sales | Adopting
technology measurement owners of instrumentation that | technology through
instrument designs would have been in-house efforts or
Concentration of (esp. linearity of delayed through German
specialized Technl.cal AD”Cs.fqr high - Product development PTB
know-how at expertise end” digital multi- cost Savinas
NIST meters (DMMs) 9

and multifunctional

Product time-to-

calibrators market savings
MFCs]

( ) Total metrology/QC

Metrology/QC budgets

process efficiencies

Frequency of
calibration increases

Scrape & re-work cost
savings

2.4.2 Comparison Scenario

As described in Section 1.5 above, NIST was conscioudy engaged in arace for the
development and application of the Josephson effect to voltage measurement problems with other
national laboratories. From the historical record it gppears that the German national standards
laboratory — Physikaisch Technische Bundesansalt (PTB) — was the closest to developing an

gpplicable 10 volt Josephson system that could be viewed as a substitute for NIST's VS. It is certainly
concelvable that private sector voltage instrument manufacturers or universities might aso havefilled the
niche had NIST not made the investments that led to the JVS. On the basis of these observations, and
interviews with industry representatives, user benefits are estimated in comparison to a counterfactua
scenario that posits atime gap between the year in which the users V'S system became operationa
and the time subgtitute technology — developed in-house or purchased from the German PTB —
would have been available. Survey respondents typicaly identified PTB as the source of dternative
technology, if it had not been available from NIST. PTB’s 10 volt Josephson technology was first sold
in 1996.
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2.4.3 Impact Estimation Timeframe (1987-2000)

The timeframe for ng the costs and benefits of NIST’s 10 volt JVS technology transfer
program begins with the development and initid fabrication of a 10 volt Josephson arrary, in 1987, and
endsin the year of the assessment survey, 2000. NIST’ s program costs, user organizations “pull
cogts,” and estimates of users economic benefits are available for this period based on NIST’ s records
and the results of asurvey of 10 volt VS system owners designed and implemented as part of this
impact assessment.
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3. SURVEY FINDINGS

3.1 SURVEY POPULATION AND SAMPLE

All Government- and private-sector metrology laboratories that employ a 10 volt VS were
contacted through an iterative e-mail and telephone survey. The survey population is depicted in Table
3 of Section 2.2.1 above. A number of respondents did not provide sufficient information to be useful
in ether the qualitative or quantitative aspects of the impact assessment. Three organizations declined to
participate — two manufacturers and two government laboratories. Survey respondents are shown in
Table 5 dong with the year their 10 volt VS systems became operationa. During the course of the
survey it was discovered that multiple NASA metrology laboratories share a“ portable” VS system.
Few of these labs provided sufficient quantitative information to appreciably affect the economic impact
estimates.

Table 5. Survey Respondentsand Year of JVSImplementation

JVSOwners Year Operational
Commercial
Lockheed Corp. (Missile & Space Div.) 1987
Agilent Inc. (Hewlett-Packard) 1983
Fluke Inc 1991
Keithley Inc. 1992
Boeing Company 2000
Government
U.S. Navy/NAVAIR 1988
U.S. DoE 1991
U.S. Army/Redstone 1992
U.S. Air Force 19%
NASA/WSTF 1997
NASA/KSC 1997
NASA/Ames 1997
NASA/Stennis 1998
NASA/JSC 1998
NASA/JPL 1998
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3.2 QUANTITATIVE FINDINGS

Survey respondents provided estimates of four categories of benefits attributable to the transfer
and implementation of NIST technology: benefits related to equipment cost savings, labor cost savings,
externd failure cost savings (warranty, scrap, rework, re-test), and sales revenues that would not have
materidized had they not owned a 10 volt VS system.

The estimates were the product of athree-part analys's process in which respondents were
asked to assess:

?? Technica consequences and associated costs of maintaining the highest possible level of
measurement qudity in the absence of 10 volt JV S technology

?? Annud codts to maintain such an dterndive sysem (economicaly and technically)
?? Cog comparisons of the actud and counterfactua system implementations.

The difference between the total cost of maintaining their own VS system and the total cost of
operating an dternative approach to voltage metrology is the estimate of the annud benefit attributable
to the VS technology from the NIST infratechnology.

A rdatively important source of benefits to the commercial sector has been the sdle of
sophisticated voltage measurement equipment that industry representatives assert would not have been
available to the market were it not for the 10 volt VS technology. Roughly speaking, this category of
benefits accounts for 78% of al benefits in the period (1992 — 1995) where benefits were the largest
and were redized in dl four benefits categories. Industry representatives claim that high-end voltage
measurement equipment with high levels of accuracy and precision would not have been possible were it
not for the VS technology that alows the linearity of their measurement systems to be tested and
verified.”

These estimated benefits were only attributable to NIST so long as an dternative source of 10
volt VS system technology was not available. PTB’s substitute technology would have been available
in 1996. Theannua benefits estimated by respondents were only credited to NIST for the years

55Generally speaking, “linearity” refersto adirectly proportional (i.e., “straight line”) relationship between two
variables. Linearity error isan important concern for voltage source and measurement manufacturers and users.
Liner instrument responseistypically specified. In simple terms this means, for example, that if one doubles an
instrument’ sinput signal, the device that records that change of input records a doubling of the device reading.
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between the year in which the respondents JV'S became operationa and 1996. This empirical decison
meakes the resulting benefit estimates conservative because attributing some portion of the post-1996
benefitsto NIST could have been judtified. Also, where respondents identified sales revenue that would
not have been available in the absence of a 10 volt VS system, only the value added (estimated profit
margin) on the pre-1996 sales was claimed as part of the benefit stream attributable to NIST’ s
invesments.

3.3 QUALITATIVE FINDINGS

There seems to be a ggnificant difference between what might be caled a product devel opment
perspective concerning NIST’ s 10 volt JV S technology and a cdlibration services perspective. From the
product development perspective, NIST’ s VS technology transfer program was fundamenta.
Manufacturers of sophisticated voltage measurement instrumentation have benefited the most from this
technology. Ther estimates dominate the benefit stream used to ca culate the economic impact of
NIST sinvestments. According to one industry representative, “I was not aware of an dternative to the
JVS system at any cost [emphasis added]. Without an on-site V'S system we could not have
developed the [high-end instrument] with the specsit has, and a reduced spec product might have been
delayed for severd years.” Another manufacturer of a voltage measurement instruments remarked, “The
technica development by NIST was crucid to us having a JJ system here.”

Thelinearity of the A/D convertersin their instruments was essentid to the development and
sae of new sophisticated and profitable voltage measurement instruments. The V'S system enabled
manufactures to evaluate their products at alevel not previoudy possible. With the VSin house, error
data could be provided to instrument design teams. When respondents were pressed to imagine a
process by which there instrument development programs could employ externd technica servicesto
achieve the same ends, the possibility was deemed unlikely. Ownership was critical.

From avoltage cdibration services perspective, on the other hand, the 10 volt VS sysemisa
sophisticated and technically demanding investment. The expense and technical effort needed to
operate and maintain the system was commented on widdy by survey respondents. Severd
respondents asserted that, from a calibration-services point of view, it was not worth the investment.
Typicaly, that is, cdibration services customers were not interested in achieving uncertainty levels made
possible by the VS system.
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“Technologica overkill” captures the sense expressed by many respondents. Even producers
of very sophigticated equipment argue that the measurement quality provided by the VSiswell beyond
their cdibration requirements. A few respondents cited “prestige’ rather than technica requirements as
the primary cause of their organization’s investment in 10 volt JV S technology. They were unable to
trandate this prestige into economic value,

One cdibration |aboratory manager articulated both perspectives when he complained that he
had to make the best of an expensive and difficult device that was “inherited from the product
development side of the house.”

For ingrument manufacturers, the V'S technology has another important economic implication.
Manufacturers refer to the * prestige’” associated with early market presence of “high-end” products.
From an economic perspective an important facet of this prestige can be viewed as transaction cost
economies. In response to questions concerning such cogts, one respondent replied, “I don’t know
how much effort it takes for the average sde, but after the reputation of the instrument was established,
I"ll bet it doesn’t take much to sel one”

Smilarly, in response to questions concerning the vaue of high-end measurement insruments to
their users, a manufacturer explained that, “customers will probably not know which of the [high-end
ingrument] specsthey rely on that, in turn, rely on the JJ and which onesdo not. And I'm sure some
customersjust buy it because it is the best you can buy, and so for performance applicationsitisa
"safe" buy, without analyzing which festures they must have, which they want etc.” In other words, by
buying “too much,” users are paying a premium to compensate for the lack of knowledge required to
understand their technica requirements, determine which instruments provide those requirements, and
thereby acquire the knowledge needed to procure the appropriate technology.
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4, QUANTITATIVE ANALYSIS

4.1 BENEFITS

Broadly speaking, two types of benefits accrued to VS system owners as aresult of the
trandfer of NIST’s 10 volt VS technology: cost avoidance benefits and new product benefits. Cost
avoidance benefits were formulated through a comparison of actua process cogts to hypothesized
process costs employing less advanced measurement technology that would have been employed in the
absence of NIST technology.

New product benefits are derived from estimates of profit margins on revenue from the sale of
equipment whose development, according to industry representatives, depended on NIST VS
technology. Based on survey information, afactor of 20 percent represents a conservative estimate of
the profit margin on saes revenue estimates provided by survey re£|oondents56

Both types of benefits were assgned to NIST only for the period of time in which no substitute
for the NIST 10 volt VS system was available. The time series of these combined benefits, in nomind
dollarsis presented in Table 6.

* Interviews with industry representatives indicate that net profits for the kind of high-end measurement instruments
discussed here range between 10 percent and 30 percent.

o Due to the nature of the comparison scenario, most benefits occur prior to 1996. One government laboratory that
adopted the JV S technol ogy relatively late, but would not have adopted a PTB solution, estimated cost avoidance
benefits for the 1997-1999 period.

28



Table 6. JVS Owner Benefits

Annual
JVS Owner
Benefits
Y ear (Nominal $)
1987 140,000
1988 2,400,000
1989 2,400,000
1990 2,500,000
1991 2,800,000
1992 4,000,000
1993 4,000,000
1994 4,000,000
1995 4,300,000
1996 0
1997 56,000
1998 56,000
1999 57,000

4.2 NIST EXPENDITURES & JVSOWNER“PULL COSTS’

The cost associated with the development and transfer of the 10 volt V'S system technology
are of two types: NIST expenditure and the one-time costs expended by VS system owners to acquire
the technology from NIST. NIST expenditures were estimated for the two NIST organizations
involved in the development and implementation of the 10 volt VS NIST’ s Electricity Divisonin
Gaithershurg Maryland, and NIST’ s Electromagnetic Technology Division in Boulder, Colorado. These
cost estimates consist of total compensation paid to NIST employees for efforts that contributed directly
to the development, fabrication, integration, and testing of the 10 VS system and its components.

JVS owners were asked to estimate the initial one-time costs over and above the cost of the
JVStechnology itsdf. These “pull costs’ are typicaly expended for technica consultants, materid, or
research required to make the technology operationd in the owner’s particular setting. The time series
of NIST expenditures and user pull costs, in nominal dollars, is presented in Table 7.”

58
Pull costs were estimated on the basis of survey responses. Gaps in the time series of these costs reflect the timing
of respondents’ system implementations.
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Table 7. NIST Expenditures & Owner “Pull Costs’ (Nominal $)

NIST Pull Total

Costs Costs Cost
Y ear (Nominal $) (Nominal $) (Nominal $)
1987 330,000 11,000 340,000
1988 410,000 85,000 500,000
1989 490,000 31,000 530,000
1990 510,000 170,000 670,000
1991 400,000 140,000 540,000
1992 390,000 180,000 570,000
1993 400,000 0 400,000
19% 410,000 14,000 430,000
19% 420,000 14,000 440,000
19% 57,000 0 60,000
1997 58,000 4,000 60,000
1998 59,000 0 60,000
1999 60,000 0 60,000

4.3 MEASURESOF ECONOMIC IMPACT

Table 8 trandforms the nominal costs and benefits reported in Tables 6 and 7 into a series of
constant 2000 dollars that provides the basis for the summary economic impact estimates reported
below: socid rate of return (SRR), net present value (NPV), and benefit-to-cost ratio (B/C).59 (Fora
explanation and discussion of these metrics, see Appendix C.)

* The deflator used to convert to constant dollarsis the Gross Domestic Product Price Index (chain type), Economic
Report of the President, 2001, Table B7.
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Table 8. Constant 2000 Dollar Benefits and Costs (1987 — 1999)°

Congant
Congtant Dollar Congtant Dollar Dollar
Benefits Costs Net Benefits
Y ear ($2000) ($2000) ($2000)
1987 190,000 470,000 -280,000
1988 3,100,000 660,000 2,400,000
1989 3,100,000 670,000 2,400,000
1990 3,100,000 830,000 2,300,000
1991 3,300,000 650,000 2,700,000
1992 4,700,000 670,000 4,000,000
1993 4,700,000 460,000 4,200,000
194 4,700,000 470,000 4,230,000
1995 4,700,000 470,000 4,230,000
199 0 61,000 -61,000
1997 58,000 65,000 -7,000
1998 58,000 61,000 -3,000
1999 58,000 61,000 -3,000

* The deflator used to convert current to constant dollars is the Gross Domestic Product Price Index (chain type), Economic Report of the President, 2001,
Table B7.

Based on the time series presented in Table 8, estimates of the economic impact metrics for

NIST’s 10 volt VS technology program are displayed in Table 9.

Table 9. Estimates of Economic | mpact

Performance Metric Esimate
Net Present Valuein 1987 $18,700,000
Net Present Valuein 2000 $45,100,000
Real Social Rate of Return 877%
Benefit-to-Cost Ratio 5

Thereis reason to believe that the metrics reported above undergtate the true economic impacts
of NIST's VS program. Firg, the economic impact of the VS technology on NIST’ s nationd
calibration services was not considered within the scope of this assessment. While the two programs are
in many ways integral, understanding the structure of the market for cdibration services— anecessary
first stlep — would have involved research that was beyond the financid scope of the project. In
addition, the 10 volt VS system employed by NIST is used to check NIST cdibration instruments. It is
not used directly to cdlibrate the insruments of NIST’s cusomers. Therefore, conceptudizing the
benefits of the 10 volt VS system in a manner that would be sensble to NIST’ s calibration services
customers proved impractica. Asaresults, only theimpact of transferred 10 volt VS hardware and
software was assessed.
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Second, even within the context of the rather straightforward assessment of transferred physica
assets, many respondents were unable or unwilling to respond to the counterfactua experiment posed in
the survey. Itistypica to receive readily available technica information but uncommon for respondents
to “think through” the less obvious issues of economic impact. That several NIST customers expended
the energy to do so isacredit to them and to the relationships with industry that NIST has cultivated.

Third, the sdes of high-end equipment voltage measurement equipment, that figure so
prominently in this quantitative andyd's of economic impact, have a prestige effect that has an impact on
the sales of products other than those directly reated to the JVStechnology. During the early years of
these sdles, the United States was the unrivaled source of this technology. Interviews indicate that
considerable spillover prestige (i.e., good will) probably accrued to US companies offering high-end
ingruments to the market. Severd dectrica parameters derive from the volt: eectrica resistance,
electric capacitance, and conductance. To the extent that the instruments used to messure these
parameters are different than those used to measure voltage, it is likely that some fraction of their
worldwide market success is attributable to VS technology.

Findly, indusiry representatives believe that “the redl impact” of VS technology is at the next
tier in the supply chain — the gpplication of JV S-enabled voltage measurement technology (DMMs and
MFCs) in a production environment— where they should have a substantial impact on scrap, rework,
and re-test. The ahility to introduce sophisticated measurement instruments to the shop floor, in the late
1980s and throughout the 1990s, depended on the ahility to cdibrate and verify their performance.
While industry representatives agree that these benefits are likely, they were unable to identify points of
contact that could respond knowledgeably on economic impact issues.

32



APPENDIX A — VOLTAGE CALIBRATION AT NIST

In 1972, NIST implemented the initial Josephson volt system in place of Weston battery cells
for maintaining the nationa representation of the volt. Y et, Weston cdllsare till used a NIST and in
many cdibration laboratories because they exhibit good voltage stability and along, useful life. They
require specid environmenta control (temperature-regulated oil or air bath) and can be unstable for
months following unanticipated changesin ther environment. In addition, even under controlled
conditions, their voltage output values drift over time. This drift is one reason that the Weston cdll was
officdly replaced by the NIST-developed Josephson system. According to one source, Weston cells
are becoming difficult to obtain and are being phased out and replaced by solid Sate voltage output
devices.”

The dectronics calibration laboratory a NIST issmilar to the calibration laboratory of any
sophisticated producer or user of eectrical test equi pment.2 The Weston battery cdll, its eectronic
counterpart (solid state voltage references), and the NI ST-devel oped Josephson volt system continue to
be usad in an integrated system of voltage references at NIST aswdll asin industry standards
|aboratories across the nation.

NIST maintains four tiers of voltage standards:

(1) 10vdtJIVSsysem & onevolt VS system

(2) NIST “Primary Standards’ (Weston cell banks)
(3) Working Cdl Groups (Weston cdll banks)

(4) Check Standards (solid state references and saturated cells)

NIST's cdibration laboratory maintains many banks of Weston cellsthat are used for different
specific functions depending on their higtorica performance characterigtics (e.g., stability and accuracy).
The two best performing banks are designated "NIST Primary Standards,” which are calibrated against
the one volt Josephson system on amonthly basis. The 1 volt Josephson system is dso compared with

" See Fluke, 1994, pp. 7-12, 7-15.

? NIST's calibration lab is believed to be typical of advanced electrical metrology labs. (Personal communication with
NIST’ s Calibration Laboratory, April, 1999.)
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the Josephson 10 volt syssem monthly to assure the long term and short term consstency of the two
systems.

All the Weston cdlls that are not designated as " primary standards’ are used as "Working Cell
Groups' (WCGs) and “Check Standard Cell Groups’ (CSCGs). All of the NIST solid state standards
are s0lid state check standards (SSCSs). The WCGs are the standards used as the reference voltages
in the three measurement systems. The measurement systems check standards are CSCGs and SSCSs
and replacement WCGs are selected from the SSCSs.  The three WCGs are calibrated against the
NIST Primary Standard cells on adaily basis. All check standards and customer (outside) standards
are cdibrated againg the WCGs on adaily basis. Finally, one solid state "check standard” is calibrated
againg the 10 volt Josephson system on amonthly basis.

Volt Cdlibration is managed by three measurement systems. System 1, System 2, and System 3.
System 1 handles the cdlibration of the three WCGs and the standard cell groups thet are used in
NIST’s Measurement Assurance Program (MAP). NIST's Measurement Assurance Program (MAP)
ships standard cdll groups with known performance attributes from NIST to industrial and other
government Sites for in Situ assessment of outside calibration laboratory eguipment.

System 2 is described as "the workhorse” of the NIST cdibration laboratory. It performs the
normal workload of calibrating solid state and saturated cell reference standards from other NIST
laboratories and outside organizations. System 3, in turn, isvery smilar to System 1. It provides the
back-up capability necessary for routine maintenance and aso supports periodic surgesin the
cdibration workload.



APPENDIX B — ELECTRICAL METROLOGY IN PRACTICE

TheVoltage Calibration Process

The cdibration function entails three mgor tasks.

. Setup activities, which involves identifying instruments to be calibrated,
determining cdlibration intervas, setting quality levels, documenting the
location and use of instruments, establishing the kind of calibration test to
be preformed and the place of cdibration (on-ste or in lab), and
determining the skill level required to make various cdibrations

. Daily operations, including transporting instruments, performing tests,
taking care of and repairing test indruments, making caibration
adjustments, maintaining measurement standards, and returning cdibrated
ingruments.

. Workload management, involving activities undertaken to improve the
calibration process.

The qudlity and cost of cdlibration is afunction of the assgnment and adjusment of calibration intervals
and policies under the circumstances that measurements are made”

Electronic measuring devices are generaly divided into “source’ instruments and “measure”
insruments. Source insruments provide ameans of emitting an eectricad signd with well-defined
characterigtics. Calibrating a source instrument requires the use of an equivaent measuring insgrument of
sufficient accuracy o that the total uncertainty is within the instrument's specification.

Similarly, measure instruments, such as adigitd multimeter (DMM)), are cdibrated by
comparison to aprevioudy calibrated source instrument. Thus, to calibrate the voltage scales of a
DMM, a DC voltage source of known output is needed. In either case, to complete the cdibration
process, you need ameans of adjugting the instrument under calibration readings so that they match the
vaues of the cdibration sandard. The crudest way to make this adjustment is with a cdibration chart, in
which measured vaues are plotted on the ordinate (horizontal) axis and the corresponding "actud”
vaues are plotted on the abscissa (vertical) axis. When making subsequent readings using the measuring

" Fluke, 1994, p. 19-3.
2
Fluke, 1994, p. 24-3.
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ingrument, the user finds the reported value read from the instrument on the ordinate, and follows it up
verticaly until the cdlibration curve is reached. The user then moves horizontally to the abscissa to read
off the measured value.

Most analog eectronic insruments are cdibrated by adjusting the gains and offsets of the
various amplifiersin the instrument to bring its readings in line with the "actud™ vaues. Depending on the
particular instrument being cdibrated and the uncertainty leve to which it needsto be hed, thisisa
more-or-less tedious manua operation.

The mogt sophisticated digita instruments have internd circuitry thet gpplies cdibration
corrections before reporting readings. The measurement process is exactly analogousto using a
cdibration chart, except that the digitd instrument performs this automatically. Thus, the calculation and
application of calibration correctionsis entirely invisble to the user.

Thefina step in cdibrating an instrument is to prepare a document of relevant information about
the calibration. This documentation may be as smple as affixing a cadibration sticker that reports the
date on which the cdibration was done. More typicdly, additiond information goes into the cdibration
report, such as the uncertainty level and when the next calibration is due. Calibration reports can
become quite complicated, sometimes giving dl of the measurements used and the results, calculations
of secular drifts, etc. The amount of information required in the calibration report depends on the users
requirements.

To cdlibrate an eectronic instrument, one must connect its terminals to those of the stlandard,
take severd readings at different levels, caculate the appropriate corrections, download those
corrections into the insgrument's memory (assuming the instrument has these capabilities built in) and
creste the calibration report.

Voltage M easurement Instrumentation: The" Production” Environment

The quality range of available measurement instruments blurs the line between the laboratory
and production environments. High-end digital multimeters (DMMs), for example, can be ashighin
resolution and accuracy as the multifunction cdibrators (MFCs) designed to cdibrate them. DMMs
typically measure awide range of dectrical simulus, including direct voltage, direct current, aternating
voltage, dternating current, and resistance.

There are three classes of DMMs: [aboratory, bench, and hand-held. Laboratory DMMs
typicaly provide the highest level of accuracy and resolution, approaching the accuracy of the MFC
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used to calibrate them. They display up to 8 1/2 digitsin their readouts and are frequently caibrated
automatically. Bench DMMs are very Smilar to the previous class but tend to have less accuracy and
resolution, typicaly 4 1/2 or 5 1/2 digits. In many loca cdibration labs, the bulk of the workload is
composed of bench DMMs. Handheld DMMs are the most commonly used and typicaly offer awider
set of measurement functions than the bench or laboratory versons. Their accuracy and resolution is
typicaly 3 1/2 or 4 1/2 digits. Handheld DMMs tend to be used in awide range of applications, from
sophisticated eectronic testing to automotive maintenance. Handheld DMMs are even used by
hobbyidts.

Electricd instruments and meters of dl types are cdlibrated by adjusting their circuitry so that
they report the correct value when measuring an dectrical property. A DMM, for example, is
comprised of ameasurement section and a control section. The measurement section (made up of
andog conditioning circuits and an analog-to-digital converter (ADC)) requires cdibration to assure
dability in its sources of variation (gain, offset, and linearity errors). Every DMM aso contains asolid
date dc voltage reference for the ADC. Thisinternd referenceis the limiting factor for the accuracy of
al voltage and current measurements performed by the DMM. It requires calibration.”

’ Fluke, 1994, pp. 17-4 - 17-18.
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APPENDIX C — ECONOMIC IMPACT METRICS

Two evauation metrics used customarily by NIST's Program Office are the interna (socid) rate
of return and the ratio of benefits-to-cogts. A third metric, net present vaue, is readily derived from the
information developed for the benefit-to-cost ratio.

Themetricsin this report are caculated from atime series of costs and benefits in constant
dollars. Therefore, "red" rates of return are presented based on this time series of congtant dollars. In
contrast, several previous economic impact assessments conducted by TASC for NIST's Program
Office presented "nomind" rates of return that were based on time series of current dollars (the dollars

of the year in which the benefits were redized or the costs were incurred).

Internal Rate of Return (I RR)l

The IRR isthe vaue of the discount rate, i, that equates the net present value (NPV) of a stream
of net benefits associated with aresearch project to zero. The time series runs from the beginning of the
research project, t = 0, to amilestone termina point, t = n. Net benefits refer to tota benefits (B) less
tota codts (C) in each time period. Mathematicdly,

(1) NPV =[(B,- CO)/(1+i)O] +...+[(B,- Cn)/(l+i)n] =0

where (B, - C,) represents the net benefits associated with the project in year t, and n represents the
number of time periods (yearsin most cases) being considered in the evauation. For unique solutions of
i, from equation (1), the IRR can be compared to avalue, r, that represents the opportunity cost of
funds invested by the technology-based public inditution. Thus, if the opportunity cogt of fundsisless
than the internd rate of return, the project was worthwhile from an ex post socia perspective.

' The characterization of the three metrics follows Chapter 4 of Albert N. Link and John T. Scott, Public
Accountability: Evaluating Technology-Based I nstitutions (Boston: Kluwer Academic Publishers) 1998.
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Benefit-to-Cost Ratio

Theratio of benefits-to-cogts is precisdy that, the ratio of the present value of dl measured
bendfits to the present value of al costs. Both benefits and codis are referenced to the initid time period,

t=0, as

B/C= B,/ (1L+1)]/[? C/(@+n)

['?
" t=0tot=n t=0to t=n

A benefit-to-cost ratio of 1 implies a break-even project. Any project withB / C > 1lisardativey
successful project.

Fundamenta to implementing the ratio of benefits-to-costsis avalue for the discount rate, r.
While the discount rate representing the opportunity cost for public funds could differ across a portfolio
of public investments, the calculated metricsin this report follow the guideines set forth by the Office of
Management and Budget:

Congant-dollar benefit-cost andyses of proposed investments and
regulations should report net present value and other outcomes
determined using ared discount rate of 7 percent.2

Net Present Value (NPV)

The information devel oped to determine the benefit-to-cost ratio can be used to determine net present
vaueas

NPV =B-C

Note that NPV dlowsin principle one means of prioritizing among severd projects ex post.

i Guidelines and Discount Rates for Benefit-Cost Analysis of Federal Programs,” Office of Management and Budget
(OMB), Circular No. A-94, 29 October 1992
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