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A HUMAN A HUMAN 
AS A RESEARCH OBJECT AS A RESEARCH OBJECT 
FOR METROLOGY FOR METROLOGY 
OF NONLINEAR DYNAMIC OF NONLINEAR DYNAMIC 
SYSTEMSSYSTEMS

ЛЮДИНА ЯК ОБ’ЄКТ ДОСЛІДЖЕННЯ МЕТРОЛОГІЇ ЛЮДИНА ЯК ОБ’ЄКТ ДОСЛІДЖЕННЯ МЕТРОЛОГІЇ 
НЕЛІНІЙНИХ ДИНАМІЧНИХ СИСТЕМНЕЛІНІЙНИХ ДИНАМІЧНИХ СИСТЕМ

THE INTRODUCTION

The main tasks of Metrology of nonlinear dynamical systems (Nonlinear Metrology) are 
the measurement and analysis of variables that values change in time by a complex 

non-linear law [1]. These values are dynamic variables (DV). They characterize the 
number of different real open nonlinear dynamic system (NDS). Nonlinear Metrology 
combines all theoretical and practical aspects of DV measurements regardless 
of application field. Development and implementation of the principles, models and 
tools of Nonlinear Metrology are important for successful implementation of such tasks 
as a measurement and study of climate, ocean and biological systems states. It can help 
to identify the previously unknown patterns.

The Nonlinear Metrology tools can be important for measurement of human physical 
condition when it’s making an individual program of a patient treatment or an athlete 
training. In spite of the high social importance of this issue the measurement of hu-
man body parameters as DVs of NDs until recently, according to the available publica-
tions in the field of theoretical and applied metrology, hadn’t been considered. At the 
© Ю. Мачехін, Ю. Курський, О. Присич, 2017

The article presents the results of practical 
using of the approaches and tools of Metrology of 
nonlinear dynamic systems (Nonlinear Metrology), 
They were used for measurement and analysis of 
dynamic variables of a human body with a regular 
physical activity. As the analysis tools the intervals 
of dynamic variables values, measurement portrait, 
fractal dimension and Shannon entropy are used. 
The analysis of measurements results demonstrates 
that the dynamics of measured value is close to 
deterministic way. This is a characteristic trait of an 
open system with a self-organization function. The 
study results can be used for development of athletes 
training programs.

Наведено результати застосування підхо-
дів та інструментів метрології нелінійних ди-
намічних систем для вимірювання та аналізу 
результатів вимірювання динамічних змінних 
людини, яка займається регулярними фізичними 
вправами. Як інструмент аналізу використа-
но: інтервали значень динамічн их змінних, пор-
трет вимірювання, фрактальна розмірність  і 
ентропія Шеннона. Аналіз результатів вимірю-
вання показав, що динаміка вимірюваних вели-
чин близька до детермінованої, що характерно 
для відкритих систем з функцією самоорганіза-
ції. Результати дослідження можуть бути вико-
ристані для складання та корекції програм фі-
зичної підготовки спортсменів.

УДК 53.088.23

Keywords: Metrology of Nonlinear Dynamic Systems, Measurement Model, Fractal Dimension, Shannon Entropy.
Ключові слова: метрологія нелінійних динамічних систем, модель вимірювання, фрактальна розмірність, 
ентропія Шеннона.
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same time an idea about an increase a scope of a met-
rological science is growing in the research commu-
nity. They talk about this during the XXVI National 
scientific symposium with international participation 
“Metrology and Metrology assurance 2016” [2, 3].

The approach to a person like a complex, open 
system with the function of self-organization was de-
scribed in some classic works [4, 5]. The measurement 
of human body characteristics in the stable and ex-
cited states, tracing their dynamics from the birth mo-
ment and throughout human life will allow us to pro-
vide the effective individual programs or a treatment 
or a sports training. In this case we don’t talk about 
a treatment only but we talk about a person health 
management too. We can solve a complex metrologi-
cal problem — the correct measurement of the orga-
nism characteristics, analysis and interpretation of the 
measurement results as the DVs of NDS. The human 
health measurement model, that base on the Nonlinear 
Metrology principles, is proposed in the papers [6, 7]. 
The main elements of the model are: the intervals 
of DVs values, the fractal, entropy, and time scales.

The task of this work is an application the hu-
man health measurement model for measurement and 
analysis of dynamic variables of a human body with 
a regular physical activity

The research results 
The research object was a young woman of 20 years 

old who regularly does physical exercises under the 
guidance and supervision of a coach. The object was 
under observation for 21 weeks. During the observa-

tion time once a week the coach measured the vo-
lumes of the next parameters: the lower part of a thigh 
(X1), upper part of a thigh (X2), thighs (X3), lower part 
of an abdomen (X4), waist (X5), upper part of an abdo-
men (X6) and mass (X7). Thus it were made the seven 
time series of DVs measurement results with a resolu-
tion t  7 days. The results of X1—X6 parameters 
measurement are given in the measurement portrait 
(Figure) [8]. The mass measurement portrait (X7) 
is not demonstrated here.

From the point of view of Dynamic systems theory 
our research object is an open NDS with a self-organi-
zation function. Her characteristics Xi, i=1...7 are DVs 
that are exposed to external influences, their values 
are correlated. The DVs’ behavior (deterministic, ran-
dom or chaotic) is a priori unknown. Their values are 
change in the appropriate intervals . The 
instrument measurement uncertainty (B-type) for DVs 
Xi  , i 1...6 is equal 0.0025 m, the instrument measure-
ment uncertainty (B-type) for DV X7 is equal 0.025 kg. 
The research task was to do an analysis of results using 
the principles and models of Nonlinear metrology [1] 
and human health measurement model [6]. The mea-
surement results and analysis results should be as in-
formative as possible.

During an analysis of measurement results we need 
to get: the DVs measurement results   ; the fractal 
dimension  and Shannon entropy 

 
for time series 

of Xi  measurement results [7]; the measurement por-
traits for DVs [8]. 

The DVs measurement results  can be presented 
in the next form:

here:  — average values of the measurement 
results for minimum  and maximum  values 
of  Xi  ;  — the expanded measurement un-
certainties; p — coverage probability.

In this case we have the one-time measurements 
so the uncertainties of the measurement are the B-type 
instrument uncertainties   . The DVs measurement re-
sults 

 
if p  0.95 and coverage factor k=1,65 

 
can 

be presented as:
. 

   , k 1,65. (1)
The DVs measurement results  in the form (1) are 

presented in the Table.
If the fractal dimensions  of measurement results 

series are know we can classify a dynamic as a random, 
regular or chaotic process [10]. In the paper [11] the 
fractal scale for an evaluation of measurement results 
was proposed. The scale has three characteristic points: 

, , . If  the DV has a strictly 
The measurement portrait, 

here 1 — X1; 2 — X2; 3 — X5: 4 — X5; 5 — X4; 6 — X3.
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deterministic dynamic. If  the DV has a strictly 
deterministic dynamic too, but the scatter of the mea-
sured values is very large, that doesn’t allow use the 
statistical methods of measurement results calculation. 
If   1.5 the process is random. In this case for re-
salt analysis we can use the statistical methods. If 
1    1,5  the process is represented as a persis-
tent (the measured value keeps a trend of increasing 
or decreasing) and it’s close to a deterministic law. If 
1,5    2 the process is antipersistent (measured 
value reverses it’s trend) and has a random (noise) 
spread of values that exceeds the slow changes value.

The fractal dimensions can be calculated using 
Hearst exponent  [12]:
  (2)

The Hearst exponent is determined, using the value 

 (here:  — a swing between the maximum and 
minimum values of the increment function  ,  — 
a standard deviation), by next formula:

 , (3)

here: 
 

 

  — the arithmetic mean value.

Hearst exponent is used to solve some medical 
problems, e.g., in the analysis of speech pathologies 
and in the study of the variations of the period of car-
diac contractions [13].

The formula (3) can be represented as:

Using the formula (2) we can obtain the fractal 
dimension of the time series and find a character 
of the DVs dynamics (table). The standard measure-
ment uncertainty  and expanded measurement 
uncertainty  for fractal dimension  shall be pre-
sented by the formulas [8]:

, , k 1,65. (4)

The measurement portrait (figure) contains the 
measured value dynamics and   measurement uncer-
tainties (4).

Shannon entropy 
 
of a measurement time series 

Xi shows which value can be determined with greater 
certainty and which value is more variable. The en-
tropy of DV Xi is defined with a probability density 
values P(Xi)  by formula [14]:
  (5)

The Shannon entropy 
 
calculation results (5) are 

given in the Table. The expanded measurement uncer-
tainty of entropy indirect measurement is determined 
by the expression (4).

The measurement results analysis allows us to say 
that all of DVs have deterministic dynamics. The 
values of the fractal dimension  of all DP are 
in the interval 1   1,5. At the same time for DVs 

 …  , and for  (the lower part of a thigh) 
. So, the 

 
dynamics is close to a random 

process. The analysis of the Shannon entropy values 
demonstrate that the DVs  ( ) и

  
( )

 are most variable, and the DVs 
 
 ( ) и  

( ) are least variable.
The research results are proof of the self-organi-

zation function of an open NDS. Note that earlier re-
search of the electrical network dynamics gave op-
posite results [15]. The voltage dynamic was random 
with the fractal dimension ,

The research results, displayed in the Table and 
in the measurement portrait (Figure), can be used for 
a making the DVs values intervals, fractal and entropy 
scales of the human physical condition. In the future, 
the value intervals and scales can be applied for mak-
ing an individual training plan for athletes and selec-
tion an intensity and frequency of physical activity.

The Conclusions
The article presents the results of practical us-

ing of the approaches and tools of Metrology of 
nonlinear dynamic systems (Nonlinear Metrology). 

The measurement results, p  0,95

ДП

[0,430±0.0041; 0,450±0.0041] м [1,47±0.026] [0,891±0,016]

[0,615±0.0041; 0,660±0.0041] м [1,2±0.020] [1,117±0,019]

[1,010±0.0041; 1,070±0.0041] м [1,2±0.025] [1,117±0,018]

[0,840±0.0041; 0,910±0.0041] м [1,02±0.019] [2,117±0,039]

[0,735±0.0041; 0,760±0.0041] м [1,2±0.026] [1,417±0.030]

[0,755±0.0041; 0,780±0.0041] м [1,00±0.012] [1.235±0,015]

[67±0.0041; 70±0.0041] кг [1,1±0.025] [0,712±0,016]
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They were used for measurement and analysis of dy-
namic variables of a human body with a regular phys-
ical activity. 

As the analysis tools the intervals of dynamic vari-
ables values, measurement portrait, fractal dimension 
and Shannon entropy are used. 

The analysis of measurements results demonstrates 
that the dynamics of measured value is close to deter-
ministic way. This is a characteristic trait of an open 
system with a self-organization function. 

The research results can be used for development 
of athletes training programs.
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