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Abstract. In the article, based on the conducted research and analysis of the results of clustering, the
most effective method of creating objective typification of zones of coal seam cs of the Dniprovska Mine of
different thickness according to germanium concentrations was established. The typification procedure is a
systematization of objects according to a priori specified features. Cluster analysis, taxonomy, pattern recogni-
tion, and factor analysis are usually used for this purpose. The authors of the article carried out clustering us-
ing various methods implemented in the most different professional statistical software platforms, performed
their analysis and justified the choice of the most optimal of them. The optimal method of clustering areas of
different thicknesses of the coal seam was determined. The analysis of the dendrogram of the results of clus-
tering by the weighted centroid-median method of the sites of the cs seam by germanium content, unlike oth-
ers, allows not only to achieve the most stable division of the entire set of sites under consideration, but also to
maximize the visualization of their division by classes at different scale levels in the absence of a priori hy-
potheses regarding the number clusters and their forms. At the same time, the structure of clusters is clearly
distinguished, regardless of the scale level of their formation, and the sequence of combining individual depos-
its and their groups into the resulting cluster is clearly traced. These advantages make it possible to make
maximum use of already existing information for the development of natural typifications of cs coal seam areas
by germanium content and to interpret the obtained results in geological terms. It was established that the
weighted centroid median method of cluster analysis is the most optimal for the subjectivity-free researcher to
divide the sections of coal seam cs of the Dniprovska Mine field according to germanium content into taxa. The
constructed dendrograms of the clustering of deposits by germanium content can be used as a basis for the
development of a natural typification of the coal seams of the Dniprovska Mine for their subsequent geological
and economic assessment. This, in turn, will make it possible to make maximum use of already available in-
formation and interpret the obtained results in geological and genetic concepts, which will provide the oppor-
tunity to use it for the complex use of mineral raw materials and to solve strategic issues of sustainable devel-
opment of Ukraine.

Keywords: cluster analysis, coal seam, germanium, clusters, taxa, dendrogram of clustering results,
weighted centroid method.

1. Introduction

The research relevance of the content of germanium in coal seams is due to the
possibility of its industrial extraction and use as a valuable accompanying component
[1-3]. Currently, coal is the main estimated source of germanium in Ukraine, China,
Uzbekistan, as well as in Russia, and germanium coal deposits are also being devel-
oped in England, Canada, the USA, and other countries [4—6].

The research carried out is particularly relevant to the decision of the National Se-
curity and Defense Council of Ukraine dated July 16, 2021 "About stimulation of the
search, extraction and enrichment of minerals that are of strategic importance for the
sustainable development and defense capability of the state" and Decree of the Presi-
dent of Ukraine No. 306/2021, which introduces this decision in effect. In these doc-
uments, germanium ores are included in the list of strategic importance for the sus-
tainable development and defense capability of the state.
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For an objective geological and economic assessment of the possibility of simul-
taneous extraction of germanium from coal, waste and products of its processing and
planning of the most effective organizational and technical measures in this regard, it
is first of all necessary to have information about the nature of distribution and the
level of concentration of this element in the coal. In order to obtain such information,
the authors performed detailed studies of the distribution of germanium over the area
and in the section of the coal seam c¢ of the Dniprovska Mine field.

Analysis of previous studies. Previously, the peculiarities of the distribution of
"elements—impurities" in the coal seams of some mines and geological and industrial
areas of Donbas were investigated [7—29]. The methods of natural typification of coal
deposits by the content of accompanying elements and oil deposits of the Dnipro-
Donetsk basin by the content of metals were substantiated [30]. At the same time, the
analysis of the results of the clustering of coal seam sections of different strength by
germanium concentrations in coal seam c¢ of the Dniprovska Mine field has not been
performed before.

The purpose of the research is to establish the most effective method of creating
objective typification of sections of the coal seam c¢ of the Dniprovska Mine of dif-
ferent capacity according to germanium concentrations based on the analysis of the
clustering results.

2. Methods

The factual basis of the work was the results of 347 germanium analyzes [31] per-
formed after 1981 in the central certified laboratories of production geological explo-
ration organizations of Ukraine from the material of reservoir samples obtained by
production and scientific research enterprises and organizations and measurements of
reservoir thickness. In a number of cases, they were supplemented with analyzes of
reservoir samples taken by the furrow method from duplicate cores and mine work-
ings [32] with the participation of the authors and employees of the geological service
of the coal mining enterprise and production geological exploration organizations in
the period from 1981 to 2013.

Germanium content was determined by quantitative emission spectral analysis.
Seven percent of duplicate samples were sent to internal laboratory control; 10% of
duplicate samples were subjected to external laboratory control. The quality of the
results of the analyzes (correctness and reproducibility) was evaluated as the signifi-
cance of the average systematic error, which is tested using the Student's criterion,
and the significance of the average random error, which is tested using the Fisher cri-
terion. Since the above-mentioned errors at the significance level of 0.95 are not sig-
nificant, the quality of the analyzes is recognized as satisfactory.

With the help of statistical software platforms, at the initial stage of processing
primary geochemical information, the values of the main descriptive statistical indi-
cators were calculated, frequency histograms of the content were constructed and the
distribution law of germanium was established. During the construction of graphs, all
values of germanium concentrations and thickness of ¢ seam were normalized to
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bring the sample to the same scale, regardless of the units of measurement and the
scale of the samples.

Typification procedure is the systematization of objects according to a priori giv-
en features. Cluster analysis, taxonomy, pattern recognition, and factor analysis are
usually used for this purpose.

It i1s important that, unlike other methods used in solving typification problems,
cluster analysis does not require a priori assumptions about the data set, which does
not impose restrictions on the presentation of the studied objects, allows analyzing
natural indicators of various types of data (interval data, frequencies, binary data,
etc.). The use of cluster analysis for the purpose of typification has a number of ad-
vantages, as it allows the division of a large number of studied objects and features
into groups or clusters that are homogeneous in the relevant sense, as well as to re-
veal the internal structure at different hierarchical levels of the sample population. At
the same time, like any other method, cluster analysis has certain disadvantages. In
particular, the composition and number of clusters depends on the selected grouping
criteria ("classification strategies"), and the application of different methods corre-
sponding to different conceptual approaches to the selection of taxa to the same sam-
ples can lead to significantly different results. Thus, a characteristic feature of cluster
analysis, unlike other methods of multivariate statistics, is the strong dependence of
the obtained results on the a priori assumptions of the researcher at the substantive
level. In our case, a priori assumptions include: lack of hypotheses regarding the
number of clusters, their structure on forms; achieving maximum visualization of the
breakdown of coal seam sections of different capacity by classes at different scale
levels; establishment of a clustering method (algorithm) for the most stable division
of the entire set of samples under consideration.

In the cluster analysis, it is considered that: a) the selected characteristics allow, in
principle, the desired division into clusters; b) the units of measurement (their scale)
are chosen correctly. Thus, the choice of scale in classification procedures plays a
significant role. To bring it to the same scale, the raw data were normalized according
to the algorithm given in works [33-36].

To achieve the goal set in the work, in the process of the research, clustering was
carried out using various methods in different professional statistical software plat-
forms. Their analysis was performed and the choice of the most optimal of them was
substantiated.

3. Results and discussion

In order to develop a methodology for choosing the most effective method for
creating objective (natural) typification of sections of the c¢ coal seam of different
strength according to germanium concentrations, the general sample, taking into ac-
count the number of samples, was divided into 10 private samples, the main charac-
teristics of which are shown in Table 1. To perform cluster analysis in the profession-
al software platforms, a family of hierarchical agglomerative methods, two-input
pooling and iterative divisive methods of averages is proposed.
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Method of two-input association is relatively rarely used for simultaneous cluster-
ing of both observations and variables. In this case, it is expected that both observa-
tions and variables simultaneously contribute to the detection of clusters, which are
further interpreted in geological terms. The main drawback of the method is problems
with the conceptual interpretation of the results, which are a consequence of the fact
that the distance between different clusters can be determined by differences in varia-
bles. The ambiguity of the interpretation of the results of the analysis does not allow
for its optimal use.

Table 1 — Main characteristics of private samples of germanium concentrations
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Number of samples 36 42 22 21 28 43 57 46 29 23

Normalized median | ;1 57 | 049 | 043 | 035 | 027 | 021 | 017 | 0.15 | 0.11

values of Ge content

The use of the iterative divisive method of K-means for the optimal typification of
sites by germanium content also has significant drawbacks. It is characterized by the
problem of suboptimal solutions inherent in all iterative divisive methods, which con-
sist in the initial breakdowns of sample populations. Its use implies the existence of a
priori hypotheses regarding the number of clusters, and the result of clustering, pre-
sented in the form of a system of tables, does not allow visual visualization of the in-
ternal structure of the data.

The family of hierarchical unifying methods implemented in the used programs
refers to the cluster analysis procedures that are most often used. They all consist of a
sequential combination of the most similar objects, which can be visualized in the
form of a tree diagram - a dendrogram, which graphically displays the hierarchical
structure of the object similarity matrix. This clarity of clustering results is a signifi-
cant advantage of these methods. As a rule, the objects that are clustered are indicated
horizontally in the dendrogram, and the value of the interclass distances at which they
are combined (merging coefficient or the merging distance) is indicated vertically. At
the same time, as a result of the analysis, non-overlapping groups of clusters are
formed, and each cluster is an element of a wider cluster at a higher level of similari-
ty. According to the method of grouping, all hierarchical agglomerative methods in
the used programs are divided into the following: the method of single connection
("nearest neighbor"); full connection method ("farthest neighbor"); varieties of the
"average link" method - the unweighted "average link" method ("unweighted pair-
wise average") and the weighted "average link" method; weighted centroid method
and Ward's method. In addition, interclass distances can be used in all of the above
methods - Euclidean distance (or its square), Manhattan distance ("distance of city
blocks"), Chebyshev and Minkovsky metrics, linear correlation coefficient. With re-
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gard to the features of the solved grouping problem, the most optimal is the use of the
Euclidean distance as a measure of similarity.

Let us consider the possibilities of applying hierarchical agglomerative clustering
methods to the construction of typification of cs reservoir sections by germanium
content in more detail.

The single connection method forms clusters based on the principle of having at
least one connection between objects. As a result of the operation of this method,
clusters appear as long "chains" "linked together" only by individual elements that
happened to be closer than others to each other. Despite the fact that its results are
invariant to monotonic transformations of the similarity matrix and the use of the
method does not limit the presence of "coincidence" in the data, its practical applica-
tion for the purpose of typing causes certain difficulties.

On the example of the results of the clustering of the c6 argilla sections by ger-
manium content (Fig. 1), it can be seen that the entire set of deposits as it approaches
the end of the clustering process forms clusters 1 and 2, which in turn consist of the
correspondingly nested subclusters 1.1, 1.2, 1.1.1 , 1.1.2, etc. Analysis of fig. 1 does
not allow to determine the number and structure of clusters contained in the source
data, and it also significantly complicates the establishment of the number and struc-
ture of clusters at other scale levels.
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Figure 1 — Dendrogram of the results of clustering by the method of single connection of
zones by germanium content

The full connection method (Fig. 2), unlike the method discussed above, imposes
stricter requirements for combining objects into one cluster. In this case, there is a
tendency to detect relatively compact hyperspherical (in multidimensional space)
clusters combining similar objects. Here, the distances between clusters are deter-
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mined by the largest distance between any two objects in different clusters (i.e. the
most distant neighbors).
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2.1.1.1 — clusters

Figure 2 — Dendrogram of the results of clustering by the method of complete connection of
zones by germanium content

Comparison of fig. 1 and fig. 2 allows us to reveal a number of advantages of
clustering using the method of complete connections. At the same time, if the den-
drogram obtained during clustering by the method of single linkage quite convincing-
ly indicates the number and structure of clusters (Fig. 1), then when clustering by the
method of complete linkages, there is some change in the areas between clusters and,
in general, when the compared results of both methods of identifying the final struc-
ture and number of deposits in clusters (Fig. 1, Fig. 2) are not so obvious. In addition,
in both cases, the use of only the dendrogram without the involvement of primary
data makes it difficult to assign individual objects to one or another cluster, and the
structure of the clusters itself is rather poorly revealed.

The "average connection" method was developed by Sokel and Minchener in
1958 as a compromise between the single and full connection methods. In version
STATISTICA 13.3 and IBM SPSS Statistics 22, two varieties of the method are im-
plemented: the unweighted "linkage average" method ("unweighted pairwise aver-
age") and the weighted "linkage average" method. In the first variant of the method,
the distance between two clusters is calculated as the average distance between all
pairs of objects in them, and in the second, in addition, the size of the clusters (i.e. the
number of objects contained in them) is used as a weighting factor. Using the number
of objects contained in a cluster as a weighting factor assumes "good quality" of the
analysis in the presence of clusters of unequal size in the sample. The results of the
clustering of reservoir sections by germanium content by both methods in the form of
dendrograms are shown in fig. 3 and fig. 4.
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Figure 3 — Dendrogram of the results of clustering by the method of unweighted average connec-
tion of zones by germanium content
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Figure 4 — Dendrogram of clustering results using the method of weighted average connection of
zones by germanium content

The analysis of the given dendrograms allows us to come to the conclusion that in
the case of the division of reservoir sections by germanium content, the results of the
cluster analysis, respectively, by the methods of unweighted average connection and
weighted average connection, in our case, completely coincide.
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The weighted centroid method uses the distance between the clusters centers of
gravity as the distance between them (objects). In fig. 5, a dendrogram of the results
of clustering by the weighted centroid median method of sections of the cs seam by
germanium content is shown. The analysis of this dendrogram, in contrast to the ones
presented earlier (Fig. 1, Fig. 2, Fig. 3 and Fig. 4), allows not only to achieve the
most stable division of the entire set of areas under consideration, but also to maxi-
mally visualize their division by classes on different scales levels in the absence of a
priori hypotheses regarding the number of clusters and their shape. At the same time,
the structure of clusters is clearly distinguished, regardless of the scale level of their
formation, and the sequence of unification of individual deposits and their groups into
the resulting cluster is clearly traced. These advantages make it possible to make
maximum use of already existing information for the development of natural typifica-
tions of areas of the cs coal seam by germanium content and to interpret the obtained
results in geological terms.

Ge_0.75-0,80_m| LLLIZTD

—4 111>
Ge 080085 MIETT T T T
Ge085M |——111D €11
§ Ge_0.70-0.75_M 115 fl l
[<R o RSN
g Ge 0,600,865 M g123 .
g e :1 ' 1.2 T
o Se 0E5070M jt D - { 1 \
E Ge_0,50-0,55_M 112.1_1]- —
= Ge 0,550,60 M Ty : 2[}{1 2
Ge_0,45-0,50_M ) _'2?“ - !
Ge 0,45 M .;F 2 )
0 1 pod 2 4 5 & 7 8 g 10

Linkage distance

Legend: 1,2,1.1,1.2,1.1.1,1.1.2, 1.1.1.1, 1.1.1.2, 1.2.1, 1.2.2, 1.2.1.1, 1.1.2.1, 1.1.2.2,
1.1.1.1.1, 1.1.1.1.2, 1.1.1.1.2.1, 1.1.1.1.2.2 — clusters

Figure 5 — Dendrogram of the results of clustering by weighted centroid median method of
zones by germanium content

4. Conclusions

As a result of the conducted research, it was established that the use of the
weighted centroid median method of cluster analysis, which is implemented in the
professional statistical software platforms, is the most optimal for a researcher with
no subjectivity to divide the sections of the coal seam c¢ of the "Dniprovska" Mine
field by germanium content on taxa. The constructed dendrograms of clustering of ce
coal seam sections by germanium content can be used as a basis for the development
of natural typification of coal seams of the Dniprovska Mine for their subsequent
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geological and economic assessment. This, in turn, will make it possible to make
maximum use of already available information and to interpret the obtained results in
geological and genetic concepts, which will provide the opportunity to use it for the
comprehensive use of mineral raw materials and to solve strategic issues of sustaina-
ble development of Ukraine.
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METOOMKA KNACTEPWU3ALII 30H BYFINbHOIO MNACTA PI3HOI MOTYXXHOCTI C¢ MONS LWAXTU
«OHINPOBCbKA» 3A KOHLUEHTPALIEO FrEPMAHIIO
lwkoe B.B., Kosit €.C.

AHoTauif. Y cTaTTi, Ha OCHOBI NPOBEAEHMX AOCMIMKEHb | aHanisy pesynbTaTiB Knactepuaauii 6yno
BCTAHOBIIEHO HaWeeKTMBHILNA MEeTOL CTBOPEHHS 06'EKTMBHOI TWMi3aLlil 30H BYrifbHOrO nnacta Ce LIaXTy
«[JHiNpOBCbKay» Pi3HOT MOTY)XHOCTI 3@ KOHLEHTpaLisMn repmanito. Mpoueaypa Tvnisauii npegcraensie coboo
cuctemaTusadito 06'ekTiB MO anpiopHO 3aAaHMM O3HakaM. 3a3Buyan 4ns LbOro BUKOPUCTOBYIOTLCS KnacTep-
HUI aHani3, TakCOHOMIsi, po3ni3HaBaHHs 06pa3iB, (haKTOPHMI aHani3. ABTOpYW CTaTTi 34INCHUNM KnacTepu3auito
PI3HUMN METOAAMU, SKi peanisoBaHi y HaunonynApHIWKUX NPOMECIMHUX CTAaTUCTUYHIUX NPOrpaMHUX naTgop-
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Max «STATISTICA» Ta «SPSS», BukoHanu ix aHania Ta 0brpyHToBanu Bubip HabinbL ONTUMANLHOO 3 HUX.
Y npoueci gocnimpkeHs BukopucToByeanucs Bepcii nporpam Excel 2016, STATISTICA 13.3 ta IBM SPSS
Statistics 22. by BU3HaueHWin oNTUManbHUA METOA KnacTepuaaLlii AiNSHOK Pi3HOT NOTYXHOCTI BYriNbHOrO nna-
cta. AHanis feHaporpamu pesynbTaTi Knactepusadii 3BaXeHUM LiEHTPOIAHUM MefiaHHUM METOAOM AinNsHOK
nnacTa c6 3a BMICTOM repMaHito Ha BigMiHY Bif iHLUMX JO3BONSE HE TifbKM JOCAMTY HanbinbLL CTIMKOrO noginy
Pi3HMX MacLITabHUX PIBHSX NPW anpiopHii BIGCYTHOCTI riN0Te3 LWOA0 Y1cna knactepis Ta ix hopmu. MNpu Lbo-
MY YITKO BUOINSETHCA CTPYKTYPA KNacTepiB He3anexHo Big MacluTabHOro piBHS X )opMyBaHHS, YITKO npoc-
TEXKYETHCA MOCMIAOBHICTL 00'€AHaHHS OKPEMMX POAOBULLY Ta iX rpyn y pesynbTytounin knactep. Lli nepesaru
[03BONAKTb MaKCUMaribHO BUKOPUCTOBYBATW BXeE ICHYKOYY iHOpMaLlito Ans po3pobku NpUpOAHMX Tunisauin
AiNSHOK BYriNbHOTO NnacTa Ce 3@ BMICTOM repMaHilo Ta iHTepnpeTyBaTh OTPUMaHi pe3ynbTaTh y reonoriyHmux
NOHATTAX. Byno BCTAHOBMEHO, WO 3BaXEHUA LIEHTPOILHUA MeiaHHUA MeTo[ KIacTepHOro aHanidy € Haw-
BinbL onTUManbHUM A5 BINbHOTO Big CyB'eKTUBI3MY AOCTIAHMKA NOAINY AiNSHOK BYrifbHOMO NnacTa Ce LWAXTK
«[JHiNnpoBCbKay 3a BMICTOM repMaHito Ha TakcoHu. [MobyaoBaHi AeHaporpamm Knactepuaalii pogoBuLL, 3a BMi-
CTOM repMaHito MOXyTb OYTW BMKOPUCTaHI SIKk OCHOBA NS po3pobKu NpUPOAHOI TUMi3aLil BYrifbHUX nniacTiB
nons Wwaxtu [JHiNpoBCbka A4ns iX HACTYMHOI reo1oro-eKOHOMIYHOT OUiHKK. Lle B CBOK Yepry 403BOMNUTL MaKCK-
ManbHO BMKOPWUCTOBYBATW BXE HAasBHY iH(hopmaLilo Ta iHTepnpeTyBaTW OTPUMaHi pesynbTaTii y reonoro-
FEHETUYHNX MOHATTAX, LU0 HAAACTb MOXMMBICTD ii BUKOPUCTAHHS ANs KOMMAEKCHOrO BUKOPUCTAHHS MiHEparib-
HOI CMPOBWHY Ta BUPILLEHHS CTpaTeriyHMX NUTaHb CTanoro Po3BuTKY YKpaiHu.

KntoyoBi cnosa: knactepHui aHania, BYriflbHWUiA NacT, repMaHin, Knactepu, TakCoHW, AeHaporpama
pesynbTaTiB KnacTepuaadii, 3BaeHUN LEHTPOIAHNA METOA.
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