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Concurrently with the growth and 
industrialization of this nation, there 
has developed within it a vast, com- 

plex system of measurement which 
has made possible the very growth that 

brought the system into being. This 
National Measurement System (NMS) 
stands today as one of the key ele- 
ments in a worldwide measurement 
system that links all major nations to- 
gether in a consistent, compatible net- 
work for communication and trade. 

Our National Measurement System 
is one of a number of mutually inter- 
acting systems within our technologi- 
cally based society that form the en- 
vironment in which the individual citi- 
zen must live and function. Familiar 
examples are the communication, trans- 
portation, educational, medical, and 
legal systems, all of which may be in- 
cluded under the general heading of 
social systems. 

In view of the demonstrated value 
of the systems approach for the un- 

derstanding and improvement of hard- 
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ware such as computers and weapons, 
some of these social systems are being 
subjected to the same type of analysis. 
The National Measurement System, 
which evolved in this country with 
little formal recognition as a system, 
is now being examined in this way 
at the National Bureau of Standards 
(NBS) which undertook the study of 
NMS partly because of a growing re- 
alization of the all-pervasive nature 
and great economic importance of the 
nation's measurement activities, and 
partly because of the challenge to NBS 
in putting its splendid new facilities 
to optimum use for the benefit of 
the nation. Such optimum use can be 
approached only when NMS, of which 
NBS is a central element, and the serv- 
ices it requires for effective operation 
are sufficiently well understood. 

The magnitude and scope of NMS 
appear to justify such a study. All of 
us make measurements and use them; 
within the United States, this activity 
is roughly estimated at some 20 bil- 
lion measurements per day. In the in- 
dustrial sector, we find (from 1965 
data) that the industries that account 
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for two-thirds of the gross national 
product ($400 billion) invest annually 
about $14 billion of operating expendi- 
tures and 1.3 million man-years in 
measurement activity. We have about 
$25 billion invested in instruments for 
measuring, and we are increasing this 
investment at the rate of $41/2 billion 
per year. Another $20 billion is in- 
vested in completed data on proper- 
ties of matter and materials, and we 
are adding approximately $3 billion 

per year to this amount. Those indus- 
tries that are growing most rapidly 
in their contribution to the gross na- 
tional product are generally those that 
invest the most in measurement in pro- 
portion to output. Hence, the growth 
sectors of the economy are those that 
are technologically more sophisticated 
and therefore more directly dependent 
upon an advanced measurement capa- 
bilitv. 

If we judge the value of a service 

by what the user is willing to pay 
for it, then the value of the National 
Measurement System to the nation is 
in excess of $15 billion a year. More 
than 90 percent of this cost is paid 
by NMS through charges to the user 
in the marketplace; the federal govern- 
ment contributes by providing a cen- 
tral facility for measurement standards 
(NBS) and the national standards upon 
which NMS is based. 

Like other social systems, the Na- 
tional Measurement System consists of 
two basically different interacting struc- 
tures which we designate as the "con- 
ceptual system" and the "operational 
system." In general, the conceptual 
system is a rational, ordered structure 
of rules, definitions, laws, conventions, 
or procedures which provides the fun- 
damental basis upon which the opera- 
tional system can be built. It is univer- 
sally applicable, like the laws of physics 
and chemistry. The International Sys- 
tem of Units (Systeme International 
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or SI) exemplifies the basic structure 
of the conceptual system that governs 
the operation of the NMS (1). The 
SI is, of course, universal insofar as 
international agreements can make it 
so. The operational system is an or- 
dered structure of functional elements 
-that is, organizations of people-in- 
teracting with one another under cen- 
tral guidance to perform a function. 
It is national in scope; it assumes a 
character suited to the nation it serves, 
and one that is consistent with the 
requirements of the conceptual system. 

In our examination of the National 
Measurement System, we begin with 
the needs that it seeks to meet and 
the essential functions that it performs. 
We then proceed to a consideration 
of its foundations in the conceptual 
system, the nature of the operational 
system, and finally the role of NBS 
as a key functional element in the lat- 
ter system. 

Basic Social Needs 

Three general, ever-present needs of 
our society have brought NMS into 
being. The NMS, working with other 
social systems, meets these needs, there- 
by enabling our society to accom- 
plish its national objectives, such as 
space exploration, better education, ade- 
quate defense, a higher standard of liv- 
ing, or consumer welfare. There is need 
for: (i) basic measurements and stand- 
ards, (ii) data and standards on mate- 
rials, and (iii) technological measure- 
ments and standards. The nationwide 
need for a complete and consistent 
system of physical measurement, prop- 
erly coordinated with those of other 
nations, requires the ability to make 
accurate, reliable, precise, and compati- 
ble measurements in terms of a com- 
mon language of units and methodol- 
ogy. Another nationwide need is for 
a systematic and readily accessible body 
of accurate, reliable, precise, and con- 
sistent data on the properties of mate- 
rials in different environments, and for 
information, reference materials, and 
conceptual knowledge that will make 
possible the effective use of such data. 
To an increasing extent, the economy 
has come to depend on the exchange, 
in the marketplace, of products and 
services having a high technological 
content. This creates a need both for 
uniformity of product characteristics 
and for a language for stating require- 
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Fig. 1. Conceptual measurement system. 

ments of users in terms of the per- 
formance capabilities of products and 
standards. 

As indicated, the National Measure- 
ment System provides the services to 
meet these needs. Briefly stated, the 
essential function of the NMS is to 
provide a quantitative basis in measure- 
ment for (i) interchangeability and (ii) 
decisions for action in all aspects of 
our daily life-public affairs, com- 
merce, industry, science, and engineer- 
ing. As soon as we have a measure- 
ment system with a set of established 
units and standards, we have a firm 
basis for the interchange of goods and 
services in the mass markets of mod- 
ern commerce, of machine parts and 
devices in industry, and of scientific 
and technical information. This system 
also provides a basis for such vital 
decisions as those made by an air- 
plane pilot in flight, by the control 
room at a launching pad, or by an 
engineer designing a chemical plant. 

Conceptual and Operational Systems 

The NMS is built on the principle 
that "things equal to the same thing 
are equal to each other." Such is the 
nature of the measurement process that 
compatible measurements through 
NMS are achieved by a hierarchy of 
comparisons, or calibrations, at ever- 
increasing levels of accuracy until, for 
each quantity, all measurements are 
ultimately referred to a common tie 
point or standard. 

The anchor points for the entire 
structure (Fig. 1) are the standards 
for the four basic quantities: mass, 
length, time, and temperature (3). The 
units for all other physical quantities 
are linked to the units for these four 

quantities (the kilogram, meter, sec- 
ond, and degree Kelvin) through 
the definitions and equations of phys- 
ics. This fact insures that the units 
of SI will be consistent with the equa- 
tions of physical science as we know 
them. 

The basic and derived physical quan- 
tities form a set of some 50 general 
measurement quantities, in terms of 
which the other measurement quanti- 
ties of science, industry, and commerce 
are developed. Those measurement 
quantities concerned with the proper- 
ties of substances, such as density or 
viscosity, form one characteristic set 
which meets the need for a body of 
reliable data on the properties of mat- 
ter and materials. Those that relate 
to man-made artifacts-devices, sub- 
systems, and systems-rather than sub- 
stances, form another characteristic set 
which meets the need for technological 
measurements and standards. In this 
set are such measurable quantities as 
the amplification factor of a vacuum 
tube, the sharpness of a razor blade, 
or the reliability of a computer. 

The upward feedback (Fig. 1) takes 
place in two ways. First, there is the 
feedback of information regarding the 
needs for refinement of the quantities 
at each level. Then there is the feed- 
back of capability and knowledge de- 
veloped in the various parts of the 
system. For instance, information on 
properties is essential to the definition 
and development of the four basic units 
and to the measurement of the de- 
rived units. Likewise, information ob- 
tained by use of devices or systems 
enables us to improve the part of the 
program represented by the upper cir- 
cles and its transmission down to the 
lower circles. We turn now to the opera- 
tional system-a structure of function- 
al elements, each of which is an or- 
ganization of people and resources to 
accomplish a function. Figure 2 illus- 
trates, in a very general way, the opera- 
tion of NMS in this country, its re- 
lation to the international measurement 
system, its pool of unmet needs, and 
its reservoir of capability that users 
draw upon. It also shows the three 
major networks of NMS. First, there 
is the instrument network (Fig. 3) which 
provides calibrated, traceable instru- 
mentation, consistent and compatible 
with the national standards, for mak- 
ing measurements. 

Then there is the data network (Fig. 
4) which provides the user of NMS 
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with critically evaluated data on the 
intrinsic properties of materials-data 
that investigators have obtained in 
measurements based on the national 
standards. This network thus gives to 
the user, in many cases, a ready-made 
answer to his measurement problem, 
so that he does not need to make the 
measurement himself. 

We also envision a corresponding 
data network for data on the charac- 
teristics of devices or systems to meet 
the need for technological measure- 
ments and standards. This network, 
however, is not yet sufficiently well 

analyzed to permit adequate represen- 
tation here. 

Finally, there is the techniques net- 
work (Fig. 5) which tells the user of 
NMS how to make meaningful 
measurements. This network dissemi- 
nates knowledge to the user through 
publications and other means, so that 
he knows (i) how to make a given 
measurement and (ii) what he should 
measure in order that the measurement 
be meaningful. 

Role of NBS 

We now indicate the function of 
NBS in the NMS structure. (i) We 
note that the instrument and data net- 
works require the operation of a cen- 
tral measurement facility to tie the ac- 
tivities of NMS in a consistent man- 
ner to the national standards and to 
provide these networks with a means 
of disseminating their outputs to the 
rest of the NMS. (ii) We see a need 
for some organization to lead NMS- 
to study it, evaluate its effectiveness 
and deficiencies, and to initiate correc- 
tive action where necessary. The leader- 
ship function falls naturally within the 
scope of activities of the central 
measurement facility. Thus, the role of 
NBS as a key functional element of the 
NMS may be stated as follows: (i) 
to provide the central basis in the 
United States for a complete, consistent 
system for physical measurement; and 
(ii) to provide federal leadership to 
insure effective and efficient perform- 
ance of NMS. 

The role of NBS requires it to work 
with and through NMS to see that 
NMS provides the services that its 
users require. In general, NBS deals 
with other NMS elements and not di- 
rectly with individuals who comprise 
the large body of users. Thus, in pro- 
viding the central basis for NMS, NBS 
concentrates on NMS needs, relying 
upon NMS to serve ultimate users. 
Each of the three networks of NMS 

presents its own set of requirements, 
but each depends on a strong central 
core of national standards. 

Central Core and Three Networks 

In providing the national standards 
which serve as tie points for NMS, 
the central measurement facility must, 
of course, develop and maintain the 
standards for the four basic quantities 
and for the set of some 50 quantities 
whose units are derived in accordance 
with the conceptual system (1). All 
these standards must be properly co- 
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ordinated with those of other nations 
to insure compatibility in scientific and 
engineering data and in world trade. 
[The international basis for uniform 
measurement is explained by Howlett 
(2).] Our national standards must be 
as good as, or better than, those of 
other nations so that they may receive 
proper recognition in international ne- 
gotiations. To provide such standards, 
NBS must have a broad research and 
development capability of a high or- 
der. This capability, of course, pro- 
vides a strong basis for leadership of 
the National Measurement System. 

Leading outward from the central 
core of national standards, there must 
be a chain of measurement for all 
magnitudes. For example, the range 
extends from the mass of the earth, 
or even beyond, down to the mass of 
the electron, neutron, or subparticle. 
Henoe, we have a vast spectrum of 
some 50 or 60 orders of magnitude 
that must be connected through a 
measurement chain to the defined unit, 
the kilogram, so as to provide the ac- 
curacy required by science and indus- 
try at any particular magnitude. Some 
of these magnitudes can be measured 
directly by taking multiples or sub- 
multiples of the standard; but as we 
leave the central part of the range, 
we find it necessary to use indirect 
methods, with a corresponding reduc- 
tion in accuracy. 

Of course, it is impossible for a sin- 
gle institution such as NBS to make 
calibrations over the complete range 
for mass, length, or any other quantity. 
Hence, the Bureau of Standards must 
make basic decisions on how far to 
go and how much to do. Its policy is 
to pick calibration points (or, in some 
cases, calibration regions) at intervals 
over the range so that the measurement 
activities of the country can be coupled 
to NBS at these points. The NBS must 
rely upon the rest of NMS to build 
upon these points and to extend the 
calibration between them so as to cover 
the range as needed. The basis for 
making the necessary decisions with the 
aid of accuracy charts has been ex- 
plained (1). 

The network for data on properties 
deals with well-understood, well-char- 
acterized materials upon which it is 
meaningful to make precise property 
measurements. Values of these proper- 
ties must be carefully measured and 
disseminated to users of NMS in units 
consistent with those of the basic and 
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derived physical quantities. No single 
institution such as NBS could, or 
should, attempt to develop all the in- 
formation that is required on thou- 
sands of properties for millions of sub- 
stances. Thus, in this network the role 
of the central measurement facility is 
to select certain key materials, to char- 
acterize these materials carefully, and 
to make precise measurements of their 
properties. The NMS can then couple 
to these key data points and use them 
as points of reference in building a 
reservoir of data to meet the remaining 
needs. 

If this central function is effectively 
carried out, it provides a basis for 
leadership of NMS by the central 
measurement facility. At the same 
time, it supplies NMS with the basic 
information needed for self-calibration 
of instruments and measurement pro- 
cedures, and it gives scientists and engi- 
neers necessary data for designing and 
building apparatus and equipment. Ob- 
viously, to do the job properly, the 
central measurement facility must have 
broad competence in materials re- 
search and in measurement science. 

The corresponding data network for 
design specifications or performance 
characteristics of devices and systems 
is at present quite broad and diffuse. 
Thus, at this stage of the network's 
development, NBS can best devote its 
efforts to providing the technical basis 
for the setting of meaningful design 
or performance standards, leaving the 
actual setting of the standards to the 
voluntary cooperation of the other ele- 
ments of NMS (except for standards 
that NBS is legally required to set). 
Of course, even this activity by NBS 
must be limited to those sectors of 
industry that do not have bodies for 
setting standards in other parts of the 
government (for example, the Inter- 
state Commerce Commission and the 
Federal Aviation Agency). In general, 
it is the policy of NBS to exert leader- 
ship to encourage the development 
and promulgation of performance 
standards, as opposed to design stand- 
ards, in order to remove those bar- 
riers to innovation and progress that 
are characteristic of some design stand- 
ards. 

The techniques network is that part 
of the NMS through which all its users 
can be told how to make optimum use 
of the measurement capability devel- 
oped in the instrument and data net- 
works. It is composed of a great many 

institutions and organizations, each 
aimed at proper utilization of NMS for 
the making of meaningful measure- 
ments. The techniques network has not 
been as well examined or understood 
as the instrumentation and data net- 
works. However, it obviously includes 
professional journals and other publi- 
cations; meetings of professional so- 
cieties; organizations and institutions 
that provide training in measurement 
techniques; standardizing bodies such 
as the U.S.A. Standards Institute, the 
American Society for Testing and Ma- 
terials, and the International Standards 
Organization; standards of practice 
which include agreed-upon procedures 
for making measurements; and the edu- 
cational institutions that provide the 
trained manpower to operate NMS. 

Because the government has wisely 
refrained from assigning leadership of 
NMS to NBS by law or executive or- 
der, the Bureau of Standards must 
maintain this leadership through dem- 
onstrated competence and general ac- 
ceptance of its capability. This situa- 
tion presents both a challenge and a 
responsibility. The NBS must make a 
continuous effort to understand the 
structure and operation of the NMS, 
to assess the value of its services for 
national objectives, and to develop 
means for evaluating its effectiveness. 
It must exert leadership to correct any 
deficiencies it finds and to adjust rela- 
tive emphasis among the different ele- 
ments. The NBS should also stimulate 
and encourage all other elements of 
NMS to study their respective roles 
to increase their effectiveness and to 
provide NBS with necessary informa- 
tion on NMS operation. 

An example shows how this leader- 
ship function is carried out in prac- 
tice. Recently, the need for leadership 
arose because the process of critical 
evaluation and compilation of data 
within NMS had lagged far behind the 
generation of data in the literature. 
A large backlog of unevaluated data 
had been built up, and, as this backlog 
continued to grow, it had become in- 
creasingly difficult for scientists and 
engineers to find the data they needed. 
Lack of critically evaluated data in 
conveniently available form had thus 
become an important and wasteful de- 
ficiency of NMS. 

To remedy this, the Office of Science 
and Technology, acting upon informa- 
tion presented by NBS and other or- 
ganizations within NMS, established a 
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National Standard Reference Data Sys- 
tem (NSRDS) in 1963 and assigned to 
NBS the responsibility for its admin- 
istration and coordination. The activi- 
ties, goals, and accomplishments of the 
NSRDS are described by Brady (4). 

Trends in the System 

Our study of the National Measure- 
ment System is still in its early stages. 
There remains much work to charac- 
terize inputs and outputs, interactions 
with other social systems, involvement 
with national objectives, the functions 
of NMS elements, and couplings be- 
tween the elements. Nonetheless, some 
of the trends within NMS are becom- 
ing clearer. For example, it seems evi- 
dent that the inherent advantages of 
simplicity and coherence in the Inter- 
national System of Units will lead 
eventually to widespread use of this 
modern version of the metric system 
within the United States as in other 
countries. In addition to the electrical 
and electronic industries, which have 
been based on SI since the system was 
adopted, the drug industry has turned 
to SI, and there are signs of impending 
change elsewhere, including bills for 
study of the metric system that have 
been introduced in Congress. 

At present, the SI units for all the 
derived quantities are defined in terms 
of the basic units and appropriately 
established values for the physical con- 
stants such as the magnetic constant 
for electrical quantities. However, one 
of the basic units, the kilogram, is not 
independently reproducible. If the kilo- 
gram could also be defined in this way, 
then units for all physical quantities 
would, in principle, be independently 
reproducible in any laboratory. Wheth- 
er or not these units should be inde- 
pendently reproduced by individual 
laboratories would depend on the state 
of the art and the relative cost of do- 

ing so as opposed to that of the con- 
ventional means of calibration. 

We can also see a definite trend to- 
ward "self-calibration." Increasingly, 
industrial laboratories will carry out 
their calibrations in their own labora- 
tories with standard materials, mea- 
surement data, or transportable stand- 
ards supplied by NBS. Thus, the role 
of the central measurement laboratory 
may be expected to undergo a slow, 
progressive change as the emphasis 
shifts from hardware to software, that 
is, from the exact comparison of in- 
struments at NBS to the provision of 
means, information, and computer as- 
sistance that will enable the user of 
NMS to calibrate his own instrument 
with his own techniques and to evalu- 
ate his own measurement capabilities 
at the same time. 

In general, the character of the 
NBS contribution to the National 
Measurement System will be shaped in 
the future, as in the past, by what 
might be called "the principle of strin- 
gency." This principle says that in gen- 
eral, once the most stringent needs for 
measurement have been met, lesser re- 
quirements can also be met. Of course, 
it does not automatically follow that 
the lesser needs will be met, as the 
means to do this may not be immedi- 
ately at hand. 

The stringency principle requires 
NBS to undertake to meet the most 
stringent requirements of NMS wher- 
ever there is enough need to justify 
the necessary investment in research. 
This poses certain problems, inasmuch 
as the great majority of users of NMS 
do not have the greatest need for ac- 
curacy. In fact, the users of NMS might 
be considered as a huge pyramid, with 
the few requiring the most highly accu- 
rate measurements at the top, and more 
and more, further down the pyramid, 
of those who require less and less ac- 
curacy. So the question is: How far to- 
ward the top of the pyramid should 

NBS push its measurement program? 
The Bureau's operating policy is to 
focus on the more stringent measure- 
ment requirements that represent a real, 
important need sufficient to justify the 
necessary investment and to encourage 
the remainder of the National Measure- 
ment System to extend the service at the 
lower levels of accuracy and precision 
insofar as it is economically more ef- 
ficient to do so. However, NBS must 
provide those calibration services that 
are necessary to make the overall sys- 
tem function economically and effi- 
ciently. In some cases this may mean 
that NBS should provide calibration 
well down into NMS; in other cases 
it may only be necessary for NBS to 
provide services at the highest levels 
of precision and accuracy. Economy 
and efficiency in the operation of the 
overall system are the deciding factors. 

Already, some elements of NMS, 
notably those represented by the Na- 
tional Conference of Standards Lab- 
oratories, are giving serious, produc- 
tive consideration to their respective 
roles and are generating recommenda- 
tions for improvement in its operation. 
If such efforts can be continued on a 
broad scale, they will build a strong 
base for a highly improved National 
Measurement System in the years to 
come, with great potentialities for rais- 
ing our standard of living and for aid- 
ing in the achievement of national ob- 
jectives. 
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