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Constructing an Algorithm for Selecting the Number of 

Histogram Bins in Statistical Hypothesis Testing for Normal 

Distribution of Sample Data 
Ivelina Zlateva

1
, Nikola Nikolov

2
, Mariela Alexandrova

3
, Violin Raykov

4 

1,2,3
Department of Automation, Technical University of Varna, Bulgaria 
4
Institute of Oceanology, Technical University of Varna, Bulgaria 

Abstract— Practice, on the whole, makes extensive use of the vast range of assumptions and conjectures in regards to the 

type of frequency distribution in statistical samples, the deviations from which would significantly affect the qualities of the 

model and the estimation accuracy of its parameters. Regrettably, a reliable and clearly defined criterion as to their 

permissibility is completely absent.  

For instance the  fish stock assessment procedure is initially based on assumption that the frequencies in the length-

frequency samples used for estimation of growth parameters of fish and analysis of the stock status are normally distributed 

or follow approximately the normal distribution [15,17]. 

The purpose of the present study is to construct an algorithm for identification of the statistical distribution of a random 

variable focusing on the proper selection of the number of histogram bins and further assessment of its impact on the 

stochastic models delivered. To that effect, appropriate simulation studies have been carried out to compensate for the lack 

of any concrete evidence related to the potential impact of the number of bins in the histogram and the overall data accuracy 

on the results of the application of the statistical criterion for the verification of the law of distribution. Applied has been the 

direct statistical method for determining the law of the distribution - chi-square criteria along with some indirect methods. 

Provided for the simulation studies were machine-generated data sets and the relevant simulations were held in MATLAB 

programming environment. 

Keywords— histogram bins, length-frequency samples, normal distribution, stochastic modeling, stock assessment. 

I. INTRODUCTION 

Exploring the law of random variable distribution is the first fundamental step in a researcher’s journey into the possibility 

for obtaining specific targeted information about the object of their study. Analyzing experimental data and displaying it 

graphically in a histogram offers the scientist a better insight into the intricate pattern of statistical regularity, which, in turn, 

will help them draw the relevant inferences about the events and processes under study. Undoubtedly, the information thus 

obtained is often insufficient and requires further refinement through the use of more scientifically-based methods of 

knowledge acquisition and attainment of improved objectivity and decision quality.  

Indeed, thorough awareness of the distribution law, along with its underlying parameters, opens up the possibility for the 

parameters of the object under exploration to be modeled with sufficient accuracy, and to be validated as unbiased estimates 

of the general population (herein, class biological objects) with sufficient accuracy and thus, provides an effective means of 

solving various prediction problems. 

In probability theory and mathematical statistics, the normal distribution, or the Gaussian distribution is continuous and gives 

a good approximate description of the samples, with the data values being tightly grouped round the mean, and distributed 

symmetrically to form a bell-shaped density curve.  

It is widely applicable for mathematical descriptions of real-world phenomena and processes as well. This is ascribed to the 

validity of the central limit theorem that the sum of a large number of independent random variables with arbitrary laws of 

distribution is considered as such with a normal distribution of the variables.  

The density function of the normal distribution has the form: 

𝑓 𝑥; 𝑚, σ =
1

𝜎 2𝜋
exp  −

 𝑥−𝑚 2

2𝜎2            (1) 
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where, the mathematical expectation 𝑚 and the standard deviation 𝜎 are the distribution parameters characterizing: the 

distribution center and its scale, and 𝜎2 the variance around the mean 𝑚: 

𝑚 =  𝑥. 𝑓 𝑥 𝑑𝑥
∞

−∞
          (2) 

𝜎2 =   𝑥 − 𝑚 2 . 𝑓(𝑥)
∞

−∞
          (3) 

Here−∞ < 𝑥 >  ∞,−∞ < 𝑚 >  ∞, σ > 0. 

.....The unbiased and significant estimates of the mathematical expectation and variance, upon the splitting of sample into 

“𝑘” bin intervals are: 

𝑥 =  
1

𝑛
 𝑥𝑖

∗𝑛𝑖
𝑘
𝑖=1 =  𝑥𝑖

∗. 𝑃𝑖
𝑘
𝑖=1 , where: 𝑃𝑖 =

𝑛𝑖

𝑛
       (4) 

𝑆2 =
1

𝑛−1
 𝑛𝑖 .(𝑥𝑖

∗ − 𝑥 )2𝑘
𝑖=1 =

𝑛

𝑛−1
 (𝑥𝑖

∗ − 𝑥 )2. 𝑃𝑖
𝑘
𝑖=1        (5) 

Here 𝑥𝑖
∗ is the middle of “i-th” interval, and 𝑛𝑖  is the number of data occurrences (observed frequencies) within that interval. 

Asymmetry (skewness) and excess play an important role in the normal distribution. Their values characterize the deviation 

of a particular distribution from the norm. Their estimates of the finite number of values of random variables are: 

𝑚3 =  (𝑥𝑖
∗ − 𝑥 )3/𝑛𝑘

𝑖=1           (6) 

𝑚4 =  (𝑥𝑖
∗ − 𝑥 )4/𝑛𝑘

𝑖=1 − 3         (7) 

The asymmetry for a symmetric distribution is zero. Conditional upon the sign of asymmetry, the distribution can be left-

skewed with (negative) asymmetry with the tail to the left of the centre of the grouped frequency distribution, or right-

skewed, i. e. with positive asymmetry. 

II. DETERMINING THE LAW OF RANDOM VARIABLE DISTRIBUTION ON THE BASIS OF STATISTICAL 

ANALYSIS OF EXPERIMENTAL DATA 

The most common type of problem is when they obtained experimental data is used to determine the statistical parameters, 

such as point estimates of the distribution, with the law of distribution not having been completely settled.  

Formulated, on this basis, is the following general algorithm with the subsequent estimates of the specific distribution 

parameters (all the observations have been made by assumed normal distribution of the data in the statistical inferences of 

experimental sampling): 

Step 1. The sample is split into 𝑘 bin intervals; 

Step 2. The indirect criteria are determined–moments of the distribution, the mode, the median, the mathematical expectation 

and the number of occurrences within the intervals: 𝑀 ± 𝜎 − 68,25%; 𝑀 ± 2𝜎 − 95.45%;𝑀 ± 3𝜎 − 99,75%. The proper 

selection of the model for describing empirical data is not determined unilaterally through the above-defined indicators and 

does not guarantee its adequacy. Statistical methods are required to assess the adequacy of the selected model. 

Step 3. Formulating the null hypothesis at level of significance 𝛼and probability 𝑝 allows for the empirical distribution to 

approximate the selected theoretical distribution. Applying statistical methods to verify the consistency of the empirical 

distribution with a given theoretical distribution–whereupon, the research practice encourages the extensive use of normality 

tests: the Pearson’s criterion 𝜒2 (chi-square), Kolmogorov-Smirnov test, Fisher exact test and etc.   

MATLAB with its highly advanced problem-solving tools and capabilities is, indisputably, the most productive 

programming environment. In cases where certain physical, even biological, processes require further elucidation, additional 

simulation methods are there to bring more accuracy and efficiency.  

Addressed, in light of the discussion so far, are the following issues and tasks related to the analysis and determination of the 

law of distribution of statistical and experimental samples (growth-frequency, weight characteristics or experimental samples 

for determining the indices of abundance /biomass of renewable marine living resources): 

1) The study of the above described biological objects (BO) should meet the requirement for consistency of data in the 

experimental and statistical samples with the normal distribution; 
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2) Determining the law of distribution of random variables, which may refer to the growth (length or weight) 

characteristics of the surveyed BO, creates two problems associated with data collection and processing: the selection of 

data splitting bin intervals for the construction of the histogram and the impact of the data accuracy on the derivation of 

theoretical distribution. The right selection of the number of bins should be considered carefully when applying this 

criterion since it directly affects the respective number of the degrees of freedom. The larger the number, the more 

reliable the criterion is in recognizing the correct distribution to the given data.  

3) The insufficient information as regards the issues stated above calls for their further elucidation and detailed exploration 

through the use of simulation modelling. 

4) Deriving universal algorithm for research studies into the law of distribution of a random variable and its successful 

adaptation and application to the actual experimental and statistical data obtained from technical, natural and human 

systems. 

III. SIMULATION STUDY OF THE EFFECT OF THE ACCURACY OF THE EXPERIMENTAL DATA AND THE 

NUMBER OF HISTOGRAM BIN INTERVALS ON THE PATTERN OF STATISTICAL DISTRIBUTION 

The density function of the empirical distribution provides a complete description of the particular characteristic features of a 

given random variable. The algorithm, adopted to help determine the law of the empirical distribution according to the 

experimental data, is as follows: 

1) Collection of information about the examined random variable through appropriate observations or experiments. As a 

result, the statistical sequence 𝑥1 , 𝑥2, 𝑥3 …𝑥𝑛  is registered and 𝑥𝑚𝑖𝑛  and 𝑥𝑚𝑎𝑥   are there upon computed; 

2) The range of  𝑥𝑚𝑖𝑛  - 𝑥𝑚𝑎𝑥  is split into k intervals; 

3) Identified are the observed frequencies within every interval 𝑛𝑖 ; 

4) Determined are the probabilities (empirical) for every interval: 𝑝𝑖 =
𝑛𝑖

𝑛
; 

5) A histogram is under construction, which is a corresponding approximation to the density function of the random 

variable distribution; 

6) The resultant histogram is compared to the theoretical distributions and the most appropriate pattern is selected for the 

purposes of obtaining data approximation with sufficient accuracy; 

7) The distribution parameters have been established; 

8) The selected law is put to the test to validate the extent to which its underlying parameters are consistent with the 

relevant experimental data. 

The algorithm, thus outlined, makes no reference as to the selected number of intervals 𝑘 to split the volume of the sample. 

As specified in [7,8,10,13], the number of the groups 𝑘 varies from 5 to 20, being contingent upon the amount of data, and 

when conducting hypothesis testing as to the criterion 𝜒2, the theoretical frequency 𝑛𝑖_𝑡  in each group (interval) should be 

> 5. Serious disruption or failure to comply with this condition is likely to result in intervals being integrated or joined 

together.  

In line with [3], what is normally selected is 𝑘 = 7 − 20 intervals. The width (size) of the group intervals shapes or 

presupposes the type of the respective histogram. With smaller intervals there are few possibilities of occurrences in them 

and the subsequent histogram is then a poor “transmitter” of the distinctive characteristic features of the surveyed 

distribution. Similarly, the larger the intervals, the more distorted is the conjecture of the specific properties of examined 

distribution. 

As stated in [4] a normal approximation which will be sufficiently accurate in practice implies that all the frequencies 

observed in all of the intervals are 𝑛. 𝑝𝑖 ≥ 10, and if not, recommended is consolidation of neighboring groups, so that the 

condition is fulfilled. With a large number of observations within the range of 200-300 or more, 𝑘 = 10 − 20. Frequently, 

with an assumed normal distribution, 𝑘 = 12. With a larger number of intervals, the pattern of distribution gets distorted and 

results in random zigzag motion following the specific changes in the frequency. With a smaller number of intervals, the 

characteristic features of the distribution are also modified. 
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In keeping with [6,8], the number of the intervals can be specified in terms of the semi-empirical formula 𝑘 ≈ 1 + 3.22 ∗

log10(𝑛).  

Equally applicable as well are other formulas for calculating the number of intervals: 

 𝑘 =   
𝑥𝑚𝑎𝑥 −𝑥𝑚𝑖𝑛


   such as that of Venables and Ripley, where:  - is a pre-selected value for the width of  the interval; 

 𝑘 =  𝑛, where: n is the number of observations (the size of the sample), integrated in the statistical analysis functions 

in Excel (univariate:histograms) and other specialized programs; 

 Sturgis’ formula: 𝑘 =   𝑙𝑜𝑔2𝑛 + 1   – not recommended for 𝑛 < 30, as the number of intervals will be too small to 

realistically reflect the actual pattern of distribution and is considered therefore inappropriate for distributions other than 

normal [9,16]; 

 The Rice rule [11]: 𝑘 =   2𝑛
1

3  ; 

 Doane’s formula – modification of the Sturgis’ formula proposed by Doane to improve the results in the study of data 

that do not follow a normal distribution [5]: 

𝑘 = 1 + 𝑙𝑜𝑔2 𝑛 + 𝑙𝑜𝑔2(1 +
 𝑔1 

𝜎𝑔1

), where: 𝑔1the calculated value for the third moment of distribution 𝑚3 – or the 

asymmetry а:𝜎𝑔1= 
6(𝑛−2)

 𝑛+1 (𝑛+3)
; 

 Scott’s normal reference rule for determining the optimal bin interval width:  =
3.5𝜎 

𝑛
1
3

, where: 𝜎 is the standard deviation 

of the sample. The Scott’s rule is optimal in reference to random normally distributed samples in the sense of 

minimizing mean integrated square error of the distribution density estimates (empirical and theoretical) [12]; 

 Friedman-Diaconis’ rule to determine the width of the interval:  = 2
𝐼𝑄𝑅(𝑥)

𝑛1/3 , where:  𝐼𝑄𝑅(𝑥)is the interquartile range 

(or the distance between the third and the first quartile of the distribution) [6].  

The development of computer technologies creates ample opportunities for the research studies to be undertaken in simulated 

environment which, in turn, allows for further complementation and concretization and, to a certain extent, customization of 

the recommendations in relation to the analysis and validation of the assumptions that the data follows a normal distribution 

in the relevant statistical (experimental) samples. 

IV. IDENTIFICATION OF THE LAW OF DISTRIBUTION 

The law of distribution plays a crucial role in the quality of the estimates for the process and object parameters. There is no 

data in the literature as to the impact of the random errors accompanying distributed data sets that help assess the quality of 

the applied criteria for testing normal distribution hypotheses. It is also evident from the previous paragraph that there is a 

lack of uniformity in the process of selection of the sample splitting bin intervals in the construction of the empirical 

distribution. This necessitates additional targeted research in this direction. 

The present and the following paragraphs deal with the issue of the most effective method for verifying the consistency of 

the experimental data with a selected theoretical distribution (normal distribution) in the presence of poor data quality (added 

error of measurement), as well as the effect of the selected number of bin intervals.  

The research will focus on the law of normal distribution, since the analysis of the growth-frequency samples and the 

subsequent estimation of the BO’s growth parameters rely on its assumed validity. 

According to literature data, there exist two types of criteria for testing the validity of the normal distribution: direct and 

indirect. 

The indirect methods for determining the parameters of the stochastic distribution are reduced to the analysis of: mode, 

median, mathematical expectation (mean) – and when the data follows a normal distribution, the values for the three 

mathematical characteristics of the distribution are the same, deviations of asymmetry and excess from the standard type of 

distribution, range of distribution and the number of occurrences within the intervals:𝑀 ± 𝜎 − 68,25%; 𝑀 ± 2𝜎 −

95.45%;𝑀 ± 3𝜎 − 99,75%.  
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Among the direct methods for determining the law of distribution (criteria), a well–established criterion with practically 

proven performance characteristics is the 𝜒2 (chi-square) criterion, which is highly efficient for samples with volume values 

𝑛 ≥ 100 [3,4,7,13,14,19]. 

If the observation frequency that has been determined experimentally by data analysis techniques does not differ significantly 

from the frequency predicted by the selected theoretical law, then, it may be selected as a mathematical model describing the 

distribution of the random variable.  

A parameter that facilitates the estimation of difference between the observed and expected (theoretical) frequencies (or the 

deviation of the observed distribution from the theoretical one) is the variable 𝜒2[3,4,7,13,14,19]. In mathematics, it is 

generally known as chi-square criterion for testing statistical hypotheses. By definition, 𝜒2 =  
(𝑛𝑖−𝑛𝑖_𝑡)2

𝑛𝑖_𝑡

𝑘
𝑖=1  , where: 𝑛𝑖_𝑡– is 

the theoretical number of occurrences, in accordance with the selected theoretical law of assumed distribution. For practical 

implementation of the criterion, raised is a null hypothesis 𝐻0, (at level of significance 𝛼, probability 𝑝 and degrees of 

freedom 𝜈 = 𝑛 − 𝑙 − 1, where 𝑙 is the number of parameters of the law of distribution) which is to certify that the difference 

between the empirical and theoretical distributions, with the pertinent parameters, is insignificant. If the hypothesis testing 

validates that the calculated value 𝜒2 is less than the critical tabular value 𝜒𝑐𝑟
2 , then, 𝐻0 shall be accepted. 

The proposed research applies the method of simulation and explores lenght-frequency samples obtained from scientific 

experiments. Conducted in MATLAB programming environment have been simulation studies for 2 biological objects (BO): 

BO1 (length of sprat) and similarly for BO2 (anchovy), with 𝑘 = 𝑣𝑎𝑟 and different accuracy of the data, reflecting the 

inaccurate measurements of the growth parameters or the variability in the natural environment of the surveyed BOs.    

Presumably, these effects exert a profound influence on the accuracy of the results when determining the law of BOs 

parameters distribution. The parameters of the simulation models are close to those of the experimental measurements of 

randomly selected samples from commercial catches and are:  

a) BO1 – for length: 𝑀 = 9.3 𝑐𝑚; 𝑆 = 0.8 𝑐𝑚; sample size: 𝑛 = 1000 individuals; 

b) BO2 - for length; 𝑀 = 12.3 𝑐𝑚; 𝑆 = 1.15 𝑐𝑚; sample size: 𝑛 = 230 individuals. 

The values for 𝐿𝑠𝑖𝑚 , simulated according to the models described, have been contaminated with normally distributed noise, 

characterized by zero mathematical expectation 𝑀 = 0 and standard deviation𝜎, generated in the MATLAB programming 

environment using the function R = normrnd(mu,sigma), which generates random numbers with a normal distribution with a 

mathematical expectation mu and a standard deviation sigma (which may be vectors, matrices, or multi-dimensional arrays) 

[18]. 

 Determined is the standard deviation of the input data: 𝐿 𝑡 : 𝑆𝐿 = 𝑆𝑡𝑑 𝐿𝑠𝑖𝑚  ; 

 Calculated is the noise-to-signal ratio: 𝑆𝑟𝑒𝑙𝐿 =
𝑆𝑒

𝑆𝐿
100 % . 

MATLAB program has been developed with the purpose of facilitating the implementation of an algorithm for stochastic 

analysis and modeling the data distribution in statistical samples with the appropriate graphic representation of the results. In 

addition, provided is information as to prompt decision-making when the qualities of the model are being verified, by 

applying the chi-square criteria to validate the consistency of the model with the theoretical distribution. Proposed also is 

information about the indirect criteria for assessing the consistency of the empirical and theoretical distribution. Since the 

required arrays are of large dimensions, applied, in statistical processing, is bin interval splitting of the algorithm input data. 

The program was developed under the presumed pursuit for a normal distribution and with the explicit aim of eliminating the 

routine calculations. Created, thus, is an opportunity to explore different numbers of bins and their effect on the stochastic 

model of empirical distribution.  

The results of the program implementation are: the parameters of the distribution and the statistical verification of the law of 

distribution according to the chi-square criteria. Attained is also information about the indirect indicators of the normal 

distribution. 
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V. RESULTS OF SIMULATION STUDIES INTO THE LAW OF FREQUENCY DISTRIBUTION IN THE SIMULATED 

SAMPLES 

5.1 Simulation results of BO1 - length 

The research was conducted under the following initial conditions: 

1) 𝐿𝐵𝑂1
= 𝐿𝑠𝑖𝑚 ; characterized by: 𝑀 = 9.3086 cm, 𝑆𝐿𝑠𝑖𝑚

= 0.8261; 

2) 𝐿𝐵𝑂1е1
= 𝐿𝑠𝑖𝑚 + 𝑒1, the standard deviation of the error being: 𝑆𝑒1

= 0.0457, the noise-to-signal ratio: 

 𝑆𝑟𝑒𝑙𝐿 =  
𝑆𝑒1

𝑆𝐿𝑠𝑖𝑚

 ∗ 100 = 5.5283% or an added measurement error ≈ 5,5%; 

3) 𝐿𝐵𝑂1е2
= 𝐿𝑠𝑖𝑚 + 𝑒2, the standard deviation of the error being 𝑆𝑒2

= 0.0997, the noise-to-signal ratio: 

𝑆𝑟𝑒𝑙𝐿 =  
𝑆𝑒2

𝑆𝐿𝑠𝑖𝑚

 ∗ 100 = 12.0637% or an added measurement error ≈ 12%; 

4) Pearson’s chi-square test has been applied to a level of significance 𝛼. 

The results of the simulation studies and graphic interpretation are given in Appendix1, tables 1-1to 1-3. 

Varying with the number of splitting bin intervals 𝑘(5 − 20) of the array data 𝐿, calculated, through the use of the program, 

are the values of the chi-square criteria 𝜒2 and the indirect methods of validating the law of distribution: the number of 

occurrences in the intervals М±𝑆 ; М±2𝑆;  М±3𝑆 , the asymmetry, the excess of distribution and the number of intervals for 

which 𝑛𝑖_𝑡 < 5. 

Table 1-1 (Appendix 1) presents the results of the simulation study for 𝐿𝐵𝑂1
= 𝐿𝑠𝑖𝑚 . Parameters of distribution are: 𝑀𝑒 =

9.4326; 𝑀𝑜 = 9.3067; 𝑀 = 9.3086, sufficiently close values, which may serve as a basis for the adoption of the normal 

distribution. 

For all the values of 𝑘 from 5 to 20, the chi-square criterion and the indirect criteria recognize the normal distribution as 

valid.  

Table 1-2 (Appendix 1) shows the results of the simulation study for 𝐿𝐵𝑂1е1
= 𝐿𝑠𝑖𝑚 + 𝑒1.Parameters of distribution are: 

𝑀𝑒 = 9.4710; 𝑀𝑜 = 9.3098; 𝑀 = 9.3118, sufficiently close values, which may serve as a basis for formally 

acknowledging the status of the normal distribution. 

For all the values of 𝑘 from 5 to 20, the chi-square criterion and the indirect criteria recognize the normal distribution as 

valid.  

Table 1-3(Appendix 1) displays the results of the simulation study for 𝐿𝐵𝑂1е2
= 𝐿𝑠𝑖𝑚 + 𝑒2. Parameters of distribution are: 

𝑀𝑒 = 9.3623; 𝑀𝑜 = 9.3036; 𝑀 = 9.3026, sufficiently close values, which may serve as a basis for formally 

acknowledging the status of the normal distribution. 

For all the values of 𝑘 from 5 to 20, the chi-square criterion and the indirect criteria recognize the normal distribution as 

valid. 

5.2  Simulation results of BO2 - length 

The research was conducted under the following initial conditions: 

1) 𝐿𝐵𝑂1
= 𝐿𝑠𝑖𝑚 ; characterized by: 𝑀 = 12.3323см, 𝑆𝐿𝑠𝑖𝑚

= 1.1035; 

2) 𝐿𝐵𝑂1е1
= 𝐿𝑠𝑖𝑚 + 𝑒1, the standard deviation of the error being: 𝑆𝑒1

= 0.0596, the noise-to-signal ratio: 

𝑆𝑟𝑒𝑙𝐿 =  
𝑆𝑒1

𝑆𝐿𝑠𝑖𝑚

 ∗ 100 = 5.3988% or an added measurement error ≈ 5.5%; 

3) 𝐿𝐵𝑂1е2
= 𝐿𝑠𝑖𝑚 + 𝑒2, the standard deviation of the error being: 𝑆𝑒 2

= 0.1253, the noise-to-signal ratio: 

𝑆𝑟𝑒𝑙𝐿 =  
𝑆𝑒2

𝑆𝐿𝑠𝑖𝑚

 ∗ 100 = 11.3523% or an added measurement erro r ≈ 11%; 
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4) Pearson’s chi-square test has been applied to a level of significance 𝛼. 

The results of the simulation studies and graphic interpretation are given in Appendix 1, tables 1-4 to 1-6. 

Varying with the number of splitting bin intervals 𝑘(5 − 20) of the array data 𝐿,calculated, through the use of the program, 

are the values of the chi-square criteria 𝜒2 and the indirect methods of validating the law of distribution: the number of 

occurrences in the intervals М±𝑆; М±2𝑆; М±3𝑆, the asymmetry, the excess of distribution and the number of intervals for 

which 𝑛𝑖_𝑡 < 5. 

Table 1-4 (Appendix 1) presents the results of the simulation study for 𝐿𝐵𝑂1
= 𝐿𝑠𝑖𝑚 . Parameters of distribution are: 𝑀𝑒 =

12.6105; 𝑀𝑜 = 12.3313; 𝑀 = 12.3323, sufficiently close values, which may serve as a basis for the adoption (assumption) 

of the normal distribution. 

For all the values of 𝑘 from 5 to 20, the chi-square criterion and the indirect criteria recognize the normal distribution as 

valid.  

Table 1-5 (Appendix 1) displays the results of the simulation study for 𝐿𝐵𝑂1е1
= 𝐿𝑠𝑖𝑚 + 𝑒1.Parameters of distribution are: 

𝑀𝑒 = 12.5559; 𝑀𝑜 = 12.3658; 𝑀 = 12.3655, sufficiently close values, which may serve as a basis for formally 

acknowledging the status of the normal distribution. 

For all the values of𝑘from 5 to 20, the chi-square criterion and the indirect criteria recognize the normal distribution as valid. 

Table 1-6 (Appendix 1) displays the results of the simulation study for 𝐿𝐵𝑂1е2
= 𝐿𝑠𝑖𝑚 + 𝑒2. Parameters of distribution are: 

𝑀𝑒 = 12.5165; 𝑀𝑜 = 12.3371; 𝑀 = 12.3397, sufficiently close values, which may serve as a basis for formally 

acknowledging the status of the normal distribution. 

For all the values of 𝑘 from 5 to 20, the chi-square criterion and the indirect criteria recognize the normal distribution as 

valid. 

VI. RESEARCH INTO THE LAWS OF BO PARAMETER DISTRIBUTION OF REAL DATA 

An experimental approach was adopted for collection of statistical data (total body length measurements of sprat and 

anchovy) to support the stochastic modeling process and distribution analysis. The samples are taken from commercial 

catches (stationary pound nets – with mesh size 7.5 mm). The fish was caught on 1st of May 2017, near Varna, Bulgaria - 

“Trakata” area. The catch composition was presented by two species– Sprat (Sprattus Sprattus) as a targeted catch and 

anchovy (Engraulis Encrasicolus) as a by-catch. The samples processed for further analysis are: n=1000 individuals of sprat 

and 𝑛 = 230 individuals of anchovy. The body length measurements of the samples have been recorded and processed to 

form the input massive for calculations done by the specified in paragraph 4 script developed in MATLAB programming 

environment. The null hypothesis is formed under the above-described conditions, stating that sample data follows the 

normal distribution. Respectively an alternative hypothesis is that the sample data do not follow the normal distribution. 

6.1 Stochastic model of length frequencies in the sample of BO1 

The results of the research study are registered in table 1-7 of Appendix 1. 

The minimum and maximum values for this particular BO are: 𝑥𝑚𝑖𝑛 = 6.3cm, 𝑥𝑚𝑎𝑥 = 13cm; 𝑛 = 1000; 𝑀 = 9.3086 cm; 

𝑆 = 0.8261 cm. 

Application of Pearson’s chi-square test produces positive results when 𝑘 = 6, 8,11,13, i.e. the distribution of the length 

frequencies in the sample of BO1 does not contradict Но for normal distribution. 

The indirect criteria as well as the close values: 𝑀𝑒 = 9.6500cm; 𝑀𝑜 = 9.3217; 𝑀 = 9.3217; also point to this conclusion. 

The model has the following form: 

 𝑓(𝑥; 𝑚,σ) =
1

0.8261 2𝜋
exp[−

 𝐿𝑖−9.3086  2

2∗ 0.6824
] 

Fig. 1 introduces the empirical and theoretical probabilities in intervals, as well as the predicted values of the approximating 

model when 𝑘 = 6,8,11,13. 
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FIGURE 1. Empirical and theoretical probabilities in intervals and predicted values of the approximating 

model when k =6,8,11,13 (length BO1) 

6.2 Stochastic model of linear dimensions (length) of BO2 

The results of the research study are registered in table 2-15 of Appendix 2. 

The minimum and maximum values for the sample are: 𝑥𝑚𝑖𝑛 = 9.00 cm, 𝑥𝑚𝑎𝑥 = 14.50 cm.𝑛 = 230, 𝑀 = 12.0226 cm; 

𝑆 = 1.0197cm. 

Application of Pearson’s chi-square test produces positive results when 𝑘 = 6,8,9,10,12,16, i.e. the distribution of the linear 

dimensions of BO2 does not contradict the raised Но for normal distribution of sample data. 

The indirect criteria as well as the close values: 𝑀𝑒 = 11.75cm; 𝑀𝑜 = 12.0250; 𝑀 = 12.0226; also point to this 

conclusion. 

The model has the following form: 

𝑓(𝑥; 𝑚,σ) =
1

1.0197 2𝜋
exp[−

 𝐿𝑖−12.0226  2

2∗ 1.0398
] 

Fig. 2 introduces the empirical and theoretical probabilities by intervals, as well as the predicted values of the approximating 

model when  𝑘 = 6,8,9,10,12,16. 

 

6 7 8 9 10 11 12 13
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

Empirical and theoretical probabilities in intervals and predicted
values of the approximating model when k=6, 8, 11, 13

f t; 
P

e
i; 

f ti

L
BO1

 

 

f
t
 (k=6)

P
ei

 (k=6)

f
ti
 (k=6)

f
t
 (k=8)

P
ei

 (k=8)

f
ti
 (k=8)

f
t
 (k=11)

P
ei

 (k=11)

f
ti
 (k=11)

f
t
 (k=13)

P
ei

 (k=13)

f
ti
 (k=13)



International Journal of Engineering Research & Science (IJOER)                 ISSN: [2395-6992]            [Vol-4, Issue-11, November- 2018] 

Page | 9 

 

FIGURE 2. Empirical and theoretical probabilities by intervals and predicted values of the approximating 

model when k =6,8,9,10,12,16 (Length BO2) 

VII. CONCLUSION 

Through the adoption of an experimental and statistical approach, a passive experiment was carried out to collect relevant 

information about the growth parameters of BO in the Bulgarian Black Sea coast in the area of “Trakata” in the vicinity of 

the town of Varna. The aim is to determine the law of statistical distribution of the length of the two types of BO. The lack of 

specific information on the impact of the accuracy of the data used on the results of the application of statistical criterion for 

validating the law of distribution has necessitated the completion of additional simulation studies. Accordingly, conducted 

have been further studies to clarify the number of the splitting sample bin intervals with the formation of empirical 

distribution, which directly affects the selection of the theoretical law of distribution. A direct approach is used to determine 

the law of distribution through chi- square criteria in combination with indirect methods. Employed in the simulations were 

computer-generated data with a normal distribution in MATLAB environment function randn. 

The following primary conclusions have been reached:  

1) In the study of the distribution law, combining the direct method (chi-square), the recommendations𝑛𝑖 . 𝑝𝑖 < 5and 

indirect methods improves the quality of the end solution. The considerable computational work while fusing them 

together does not pose a problem with the present-day state-of-the-art computer technology. 

2) The number of bin intervals 𝑘, to which the data necessary for the construction of the histogram is split has a profound 

effect upon the results obtained in the process of determining the law of the random variable distribution. The 

selection of only one specific value of 𝑘 is found to be quite insufficient to bring about a reasonable conclusion. The 

use of computer equipment with appropriate software provides the opportunity for multiple values to be included in 

the study towards a more informed decision.  
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3) The use of k from 5 to 13 is considered sufficient enough to reveal the stochastic regularity. With significant data 

noise-contamination the smaller values of 𝑘 produce reliable results, although the degrees of freedom are on decrease. 

With substantial data noise-contamination, the smaller values of 𝑘 (5,6), the chi- square is able to detect the normal 

distribution in spite of the curtailed degrees of freedom. 

4) With both uncontaminated and contaminated data, the increase of 𝑘, is likely to result in intervals of 𝑛. 𝑝𝑖 < 5. This 

indicator increases with increased number of contamination intervals. The 𝜒2 criterion recognizes the normal 

distribution easily, when there are intervals with 𝑛𝑖 . 𝑝𝑖 < 5, and in both cases, following their integration. 

5) The proposed recommended values for the number of sample splitting intervals is 𝑘 = 5 − 13, with n > 200. Modern 

computer technology makes it possible for the distribution of data to be explored with multiple intervals, rather than 

only one selected value for 𝑘, subsequent to the process of decision-making. The availability of information about the 

level of data contamination is of utmost convenience. 

6) The distribution of BO1 and BO2 lengths is subject to the law of normal distribution. The accuracy of the experimental 

data, of 0.1 cm with which they have been obtained is seen as sufficient.  

7) The obtained models of the laws of probability distribution with the underlying parameters are viewed as adequate can 

be used for solving research and practical tasks as well. 
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Abstract - The present article describes the experimental measurements of thermal resistance of the PUR insulation 

installed in the selected type of hot water heaters that are necessary for the purpose of identification of heat output or heat 

loss in the given heater. 

Keywords - thermal resistance, heater insulation, hot water heater. 

I. INTRODUCTION 

At present, availability of hot water at home is absolutely obvious. There are several ways how to ensure availability of hot 

water; one of the efficient and multi-purpose methods is heating water in tanks that are also referred to as accumulative 

heating of water. For the purpose of efficient use of the tanks for the preparation of hot water, optimal operating conditions 

and parameters (temperature, volumetric flow rate, insulation, efficiency, etc.) must be created. Thermal insulation and its 

thermal resistance represent two of the most important parameters within the assessment of water heaters in terms of the heat 

transfer. 

II. METHODOLOGY FOR MEASURING THERMAL RESISTANCE OF A HOT WATER HEATER 

The experimental measurement was carried out using a stationary hot water heater with indirect water heating (2) in which 

the heat was conveyed from an external primary source (electric water heater (1)). A hot water tank functions as an 

exchanger where the heated water circulates in a spiral that is wound in the entire space inside the tank and transfers the heat 

to the water contained in the tank (Fig. 1). 

 
FIGURE 1:  Diagram of connecting the tanks in the experimental research 

1 – heat source (electric water heater), 2 – examined hot water heater  3 - HALM circulation pump, 

4 – flow meter, 5 - temperature sensors 

The insulation material used in the examined hot water heater was polyurethane (PUR) foam possessing very good insulation 

properties and its thermal conductivity coefficient  reaches the value of 0.03 W∙m
−1

∙K
−1

. A disadvantage of such insulation 

material is that it is not recyclable and therefore it is regarded as unacceptable from the ecological point of view. 

The examined hot water heater was used to perform the measurements, as specified in the prepared methodology, aimed at 

obtaining the data on changes in temperature detected by sensors during the tank cooling process. Such data were required 

for the purpose of identification of thermal resistance of the polyurethane insulation used in the examined hot water heater. 
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Prior to the measurement, it was necessary to check the system. Subsequently, the heat source was turned on and its 

operation was maintained until the temperature in sensor t1 reached 45 °C. Distribution of hot water through the insulated 

pipes from the heat source to the examined hot water tank was carried out using a pump. 5 temperature sensors were installed 

on the hot water heater along its height for the purpose of recording the changes in temperature in time. The hot water heater 

was equipped with an outlet pipe through which water was drained from the bottom of the tank back to the electric heater. 

The measurements of changes in temperature were carried out for the period of approximately six days. 

  

FIGURE 2:  Electric heater (heat source) FIGURE 3:  Examined hot water heater 

III. DETERMINATION OF THERMAL RESISTANCE OF INSULATION USING THE CURVE OF COOLING 

The determination of thermal resistance of the insulation requires the use of the measured data regarding the changes in 

temperature in the analytical calculation of thermal resistance that applies to ideal conditions. For the purpose of clarity, 

these data were processed and evaluated in Excel (Fig. 4). 

 

FIGURE 4:  Curve of cooling the tank in time 

 t1 to t5 – surface temperatures of the heater wall (°C), tmean – mean surface temperature of the 

heater wall (°C) 

Fig. 5 below presents a simplified diagram of the examined tank in which 1 and 2 are heat transfer coefficients, 𝑃𝑠 is the 

heat output, expresses the thermal conductivity coefficient of the material (polyurethane), and δ expresses the insulation 

thickness. This tank contained 5 temperature sensors arranged as shown in the Figure. Temperature t was calculated as the 

arithmetic mean of the measured temperatures in each period. The cooling period relevant to the calculation of thermal 
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resistance was 660 minutes. Such period was chosen on the basis of bigger differences in the measured temperatures for the 

purpose of higher accuracy of the calculation. 

 
FIGURE 5:  Simplified diagram of the tank 

Table 1 contains the values of the measured parameters. 
 

TABLE 1 

MEASURED TEMPERATURES 

Period 
t0 

(°C) 

t3 

(°C) 

t2 

(°C) 

t4 

(°C) 

t5 

(°C) 

tmean 

(°C) 

tt 

(°C) 

te 

(°C) 

∆t 

(s) 

1. 61.08 60.97 53.84 51.09 49.13 55.23  21.63 0 

2. 54.57 54.81 50.34 49.06 46.12 50.98 53.10 20.85 39,600 

 

The mean surface temperature of the heater wall tmean was calculated using the following formula: 

5

54320
mean

ttttt
t


      (°C) (1) 

and the total design temperature tt was calculated using the formula (2): 

2

2mean,mean,1

t

tt
t


      (°C) (2) 

The calculation of thermal resistance of the insulation was based on the calorimetry formula (3): 

tcmE        (J)  (3)   

which acquired the following form after being divided by the time variation ∆t: 

t


 tcm

Pacum       (W) (4) 

or  
td

dt
cmP  acum  (5) 

where Pacum is the accumulation capacity of the tank and  m c  is the sum of the product of the weight and the specific 

heat capacity of the tank and water. 

The real capacity of the accumulation tank may be expressed as follows:   

te 
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while the thermal resistance of the insulation is determined by the following formula: 

21

11









S

R
     

(K∙W
-1

)   (7) 

Following the substitution of thermal resistance in the formula (6), we obtained the modified formula for the calculation of 

the real capacity of the tank: 

 

 
R

tt
P e

S




 

where t is the temperature in the tank, te is the temperature of the environment, and R is the thermal resistance. 

Formulas (4) and (7) are subjected to the condition that Ps=Pacum. Hence, the thermal resistance was calculated using the 

formula (8): 

 

 

 

 
tt 












 tcm

tt

d

dt
cm

tt
R ee   (8) 

The following applies to the sum of the product of the weight and specific heat capacity of the tank and water: 

  ttww cmcmcm                      
(9) 

where www Vm    a ttt Vm   . 

The following formula applies to the tank volume: 

t
2

tt 4   rHdV                   (10) 

The determination of the value of the thermal resistance of the insulation in the given period at the mean temperature of the 

environment was based on the following partial values: 

 - mean temperature of the environment te = 21.24 °C; 

- density of water ρw = 990 kg∙m
-3

; 

- tank steel density ρt = 7,850 kg∙m
-3

;  

- specific heat capacity of water cw = 4,180 J∙kg-
1
∙K

-1
;  

- specific heat capacity of steel in the tank ct = 470 J∙kg
-1

∙K
-1

;  

- volume of water Vw = 150 L; 

- tank height H = 0.915 m;  

- tank diameter d = 0.439 m; 

- outer jacket thickness δt = 2.5 mm. 

Following the substitution of partial parameters into the formula (8), the value of thermal resistance of the insulation in the 

given period R was 0.4662 K∙W
-1

. The obtained value of thermal resistance can be used to express the heat transfer 

coefficient k that represents an inverse value of thermal resistance.  

The relationship between the thermal resistance of the insulation and the cooling of the tank is shown in Fig. 6. 
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FIGURE 6:  Relationship between the thermal resistance of the insulation and the cooling of the tank 

The graphical representation above indicates that the value of thermal resistance of the insulation during the period when the 

tank was cooled ranged between 0.3913 and 0.5024 K∙W
-1

. 

IV. CONCLUSION  

The energy efficiency of the heat accumulation system significantly depends on particular operating conditions in which it is 

used. The most important factors affecting heat losses in hot water heater tanks include the hot water demand, tank heater 

output, and the related thermal insulation of the tank. The higher value of thermal resistance of the insulation, the better it 

resists heat transfer and acquires better thermal insulation properties. 
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Abstract - The process of heat distribution through heat networks is accompanied with significant loss. That is why 

distributors of heat and hot water are nowadays very interested in these issues. The drawbacks of the existing methods of 

heal loss calculation brought the necessity of searching new procedures of such calculation.  

The article presents a possibility of using the similarity theory and modelling in order to transpose results from an 

experimental heat network to any other network that will be similar to the experimental network with regard geometry, 

kinematics, as well as heat parameters. 

Keywords - heat loss, heat network, physical similarity, simplex. 

I. INTRODUCTION 

The heat loss is identified using the so-called balance method in which it is necessary to know the temperature of a heat-

conveying material in the beginning and at the end of the examined section, with sufficient accuracy, and the water flow rate 

in the supply as well as return pipelines. The measurements of the temperature differential for the heat-conveying material in 

short sections require the use of the state-of-the-art measuring technology which, however, cannot be permanently installed 

in every network, especially when the entire distribution system covers several tens of kilometres. Such methodology for the 

heat loss identification is appropriate mainly for very long heat distribution sections in which an error in the measurement of 

the temperature differential would not cause a substantial error in the subsequent calculation of the heat loss. 

II. SIMILARITY THEORY AND MODELLING 

The drawbacks of the balance method regarding the expression of heat loss brought the necessity of examining new methods 

how to express such loss. 

The present calculation of heat loss was made applying the physical similarity and modelling. 

Two physical phenomena are only similar if all the parameters determining them are similar. In the case of similar 

phenomena that depend on several physical parameters, there are probably certain relationships between similarity constants. 

Similarity criteria are divided into simplexes and complexes. Simplex is the ratio of two physical parameters with identical 

names. Complex is the ratio of parameters with different names (dimensionless). In other words, complex is an invariant 

consisting of parameters bearing different names. 

A physical phenomenon expressed by an equation that cannot be directly solved is described using criterial equations. The 

method of their application is based on the substitution of relevant dimensional parameters for similarity criteria. Mutual 

functional relationships between the criteria are then identified experimentally. Following an experiment, criterial equations 

represent the main mathematical relationship that is attributable to a group of similar phenomena. The similarity theory 

facilitates the deduction of a general form of a criterial equation using the method of dimensional analysis. The dimensional 

analysis is characterised with simplicity of input data as it facilitates the identification of the quantity and types of similarity 

criteria merely on the basis of the opinion on the problem, without knowing a particular form of the complete physical 

equation.  

In a general case, it is a complete physical equation expressing the relationships between  n  relevant parameters V1, V 2, ..., 

Vn of various dimensions, in particular the following: 

0=),,( n21 VVVf      (1) 

According to Buckingham’s - theorem, equation (1) can be written as follows: 
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0=),,( k21 πππf   (2) 

or  ),(= k21 ππψπ                (3) 

 It follows from the requirement of dimensional uniformity that parameters V1, V 2, ..., Vn together form a group used in the 

equation (1): 

niii x
n

xx
VVV 21

211 ·  (4) 

where i = 1, 2, ...,k and 1  is a dimensionless variable. 

All independent dimensionless - arguments that may be created from n relevant  dimensional parameters V1, V 2, ..., Vn may 

be found on the premise that there is a determined system of criteria based on m dimensionally independent units z1,z2,..., zm 

(m < n) and that we know respective defining equations. Exponents xi may be identified by solving the following equation: 

0=· ixA     (5) 

where A is the rectangular dimensional matrix (n x m) with the rank h ≤ m and x1i, x2i,...,xni are unknown exponents. 

III. APPLICATION OF THE SIMILARITY THEORY TO A PARTICULAR HEAT NETWORK 

A mathematical model used for the calculation of total heat losses is based on the dimensional analysis and the mathematical 

interpretation thereof is affected by a correct choice of relevant parameters which are assumed to have a significant influence 

on the given phenomenon. Using the selected relevant parameters affecting heat losses in heat networks, one simplex (1) 

and one complex (2) were compiled as follows: 

e

i
1

T

T
   (6) 

lT

P




insi

2


   (7) 

Two devices in which physically similar phenomena are taking place are differentiated by names. One is referred to as the 

Model (M) and the other as the Prototype (P).  

In order to derive the characteristics of the Prototype from the characteristics of the Model, the underlying problems must be 

of the same nature and the corresponding similarity criteria (dimensionally independent dimensionless arguments for which 

the following applies: (M) = (P)) of the Prototype and of the Model must be of identical magnitudes. Conclusions made on 

the basis of conformity of criteria are referred to as model laws and their number corresponds to the number of dimensionless 

arguments: 

c1 · c2 · c3 .........cn = 1   (8) 

where c1 to cn  are referred to as similarity constants.  

The similarity constant is the ratio of parameters with identical dimensions that expresses their proportionality in 

corresponding points within similar systems. It can be mathematically formulated as the following ratio: 

(P)

(M)

i

i

i
V

V
c   (9) 

where Vi  is the relevant parameter. 

const.
)P(

(M)


l

l
cl  (10) 

where cl is referred to as the similarity constant for the change in length. It can be an arbitrary positive number. If cl = 1, the 

Prototype and the Model are identical in size. 
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The network that was subjected to the analysis described in the article is regarded, within the following considerations, as the 

Model (M). The results may be transferred from the Model to any heat network that is regarded as the Prototype (P) using the 

similarity indicators.  

The heat network characteristics are as follows: the network is lead underground; its nominal diameter is DN125; external 

diameter of the pipeline d2 is 133 mm; pipeline wall thickness s is 3.6 mm; insulation thickness sins is 33.5 mm; length of the 

examined network L is 78 m; mean value of the coefficient of thermal conductivity of the soil z is 1.35 W·m
-1

·K
-1

; mean 

value of the coefficient of heat transfer from the ground surface to the external environment 0α  is 3 W·m
-2

·K
-1

; depth of the 

pipeline bed H is 1.06 m. The temperature of water supplied to the supply pipeline ranged from 55 to 70 ºC. The temperature 

of water coming out of the return pipeline ranged from 50 to 60 ºC. The calculated temperature of the environment te for the 

given location was -15 ºC (258.73 K). 

When the physical similarity is applied to the Model and the Prototype, two phenomena are only similar if the following 

conditions apply:  

)P(1)M(1     (11) 

)P(5)M(5     (12) 

When we break down dimensionless arguments for the Model and for the Prototype according to formulas (11) and (12), 

using relevant parameters, we will get the following forms: 

e(P)

i(P)

e(M)

i(M)

T

T

T

T
  (13) 

(P)ins(P)i(P)

AS(P)

(M)ins(M)i(M)

AS(M)

.... lT

P

lT

P


     (14) 

The following applies to the constants of similarity of changes in individual physical parameters that affect heat losses in the 

Prototype and in the Model:  

i
(P)

(M)

 i

 i

Tc
T

T
   (15)  

e
(P)

(M)

 e

 e

Tc
T

T
   (16) 

Pc
P

P


(P)

(M)

 

 
  (17) 

ns
(P) ins

(M)ins 

ic



   (18) 

lc
l

l


(P)

(M)

 

 
  (19) 

After the above listed similarity constants are substituted into formulas (11) and (12), we will get two model laws, also 

referred to as similarity indicators (20 and 21). Their quantity always corresponds to the quantity of dimensionless 

arguments. 

Model laws are as follows: 

e

i1
T

T

c

c
  (20) 
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lT ccc

cP

..
1

insi 



 

(21) 

Let us consider the case that the real Prototype differs from the Model, for example, in the quality of the used insulation, i.e., 

in its thermal conductivity coefficient ins. The constants of proportionality of relevant parameters are determined by 

formulas (14) to (19). Given the requirement of five unknown parameters contained in the model laws and two dimensionless 

arguments, three constants of proportionality of relevant parameters may be chosen and two will then be calculated from the 

model laws.  

Let the chosen similarity constants be as follows: 

1
i
Tc  

1
e
Tc  

1lc . 

This means that the temperatures of the supplied water in the Prototype and in the Model should be identical, the 

temperatures of the environment around the Prototype and around the Model should be identical, and also the total lengths of 

the examined distribution system in the Prototype and in the Model should be identical. 

The required constant of proportionality of changes in the thermal conductivity coefficient for the insulation can be 

calculated using the formula 15: 

ins
(P) ins

(M)ins 





c

  
(22) 

where ins (M) = 0.04 Wm
-1

.K
-1

  and represents the thermal conductivity coefficient for the insulation in the Model. 

Let us examine the development of heat loss values for the Prototype if the thermal conductivity coefficients for the 

insulation in the Prototype ins(P) are at various levels (better as well as worse than the Model), determined by the 

following values: 

ins(P)  =  0.02 W·m
-1

·K
-1

, 

ins(P)  =  0.05 W·m
-1

.·K
-1

, 

ins(P)  =  0.08 W·m
-1

·K
-1

, 

ins(P)  =  0.09 W·m
-1

·K
-1

. 

The similarity constant for changes in the total heat loss will be calculated using the formula 19:  

lTP cccc ..
insi 

  
(23) 

Following the substitution of particular values of similarity constants for relevant parameters for all the chosen values of 

the thermal conductivity coefficient in the Prototype into the formula (23), the similarity constant for heat losses, for 

example for ins (P) = 0.02 0.02 W·m
-1

.K
-1

, will have the following value: 

i iz
1 2 1 2P T lc c c c      

 

because if ins(P) =  0.02 W·m
-1

·K
-1

, then .2
02,0

04,0

(P)

(M)

 

 

ins





c

 

It follows from the above mentioned that if the quality of the insulation was twice as high as for the network that was 

subjected to the experimental examination described in the article, the heat loss values for the described Prototype would be 
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twice as low. Such conclusion also follows from the measure of changes in the power dissipation Pc
P

P


(P)

(M)

 

 
 in which the 

power dissipation in the Model P(M) is known and was determined for the following conditions: 

Ti(M) = 343.15 K,  Te(M) = 258.15 K, 

l(M) = 1 m, ins(M) = 0.04 W·m
-1

·K
-1 

These conditions correspond to a specific value of the total power dissipation of the network that was determined from the 

constructed Model. Its numerical value is P(M) = 40 W. 

The value of the power dissipation in the Prototype, identified using the formula 14, is 20 W. It represents a half of the 

value of the power dissipation in the examined Model.  

 W20
2

40(M)

(P) 
Pc

P
P . 

Table 1 contains the values of the total heat loss P(P) for a new Prototype that differs from the Model in the quality of 

insulation. In one case, the insulation was of a higher quality than in the Model (iz = 0.02 W·m
-1

·K
-1

); in three other cases, it 

was worse than in the Model (ins = 0.05; 0.08; and 0.09). For the purpose of comparison, the table also contains the values of 

power dissipation in the Model that correspond to the thermal conductivity coefficient for the insulation ins of 0.04 W·m
-1

·K
-

1
, i.e., the original network subjected to the experiment. 

TABLE 1 

HEAT LOSS IN THE NEW PROTOTYPE 

ins (P) insc  
Pc  

Pc

P
P

(M)

(P)   

0.02 2 2 20 

0.04 1 1 40 

0.05 0.8 0.8 50 

0.08 0.5 0.5 79 

0.09 0.04 0.04 89 

Fig. 1 presents the relationship between the heat loss in the Prototype and the quality of insulation, i.e. the value of its 

thermal conductivity coefficient insThe Fig. 1 indicates that with the improving quality of the used insulation (lower 

thermal conductivity coefficient ins) the heat losses in the network decrease. 

 

FIGURE 1:  Relationship between the heat loss in the Prototype and the quality of insulation 
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IV. CONCLUSION  

In conclusion, it is necessary to note that identification of heat losses through the examination of a physical model will find 

its practical applications. Introducing this procedure into real practice would not result in increased costs insured to heat 

manufacturers or distributors; moreover, it would facilitate clear identification of the values of total or specific heat loss in 

the network.  
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Abstract—A large amount of liquid crystal display (LCD) television becomes popular for the last decades, and the amount 

of waste LCD panels will increase soon. LCD panels mainly consist of aluminoborosilicate glass, and it is difficult to recycle 

aluminoborosilicate glass using the same recycling method of soda-lime glass, due to the high strain point. Therefore, a 

novel recycling method for aluminoborosilicate is desired. In this study, we attempted to convert waste aluminoborosilicate 

glass powder into faujasite-type zeolite using alkali fusion method. Waste aluminoborosilicate glass powder (< 300 μm) were 

mixed with NaOH powder (the weight ratio of NaOH / aluminoborosilicate = 1.0 - 2.0), and then heated at 100 – 800 
o
C for 

0.5 - 7 h to make a fused material with high solubility. This fused material was agitated in distilled water for one day, then 

heated at 80 
o
C for 24 hours to synthesize zeolite product. Most of the aluminoborosilicate glass were converted into soluble 

phases by alkali fusion with NaOH (NaOH / sample = 1.5) at 400 
o
C for 0.5 h, and could be transformed into faujasite-type 

zeolite. The cation exchange capacity (CEC) of the zeolite product is 1.9 mmol/g, which is 31 times higher than that of raw 

glass powder, and is 59% of CEC for commercial faujasite-type zeolite 13X (3.2 mmol/g). Zeolitization process from agitated 

material can be explained by theconcentrations of Si, Al and B in the product and the crystallinity of faujasite-typezeolite in 

the product. 

Keywords—Waste aluminoborosilicate glass, Faujasite-type zeolite, Alkali fusion, Recycle. 

I. INTRODUCTION 

In recent years, home appliance recycling law was established to promote the recycling society in Japan. Therefore, a novel 

recycling technology for typical home appliance, such as televisions (TVs), refrigerators and washing machines were 

developed to recycle. TV is a typical home appliance. In Japan, liquid crystal display (LCD) TVs began to popular since 

2000, and demands for TV change from Cathode Ray Tube TV to LCD TV. LCD mainly consists of aluminoborosilicate 

glass. Therefore, in the future, a large amount of waste aluminoborosilicate glass will discharge in Japan [1-2]. 

Aluminoborosilicate glass mainly consists of SiO2 and Al2O3,and is difficult to recycle by the typical method of soda lime 

glass because strain point of aluminoborosilicate glass (650 
o
C) is higher than that of soda lime glass (550 

o
C). 

Aluminoborosilicate glass also has high heat and chemical-resistance, and has various composition in each product. 

Therefore, it is difficult to recycle LCD again. From these background, new utilization of waste LCD is desired.  

In recent years, researches have also been made to synthesize zeolite from industrial wastes, such as coal fly ash [3-6], 

papermaking sludge incineration ash [7-16], rice husk ash [17], waste ceramics [18, 19], stone cake [20, 21] and so on using 

hydrothermal reaction, andthere is possibility to convert a part of aluminoborosilicate glass waste into zeolite materialsby 

hydrothermal treatmentvia pretreatment, e.g. acid leaching [22-24]. Zeolite is microporous aluminoborosilicate minerals with 

regularly arrange pores, and can use as catalyst and ion-exchanger for cleaning polluted environment [25]. Zeolite has a 

structure in which tetrahedrons share the oxygen located at the apexes of the tetrahedral unit and are regularly bonded three-

dimensionally [26]. Furthermore, since aluminoborosilicate glass contains boron, it would be possible to synthesize a boron-

containing zeolite having high heat resistance and hydrophobicity by incorporating this boron into the structure of the zeolite 

[27-29]. 

In our previous studies,stable minerals, such as quartz, were converted into soluble alkali salts to synthesize zeolite using 

alkali fusion [30-35], and it would be possible to covert a large part of aluminoborosilicate to zeolite crystals via alkali 

fusion.  

In this study, we tried to convert the aluminoborosilicate glass into zeolite using alkali fusion. For conversion of 

aluminoborosilicate into zeolite, alkali fusion was applied to convert insoluble oxide into soluble alkali salt to convert 

aluminoborsilicate glass powder into faujasite-type zeolite including boron. 

II. MATERIALS AND METHODS 

2.1 Raw material 

In this study, we used powder of aluminoiborosilicate glass discharged from one of the company in Japan. Particle size of 

this sample is under 300 μm and the color is grey. The sample mainly consists of SiO2 (66 %), Al2O3 (22 %), B2O3 (10%) and 

others. 
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2.2 Experimental procedure 

Experiments are two steps. 1st step is alkali fusion. Aluminoborosilicate glass is fused with NaOH on various conditions; 

temperature, the ratio of NaOH to aluminoborosilicate glass and heating time are parameters. 5 g of aluminoborosilicate 

powder and 5 - 12.5 g of NaOH were mixed and the mixture was added into nickel crucible. The crucible set in the electric 

furnace, and then heated at 100 - 800 
o
C for 0.5 - 7 h. After heating, the crucible was cooled to room temperature naturally 

outside the electric furnace, then fused material were taken out and crashed. 

Mineral phases in raw and fused material were analyzed by powder X-ray diffraction apparatus (XRD, Rigaku MiniFlex600). 

The solubility of Si, Al and B in raw and fused materials (meaning that reactivity of fused material to be converted into 

zeolite,) were investigated as follows. 0.1g of sample was added into 20 mL of 1 mol/L HCl solution and shaken for 24 

hours. After shaking, filtration was carried out, and the concentrations of Si and Al in the filtrate were measured by atomic 

absorption spectrometer (AAS, Perkin Elmer, AAnalyst200) and that of B was measured by inductirely coupled plasma 

method (ICP, ICP-7500, Shimadzu) to calculate the solubility of fused material. 

2nd step is zeolite synthesis. Fused material was converted into the precursor by shaking in distilled water, and then heated to 

synthesize zeolite crystals. 1 g of fused material was added into 5 mL of distilled water in 10 mL tube, and the tube was 

shaken for 24 hours to prepare the precursor. The precursor was heated to be converted into faujasite-type zeolite. The 

precursor was heated at 80
o
C for various times in oil bath. After heating, the solid was filtered and washed with distilled 

water, and dried at 80
o
C to obtain the product. Mineral phases in the product were analyzed by XRD and the concentrations 

of Si, Al, and B in the solid were measured by AAS and ICP as mentioned above for the solubility measurement. The cation 

exchange capacity (CEC) of raw material and the product were examined by modified shöllenberger method [7]. The specific 

surface area of the product was measured by specific surface area meter (Mascorb HM model-1208/1210, Mountech). 

III. RESULTS AND DISCUSSION 

Effect of heating temperature on the property of fused material was examined. Heating time was 3 hours, the ratio of NaOH 

to aluminoborosilicate glass was 2, and heating temperature was changed between 200
o
C and 800

o
C. 

Figure 1 shows XRD patterns of fused materials heated at various temperatures. While the peak of the liquid crystal glass is 

broad, the peaks of alkali salts, such as Na4SiO4, NaAlSiO4 and Na2SiO3, in the glass via alkali fusion at each temperature 

was confirmed. It was found that alkali fusion can be applied for the conversion of aluminoborosilicate glass with high 

chemical stability into alkali salts.  

 
FIGURE 1: XRD patterns of fused materials at various temperatures. 
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Figure 2 shows the solubility of Si, Al and B from fused materials obtained at various temperatures. Before the alkali fusion 

treatment, solubilities of Si, Al and B from raw glass are 1.36 mmol/g, 0.028 mmol/g, and 0.022 mmol/g, respectively. With 

increasing the fused temperature, solubilities of these elements increased, and were almost constant (Si = 4.74 mmol/g, Al= 

1.41 mmol/g, B= 1.04 mmol/g) above 400
o
C. Therefore, the fused materials with high reactivity were obtained by alkali 

fusion above 400
o
C. 

 
FIGURE 2: Solubility of the aluminoborosilicate glass fused with NaOH at various temperatures. 

The effect of NaOH addition on the property of fused material was examined. Heating time was 3 hours, heating temperature 

was 400
o
C, and the ratio of NaOH to aluminoborosilicate glass was changed between 1 and 2.5.  

Figure 3 shows the XRD patterns of fused material with various amounts of NaOH addition. Alkali salts such as Na4SiO4, 

NaAlSiO4 and Na2SiO3, were confirmed in all fused materials. With increasing the NaOH addition peaks of Na4SiO4 and 

NaAlSiO4 appeared at the additional ratio of NaOH per raw glass = 1, their peaks increased, and peaks of Na2SiO3 appeared 

at the ratio of 1.5. Above the ratio of more than 2.0, the peak intensities decreased. The fused material obtained at the 

additional ratio of NaOH per raw glass = 1.5 has the highest intensity of alkali salts. 

 
FIGURE 3: XRD patterns of fused material at various amount of NaOH. 

Figure 4 shows the solubilities of Si, Al and B from fused material with various amount of NaOH addition. With increasing 

the addition amount of sodium hydroxide, solubility of Si, Al and B increased, and were almost constant (Si = 4.37 mmol/g, 

Al= 1.25 mmol/g, B=0.62 mmol/g) above the additional ratio of the 1.5. Therefore, fused materials with high reactivity were 

obtained above the ratio of 1.5 of NaOH per aluminoborosilicate glass. 

 
FIGURE 4: Solubility of the LCD fused with various weight of NaOH. 
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Effect of reaction time on the property of fused material was examined. The ratio of NaOH was 1.5, heating temperature was 

400
o
C, and heating time was changed between 0.5 and 7. 

Figure 5 shows the XRD patterns of fused material during the alkali fusion reaction. It was confirmed that alkali salts were 

rapidly formed in fused material after 0.5-h reaction. 

 
FIGURE 5: XRD patterns of fused material heated at various heating time. 

Figure. 6 shows the solubilities of Si, Al and B from fused materials during the alkali fusion reaction. The solubilities of Si, 

Al and B rapidly increased at the initial stage of 30 min, and were almost constant (Si = 3.50 mmol/g, Al= 1.17 mmol/g, 

B=0.42 mmol/g) above 0.5 h. Therefore, high reactivity fused materials were obtained rapidly after 0.5-h heating. 

 
FIGURE 6: Solubility of the LCD fused with NaOH for various heating time. 

From these results, we converted waste aluminoborosilicate glass into fused materials with high reactivity in the condition 

that heating condition is above 400
o
C, the weight of NaOH/aluminoborosilicate glass is above 1.5, and heating time is above 

0.5 h.  

We attempted to synthesize zeolite from fused material obtained on the condition mentioned above.  

Figure 7 shows the XRD patterns of the products. The precursor indicates broad peaks, which means that the precursor is 

formed as amorphousmaterials. During the reaction, the peaks of faujasite-type zeolite increase in the products, and is 

constant after 8 hours. 

 
FIGURE 7: XRD patterns of the products during heating at 80

o
C. 
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Figure 8 shows the contents of each element in the product. The contents of Si, Al and B in the product increase in the initial 

stage for 3 h, and then be almost constant (Si=2.95 mmol/g, Al=1.84 mmol/g, B=0.26 mmol/g,), which are good accordance 

with XRD patterns as shown in Fig. 8. It would be considered that the reaction between the solution and the solid mainly 

occurs for 4 h, and crystallization of the solid mainly occurs after 4 h. It is noted that the Si/Al molar ratio of the product after 

8 h is 1.89, which is almost same as that of faujasite-type zeolite X, and the boron content of the product was about 3 wt%. 

 
FIGURE 8. The contents of Si, Al and B in the product during the reaction. 

Figure 9 shows SEM images of (a) aluminoborosilicate glass, (b) fused material, (c) the precursor and (d) the product. Raw 

glass was particle like amorphous glass pieces, and fused material was particle with melted surface like alkali salts. The 

precursor was amorphous gel particles, and the product has faujasite-type zeolite octahedral crystals. 

 

FIGURE 9: SEM image of (a) aluminoborosilicate glass, (b) fused material, (c) the precursor and (d) the 

product. 

The CEC of the product was 1.9 mmol/g, which is 31 times higher than that of raw glass powder. It is noted that the CEC of 

commercial faujasite-type zeolite was 3.2 mmol/g. The specific surface area of the product was 201 m
2
/g, which is 55 % of 

the commercial molecular sheives 13X (365 m
2
/g). 

These results indicate that waste aluminoborosilicate glass can be converted into faujasite-type zeolite containing 3 % boron 

using alkali fusion. 
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IV. CONCLUSION 

We attempted to synthesize faujasite-type zeolite from waste aluminoborosilicate glass using alkali fusion. The processing 

conditions to obtain fused material with sufficiently high reactivity for zeolite formation was investigated. By alkali fusion, 

we converted waste aluminoborosilicate glass into fused materials with high reactivity on the condition that heating condition 

is above 400
o
C, the weight of NaOH/aluminoborosilicate glass is above 1.5 and heating time is above 0.5 h. Faujasite-type 

zeolite can be synthesized from aluminoborosilicate glass using alkali fusion, and the CEC of the product with 3 wt% boron 

content is CEC of 1.9 mmol/g and specific surface area of 201 m
2
/g. 
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Abstract— The management of the living marine resources (stocks) exploitation entails the pursuit of a science-based 

policy in order to preserve the reproductive capacity of the stocks and their sustainable development in the course of time i.e. 

maintaining the stocks biomass levels within safe biological limits [27,28].   

The excessive increase in catches (fishing effort) due to unscrupulous exploitation can result in irreversibly collapsed 

biological basis for their existence [19,27,28]. The situation thus created is further exacerbated by the incomplete or poor-

quality information about the development of the stocks potential. The present paper advances the adoption of cybernetic 

approach to the analysis of the management and exploitation of the living marine resources. Proposed also is a block 

diagram of the stock management system in a context of uncertainty and the use of the precautionary approach and step 

algorithm for the collection, analysis, processing of information and evaluation of the parameters and the reference 

biological indicators of the respective biological objects, on the basis of which the target (the target management indicator) 

is to be set. 

Keywords— Cybernetic approach, Fisheries management, Stocks, Biological objects, precautionary approach. 

I. INTRODUCTION 

A great number of researchers have made remarkable efforts to create valid management technologies for efficient 

exploitation of the resources [3,4,6,7,14,15,18]. That policy is additionally complemented by the introduction of 

internationally agreed normative documents, appropriate process control and management organizations, ensuring maximum 

sustainable yields (MSYs) and/or total allowable catches (TACs) within the context of uncertainty. On the whole, it is at the 

heart of the management strategies to secure maximum yields, while maintaining the optimal reproductive capacity of the 

stocks.  The most recent status of the stocks necessitates the formation of management strategies and strict definition of the 

levels of exploitation in a highly uncertain environment with a view of minimizing the possibilities of risk being incurred 

upon the relevant resources and their living environment, the which, in turn, calls for drastic changes to be implemented in 

the field of the science and technology applied for their proper management. An integral part of that change is the 

requirement for the development of a precautionary approach in the management and exploitation of BO stocks. The concept 

of precautionary approach aims at improving the immediate environment and protecting the living (life-sustaining) 

renewable resources as a result of reduced risks of losses of their biological diversity and reproductive capacities 

[1,6,7,10,15,19,21,22].  

The current paper will examine the required technology and algorithm for successful application of the precautionary 

approach in order to make an appropriate assessment of the possibility for attaining maximum total allowable catches that 

has been adapted to suit the relevant exploitation of stocks (biological objects).  

II. CONSOLIDATED BLOCK DIAGRAM OF THE STOCKS AS OBJECTS OF MANAGEMENT  

The present analysis gives a sharper focus on those issues that are particularly related to provision of a distinct and well-

constructed formulation of the object of management, its input and output variables (factors and target parameters), as well as 

the technology of management specifically tailored for the unique properties and characteristics of the object’s habitat, along 

with the relevant collection of information necessary for the formation of effective management strategies. The present 

article, as can readily be perceived in its heading, will be actively “engaged” with the topic of information, i.e. its collection, 

processing and transmission through the channel of management. 

Represented in fig.1 is a consolidated block diagram of the object – a given stock of species considered as biological object 

(BO) for the purpose of the present analysis with pre-regulated variables and notational system as follows: 
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FIGURE. 1: Consolidated block diagram of the object 

where: 

y - output variable (reaction, target function) of the object, referring herein to the biomass of BO; 

x1- controllable factor: catches (fishing mortality as a result of BO’s exploitation); 

x2 – vector of uncontrollable but measurable (calculable) factors: BO’s natural mortality  and stock recruitment;  

e – vector of uncontrollable and immeasurable factors and environmental factors, (noise) – accidental or randomly occurring 

events with a direct or indirect effect on the biodiversity and abundance of BO’s (environmental catastrophes, natural 

disasters –abrupt and abnormal patterns of extreme weather conditions, intrusion of invasive species, occurrence of 

overpopulations and violation of the inter-species equilibrium), as well as water temperature, oxygen saturation levels, 

salinity, acidity, environmental effects (wind speed, water transparency, rough sea), presence of nutrients (phyto-, zoo-

plankton, abundance of other species necessary for the sustenance of the surveyed BOs), anthropogenic factors (human 

activities – industrial, organic and other pollutants) in their natural habitat. 

Effective BO management is determined by the availability of full and qualitative information not only about the factors but 

also about the output variable y.  

Regrettably, the collection of relevant information to compile a mathematical model for management purposes is constrained 

on account of the following peculiarities: large dimensions of the space in which the biomass is allocated; it is controlled by 

the physical parameter of time (non-stationary object); it is heterogeneous and is unevenly distributed within the vast expanse 

of that immense body of water (object with distributed parameters). There is, accordingly, considerable difficulty in the 

provision of a genuine biomass stock assessment (abundance indices). It is usually accomplished through experimental data 

sets or sampling methods with the right technical means and in the appropriate seasonal time [2,8,24]. 

III. BO MANAGEMENT SYSTEM 

A block diagram has been composed in light of the vital prerequisite for effective stock biomass management and with 

regard to the distinctive features of the object-environment interrelation as displayed in fig. 2: 

 
FIGURE 2:  Block diagram of the system for BO management 
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The diagram components are represented by the following symbols:  

FMR – fisheries (catch) management rules refer to the entire range of technical and regulatory measures and to the biological 

reference indicators of BO; 

CAPM – comparative analysis of predictive models – model selection and subsequent management formation, operates with 

current BO state information at different levels of exploitation – fishing mortality (Fi), with the BO biomass being analyzed 

relative to the reference values; 

ЕR– block for selection of the exploitation level (IReg ); 

PA – precautionary approach + ER perform the functions of the control structure; 

x1 – control variable – TAC, MAC, MSY (total allowable or maximum allowable catch); 

E1(M, R)– vector of BO’s natural mortality and recruitment, being determined by experimental and analytical methods (as 

regards SA); 

E2 ≡ e– vector of all external factors (noise) that are immeasurable in the process of BO management and the environmental 

factors as well; 

SA – stock assessment– experimental research studies, sampling that provides information as to the biomass, BO growth 

parameters and the mortality parameters. 

IV. CHARACTERISTIC FEATURES OF THE COMPONENTS OF THE BO MANAGEMENT SYSTEM  

4.1 Control object  

BO is the principle constituent of the system whose biomass (abundance indices) becomes the object of control – assuming 

that the stock biomass (y) is treated as output variable (target function). As for the input, control variable (x1), it will be 

governed by TAC or MSY. Moreover, BO is greatly affected by the measurable but uncontrollable factor E1(M, R).The 

immeasurable and uncontrollable factors along with the environmental factors will form the vector E2. 

4.2 Stock assessment  

It is closely connected with the analysis and evaluation of growth and mortality parameters of  BOs, coupled with an 

assessment of one or more biological characteristics such as: abundance (number of individuals) or biomass (in tones), with 

their management being based on a comparative analysis between the calculated and defined (reference) values for the 

corresponding BO. Regardless of the fact that there are quite a few biological indicators that provide useful data for 

determining BO’s status, a great number of management programs propose the use of stock biomass and fishing mortality as 

basic indicators, [8,11,16,17,24].  

The data series of the biomass or, alternatively, the total weight of the individuals constituting the BOs are analyzed relative 

to the reference levels that have been defined as sufficient to enable  their reproduction into young individuals during the 

next breeding season and replenish the BO under conditions of intensive exploitation [3,4,5,6,7,13,25,27,28]. It is assumed 

that the maintenance of BOs biomass above these reference values provides excellent conditions for sustainable biological 

development of that particular BO. Conversely, when the biomass is below the standard reference levels, it is deduced that 

that BO is overexploited [27,28].  

The second indicator which underlies the formulation of BO management plans is the fishing mortality (or the exploitation 

level of the stock). If the fishing mortality exceeds the standard reference levels - BO is overexploited, otherwise, the current 

levels of exploitation are inferred to be optimal. Management, in its most simplified form, refers to the pursuit of measures to 

reduce the levels of BO exploitation and, respectively, to ensure the necessary conditions for its natural replenishment - 

through restrictive measures such as: decrease in the fishing effort applied to BOs and introduction of various prohibitions 

and restrictions towards that end. Fisheries management also intends to develop a comprehensive strategy for such plans and 

modes of exploitation that will prevent the values of the monitored biological indicators for the surveyed stock of species 

(BO) from falling below the standard reference values [27,28].  

Despite the improvement and rapid development of computer technologies, the mathematical and statistical models for BO 

analysis, still existing in this field of study, contain significant uncertainties [1,2,8,24,20] that defeat every computer program 

and analytical approach and they are mainly due to three factors: 
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 available data for BO is of insufficient quality and have a significant degree of uncertainty and incompleteness [24]; 

 it is impossible for analytical models to cover and adequately reconstruct BO real dynamics operating within a vast 

natural environmental system [2,9,24];  

 for management purposes, analytical models have to provide reliable projections of the potential future behavior of 

the object under study. 

The available data for BOs are imprecise since the process of collecting information about marine populations proves to be 

incredibly difficult and rather costly to implement; on the other hand, the very nature of the object itself (the inborn character 

of the marine biological species) indicates that collecting information about them, even in the most simplified assessment 

methods, is associated with a multitude of assumptions.  Consequently, it naturally follows that the quality of the available 

information is to have serious repercussions on the precision of the BOs status assessment [2,8,9,24]. 

BOs assessment aims to process the input data/observations about BO and to yield data which are projections of expectations 

for its potential behavior through the use of a definite mathematical apparatus. The input data about BO is of the type: 

historical information and knowledge about its behavior, whereas the observations are related to the utilization of sampling 

methods and experimental research studies into the identified areas of distribution (e.g. experimental determination of 

abundance indices and stock biomass by the swept area method). To explore such a BO, there are two routes to follow– one 

that deals with BO physiology – modeling of growth parameters, mortality, reproduction, etc., and the other one that probes 

into the population dynamics [8,24].  

If the resultant analytical models represent the reality with some approximation, then it is necessary to analyze whether that 

approximation is satisfactory for the purposes of the analysis of BOs management or not. If the results obtained provide an 

inadequate reflection of the reality– then, the underlying assumptions should be appropriately modified. Changes effected in 

the underlying assumptions used for the construction of the model may be in the direction of adapting the model to other 

cases.  

The most applicable models for BOs assessment are the production models that examine the stock on a global scale – mainly 

in reference to the BO abundance indices (in total weight or number of individuals from which it is represented) and inquire 

into its evolution in relation to the levels of exploitation. They do not consider BO as regards the age composition or length-

weight characteristics of individuals [8,24]. 

The other models are the structural models – they examine BO structure by age groups of their constituent individuals 

(cohorts) and the evolution of this structure in the course of time. These models design and analyze BOs, as well as the 

expected catches, following the evolution of its cohorts. Prior knowledge of BO assessment and the available basic 

information determine the type of assessment model to be used, and, on that account, the adoption of a more analytical 

approach to the formation of management [24]. 

BO assessments are made on the basis of population models that require three primary categories of data (input data in the 

procedure of modeling BO dynamics) and subsequent formation of a strategyfor their management under conditions of 

exploitation: 

 catch data– the quantity of fish removed from the stock by fishing activities; 

 data about BO abundance– measure, associated index, biomass quantity or weight– these data are usually 

available through experimental studies (trawl images using the swept area method for pelagic and demersal species) 

conducted in BO distribution zones; 

 biological data– information about the individual growth parameters of the concrete species and their natural 

mortality, mortality as a result of predatoriness committed byspecies at a higher level in the food chain; general 

knowledge of the species (breeding seasons, migration, etc.). Information as to the exploitation of the species – 

seasonality, fishing gear and methods used, distribution zones, prohibited zones and seasons in modes of 

exploitation and others [24]. 

4.3 Precautionary approach in the management of BO stocks 

4.3.1 Precautionary approach  

The principle of precaution herein is based on the “concept of sustainable development” and is associated with warning signs 

for adverse events under conditions of uncertainties in the exploitation of natural resources. The methodology of the 
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precautionary approach in the field of fisheries is built upon the concept of sustainable development and the principle of 

precaution. In view of this, introduced are the following 4 important principles of the leading philosophy [1,28]:  

 Warning related to the possibility of losses in the exploitation of stocks and the ecosystem; 

 Taking justified and approved measures in the event of impending hazard to the status of the exploited stock;  

 Taking due consideration of the uncertainties (incomplete knowledge of the stocks and their habitat) as an 

objectively unavoidable factor in the regulation of the levels of exploitation; 

 Restoring the exploited stocks to high performance levels and their proper maintenance during exploitation. 

4.3.2 Making allowances for uncertainty in TAC forecasting  

Mathematical modeling is widely used for stock assessment and TAC forecasting. If all the factors and uncertainties that act 

upon the processes thereof are not taken into full account, then even the most superior model is likely to prove partially or 

insufficiently effective. Put differently, here, the principle focus is on the incomplete and insufficient knowledge about the 

parameters of the object under study. In accordance with [1,28] the following types of uncertainties are defined when 

considering the precautionary approach: 

 Uncertainty caused by errors in measurement due to unrepresentativeness of the data collected; 

 Uncertainty of the modeling approximation of catch dynamics; 

 Uncertainty of the natural variability of the stock parameters. 

In addressing the problems above, all the processes affecting the formation of TAC are considered static within the surveyed 

horizon. The forecast results will, obviously, be conditioned by the implementation of this particular assumption even with 

the provision of the most reliable information. The statistical characteristics were determined through the employment of the 

probability theory. 

Applying the precautionary approach to determine the proper levels of BO exploitation requires thorough examination of a 

number of additional biological indicators for TAC formation, such as:  

 valid management procedures still in effect and consequences of their application;  

 scope of applicable management activities;  

 BO structure, object of management;  

 Analysis of the basic patterns in “predator-prey” relationships; environmental effects upon the growth and 

replenishment parameters;  

 BO geographical distribution in view of the established fishing areas;  

 breeding areas;  

 areas for the development of juvenile forms;  

 migration routes of size – age groups;  

 effect of BO density on the growth/distribution;  

 variability of the recruitment;  

 analysis of the stock/biomass-recruitment relationship;  

 composition of the fishing fleet; 

 analysis of the selectivity of the fishing gears;  

 advantages and precision of the different approaches for assessing BO;  

 factors which would undermine or cause damage to BO (analysis of the historical information for BO and analysis 

of information about BO with similar physiological, growth-weight and age structure, nutrition and feeding); 

The precautionary principle implies close attention wherever information as to certain BO stocks is insufficient or there are 

clear signs of excessive variability in BO biological indicators or environmental factors, with the primary focus being mainly 

on the safety of resources and fisheries [1,27,28]. 

V. STOCK MANAGEMENT ALGORITHM WITH THE APPLICATION OF PRECAUTIONARY APPROACH 

The problems, identified from the perspectives of what has been discussed so far, are listed below: 
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 strong need for taking into account and reducing uncertainty in the output data used to form a target indicator in the 

process of management; 

 critical need for taking into account and analyzing all the controllable and uncontrollable factors in the process of 

management that can directly impact the current status of the object of management E1 and  E2; 

 Considerable need for reducing the risk of the impact of data uncertainty upon the formation of the target indicator 

of management. 

Proposed on the basis of the synthesised block diagram of the management system (fig. 2) is the following algorithm for the 

synthesis of target indicator of management: 

TABLE 1 

STEP ALGORITHM FOR STOCK MANAGEMENT SUPPORTING THE IMPLEMENTATION OF PRECAUTIONARY 

APPROACH TO MANAGEMENT 
Step1. Collection of preliminary information and retrospective analysis of BO stocks 

- collecting information on the geographic distribution 

- seasonality 

- biological and physiological features of BO 

- specificity of the diet, etc.  

- interspecies and intraspecies interactions   

Step2. Identification of 𝑬𝟏(𝑴, 𝑹) 

- sampling (experimental studies/surveys using the swept area method and samples of commercial catches) and identification 

of the growth parameters 

- sampling (experimental studies/surveys using the swept area method and samples of commercial catches) and estimation of 

the length - weight relationship– calculating the theoretical and trace weight, Fulton coefficient, indirect methods for 

analysing the availability and abundance of nutrients necessary for the normal development and growth of BO; 

- sampling (experimental studies/surveys using the swept area method and samples of commercial catches) and identifying 

mortality parameters; 

collecting information on the catches, systematizing and identifying total mortality 

assessing mortality due to interspecies interactions (predator-prey relationship), assessing the effects of overpopulations and 

invasive species 

- sampling(experimental studies/surveys using the swept area method and samples of commercial catches) and identifying 

stock recruitment (accounting for the variability of  recruitment) 

assessing the effects of anthropogenic activities – industrial pollution, organic pollutant emissions, etc.; 

Step 3. Collecting current information about 𝑬𝟐 

- analysis and assessment of habitat effects – chemical composition of water, temperature, salinity, oxygen saturation, 

presence of nutrients, impact of specific climatic factors of the environment – water density, currents, wind, vertical mixing 

of water layers with different temperature values; 

occurrence of environmental catastrophes and climatic cataclysms 

Step 4. Collecting current information about the status of BO  

- sampling (experimental studies/surveys using the swept area method and samples of commercial catches) and measuring 

the current levels of stock biomass or abundance indices 

Step 5. Stock-recruitment curve analysis (after completion of steps 1-4) 

- Identification of  YMSY  

Step6. Biomass- recruitment curve analysis (after completion of steps 1-4) 

- Identification of BMSY  

Step 7. Production models. Linear-cohort analysis, Virtual population analysis. Identification of equilibrium catch per 

recruit and equilibrium biomass per recruit. 

Step 8. Calculation of biological reference (target) levels of the biomass, maximum sustainable yield and fishing mortality 

Step 9. Checking, analyzing and comparing the current values with reference values. Forecast models– for different levels 

of exploitation (𝑭𝒊) 

- Producing a recommendation for the target indicator of management x1– TAC with the use of precautionary approach in the 

management of BO stocks  
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The execution of the algorithm, the selection of the model and the accuracy of the assessments obtained in steps 2 and 3 

depend, to a greater extent, on the nature, quality and volume of the information collected, assuming normal distribution of 

the data in the samples being analyzed [12,28], the number of surveys/sampling, the selection of mathematical tools and the 

available software. 

VI. SOFTWARE  

To facilitate the process of management formation, expanded is the independent application software system presented in 

[26], with the software code being developed in the MATLAB environment to cover the methods described below. 

6.1 Applied in the developed software system are mathematical methods of modeling, analysis and evaluation of 

the stock parameters and formation of the target indicators of management with the relevant methodological 

and mathematical provision:  

A. Verification of the statistical hypothesis for normal distribution of the samples with the possibility of examining the 

impact of the number of intervals and introduced noise (error of measurement of BO parameters, variability of 

environmental factors) 

B. Study into the analytical model of length - weight relationshipW i = q ∗ L(i)band evaluation of the parameters q and 

b   

C. Study into the type of length-weight relationship within the BO exploitation phase (Validity of linear, polynomial and 

non-linear models) 

D. Determining BO growth parameters K, L∞ according to von Bertalanffy model [24] 

E. Determining BO growth parameters K, L∞by Gulland and Holt method [24] 

F. Determining BO growth parameters K, L∞byFord-Walford method [24] 

G. Determining BO growth parameters K, L∞according to Chapman-Gulland method 

H. Calculating K and t0 by von Bertalanffy model with foreknown L∞ [24] 

I. A two-step procedure based on the Least Squares and Instrumental Variable methods for simultaneous evaluation of 

von Bertalanffy growth parameters K, L∞ and t0 

J. Calculating the coefficient of total mortality Z by the linearized catch curve according to data about the stock age 

composition and the catches [24] 

K. Calculating the coefficient of total mortality Z on the basis of data about the stock size composition and the catches 

[24] 

L. Determining Z by the Beverton - Holt method on the basis of data about the stock size composition [24] 

M. Jones and Van Zalinge method for calculating the coefficient of total mortality Z – Cumulative catch curve from data 

about the BO size composition and the catches [24] 

N. Calculating the CM by the Powell-Wetherall method [24] 

O. Calculating the coefficient of natural mortality M and the coefficient of catchability q through the use of the 

coefficient of total mortality Z and the fishing effort f [24] 

P. Determining the coefficient of natural mortality M by Pauli empirical formula [24] 

Q. Determining the coefficient of natural mortality Mby Rikhter-Efanov formula [24] 

R. Analysis of the curves Stock-recruitment Beverton-Holt model and stock biomass –recruitment model. Applying the 

precautionary approach to the calculation of the biological reference levels of BO and target indicators in relation to 

the management of the biomass and the fishing mortality: 

 Stock-recruitment curve analysis [24] 

 Identification of target biological reference levels 

 FMSY   

 The biomass reference limit levels Blim  and the fishing mortality Flim   

 The biomass reference limit levels Bpa  and the fishing mortality Fpa   upon the application of the precautionary 

approach [19,36,75]  
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6.2 Primary program structures used in the development of the software system: 

The selection of the method of implementation is arranged through the introduction of a switch – case structure [26]: 

SWITCH switch_expr 

      CASE case_expr, 

statement, ..., statement 

         CASE {case_expr1, case_expr2, case_expr3,...} 

statement, ..., statement 

        ... 

        OTHERWISE,  

statement, ..., statement 

      END 

A selected method can be performed repeatedly for the purposes of the analysis or reproduced with different input data. The 

input data for the implementation of a given method have been pre-stored in text files (.txtfiles), which allows them to be 

automatically loaded when the method is implemented.  If additional processing (transformation or calculations) of the input 

data is required – for example, to form input-output vectors for regression analysis, then the transformation is performed 

automatically using a loop or if..end structures [26] 

The developed software system functions as a standalone application and records the results of the implementation of the 

selected research method in a filepre-created in advance for this particular purpose (.txtfile), which is arranged within the 

programming structure. As part of the implementation of the methods, the program requires the user to implement 

interactively the critical tabular values of specific variables associated with the assessment of the model parameters or to 

issue a conclusion of the type “The model is proved functional/non-functional” or to be used for further calculations of the 

model parameters. 

6.3 Verification of the performance specifications of the proposed software system 

The performance of the proposed software system has been tested with experimental, simulation data and examples of 

numerical solutions as given in [24]. 

VII. CONCLUSIONS 

7.1 Proposed are: 

 block diagram of stock management with the use the precautionary approach under conditions of uncertainty; 

 step algorithm for the collection, analysis, processing of information and evaluation of the parameters and the 

reference biological indicators for BO, on the basis of which the assignment is formed (target indicator of 

management); 

 A software system for the management of BO has been developed to enable the calculation of the growth parameters, 

the mortality parameters BO, examination of the law of distribution and verification of statistical hypotheses–

assumptions of normal distribution of the sample data; stock-recruitment and biomass - recruitment curve analysis and 

calculation of reference points for the stock biological indicators, which are target indicators of the management of 

BO stocks in the context of uncertainty. The performance of the system thereof has been tested with experimental, 

simulation data and examples of numerical solutions as provided in [24].  

The results delivered lead to the following conclusions:  

1) The developed software system allows the precise calculation of the growth parameters, parameters of BOs mortality, 

examination of the law of distribution and verification of statistical hypotheses– assumptions of normal distribution of 

the sample data; stock-recruitment and biomass - recruitment curve analysis and calculation of reference points for the 

stock biological indicators, which are target indicators of the management of BO stocks in the context of uncertainty. 

2) The input data may be current or historical information (observations/measurements) about BO, which opens up the 

opportunity for the software system to be applied for a retrospective and current analysis of the BOs stock status.  

3) When implementing methods related to statistical evaluation of parameters, envisaged is a statistical analysis of the 

significance of the results (application of the Fischer’s criterion and/or analysis of the studentized residuals) with the 

relevant conclusion regarding the performance specifications of the models obtained.  
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4) The methods can be performed repeatedly, depending on the user's needs– with the same or new input data. If there is 

sufficient data for the implementation of different methods that evaluate the same parameters, then, for purposes of 

the analysis, the results may be compared and the accuracy of the modelling parameters assessments evaluated. 

5) The developed system is functionally efficient as a standalone application which does not necessarily require 

installation and knowledge of the MATLAB software environment in order to run.  

6) The results of the implementation of a given method are kept in text files, which, if necessary, can be processed with 

other software applications. 
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