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Omnia in mensura et numero et pondere disposuisti is a famous Latin phrase from Solomon’s Book of Wisdom, dated to the mid first century
BC, meaning that all things were ordered in measure, number, and weight. Naturally, the wisdom is appearing in its relation to man. The
Wisdom of Solomon is understood as the perfection of knowledge of the righteous as a gift from God showing itself in action. Consequently,
anatural and obvious conjecture is that measurement science is the science of sciences. In fact, it is a basis of all experimental and theoretical
research activities. Each measuring process assumes an object of measurement. Some science disciplines, such as quantum physics, are still
incomprehensible despite complex mathematical interpretations. No phenomenon is a real phenomenon unless it is observable in space and
time, that is, unless it is a subject to measurement. The science of measurement is an indispensable ingredient in all scientific fields.
Mathematical foundations and interpretation of the measurement science were accepted and further developed in most of the scientific fields,
including physics, cosmology, geology, environment, quantum mechanics, statistics, and metrology. In this year, 2020, Measurement
Science Review celebrates its 20th anniversary and we are using this special opportunity to highlight the importance of measurement science
and to express our faith that the journal will continue to be an excellent place for exchanging bright ideas in the field of measurement science.
As an illustration and motivation for usage and further development of mathematical methods in measurement science, we briefly present
the simple least squares method, frequently used for measurement evaluation, and its possible modification. The modified least squares
estimation method was applied and experimentally tested for magnetic field homogeneity adjustment.
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1. INTRODUCTION The idea that there is no science without measurement was
first proclaimed by William Thomson — who was also well-
known as Lord Kelvin, an Irish-Scottish mathematical
physicist and engineer born in Belfast in 1824. At the
University of Glasgow, he did an important work in
mathematical analysis of electricity [2]. He declared that
“When you can measure what you are speaking about, and
express it in numbers, you know something about it, when
you cannot express it in numbers, your knowledge is of a
meager and unsatisfactory kind; it may be the beginning of
knowledge, but you have scarcely, in your thoughts advanced
to the stage of science.” His interpretation of the measurement
science, in the sense of the mathematical foundations, was
accepted and further developed by his followers, e.g. [3]-[8],
in cosmology, geology, environment, quantum mechanics,
statistics, and metrology.

In a similar vein, Ishikawa emphasizes in [9]: “I proposed
measurement theory, which is characterized as the
metaphysical and linguistic interpretation of quantum

fields of sciences. Measurement without affecting the Mechanics. I assert that this theory is one of the most
measured object, as accurately as possible, is the main fundamental languages in science, and thus, it is located at the

. . L. enes .
attribute of the measurement science. central position in science.

Each measuring process assumes an object of measurement.
However, each object must be localized in space; in general,
there can be no space without objects.

Objects can be visible, palpable but also without visual
characteristics, e.g. electricity, magnetism. Everything we
perceive as reality is a process that appeals to our
consciousness and only then can be investigated by way of
measurement. It should be accepted that physical phenomena
existed and exist before they are measured. Humanly
understandable explanation of how the world looks like
comments the so called biocentrism [1].

Some science disciplines, such as quantum physics, are still
incomprehensible despite complex mathematical
interpretations. The time factor, as we know it, challenges
quantum theory. It must therefore be noted that no
phenomenon is a real phenomenon unless it is in a state of
observation in space and time and be subject to measurement.
And therefore, the science of measurement is a science in all
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Even today, the claim that measurement science is the
science of sciences and there is no science without
measurement is convincingly confirmed. On the other hand,
measurement science is a mature, independent and unique
scientific discipline represented by many respected scientific
journals publishing the results from various areas of basic and
applied research aimed at developing measurement methods
and analyzing measurement data. Of these, ten scientific
journals registered in the Web of Sciences Base Collection
database contain the term "Measurement" in their title, and
two of them include the explicit expression “Measurement
Science”.

Similarly, many research institutions, companies,
departments and universities around the world devote
themselves to the development of measurement sciences and
use the term ,,measurement” in their name.

We are glad and proud that the Institute of Measurement
Science of the Slovak Academy of Sciences (IMS SAS) is a
part of this important category of academic institutions which
contributes significantly to the development of knowledge in
the field of measurement science. Its activities encompass
fundamental and applied research. In particular, measurement
theory and mathematical-statistical methods for processing of
experimental results, systems for measuring selected physical
quantities, development of measuring systems, models, and
processing methods for bio signals, and other non-standard
problems in applied sciences and industry. In addition, IMS
SAS is the organizer of regular bi-annual conferences
MEASUREMENT devoted to different aspects of the
measurement science, and founder and sole owner of the
scientific journal Measurement Science Review (MSR),
which celebrates its 20" anniversary, as it has been
successfully published since September 2001 under
supervision of its founding Editor-in-Chief, Professor Ivan
Frollo.

The aim of the journal is to publish papers from scientific
disciplines covering the measurement science with an
orientation toward the theory of measurement, measurement
of physical quantities and measurement in biomedicine. We
believe that the MSR is providing an environment for
information exchange among scientists, engineers and
industry people, as well as encouragement of effective and
coordinated research cooperation. The advantage of the
journal is the speed of publication, high reputation, and open
access policy for all published papers.

We use this exceptional opportunity to express our belief
that the journal MEASUREMENT SCIENCE REVIEW will
continue to be an excellent place for exchanging bright ideas,
experiences and good practices, establishing new contacts for
common projects, and making new friends in the field of
measurement science.

2. SUBJECT & METHODS

A frequent method for analysis of measurement results,
based on using the statistical regression modeling approach,
is the least-squares approach, used to approximate the
solution of overdetermined systems by minimizing the sum
of the squares of the residuals made in the results of every
single equation.

However, when the problem has substantial uncertainties in
the independent variable, then simple regression and least-
squares methods may have problems and the methodology
required for fitting the errors-in-variables models may be
considered instead of the standard regression model with the
simple least squares estimation approach. A further
complication arises when additional restrictions on the model
parameters should be applied.

As an illustration and possible motivation for usage and
further development of mathematical methods in
measurement science, in this note we present only the simple
least squares method, frequently used for measurement
evaluation, and consider the need of its possible modification
caused by the imposed restrictions on the parameters.

We start with an example of examination of the possibilities
of multi-parameter measurements on the selected object with
options:

- without affecting the parameters of the object,

- affecting the parameters of the object with the
possibility to set the selected parameters according to
predefined objectives.

Pre-defined selected parameters of the object may be
oriented to phenomena in the field of electrical and magnetic
fields, optical phenomena, temperature phenomena, i.e.
phenomena, which are presented in the form of a physical
field.

In general, these measurements, when properly
implemented with high accuracy, are acceptable and provide
a clear set of data that can be used to correct the parameters
of the measured object into the state we require and which is
physically accomplishable, [10].

Obviously, the methodology for correcting parameters has
an infinite number of solutions. The aim is to find an optimal
set of corrections that could be reasonably feasible, [11].

A. Least squares method for measurement evaluation

Here we consider the task of estimation of the unknown
parameters of a linear regression function as used and applied
in [11]. It is a problem where measurements of real values are
performed. We shall assume that the theoretical expected
values of the measured values, say 1y, 15, ..., 13, , are expressed
as a linear combination of unknown parameters
Ky, Ky, oo, Ko, with p < n.Then the determining equation for
our task is

E(Tl) = vliKl + UziKz + e+ vlep (1)

fori=[2, ...., n, where vy;, vy, ... Vp; are known values of
measuring object differences corresponding to known testing
results.

LetM = ||vﬁ || be a p x n matrix of coefficients for i=/2,....,
n, j=12, ...., p, where the known coefficients vy; , v,;, ..., Vpi
from equation (1) are stacked into the i-th column of the
matrix M. Moreover, we shall suppose that the rows of the
matrix M are linearly independent.

Based on the standard least squares theory, the unknown
values of the parameters Ki, K, ..., K, are estimated by
minimizing the sum of squared residuals with respect to the
possible values of the unknown parameters, specified by



MEASUREMENT SCIENCE REVIEW, 20, (2020), No. 1, 1-5

n
2
S= E _ l(ri—vuKl—vzl-Kz—~-v,n-1<p) )
i=

Then the least-squares estimates, here denoted as
K{,K3, ..., K, , are determined by solving the system of
normal equations,

s _

se- =0 for h=1.2...p. 3)
Let

bhj = Z?:l Vhi Vji (h,j, = 1727}7) (4)

bp =Y Ui 1y (h=12,...p), ©)

And let us denote B = ”bh]-”, and b = ||b||. In fact, by
using the matrix notation we get

B = MM’ (6)
b =Mr (7)

where r = (1,13, ..., 7,)" is a vector of the observed values
of the object, M’ is a transpose matrix to the matrix M ,
matrix B is a symmetrical matrix of size "p x p" depending on
known coefficients v;; of the determining equation (1).

The normal equations are now expressible in the form

BK* =b (8)

Then, the least-squares estimate K* = (K7, K5, ...
the vector parameter K = (K;, Ko, ...

LK) of
,K,)' is given by

K =B'b 9)

Using equation (6) and equation (7) we get the solution of

equation (3) in a matrix form:

K*'=[M.M']"L.M.r, (10)
where [M. M’]™! is an inversion matrix to the matrix [M.M'],
and K* = (K|, K5, ....,Kz’,‘)‘ is the estimated vector of the
contributions. Simple solution of our problem is given by the
following equation:

M'K* =r* (11
where 7 is the vector of fitted values and r — r* is the vector
of residuals such that the sum of squared residuals is
minimum.

It is necessary to remark that the vector of estimated
parameters K*, the vector of fitted values 7", and the vector
of residuals, e = r —r", are practical values related to the
physical object after homogeneous components subtraction.

By using the contribution energy, we are able to correct
only the differences of the physical object values from its
mean value in a selected interval. Computing of the
contribution values according to equation (10) or equation
(11) is exact. But in practice this method does not necessarily
lead to a reasonable solution because the estimated

contribution values can be higher than, e.g. the power supply
possibilities.

B. Practical computing algorithm

In general, the least squares algorithm is easy to implement
and nowadays it is available in most software packages
suggested for statistical and/or technical computing.

In [11] we have considered the problem of magnetic field
correction of a home-made whole-body NMR imager
0.1 Tesla. We were looking for such correcting values that
minimize the physical object inhomogeneity, respecting
technical parameters of the equipment. For that we have
suggested to use an algorithm based on the least squares
method. It was necessary to find a criterion for the final
quality of the physical object parameters. In the described
method we have used a minimization procedure of the mean
square deviation of the physical object parameters in selected
points. The presented algorithm calculating with limited
values in a real range was implemented by using the software
system Mathematica (Wolfram Research). The basic
sequence of the solution is evident from Fig.1. The algorithm
is using suitable built-in  functions, like e.g.
FindMinimum(S), where S is specified by equation (2).

For our task we can use the following sequence:
1. Measurement of the magnetic field rj in all points of
selected planes, join data.

2. Mean value -calculation: Z% =1,, oscillating
component: 1, =1; — 1, .

3. Primary inhomogeneities estimation:
Tinhom = Max[ri] - Min[ri] .

4. Measurement of physical object parameters

contributions of every contribution in all selected
points: [Vy;, Vpy, v Upi] -

Basic equation construction: equation (2).

Find minimum of the target function S .

Output values: K7, K7, ..., Ky .

Test using equation (2).

A

PHYSICAL
OBJECT

| Measurement of | |

Contributions
basic parameters

to the object

| Basic equations

| Basic equations
Least square
method
Find
minimum

-«

PLOT OF RESULTS

Fig.1. Flowchart of the main measuring and optimizing
procedures.
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The calculated values were verified by adjustment of the
contributions for every point of the physical object and by the
experimental measurements of the resultant physical object
parameters.

3. RESULTS

We have demonstrated a least squares method for
optimization of the basic parameters for selected physical
experiment design where large input parameter adjustment is
needed. We have shown how to use this method for stationary
magnetic field homogeneity calculation. The homogeneous
magnetic field is a basic condition for imaging based on
nuclear magnetic resonance. The designed method can be
used for regular testing of a basic electromagnet and for shim
coil currents adjusting with the goal to create optimal
conditions of NMR experiments. The speed of calculation
and experimentally verified results are promising to use this
method by many physical projects where large input
parameter adjustment is needed.

It is necessary to say that the demonstrated example is only
a very limited method for affecting the parameters of the
object with the possibility to set the selected parameters
according to predefined objectives.

Interesting example oriented to static magnetic field was
published in [12]. Spatial distribution of magnetic field is
determined by vector shape of the Laplace differential
equation. Magnetic field is expressed in the form of the
development of spatial spherical functions transferring to the
rectangular coordinate system, [13]. The individual values of
the operative parameters on the surface are found by
measurement. The sum of the squared differences in
particular points of measurement belonging to the bounding
area on the surface of the sphere was calculated. To minimize
error on the measurement area, the least squares method was
used. The final numerical calculation submitted the values for
correcting coils currents adjustment and magnetic field of the
whole-body electromagnet for MRI with highest
homogeneity adjusted.

4. DISCUSSION

Measurement science is the basis of all experimental and
theoretical research activities. The Institute of Measurement
Science as a representative of an academic institution focused
on the measurement science is publishing the journal
Measurement Science Review. MSR now celebrates its 20th
anniversary under supervision of its founding Editor-in-
Chief, Professor Ivan Frollo. Here we took this opportunity
to highlight the importance of measurement science and our
belief that the journal will continue to be an excellent place
for exchanging bright ideas, experiences and good practices,
establishing new contacts for common projects, and making
new friends in the field of measurement science.

As an illustration and motivation for usage and further
development of mathematical methods in measurement
science, we have presented the simple least squares method,
frequently used for measurement evaluation, and its possible
generalization, as used in the errors-in-variable model for
comparative calibration.
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