
Quantifying Human Response: Linking metrological and psychometric characterisations of

Man as a Measurement Instrument

This article has been downloaded from IOPscience. Please scroll down to see the full text article.

2013 J. Phys.: Conf. Ser. 459 012057

(http://iopscience.iop.org/1742-6596/459/1/012057)

Download details:

IP Address: 169.229.32.136

The article was downloaded on 12/09/2013 at 23:58

Please note that terms and conditions apply.

View the table of contents for this issue, or go to the journal homepage for more

Home Search Collections Journals About Contact us My IOPscience

http://iopscience.iop.org/page/terms
http://iopscience.iop.org/1742-6596/459/1
http://iopscience.iop.org/1742-6596
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience


 

 

Quantifying Human Response: Linking metrological and 

psychometric characterisations of Man as a Measurement 

Instrument 
 

L R Pendrill
1
 

SP Technical Research Institute of Sweden, Measurement Technology, Box 857, SE-

50115 Borås (SE), phone: +46 767 88 54 44,  

mailto:leslie.pendrill@sp.se 

William P. Fisher, Jr.,  

BEAR Center, Graduate School of Education, University of California, Berkeley, CA 

(USA) & Principal, LivingCapitalMetrics Consulting 

mailto:william@livingcapitalmetrics.com  

 

Abstract. A better understanding of how to characterise human response is essential to 

improved person-centred care and other situations where human factors are crucial. Challenges 

to introducing classical metrological concepts such as measurement uncertainty and traceability 

when characterising Man as a Measurement Instrument include the failure of many statistical 

tools when applied to ordinal measurement scales and a lack of metrological references in, for 

instance, healthcare. The present work attempts to link metrological and psychometric (Rasch) 

characterisation of Man as a Measurement Instrument in a study of elementary tasks, such as 

counting dots, where one knows independently the expected value because the measurement 

object (collection of dots) is prepared in advance. The analysis is compared and contrasted with 

recent approaches to this problem by others, for instance using signal error fidelity. 

1. Introduction 

Advances in technology and information processing are allowing the enhancement of various human 

functions, be it machine learning [1] to assist in mining the ever increasing amounts of information 

available in society or aiding a disabled, ill or elderly person to cope better with care as well as 

everyday tasks [2]. To ensure the quality and promote innovation of these diverse technological 

services to Mankind, better understanding is needed of how a human being perceives quantities such 

as information content and service quality, not merely in technical terms but in even more „human‟ 

quantities such as comfort, pleasure, beauty [3] and so on.  

When characterising the human measuring instrument [4], be it with the five senses or even taking 

account of the full physiological, mental, cognitive and behavioural richness of human perception, 

formulation of the commensurate metrological concepts as established in traditional engineering is as 

yet in its infancy for qualitative [5,6] and subjective measurement [7,8].  

It is still common, for instance, to find incorrect analysis of the scores obtained with questionnaires 

and similar instruments often used to measure human response, where the challenge [9] is that several 

of the most common tools of statistics – such as calculation of a mean or standard deviation - cannot 

be used to characterise the location and dispersion of qualitative measurements on ordinal scales [10] 

typical in such measurements.  

Additionally, some method of metrological traceability for measurements based on ordinal 

observations is needed when the ability of a person to perform a task of classifying an entity of given 

reference level is to be determined.  In some areas of rating person ability in this way – for instance, in 

the medical sector – it may be possible to promote the same kind of quality-assurance as is routine in 
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more quantitative measurement, that is, in terms of metrological traceability and with declared levels 

of measurement quality as uncertainty. Patient health, for example, is increasingly rated by health 

clinics on ordinal scales linearized via a log-odds transformation, and appropriate treatment is decided 

on by the doctor by comparing the actual ratings with corresponding pattern of „typical‟ health ratings 

for similar patients from earlier studies. Obviously, the comparability of such ratings has to be reliable 

to a sufficient degree of accuracy if the patient is to be treated appropriately. Given that such accuracy 

can be be regularly obtained, the observational framework could be redesigned to omit the observed 

ordinal scores and to incorporate a metrologically traceable unit reported alongside an uncertainty term 

[7,11,12]. 

2. Rationale for a potential expansion of the metrological framework 

As an example of earlier work, Fisher [7] assesses the feasibility of developing and deploying a 

universal metric through studies of the quantitative stability of a physical disability construct across a 

range of measurement instruments and samples. One seeks estimates of the person and instrument 

measures that are “not affected by the abilities or attitudes of the particular persons measured, or by 

the difficulties of the particular survey or test items used to measure”. Fisher draws parallels with 

traditional metrological concepts in engineering and physics with corresponding application of these 

concepts in psychometrics. He argues that this reflects an on-going transition in health care from 

“local economies of disease-crisis management to regional, national, and international economies of 

population-based, preventive health management”. He points out that the development and 

commensurate demands for scale-free measurement providing accountability and comparability in 

healthcare are being enabled by readily accessible computational and communicational resources 

through internetworked personal computers. 

The measurement system concept from the perspective of psychometrics where a human being is, 

in one way or another, a critical element of the measurement system has recently been considered [13]. 

The operation of any measurement system includes three steps, recalled by Mari [14]: Calibration; 

Data acquisition; Data presentation. Examples of recent studies of psychophysical scaling [15] where 

perceptual intensity is related to stimulus intensity include an attempted explanation of the Weber-

Fechner law in terms of signal error fidelity [16]. 

The present work offers an approach which attempts to link a traditional engineering metrological 

characterisation of measurement systems to commonly used techniques in behavioural and 

psychometric studies, where the ability of a human being to perform tasks is characterised over a range 

of levels of challenge employing the well-established approaches in psychological measurement 

developed by Rasch and his students [17-19]. Studies of situations are made where a human acts as an 

instrument for elementary tasks – counting dots [20-21] – where a key observation will be that human 

performance, described in terms of person ability and level of challenge for different tasks, can in fact 

be related to invariant measures of location and dispersion on an interval scale when Man acts 

„metrologically‟ as a Measurement Instrument [22, 23]. In such elementary cases, one knows 

independently the expected value since the measurement object (collection of dots) is prepared in 

advance, thus allowing calibration and assessment of measurement uncertainty which can then be 

compared with the ability of the human to perform the task. 

3. Grounding measuring in counting 

The Mundurucu are an Amazonian indigenous people with little access to Western-style educational 

resources [21]. Though they lack such technologies as rulers, graphs, weight scales, and numbers 

greater than five, the Mundurucu have sophisticated, though approximative and nonverbal, 

conceptions of space and number. Research investigating the conceptual link between number and 

spatially distributed dots suggests that the Mundurucu intuitively employ a logarithmic transformation 
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of impressions of varying amounts, meaning that "larger numbers require a proportional larger 

difference in order to remain equally discriminable" (Weber‟s law) [21]. 

This difference between intuitive sense impressions and measurement results was first noted by 

Fechner for the human senses, and has been documented in recent neurological research [24]. This 

“Gaussian tuning curve” functions like an internal biological slide rule, compactly collapsing several 

orders of magnitude into a portable system of relatively constant imprecision [21]. In showing the 

logarithmic proportions between sensations and stimuli, Fechner provided a basis for Thurstone to 

shift the focus of human measurement from psychophysical to psychological, economic, and social 

phenomena [25]. Rasch later independently developed ideas along the same lines [26].  

Further, real things, from the sides of triangles to rocks to performances, are not identical, and so 

cannot conform completely to the parameters in a scientific law or measurement model. The 

measurement of counting ability, like the measurement of weight or length, requires the definition of 

an invariant unit amount that will not correspond directly with empirically observed counting numbers 

or things counted [22]. Again, the natural logarithm plays an important role in providing 

experimentally verifiable criteria for demonstrating linear proportional relationships among parameters 

in a model.  

 

4. Human performance related to invariant measures on interval scale 

 

Fig. 1. Comparison of effectiveness (4), Rasch (1) and Gaussian (3) modelling of counting range 1 – 10 for the Mundurucu (w = 0,17) 

Two alternative metrological approaches to deriving how the probability of successful counting 

depends on measures of location and dispersion of perceptive judgments over a range of stimulus 

values will be compared here in terms (resolution and bias) as one would use when characterising a 

measurement instrument (in this case, the human counter) (Fig. 1). 

 

4.1 Probabilistic approaches to subjective differences  
The Rasch approach [17-19] models individual probabilities of success in counting as the difference 

between person ability θ and level of challenge b:: 

 

No distributional assumptions are required, counts of observed success in the assigned task are 

sufficient statistics [28-29], and individual ability measures are expressed as the average difference 
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between the person‟s location and each task‟s location on the log-odds continuum. For dichotomous 

observations, the model can be written to include an error term as follows: 

  

Here Xn,i is the scored response of person n to item i, and Pn,i is the probability of success given in (1). 

The binomial error distributions for dichotomous scores approximate Gaussian distributions when 

accumulated across all the observations, as they are in the estimation process [30]. 

The second approach expresses the ability to distinguish („resolve‟) two counts with stimulus values, 

Si = n1 and n2, in terms of the distance, D(P,Q), between two distributions, and

, each  centred at the respective mean count and the standard uncertainty in the 

difference is given
2
 by . This approach has been used in studies of the acuity of 

“number sense” where values of the Weber constant, w, range from 1 to 0.1 for the acuity of “number 

sense” for people of different counting abilities (from infants to educated adults) [27]. The counting 

efficiency, psuccess, is then expressed in terms of an error rate defined as the area under the overlap in 

the two count distributions. Assuming Gaussian distributions: 

 

4.2 Classification effectiveness in terms of counting bias on ordinal scale 
Perceived values, Pi, such as counts, normally can only be referred to an ordinal scale, since exact 

perceptive distances between different points are not known. An approach to overcoming the 

traditional limitations of statistical measures of location and dispersion on such scales is by the 

inclusion of a cost function as a distance metric. Following this approach, a measure of the 

effectiveness, Eff, of sorting on an ordinal scale has been proposed [31-32] as:
WS

i

i
EL

EL
Eff 1      (4) 

where ELi is the expected loss associated with incorrect classification at level i and ELWS is the worst-

case loss. In this second approach, the expected loss, and thereby the classification efficiency, 

associated with incorrect counts are expressed as functions of the „bias‟ iii PS  for each count 

(rather than using the difference in adjacent counts used in the first approach above).  

 

5. Results  

Despite the differences in these approaches, reasonably good agreement (Fig. 1) is obtained between 

estimates of the probability of success (at counting in the present example) if both the expected loss in 

expression (4) and the level of challenge, bi, for each count in expression (1) are modelled with 

exponential functions of, respectively, the count bias, i, and stimulus value, Si. In both approaches, the 

worst-case loss (most challenging task) is taken („anchored‟) to be the count i = 10. The Gaussian 

psychophysical modelling, for its part, does not rely on these assumptions, so the discrepancies 

between the three curves of Figure 1 could indicate an increase slightly milder than exponential in the 

level of challenge across the range of counts from 1 to 10.  

                                                      
2
 Assuming a uniform (rectangular) distribution of the difference in means 
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We will also compare our results with other recent approaches [16], where the logarithmic relationship 

in the Weber–Fechner law [33-34] is couched in terms of perception characterised in information 

theory by „quantization‟ followed by efficient coding where fundamental limits of compressibility are 

expressed in terms of entropy [35].  Fechner‟s law can be derived by cumulating a measure of 

dissimilarity of a stimulus from its “immediate” neighbour value where, according to [36], the 

distance, D(P,Q), can be expressed more generally in terms of the symmetric Kullback-Leibler 

divergence information measure. 

6. Discussion 

Historically, psychometrics extended the Weber-Fechner law from the constructs of psychophysics to 

the measurement of psychological and social constructs observable only in ordinal terms. Linear 

comparisons effected via application of the log-odds transformation to observed scores unexpectedly 

offered several additional highly practical advantages. Foremost among these were new capacities for 

qualitative meaningfulness and for systematically accounting for missing data.  

The first of these followed from the reproducible and invariant hierarchies in the questions asked [37]. 

Numbers ceased being mere digits but were instead strongly associated with substantive variation in 

the measured construct, such that the increasing difficulty of the questions asked could be understood 

in terms of developmental sequences. Comparisons of individual measures were now not expressed 

only in numeric terms, but in terms of performances relative to invariantly ordered learning 

progressions [38]. Additional new efficiencies are being realized within psychometrics as empirical 

estimation gives way to strongly predictive theories of the measured constructs [39-40]. 

The second new practical advantage is the equating of measures made from different sets of items 

from tests, surveys, and assessments measuring the same thing [39]. Just as new capacities for 

qualitative meaningfulness were realized from the repeated emergence of the same item hierarchies 

across samples, so, too, did identifiable commonalities in the item hierarchies emerge across item sets. 

Data-based equating methods are giving rise to theory-based methods as understanding of the 

cognitive and performative bases of these hierarchies improves [40]. Enhanced interpretability and the 

equating of different instruments bode well for future metrological standards and traceability. 

7. Conclusion 

In well-designed experimental contexts, counts of observed behaviours or decisions may provide 

evidence that invariant unit amounts exist, and this evidence may be useful in calibrating 

instrumentation and in devising a theory of the construct. The value of theory in this context is realized 

to the extent that the construct can effectively be synthesized in the laboratory. Given a theory capable 

of predicting 90% or more of the observed variance in the counts providing empirical evidence for 

experimental evaluation, a provisionally satisfactory understanding of the construct can be claimed. 

Following Feynman‟s point that, “What I cannot create, I do not understand” [41], judicious use of a 

combination of empirical, instrumental, and theoretical techniques may ultimately lead to new 

horizons in psychology and the social sciences [42]. Metrological traceability to reference standard 

units will be of central importance in this process. 
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