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1. INTRODUCTION 
Developments in measurement theory and practice are 

leading inexorably toward a transformation of metrology in 
the coming years. Human, social, and natural capital 
measurement and instrument calibration have advanced in 
recent decades to previously unimagined degrees of 
mathematical rigor and practical convenience. Measurement 
models commonly employed in achievement testing, 
performance assessment, and rating scale surveys globally are 
ideally suited to meet the growing demand for precision 
measurement emerging from the contemporary focus on 
sustainable human, social, and environmental economic 
policies.  

Many among us are increasingly aware of these needs and 
are striving to meet them. Few decision-makers, however, are 
aware of the tools at our disposal, tools that will enable us to 
achieve goals set to new standards. It is often said that we 
manage what we measure; accordingly, we must wonder what 
we are managing when any given construct (literacy, health, 
innovation, etc.) is measured in local units of unknown quality 
and meaning. After describing developments in theory, 
research, and practice, the paper concludes with 
recommendations for human, social, and natural capital 
metrology standards. 

 
2. FUNDAMENTAL MEASUREMENT THEORY AND 

PRACTICE 
Invariant, additive, and separable parameters for non-

physical measures of abilities, attitudes, health, etc. have 
repeatedly proven their value and utility in education and 
health care globally over the last 50 years [1-3]. Different tests 
or surveys measuring the same thing are routinely calibrated in 
meaningful, linear, and comparable quantitative units [4-6]. 
International assessments of educational achievement, such as 
PISA [7], strictly define the quantitative comparability of 

reading, math, and science ability measures, and establish 
metrics that remain invariant and linear across tests 
administered in different languages and over time. Adaptively 
administered, customized tests, which tailor item selection 
based on the response characteristics of the individual 
examinee, similarly require careful attention to the 
maintenance of a common unit [8]. 

 Quantitative mathematical approaches are valued in 
economics and in the sciences at large to the extent that 
measurability translates into manageability. Fully 
mathematical measurement makes it possible to represent 
meaningful and invariant amounts of anything measured in an 
additive, divisible, and portable numeric form. When applied 
to various kinds of property and other capital resources, 
metrological standards make it possible to unify local 
economies at regional scales, and to unify regional economies 
at the global scale. They do so by reducing friction in the 
economy; that is, by greasing the process of exchange with the 
lubrication of common standards, which function as common 
languages for ascertaining value [9].  

The property of transparency is remarkable for the 
practical convenience it provides. Though we do not usually 
think of them in such terms, standards for time, weight, length, 
temperature, etc. serve as currencies facilitating the exchange 
of each different kind of value. Just as time is money, so, too, 
are square feet of property, mass volumes of commodities, and 
thermal units for heating and cooling. 

Despite the ongoing success mathematical modeling 
enjoys in the natural sciences and engineering, “it has become 
commonplace to observe that modern mainstream economics 
is not too successful at providing insight” [10]. The 
mathematical deductivist reasoning characteristic of 
mainstream economics is increasingly challenged by other 
approaches of diverse origins referred to as heterodox. 

Interestingly, these challenges emerge in a context in 
which capitalism itself is no longer thought inherently 
misconceived so much as not fully living up to its own 
accounting principles [11]. Perhaps, economics and 
econometrics also are incomplete, with their mathematical 
values in need of further extension, not curtailing.  

The main problem, in this case, would then be how to 
arrive at transparent, uniform standards for human, social, and 
natural capital that are meaningfully and not reductionistically 
calibrated to the same mathematically rigorous degrees of 
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precision and accuracy as standards for manufactured capital 
and commodities are. Given the roots of economic capital in 
scientific capital, it should come as no surprise that such 
standards can be created and maintained via the theory and 
practice of fundamental measurement. This is firmly 
established by at least five classes of results.  

First, a wide variety of ways of formulating requirements 
for objectivity in measurement have been shown to reduce to 
Rasch’s models for fundamental measurement [12-13], as is 
expected given their basis in minimally sufficient statistics 
(i.e., those that are both necessary and sufficient) [14-16]. In 
presenting the necessary and sufficient conditions for 
quantification, it then follows that  

unweighted scores are appropriate for person 
measurement if and only if what happens when a person 
responds to an item can be usefully approximated by a 
Rasch model.... Ironically, for anyone who claims 
skepticism about 'the assumptions' of the Rasch model, 
those who use unweighted scores are, however 
unwittingly, counting on the Rasch model [of 
fundamental measurement] to see them through [15]. 

What are referred to as assumptions in statistics are 
requirements in measurement. The inferential processes and 
interpretations typically employed in many statistical 
treatments of ability test and rating scale data inherently 
assume additive units and separable parameters. The 
transformation of these unexamined assumptions into explicit 
requirements for measurement creates the basis for a new 
metrological culture of human, social, and natural capital.  

The reduction of different approaches to articulating the 
requirements of objective inference is a variation on the theme 
raised by Luce and Tukey [17], that when a concrete physical 
concatenation operation (Figure 1) is not possible, then “one 
should try to discover a way to measure factors and responses 
such that the ‘effects' of different factors are additive." In 
practice, this means 1) devising observational  
 
 
 
 
 
 
 
 
 
 
Figure 1. Concatenated measuring units indicative of invariant amount 
 
frameworks that support internally consistent, monotonic data 
structures, and 2) transforming ordinal data from their 
instrument- and sample-dependent nonlinear raw score units 
and restricted ranges (Figure 2) to invariant measuring units 
and infinite ranges (Figures 3 and 4).  

The simple log-odds approximation method [18] used 
to transform the scores in Figure 2 into the measures in Figure 
3 gives less than perfect results. Most computer programs [19- 

 
 
 
 
 
 
 
 
Figure 2. Ordinal measuring units indicative of order, not amount 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. A log-odds transformation of the Figure 2 data 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Finite score/percentage range vs. infinite measurement 
continuum 
 
20] use joint maximum likelihood, fully conditional 
estimation, or Monte Carlo methods to remove the estimation 
process as a consideration in the definition of the unit. 

A second plank in the platform for uniform standards for 
human, social, and natural capital involve a series of 
experiments that focused on reproducing physical measures 
using the kind of ordinal data produced by ability tests,  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Ordinal-based length measures plotted against centimeters [21] 
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Figure 6. Rasch-estimated densities and actual densities compared [22] 
 
performance assessments, and rating scales. The abstract 
axioms are illustrated concretely when 1) a length ruler with 
unevenly spaced ordinal units (Figure 5) [21], 2) intuitively 
judged paired comparisons of weight [22], 3) judged ratings of 
distance away [23], or 4) paired comparisons of material 
density [24] (Figure 6) are fit to a Rasch model, and the 
resulting measures plot linearly with the respective 
centimeters, grams, meters, and densities (grams per cubic 
centimeter). 

Given, then, the capacity of the models to recover from 
ordinal data the same additive structures as those presented in 
accepted metrological standards, the third plank in the 
platform emerges. In their multiplicative form, Rasch’s 
models have the same structure as the laws of natural science 
[3,25]. Measurement theoreticians and dimensional analysis 
methodologists have long noted that the laws of physics are 
typically expressed as multiplications or divisions of 
measurements [26]. Rasch [3] develops an extended analogy 
based in Maxwell’s 1876 analysis of mass, force, and 
acceleration, expressed as  

Avj = Fj / Mv    (1) 
such that the acceleration A is equal to the ratio of the force F 
of instrument j to the mass M of object v. The structure of the 
Rasch Reading Law embodied in the Lexile Framework for 
Reading [25] and the National Reference Scale for Reading 
[27] can be read from the same equation, such that the 
comprehension rate A is equal to the ratio of the reading 
ability F of examinee j to the reading difficulty M of text v. 
The stability of this relationship has been observed many 
millions of times in the 55 years since Rasch scaled his first 
reading test. 

Fourth in the line of supports for the role of fundamental 
measurement theory in the creation of capital metrology 
standards is the fact that multiple independent studies of the 
same variable show that constructs have markedly robust 
broadly mathematical properties across investigations using 
different instruments with different respondents [28], different 
instruments with the same respondents [29], or the same 
instrument with different respondents [30]. Research has 
repeatedly shown that variations on the same unit of 

measurement are produced and reproduced across samples of 
items and persons drawn from the same populations, across 
researchers, and across time and space (see Figures 7 and 8 for 
examples). 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. A typical plot of item calibrations estimated from two different 
samples (correlation r = 0.98) [unpublished data] 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. Fifty-five correlations of four instruments’ item calibrations 
over ten samples [28] 
 

Fifth, this applicability is emphasized in hundreds of 
published studies that populate the scientific literature in 
dozens of fields and demonstrate the versatility and 
applicability of Rasch’s models relative to a wide variety of 
tests, surveys, and assessments. Examples of tests and surveys 
studied for their broad mathematical properties range from a 
test of the understanding of irony in poetry to measuring 
attitudes and behaviors related to studying and learning. The 
technical literature on measurement models, estimation 
methods, and the statistical study of failures of invariance is 
extensive. 

These developments in theory and research have 
influenced and shaped practical applications in dozens of 
fields, in government, and in commercial enterprises. For 
instance, high-stakes educational measurement has employed 
fundamental measurement theory for graduation, admissions, 
certification, and professional licensure since the early 1970s 
[31]. The most notable example of a commercially available 
generalized metric is the Lexile Framework for Reading 
(www.Lexile.com).  
 

3. THE ROLE OF METROLOGY 
Capital is abstract meaning brought to life in two 

metrological phases characterizing the development of 
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transferable representations, such as titles, deeds, and other 
legal, financial, and scientific instruments. In the first phase, 
something significant is conceived. That is, meaning is created 
experientially or experimentally by establishing the abstract 
existence of something capable of standing rigorously 
independent of the laboratory producing it [32] and the 
written, geometrical, metaphorical, historical, numerical, or 
dramatic figures carrying it. When a figure of any kind 
functions as a symbol, any instance of it is then potentially 
interpretable as significant in a specific respect.  

Once so conceived, the new form of life must be nurtured 
by progressively determining the limits of the environment 
required to sustain it. A sense of these limits is typically 
obtained via metrological ruggedness tests [33], wherein the 
conditions under which the invariant additivity, divisibility, 
and mobility of the numeric or other symbolic figures 
instrumental to capital representations come to be understood. 
In the human sciences, such ruggedness tests have taken the 
form of multiple independent experimental investigations of 
the fit of data to mathematical models of fundamental 
measurement [28,34]. In this initial phase of capital formation, 
the form of life acts consistently as an agent compelling 
agreement among investigators as to its independent real 
existence [35]. 

For this potential to be made actual, for what has been 
conceived and gestated to be born as an independent form of 
life, the second, maturational, phase of development must take 
place. In this phase, the symbol is mobilized via a 
standardized inscription device within a network or ecological 
niche prepared to recognize and accept it as a common 
currency mediating the exchange of its particular value. This 
kind of cross-laboratory coordination of instruments, samples, 
operators, number systems, etc. is typically obtained by 
metrological round-robin trials [36]. In this second phase are 
determined the various conventions through which a particular 
form of capital will be recognized for what is. Where the 
consistent display of invariant properties characterizes the first 
phase of capital formation, in the second phase the former 
agent of agreement is transformed into a product of agreement 
[35]. 

A law of living capital [38] can be stated formally 
because, as Rasch [3] observed,  

Where this law [relating reading ability and reading 
difficulty via comprehension rate] can be applied it 
provides a principle of measurement on a ratio scale of 
both stimulus parameters and object parameters, the 
conceptual status of which is comparable to that of 
measuring mass and force. Thus, ... the reading accuracy 
of a child ... can be measured with the same kind of 
objectivity as we may tell its weight. 

To satisfy the requirements of this separability theorem, hash 
marks on a ruler that appear evenly spaced must consistently 
correspond with apparently evenly-spaced differences 
observed in some relevant range of objects extended in space, 
and vice versa. The convergence effected between any one 
instrument and any one set of things measured must then be 

generalizable in the sense that the same qualitative relations 
must be found to hold 1) when the instrument is applied to a 
new sample, and 2) between any other instruments of the 
given type and any other samples from the same population of 
objects. Studies of this kind of invariance are the object of 
metrological ruggedness tests in the natural sciences and 
engineering.  

Similar requirements must be posed and met in the 
human, social, and environmental sciences for their respective 
forms of capital to be brought to life. Examination, survey, 
and assessment questions must also be required to take up 
consistent and invariant orders and spacings along 
measurement continua in association with appropriately 
varying observations of human, social, or natural capital 
phenomena. Though such a requirement may seem too rigid an 
obstacle for many instruments to overcome, it is met fairly 
routinely in the context of probabilistic models that allow for, 
and estimate, small amounts of error in the calibrations and 
measures [1-8,12-15].  
 

4. TRENDS DEMANDING A NEW METROLOGICAL 
INFRASTRUCTURE 

Despite developments in measurement theory and practice 
suggesting their viability, little or no effort has yet been 
invested in national or global metrological standards for the 
variables of human, social, and natural capital. This will soon 
change as global financial managers and investment analysts 
put 2 + 2 together. Four major factors are contributing to the 
emergence of metrological reference standards for the 
intangibles of human, social, and natural capital. 

First, the need to harmonize sustainable human activity 
with the natural environment is prompting the emergence of 
ecologically-informed comprehensive economic models 
focusing on the conception, birth, and maturation of living 
capital [11,38]. These biomimicry models are based in the 
increasing recognition that transparent and transferable 
representations of living capital are fundamentally rooted in 
metrology, since they are necessarily additive, divisible, and 
mobile within the networks in which their value is recognized 
and accepted [32]. Many nations and international aid 
organizations are therefore focusing economic development 
efforts on building infrastructural capacities for the low-
friction flow of capital [39].  

Second, the vital importance of human, social, and 
environmental resources for the long-term sustainability of 
economic relationships is now so apparent that researchers and 
investment firms are developing metrics for measuring and 
managing these intangible forms of capital [40-42]. Similarly, 
local, regional, national, and international governments are 
actively exploring the creation of alternative productivity 
measures that more authentically gauge the positive and 
negative value of human, social, and environmental impacts 
[43].  

These efforts have not yet fully articulated, much less 
addressed, the challenge. Dissatisfaction with the nonlinearity 
of the ratings used, the lack of effective quality assessment of 
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the data, and the incommensurability of instrument-dependent 
ratings and scores will eventually create opportunities for 
metrological entrepreneurs in this area. These opportunities 
will be supported by the fact that, in many respects, Georg 
Rasch’s probabilistic measurement models synthesize, 
reframe, and efficiently package key econometric assumptions 
and methods [44], as could be expected given his mentoring 
and collaborations with Nobel-winning econometricians, such 
as Ragnar Frisch and Tjalling Koopmans [45]. 

Third, the economic power of distributed cognition—the 
“wisdom of crowds” effect—stems from the way metrological 
infrastructure makes it possible for us to more fully realize the 
maxim of “acting local, thinking global” [46]. To reward 
improved quality, consumers need to be able to think and act 
in concert, on the basis of readily available, accurate, and 
universally uniform information. To improve quality, service 
providers also need to be able to think and act in concert 
without having to laboriously communicate facts expressed in 
locally-dependent incommensurable metrics.  

Fourth, though the major barrier to the development of 
reference standards is the cost, that cost is an investment 
providing substantial returns in human, social, and economic 
value. It has been estimated that investments in metrological 
infrastructure in the U.S. amount to two to three times the 
value of investments in research as a whole [32]. Universal 
reference standards and metrological improvements benefit 
everyone, with economic returns on investment ranging from 
40% to over 400% [47]. Because the cost of providing 
standards is so high, even with returns of this size it is not 
economically feasible for any one firm, or even group of 
firms, to underwrite the costs themselves. It is therefore 
essential to have public support for the development and 
maintenance of common metrics for human, social, and 
natural capital. 

It is only a matter of time until these factors converge 
with the established value and utility of invariantly additive 
measures of human, social, and environmental capital. The 
latent demand among investors, consumers, and quality 
improvement specialists for comparability is such that 
international metrological organizations should already be 
positioning themselves to provide the needed calibration and 
traceability services. In the next few years, institutes for 
standards and technology will begin establishing new 
divisions focused on creating and maintaining universal 
uniform metrics for human, social, and natural capital. 
 

5. RECOMMENDATIONS FOR A NEW 
METROLOGICAL CULTURE 

Though they are rarely explicitly employed, it is easy to 
see that the axioms of fundamental measurement theory are 
routinely assumed to hold in econometrics generally and in the 
measurement of capital especially. Rasch developed his 
practical mathematical sensibility in a context saturated with 
concern for these issues, with his own parameter separability 
theorem and minimally sufficient estimators markedly similar 
to previous work performed by his mentor, Ragnar Frisch 

[48], and Frisch’s colleague, Irving Fisher. The latter is 
celebrated as the foremost American economist in the history 
of the discipline [49,50].  

The relationships between interest rates and inflation 
described in the Fisher equation, for instance, or between 
prices, the money supply, and quantities of available goods in 
the derivation of an economic index [51], are typically 
interpreted as satisfying Fisher’s parameter separation theorem 
[52]. This is so even though data are rarely tested in explicit 
experimental tests of that hypothesis [53], and even though 
mainstream economics persists in using mathematical 
deductivist reasoning despite its general failure in providing 
insight [10].  

Why might explicit experimental tests of key assumptions 
be so rare? Why might the mathematical models typically 
employed not succeed in illuminating economic conditions 
more clearly? Both of these questions could have the same 
answer, namely, that too many unexamined presuppositions 
about numbers and objectivity are simply not justified. This 
point is increasingly of interest in finance, the history of 
science, and economics, as is shown by the emergence of 
heterodox methods [54]. 

But the proper response to this situation certainly ought 
not to be a methodological free-for-all, in which everything is 
relative and anything goes. Instead, we ought to consider the 
significance of the fact that Fisher’s equation of exchange 
[49], written as it is as a multiplication or division of 
measurements, and being explicitly presented in the form of a 
balance scale model [55], expresses the same logic of lawful 
relations as the laws of physics or a Rasch model. Indeed, 
several different approaches to economic modeling can be 
construed in this way, though they rarely have been so 
interpreted, and so have not yet “accomplished the close 
interaction between observation and theory that is 
characteristic of the natural sciences” [53]. But might efforts 
aimed at bringing fundamental measurement theory to bear in 
econometrics succeed in accomplish-ing this goal? Might the 
close interaction between observation and theory achieved in 
the Lexile Framework’s modeling of literacy capital as a 
fungible common currency serve as a model for how to 
proceed with other forms of human, social, and natural 
capital? 

The convergence of fundamental measurement theory 
with heightened demand for meaningful, precise, and 
convenient aids to the management of living capital makes it 
possible to formulate and propose the following 
recommendations. 

• Because the difficulty experienced in measuring capital 
[42] is strongly related to the approaches used, those 
interested in addressing the problem must be informed 
about the relevant methods: 
o instead of forcing unanimous agreement on the 

content and format of indicators, focus on criteria 
for construct definition involving tests for 
additivity, unidimensionality, and parameter 
separation; 
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o instead of setting the stage for confusion by basing 
metrics in the instrument-dependent ratings of 
particular collections of indicators, set the stage for 
transparency by basing metrics in universally 
available uniform metrics and equating instruments 
measuring the same thing to the reference standard;  

o instead of constraining the management of living 
capital to a microscopic focus on its local 
definitions and manifestations, liberate it by 
allowing its local forms to be expressed in global 
terms; 

o instead of defining living capital markets in the 
manner of medieval European village markets, 
each with their own distinct weights and measures, 
define them instead in the manner of the Système 
International d’Unités, so that they all refer to 
common metrics; and 

o instead of encumbering the exchange of living 
capital with numerous sources of friction, lubricate 
its flow with the common currencies of 
metrological standards. 

• Because of the large investments needed and the 
general benefit to the greater good that is effected, the 
primary location of instrument equating and item bank 
calibration should be shifted out of individual private 
concerns into the public sphere. 

• Investors are interested in maximizing returns over the 
long term, and human, social, and natural capital 
metrics are increasingly seen as providing information 
vital to achieving that goal, so shareholders in 
employee stock option plans and retirement investment 
accounts should lobby and agitate in favor of using 
universal and rigorous human, social, and natural 
capital metrology standards to guide investment policy. 

• Investment banks interested in universally uniform 
fungible metrics for human, social, and natural capital 
should fund the establishment of academic centers 
focused on advancing the theory and practice of living 
capital metrology. 

• Metrology agencies should institute education programs 
to inform  
o the public about the new potentials for 

transparency in human resource accounting, 
educational attainment, and health care outcome 
measurement, and 

o investment analysts and econometricians about the 
value of universally uniform, invariant metrics for 
each species of human, social, and natural capital. 

• Standards groups composed of each type of stakeholder 
invested in the development of uniform measures for 
human, social, and natural should be formed to oversee 
their creation, development, and maintenance. 

• Existing efforts in academia, government, and business 
aimed at establishing invariant standards for specific 
constructs measured via achievement tests, performance 

assessments, and surveys should be reviewed and 
synthesized with the goal of creating universally 
uniform metrics for each. 

The broad scope of these recommendations gives pause in a 
manner akin to Rasch’s realization that the separation theorem 
posed very demanding conditions on data, prompting his 
observation that "this is a huge challenge, but once the 
problem has been formulated it does seem possible to meet it" 
[3]. The spontaneous eruption in recent years of leaderless 
global movements of concerned people striving to improve the 
qualities of their lives, their societies, and their environments 
[56-58] gives hope that the energy and resources needed to 
meet the challenges posed will not be wanting. 
 

6. CONCLUSIONS 
Individuals, governments, and enterprises globally want 

to measure human, social, and natural capital in order to 
manage it better. Waste is the common root cause of human 
suffering, sociopolitical discontent, and environmental 
degradation [11]. Many industries have seen their profit 
margins minimized in recent years and are looking for new 
ways to reduce inefficiency. Similarly, investors increasingly 
recognize that consistent growth in human, social, and natural 
capital promises the stability needed for sustainable long term 
profitability. 

But the implications of human, social, and natural capital 
metrology extends far beyond the limits of commercial 
interests. One often hears that said the government should be 
run more like a business. Given the lack of relevant 
metrological standards, should we really be surprised at the 
general inability of governments to effectively manage human, 
social, and natural capital? Robert Kennedy said it well 40 
years ago, 

Too much and too long, we seem to have surrendered 
community excellence and community values in the 
mere accumulation of material things. Our gross 
national product—if we should judge America by 
that—counts air pollution and cigarette advertising, and 
ambulances to clear our highways of carnage. It counts 
special locks for our doors and the jails for those who 
break them. It counts the destruction of our redwoods 
and the loss of our natural wonder in chaotic sprawl. It 
counts napalm and the cost of a nuclear warhead, and 
armored cars for police who fight riots in our streets. It 
counts Whitman's rifle and Speck's knife, and the 
television programs which glorify violence in order to 
sell toys to our children. 

Yet the Gross National Product does not allow for the 
health of our children, the quality of their education, or 
the joy of their play. It does not include the beauty of 
our poetry or the strength of our marriages; the 
intelligence of our public debate or the integrity of our 
public officials. It measures neither our wit nor our 
courage; neither our wisdom nor our learning; neither 
our compassion nor our devotion to our country; it 
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measures everything, in short, except that which makes 
life worthwhile. 

To repeat, all human suffering, social discontent, and 
environmental degradation can be traced to a common cause: 
waste. In a comprehensively designed economic system, 
global capital resources are not mechanically produced and 
consumed in the name of profits. Rather, living capital 
resources must be organically conceived, midwifed, and 
nurtured in such a way that profits are value for life: the 
growth of the total stock of living capital resources [11,38,43].  

Humanity will fulfill its potential only to the extent that it 
embodies its ideals of justice and fair play in those mundane 
and banal metrological systems that we take for granted as a 
background and structure of daily life. As Alder [59] put it,  

To do their job, standards must operate as a set of 
shared assumptions, the unexamined background 
against which we strike agreements and make 
distinctions. So it is not surprising that we take 
measurement for granted and consider it banal. Yet the 
use a society makes of its measures expresses its sense 
of fair dealing. That is why the balance scale is a 
widespread symbol of justice. ... Our methods of 
measurement define who we are and what we value. 

Metrologists [60-61] know better than most that no units of 
measurement are born fully formed as universally available 
and uniform common indicators of quantity [32-36]. The 
transparency built into systems for the exchange of capital 
value is not easily obtained. But as long as we go on assuming 
either that we already have adequate metrological standards 
for human, social, and natural capital, or that such standards 
are impossible to achieve, our methods of measurement will 
inadequately define who we are and what we value. 
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