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ABSTRACT

Purpose. Improving the efficiency of functioning the mining enterprises and aggregation of earlier obtained results
into a unified digital system of designing and operative management by quarry operation.

Methods. Both the traditional (analysis of scientific and patent literature, analytical methods of deposit parameters
research, analysis of experience and exploitation of quarries, conducting the passive experiment and processing the
statistical data) and new forms of scientific research - deposit modeling on the basis of classical and neural network
methods of approximation — are used in the work. For the purpose of the software product realization on the basis of
cloud technologies, there were used: for back-end implementation — server-based scripting language php; for the
front-end — multi-paradigm programming language javascript, javascript framework jQuery and asynchronous data
exchange technology Ajax.

Findings. The target audience of the system has been identified, SWOT-analysis has been carried out, conceptual
directions of 3D-quarry system development have been defined. The strategies of development and promotion of the
software product, as well as the strategies of safety and reliability of the application both for the client and the owner
of the system have been formulated. The modular structure of the application has been developed, and the system
functions have been divided to implement both back-end and front-end applications. The Mineral Deposit Module
has been developed: the geological structure of the deposit has been simulated and its block model has been con-
structed. It has been proved that the use of neural network algorithms does not give an essential increase in the accu-
racy of the block model for the deposits of 1 and 2 groups in terms of the geological structure complexity. The possi-
bility and prospects of constructing the systems for subsoil users on the basis of cloud technologies and the concept
of SaaS have been substantiated.

Originality. For the first time, the modern software products for solving the problems of designing and operational
management of mining operations have been successfully developed on the basis of the SaaS concept.

Practical implications. The results are applicable for enterprises-subsoil users, working with deposits of 1 and 2
groups in terms of the geological structure complexity: design organizations, as well as mining and processing plants.

Keywords: 3D-quarry, cloud technologies, strategies of information system development, block model of the deposit,
data approximation, artificial neural networks

1. INTRODUCTION

At the present time, Kazakhstan has a significant sec-
tor of economy associated with the extraction and pro-
cessing of mineral deposits. Optimal planning of mining
operations is an essential component of the economic
success of mining companies and the national economy,
which accounts for more than 17% of GDP from the
subsoil users. At the same time, due to the complexity of
mining and technical conditions for deposit development
(increasing the depth of mining operations, increasing the

hardness of rocks, involvement in the development of
more complex deposits and hard-to-concentrate minerals)
and as a result of the global economic crisis in mining
and quarrying in 2016, the production has decreased by
2.7% caused by a reduce in iron ore production by
12.9%, coal and lignite — by 4.9%, and oil — by 1.8%.
However, the natural gas production increased by 4.8%,
while non-ferrous metal ores — by 7.8% (Results of EMS
for 2016, 2016). In 2017 and 2018, conditioned by the
crisis problems solution, the situation has improved,
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resulting in the growth of the mining industry (Results of
EMS for 2017, 2017; Results of EMS for 2018, 2018).

When designing the new mining enterprises, the fac-
tors of resource expenses and calculation quality are of
great importance for producing costs formation, and,
consequently, for success, as well as for competitiveness
of the mining enterprise. The access of subsoil users and
design organizations to the fast and cheap system of
modeling and calculation of technological processes,
design of parameters and quarry indicators, focused on
local specifics, will allow in a short period of time to
plan and design technological processes, optimal in terms
of resources consumption and economic efficiency, as
well as organizational and technological solutions on the
basis of achieved indicators of enterprises. Accordingly,
this will significantly improve the efficiency of mining
production (Pivniak, Pilov, Pashkevych, & Shashenko,
2012; Vagonova & Volosheniuk, 2012). The importance
of such mechanisms is also emphasized by the main
directions of the national economy, expressed in the state
programs “Industry 4.0” and “Digital Kazakhstan”.

The software market of subsoil users is attractive
enough for developers and presented by more than
1000 various software products, both as small freely-
distributed, so large proprietary. Moreover, the analysis
of potential consumers of systems for planning and
management of mining operations indicates that, despite
the active state policy to legalize the software, many,
especially small enterprises, continue to use pirated
copies of software products.

The second distinctive feature of digital systems for
subsoil using is the application of only the ASP concept
in software development, which imposes certain re-
strictions on their use and applies additional difficulties
in their “deployment” and support by customers.

At this stage, the development of digital technologies
makes possible to solve some of these problems by using
cloud solutions. The main restrictions of their application
are the problems to protect from unauthorized access the
data in the process of its storage and transmission over
unprotected communication lines, the problems of
providing the required rate of transmission and pro-
cessing of data bulk, as well as data visualization by
“weak” users’ devices.

Both traditional (analysis of scientific and patent lit-
erature, analytical methods of deposit parameters re-
search, analysis of experience and operation of quarries,
conducting a passive experiment and statistical data pro-
cessing) and new forms of scientific research (neuro-
prediction in deposits modeling) were used.

The potential users of the obtained results can be both
design and mining enterprises, as well as specialized
educational institutions.

2. THE ISSUE STATE ANALYSIS

2.1. Performance analysis and classification
of systems for automating mining operations

The level and complexity of digital control systems
for mining operations has changed dramatically over
recent decades. This has led to both changes in the activi-
ties of mining companies, and to a steady increase in
their productivity. Modern programs for open-pit mining
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(OPM) belong to the third generation and are characte-
rized by a developed toolkit of 3-dimensional geometric
modeling and visualization. They combine the functions
of the main processes optimization.

However, productivity growth in the mining industry
has decelerated significantly as mining companies use
information technology (IT) to improve individual process-
es rather than production as a whole. The enterprises con-
tinue to spend efforts to automate old methods instead of
modernizing and improving them. The new, fourth genera-
tion of information technologies, which is currently being
formed, should ensure dynamic productivity improvement.

All modern information systems for OPM can be
classified as:

— mining systems of general purpose;

— specialized mining programs;

— production management systems;

— production registration systems (Lee, 2004).

General-purpose mining systems typically include
such sections as: geological modelling, reserve assess-
ment, design and planning of mining operations, calendar
planning and surveying. The leaders are Datamine, Gem-
comSurpac, Micromine, ArcGIS, Maplnfo, and Voxler.

Specialized mining programs usually include quarry
optimization, scheduling, drilling and blasting opera-
tions, ventilation, geomechanics, ecology, etc. The mar-
ket is represented by packages, which are created as by
specialized companies, so mining enterprises and re-
search institutions.

Production management systems combine programs
and equipment used to manage production in in a real-
time environment. Typical applications: management of
mining transport, excavators, drilling machines, etc. The
leaders are Modular Mining Systems, Wenco, Tritronics
and Aquila. These programs are characterized by a trend
towards integration with software for mining equipment
(e.g. Komatsu and Caterpillar).

Production registration systems keep production records
in real time and generate a variety of reports. With rare
exceptions, such systems have been developed by mining
companies or enterprises that develop ERP-systems.

At the same time, the entire range of systems for
mining companies is divided into proprietary and freely-
distributed programs. The second class is characterized
by poor development, lack of technical support and
maintenance. Accordingly, in the conditions of digital
integration of all the processes, the enterprise cannot play
any significant positive role, but rather acts as a kind of a
“brake” of development and deteriorates the integral
indicators of the company’s development.

At present, there are dozens of IT-companies working
in the world market of commercial computer programs
for mining enterprises, offering more than 1,000 software
products of different classes designed to automate the
most diverse functions of mining management. The fur-
ther analysis of the commercial software is carried out
only on products of the Western manufacture. Both do-
mestic (Kazakhstan) and developments of EurAsEC
countries by the degree of interface development, relia-
bility and optimization of the code are more the research
software products than commercial systems. And also
they have a very limited market for use.
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All analyzed products are built on the concept of Ap-
plication Service Provider (ASP) and are localized on
customer hardware.

According to the price policy they can be divided into
two large classes:

—cheap and the average cost commercial programs,
offered by small specialized companies, such as Rock-
Ware, Golden Software, etc.;

— integrated systems of high cost, such as Datamine,
GemcomSurpac, Micromine, ArcGIS, Maplnfo, Voxler,
which allow, without leaving the scope of this software
product, to execute the whole spectrum of operations,
beginning with the primary geological information pro-
cessing to delivery of ready design decisions (Gu, Lu,
Guo, & Jing, 2010).

2.2. Consumer analysis of
systems for mining companies

In order to identify the market niche and the target
consumer, an analysis of the mining calculations con-
sumers has been performed. Mining systems can poten-
tially be used by three types of users:

— mining companies and enterprises-subsoil users;

— design organizations in the design area;

— educational institutions involved in the training of
specialists in mining, ecology, logistics, transport and
auxiliary processes.

The market of enterprises-subsoil users in the Repub-
lic of Kazakhstan, which have licenses for the extraction
of solid minerals or licenses for the design of mining
enterprises, is represented by large corporations, medium
and small companies (Table 1). From 2125 registered
companies in 2017, 634 are active. The performed analy-
sis by years shows a rather high stability of the number
of registered and operating companies (“Organizations”
Module, 2019).

Among educational institutions training the mining
specialists in the territory of the Republic of Kazakh-
stan, there are only 11 universities that have the right to
teach under educational grants (Calistratov, 2014).
Also, the target consumer can be universities that train
specialists involved in the organization of mining com-
panies’ operation: logisticians, environmentalists,
power engineers and others.

Table 1. Subsoil users in Kazakhstan (according to KazDATA

INSIDER)
Registered
Type of activity Big Medium-  Small- Operating
'8 size size
Extraction 58 30 455 123
of metal ores
Hard coal and 1 4 94 38
lignite mining
Companies in mining
the stone, clay and 84 41 1348 473
sandstone quarries
Total 153 75 1897 634

Thus, it can be assumed that the general target market of
potential consumers of the software product in Kazakhstan
alone is about 645 operating companies and educational
institutions. With similar approaches and technologies for
quarrying in Kazakhstan and EurAsEC countries, the poten-
tial market of only this region may be about 5000 clients.

The positive forecast for covering the potential market
with software at successful marketing strategies of pro-
motion is up to 20% of the total market share (provided
that there is no non-price competition of monopolists) —
up to 1000 clients. In case of negative development of
the situation, as a rule, the coverage is up to 1% or
50 clients. These forecasts can be the basis for further
calculation of the system price.

At the initial stage of the system development, in or-
der to exclude the competition with major players of the
IT market, small subsoil users, small design organizations
and educational institutions have been chosen as the target
audience. Also, this solution will allow these enterprises
“withdraw from” the sector of using pirate copies of de-
sign and management programs of mining operations.

2.3. SWOT analysis of information
systems-competitors

To identify threats to the project and opportunities for
its development, an analysis of the strengths and weak-
nesses of competitors has been conducted and a threat
and opportunity matrix (SWOT analysis) has been deve-
loped. The analysis of strengths and weaknesses of
commercial mining programs is summarized in Table 2.

Table 2. Analysis of the strengths and weaknesses of competing programs

Solution Strengths Weaknesses
1. Affordable price 1. Automation of individual calculations only
2. Low requirements for computer 2. Lack of technical support
Cheap resources 3. Localization for one user
products 4. Low prevalence
5. Difficult and often impossible to integrate with consumer enterprise
and third-party manufacturer programs
1. Coverage of most tasks of any 1. High value
mining company 2. High requirements to the customer’s hardware
2. Developed technical support 3. Consumers needs to have their own IT service
Integrate service _ . 4. Cpngumer needs.to have Data-center or servers
. 3. Developed marketing service and 5. Significant functional redundancy paid by the consumer
solutions o 1eqs . -
availability of educational programs 6. Closed algorithms
4. Established positive reputation 7. Complexity, and often impossibility of integration with own develop-

among consumers
5. Own market share

ments and third-party products
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It should also be noted that all software products of
the extractive industries today offer tools only for re-
serves estimation, separate operations of designing and
planning of mining operations. At the same time, such
areas as calculation of systems of ventilation, power

supply and drainage are poorly provided by effective
systems of the automated designing.

In accordance with the SWOT analysis concept, a
threat and opportunity matrix for system development
has been developed by the existing development team.
The results are summarized in Table 3.

Table 3. Threat and Opportunity Matrix

Threats

Possibilities

1. Lack of reputation in the software market of subsoil use

2. Attacks on IT resources of the system and users

3. Legal nihilism and use by consumers of unpaid (unlicensed)
copies of the product

4. Lack of funding for the development

5. Difficulty of the product sale to state enterprises

6. Lobbying by large “players” of their software product and
non-price competition

1. Availability of highly qualified specialists in the field of IT
and mining, as well as in the field of auxiliary processes
(Faculty of Energy and Information Systems, Mining and
Metallurgical Faculty)

2. Presence of leading mining enterprises in the region

3. Availability of a database of formalized algorithms to solve
the problems of mining enterprises

4. Opportunity to advertise the system to the participants of the
Board of Trustees (as representatives of mining companies)

5. Availability of a test server to deploy and debug the demo-
version of the system

In order to minimize threats, the following solutions
have been developed:

—to minimize the costs from the lack of an estab-
lished positive reputation, implement in the computatio-
nal modules the transparency of calculations with the
generation of pdf-document with calculations. This will
make possible to avoid accusations of incorrect algo-
rithms and to strengthen gradually our reputation;

— for protection against attacks (first of all for protection
against unauthorized access to resources of system users)
the decision has been made on the use of mechanisms of
cryptographic protection. Also, the modular division of a
system is supposed. It will allow to divide uniform poten-
tial object of attacks into set of small. Even at successful
attack, with bringing out of service one or several modules,
the entire system will keep working ability. Backup and
transaction mechanism will allow to restore the operability
of the attacked modules in the shortest possible time;

—to protect against threats of illegal use of the sys-
tem, it is of interest to abandon the ASP concept and
implement access to the paid resource through, for
example, subscription mechanisms;

—in order to explore the possibilities of developing a
system without external funding, it was decided to deve-
lop and implement the modules of the system in stages.
This will minimize the unpaid working time of the de-
velopers. Also at the initial stage, it was decided to im-
plement the system only for the first and second groups
of deposits in terms of geological structure complexity;

—to implement the program to the market of Kazakh-
stan and EurAsEC countries, and later on in other mar-
kets, use SMM mechanisms and promote web resources.
In order to focus on users from different language groups,
the system should support a multilingual interface.

2.4. Identification of significant factors
of successful development and
strategizing the system development

For successful implementation and further promotion
of the system with account of the SWOT-analysis results,
it is necessary to identify the main conceptual solutions:

— the planned structure of the intellectual system with
a built-in possibility of its development;
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— the concept of providing the system to the end user;

— means of implementation;

— security policy;

— an integration strategy with external solutions;

— strategy for promoting the system to the market;

— a strategy to commercialize the system.

The last two strategies are included in the block of
economic development of the project and are not studied
in this paper, which represents the technical solutions.

3. RESULTS AND DISCUSSIONS

3.1. Development of the system structure

The structure of the system is shown in Figure 1. In
the future it is possible to build up the system with other
additional modules.

The algorithms of the Mining Operations Module have
been developed within the framework of the State grant of
the Ministry of Education and Science of the Republic of
Kazakhstan (MOiIN RK No. 0112RK02423) on the theme
“Development of IS for supporting the decision-making in
the formation of effective technological schemes to stabi-
lize the mineral resource quality” (Zarubin, Statsenko,
Zarubina, & Fionin, 2017). Within the framework of the
current project, their actualization on cloud technologies
and integration into the system are carried out.

The Hydrogeology Module was implemented in the
Delpi7 environment in 2009. The work on updating its
algorithms and processing on the basis of modern devel-
opment tools is performed in the project.

The Environmental Impact Assessment Module
(EIA) has currently been implemented as a separate web-
project. In this regard, it is highlighted in the structural
scheme of the system. It is also planned to integrate it
into the system in the future.

The Official Module should perform the functions of
administering the system by owner, and is not relevant to
the actions of users — consumers of exploration, surveying,
hydrogeological and mining works calculations. In this
regard, it is also highlighted for the visual separation of
modules into basic, ecological and official ones. Further
development of the system may result in the occurrence
and use of additional color schemes for new modules.
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Field Module Official Module
Mineral deposit User management
Wellbores Statistics
Cores Backup
DI Warehouse of the
3D-quarry data
3D-model Module EIA Module
Deposit model Water basin
Sections and maps Atmosphere
MR supplies Earth and the subsoil
Mining Operations Module Hydrogeology Module
Calendar planning Hydrogeological wellbores
Transport Sections and maps
Drilling and blasting operations Structures
Coarse/run of mine stockpiles

Figure 1. System structure

3.2. Determining the concept for
providing the system to the end user

The analysis of IT-market development trends in
other areas has revealed a gradual rejection of localized
products and the move to the “cloud” for most
IT-solutions. The analysis of the companies that have
already made a changeover to cloud technologies showed
the following:

—placing of IT-infrastructure in the cloud makes it pos-
sible to reduce the total cost of IT ownership by 30 — 70%;

—save up to 50% of the data centers resources of the
enterprises (electricity, cooling, space);

— 50— 70% reduction of equipment reservation costs
with the same level of reliability;

— reducing the product licensing costs by up to 30%;

—reducing the time for deployment of new services
by up to 90%.

That is, cloud technologies allow to expand the pos-
sibilities of the mining enterprise, optimize the
IT-infrastructure and at the same time to save money.
But in addition to the economic benefits, “clouds” also
offer qualitative advantages:

— the ability to access resources from any point where
there is an Internet;

—the fail-safe operation of the company (providing
that there is a reliable Internet service provider) by back-
ing up data on the side of the cloud system owner;

— increased security through consolidation of compu-
ting resources;

— improving the quality of provided IT-services with
smaller number of highly qualified specialists involved;

— the tenfold reduction of time spent on implementa-
tion and operational reallocation of resources.

Given this, as well as the active development of cloud
technologies, a logical conclusion is that it is necessary
to make a changeover to the use of cloud technologies
for the management of mining operations.

In this connection, the decision has been made to im-
plement the 3D-quarry system as a cloud service, built on
the web-application technology.
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The proprietary systems of large manufacturers pre-
sented in the market are built on the principle of a single
application, have a significantly redundant functionality
and do not allow the client to select for purchasing the
minimum required configuration. For flexibility of form-
ing the subsystems necessary for the concrete end user,
and for a decrease in expenses for a system, the approach
for constructing the “3D-quarry” system, as a set of ena-
ble services (the SAAS-solution) is offered. Accordingly,
it is assumed that each end user defines the necessary list
of subsystems. In the future, if necessary, the user will be
able to pay for and connect new additional subsystems,
as well as disconnect the unused. The SAAS cloud com-
puting model reduces software maintenance costs at the
user’s side by eliminating the resource self-
administration, providing users with the convenient re-
source cross-platform, and independence from customer-
side hardware and software resources. For example, from
a customer’s perspective, both classic computers and
tablets (smartphones) can be used as hardware. The
browser only, included in the basic equipment of any
operating system and the Internet connection are the
necessary software resources for the work.

An additional requirement, when actualizing this ap-
proach, is the implementation of an adaptive interface
(for the used formats, as well as the user’s screen resolu-
tion of the devices used).

The important factors for choosing the SAAS as a
promotion model were the economic parameters and the
use of resources of the system owner: the convenience
when controlling the resource monetization, the conven-
ience of protection against the use of unauthorized copies
compared to the concept of Application Service Provider
(ASP) and the development of “start-up” mechanisms
and promotion of the resource as a web-site.

The additional strategy parameters are the following:

— selectable modularity of the application for the end user;

— transparency for the end user of the methods used.

The modular architecture gives an ability to flexibly
manage the necessary resource structure, to build up and
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upgrade it (including the ability to attract third-party de-
velopers), as well as to assess the contribution of each of
the modules to the resource profitability. Accordingly, it is
quite simple and transparently for the developer of each of
the modules to determine the shares of the total profit.

The transparency of used techniques with generation
of the pdf-document with calculations allows the skilled
end user to “see” alternative ways of quarry development
offered by a resource, if necessary to form evidentiary
base for making certain decisions, and for the inexperi-
enced user — to study using the examples of calculations
made by a resource.

To implement the selected concept, it is proposed to di-
vide the resource into the back-end and front-end sides of
the web resource. The back-end is used to identify and
authenticate users, administer and manage data in the data-
base. On the front-end, there is encryption and processing
of end-user data, its representation and visualization.

3.3. Development of information security policies

To ensure the security of client data, a solution of da-
ta opacity for the resource administrator is proposed.

The opacity of the data for the resource administrator
and storage of data encrypted with personal user pass-
word allows transparently realize the secrecy of commer-
cial activity for the end user. The use of stronger encryp-
tion algorithms allows to protect the data from both ex-
ternal attacks on the resource, and from potential at-
tempts to “make pressure” on the resource owner in order
to disclose customers’ information.

The AES algorithm with encryption/de-encryption on
the client side, and as hashing algorithms — MDS5 or
SHA3Of are of interest as symmetric encryption algo-
rithms. The first is a common standard for web-
development, although officially recognized as fragile
since 2011, the second is adopted as a standard in the U.S.
in 2012 and is the most cryptographically stable at the
moment (Gérault, Lafourcade, Minier, & Solnon, 2018).

Replacing one encryption module with another is
possible by connecting the necessary of these functions.

The only drawback of such a solution is a significant
increase in the computational load on both the client’s
hardware resources and the communication channel.
However, an increase in the performance of both fixed
and mobile computing devices, as well as the widespread
introduction of high-speed communication networks, at
least on the basis of LTE standard, make it possible to
quite successfully solve the problem of transmitting and
processing data bulk.

The work of all modules implementing the client data
processing is assumed in the mode of end-to-end data
encipherment. The modern standards of symmetric en-
cryption as AES (USA data encryption standard), GOST-
28147 (standard of the Russian Federation) and DSTU
7624:2014 “Kalina” (Ukrainian standard) and NPSS Cryp-
to (symmetric code of information security laboratory of
the Institute of Information and Computer Technologies of
the Republic of Kazakhstan) are considered as algorithms.

Based on the analysis results of both encryption
strength and encryption speed, the AES algorithm has
been chosen as the most optimal encryption algorithm.
Further development of the system also assumes a mech-
anism for changing the encryption algorithm by adding
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and selecting a new function of encrypting and re-
encrypting all consumer data.

For encryption, it is possible to use the user’s person-
al password as an encryption key or to add the service
(hidden) master key of the enterprise to each authorized
user (from each enterprise).

Using a user password for identification and authenti-
cation as an encryption key is provided for:

— additional load on the service module to re-encrypt
all the user data when the user changes his personal
password;

— increased requirements for the safety of the user per-
sonal password, as the loss of this single password will
lead to the complete loss of all user data of the enterprise;

—the use of this protection method also implies the
use of only one account to access data of one enterprise
(deposit) and the impossibility of processing data by
several users under different accounts.

These problems in the concept of security with the use
of personal password as an encryption key predetermined
the need to use the enterprise master key inherited by each
new user of the enterprise. The new user can only be added
by the owner of a valid master account of the enterprise.
To ensure that the data is not transparent to the system
administrator, the inherited master key is stored in the
system in the form encrypted with the user’ private key.
Thus, it becomes possible both to work with several per-
sonalized accounts for the enterprise and to eliminate the
problem of data loss in case of loss of the enterprise pass-
word/key in the presence of at least two enterprise ac-
counts. The system service module is intended for admi-
nistering and does not provide for end-to-end encryption.

3.4. Substantiation of tools
for implementing the system

The chosen conceptual decisions define system as a
cloud-based web-application that imposes its own re-
strictions on development tools of the given information
system and assumes the use of web-oriented develop-
ment tools.

Although development tools, such as high-level lan-
guages, allow for the development of cloud products, they
require significantly greater time resources for implemen-
tation that is conditioned by their different orientation.

The accepted separation of the resource functionality
into the back-end side and front-end side of the interface
also imposes restrictions on development tools.

Based on the performed analysis results, the decision
was made to use the following software resources:

— for back-end implementation — server scripting lan-
guage php;

— for front-end — multi-paradigm programming lan-
guage javascript, javascript framework jQuery and asyn-
chronous data exchange technology Ajax.

It was decided not to use other tools and frameworks
at the stage of demo-version implementation. The work-
ing version is implemented using the Laravel framework.

For the implementation of the data warehouse, the
analysis of freely distributed web-oriented Data Base
Management System (DBMS) has been performed. It
was decided not to use proprietary DBMS for commer-
cial reasons at once. The analysis of correspondence of
DBMS capabilities allowed to reveal and choose
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MySQL relational DBMS as one of the most wide-
spread for web projects.

In connection with the preparation of protection doc-
uments for the developed system, the database structure
implemented in DBMS MySQL and some of the algo-
rithms are not disclosed in this article.

3.5. Development of the Mineral Deposit Module

In order to build a digital deposit model, it is neces-
sary to obtain accurate data in the place where the core is
extracted from the well, as well as the data of its labora-
tory analysis. Accordingly, the structure of the well for
the introduction of geological data and, partially, for the
introduction of geodetic data on the location of the collar
of the well can be represented by the information pre-
sented in Table 4 and Figure 2.

Table 4. Data on the well

Parameter Measurement unit
Well collar coordinates:
— longitude degree
— latitude degree
— altitude metre
Well depth metre
Well site:
— depth of the well site beginning metre
— zenith angle of the well site degree
— azimuth angle of the well site degree
— length of the well site metre
Well cores table
Well data sheet Pdf-document
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Figure 2. Well: 11— horizontal plane; 2 — apsidal plane;
3 — magnetic meridian; 4 — tangential to the well
shaft point; 5 —vertical line through the point of

angles measurement

Due to the fact that for the majority of deposits of the
1%t and 2™ group in terms of complexity of geological
structure only ordinary vertical straight wells are used,
therefore, it was decided to abandon specially curved
wells in the demo-version. In terms of genesis, such
deposits are usually sedimentary, which implies the for-
mation of a deposit under the same conditions over a
large area, so the use of specially curved wells is not
rational. Accordingly, the approximation algorithms
implementation on these vertical straight wells consisting
of one section, is easier and cheaper.
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Also in the system, in order to reduce the computa-
tional load instead of absolute values — longitude, lati-
tude and altitude — relative values in meters from the
origin of the deposit coordinates (the standard left upper
corner) are used.

Depending on the position of exploration wells, geo-
logists distinguish the proper networks formed by the
wells: square, rectangular and rhombic. Setting the coor-
dinates of each well allows to specify any network of
wells in the system. However, to simplify the approxima-
tion algorithms in the future, it was decided to implement
only the square and rectangular networks. If it is neces-
sary to density the network of wells, the decision was
made to add additional, clarifying networks of wells to
the proper regular network of wells.

Table 5 is completed with data on both the useful
component content and on the content of harmful impuri-
ties, in order to enter the data of the laboratory studies on
cores into the system. If the content of the useful compo-
nent in the mineral is lower than the boundary value, the
volumes of low-grade ores are allocated. These include
reserves, which even in the remote prospect, can be (after
revision of the conditions) assigned to the balance re-
serves. If the core is represented by waste rock, the phys-
ical and mechanical properties of the rocks are deter-
mined: hardness and fracturing. At considerable overbur-
den volumes of one type (for example, more than one
railway train), it can be designated as a mineral of a se-
condary type No. 1, 2, 3 ..., that means stocking this over-
burden on a separate site of a dump (a separate dead end),
since dumps of a similar type overburden can be consid-
ered as deposits of rocks of the type: type No. 1, 2, 3...

The chosen deposits of groups 1 and 2 are, as a rule,
characterized by the content of monocomponents of the
mineral resource. The polymetallic deposits, for example,
due to geothermal genesis, rarely belong to the third, but
more often to the fourth group in terms of complexity of
the geological structure.

The demo-version presents a simplified version of the
system solution, although it is also possible to store a
multi-dimensional array of minerals in the core.

Table 5. Core data

Parameter

Measurement unit

Core number figure
Length of the core metre
Rock hardness number
Rock fracturing number
A mineral

—name literal
— formula formula

— % content %

The results of the Mineral Deposit Demo-Module
development are shown in Figure3 (deposit) and
Figure 4 (well and core).

In order to save space in this paper, only the func-
tional parts are represented of the developed demo-
version of the web-application without a “header”,
“footer” and interface part of the web-windows. Also,
the result is presented only in the resolution for moni-
tors without showing the scaling options for
smartphones and tablets.
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Test Field 40x40x8 K

OTKPBITH CKEAXIHE

TAA  ZKOOPAWHATA YIOMANL®A YTOMGETA TAYHHA

Ao6aguTs HOBYH0 CKEAXIHY

Figure 4. Window Wellbores and Cores

The implementation of the Mineral Deposit Module
has revealed the necessity to add visual representation
in the system of well data on the topographic base and
data of cores.

3.6. Development of the 3D-model Module

In the project, the frame modeling is carried out on
the basis of data of wells and cores. The problem of rep-
resentation is the use of unequally-spaced network of
wells on real objects, which requires the system to bring
the frame model to the points of regular network when
performing the next stage.

The block models are formed within the boundaries
of their frame models. The determination of the content
of useful components in the blocks is carried out on the
normalized model of geological samples using interpola-
tion methods (inverse distance and kriging). In order to
use kriging, a geostatistical study of the deposit should
be previously carried out. When using both methods, the
anisotropy of mineral resource distribution within the
boundaries of mineralization zone, as well as the dimen-
sions of zone of the samples impact may be taken into
account. The block model can be either regular or sub-
block based.

When implementing in the Project at the first stage, it
was decided to abandon kriging and to use only regular
block models.

To implement the 3D-model of the deposit, work was
made to create a 3-D network, the well data were ave-
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raged over 3-D network cells and the data was interpolat-
ed into all the cells of the model.

As a result of the analysis it was revealed that data in-
terpolation can be performed both by classical methods
of interpolation and by methods of artificial intelligence
systems. The first methods are quite simple to implement
(especially if the simplest methods of piecewise linear
interpolation are used), but have low accuracy and are
not capable of learning according the characteristic fea-
tures of deposit types (Oliver, 2004).

The methods based on artificial intelligence systems
have greater computational complexity, but are capable
of learning, i.e. they are able to remember the peculiari-
ties of types of deposits (for example, by the known type
of mineral and genesis) and more accurately interpolate
the same type of deposits.

It should be noted that there is a large amount of in-
terpolation values, which affects both the interpolation
rate and the expenses of data storage and output. The
interpolation in the system is based on the content of the
useful component, hardness and fracturing of rocks.
Accordingly, even in a “crippled” demo-version with a
single component of the mineral resource, the data struc-
ture represents three 3-D data arrays with a dimension
equal to the fraction number of geometric dimensions of
the deposit per the dimension of a single block of the
model. For example, for a 200x200 m deposit with a
depth of up to 50 m and 1 m model block, the number of
blocks will be 200%200x50 = 2000000 units with respect
to only one parameter.

Previously, the project team conducted studies of the
effectiveness of neural networks in the management of
the processing complex (Zarubin & Zarubina, 2013). In
the current project, this studies are extended to interpola-
tion of the deposit geo-data.

The software product implements data interpolation
on the basis of piecewise linear approximation and stu-
dies the possibility of interpolation of geo-data on the
basis of both classical methods and the apparatus of neu-
romathematics — artificiall neural networks (ANN).
When interpolating the simulated deposit space, the clas-
sical methods of polynomial interpolation and cubic
spline interpolation were initially investigated.

The polynomial interpolation of the function consists
in finding the interpolant:

Nk
yi= 2 gx . (1)
k=0

To describe the interpolating function, it is necessary
to determine N+ 1 of the unknown polynomial coeffi-
cients and to solve the system of N+ 1 linear algebraic
equations. To interpolate the dependence of 3 measure-
ments, a system of 3-(N+ 1) equations is required for
each of the parameters (Imamoto & Tang, 2008).

The polynomial interpolation is characterized by an
increase in the polynomial degree (polynomial system)
with an increase in the number of starting points, which
leads to a groundless increase in computational loads.
And the behavior of polynomials is very unstable — sig-
nificant jumps of approximating functions are possible,
which may differ greatly from the behavior of the mod-
eled functions, and increasing the polynomial degree
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does not always allow to solve this problem. In this con-
nection, it was decided to refuse using the polynomial
approximation even when modeling deposits with a
“simple” structure.

When interpolating by cubic splines, the interval of
function determination is divided into segments, as well
as in the case with piecewise linear interpolation. On
each of the segments, the interpolated function is repre-
sented of the form of a third degree:

Yi=a;+b (xi _xi—1)+
(2)

+Cl- (xi — X1 )2 +d(xl- — X )3 +...,

where:

i=1...N, where N — segment number.

At the same time, the function, as well as its first and
second derivatives must be continuous. To describe the
function, it is necessary to determine the 4N unknowns
and solve the system of 4N —2 equations. To approxi-
mate the dependence of 3 measurements, a system of
3-(4N —2) equations is also required for only one simu-
lated parameter. The number of equations is 4 times
greater than at approximation by polynomials, but the
type of functions is simpler, therefore, the computing
expenses are comparable.

The approximation by cubic splines — a method that
gives a more stable result, but has its disadvantages.
Firstly, it is a rather cumbersome view of the resulting
functions. Secondly, the method experiences some
difficulties in case of irregular input data. Thirdly, the
volume of spline coefficients sometimes exceeds the
volume of initial data, and this leads to significant com-
putational loads.

The accuracy of modeling using these methods is
higher compared to linear interpolation, but for the se-
lected groups of deposits the increase in accuracy is not
significant. Also, for these methods, there is a problem of
data plasticity — clarifying the geo-data value by means
of drilling of additional wells leads to recalculation of
value of all the interpolation function coefficients. It is
possible to use other classical interpolation methods, for
example, b-splines of Schoenberg will solve the problem
of plasticity. However, the problem of processing data
bulk by classical methods while maintaining high accu-
racy of prediction is still relevant to them.

The application of Artificial Neural Network (ANN)
for deposits geo-data interpolation has also been studied.
Currently, according to the universal approximation
theorem, an ANN with one hidden layer can approximate
any continuous function of many variables with any
accuracy (Calistratov, 2014). However, despite this, most
of the ANN algorithms give excellent results for the
points with data where the training took place, and the
unacceptable results in intermediate points, unknown to
network. In practice, different network configurations
(forward and back-propagation of error networks, radial
basis networks, etc.) can be used to interpolate depend-
ences, or proprietary ANN architectures can be designed
(Nguyen-Thien & Tran-Cong, 1999).

The project investigates the applicability of the fol-
lowing types of neural networks: forward and back-
propagation of error networks and radial basis networks.
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The first of the studied networks was the Neural
Network with Back Propagation Training Algorithm
(NNwBPTA). NNwithBPTA is based on multilayer per-
ceptrons. The classical algorithm of training is used - the
algorithm of back propagation of error. In the project,
only Fermi function (exponential sigmoid) is used as an
activation function for the network, because, for exam-
ple, large computing expenses are required to calculate
the hyperbolic tangent:

= 3)

where:

s — neuron adder output;

a — some parameter.

The Fermi function is monotonically increasing and
has non-zero derivatives over the entire determination
area. These features ensure the correct operation and
training of the network.

The network with back propagation of error has pro-
vided the problem solution. However, the time spent on
primary training led to the need to bring the algorithm of
its training into the external module and disable time
control for the php-server. It may be relevant to approx-
imation of these complex deposits with trained networks
for specific deposit types, but for simple deposits, it is
irrational consumption of server resources and additional
waiting time for the client to form a deposit model. It
should be noted that at the moment there are faster train-
ing algorithms of this network type than those used in the
project. Perhaps, the application of these algorithms will
make NNwithBPTA applicable for practical use in this
system in the future.

The second option was an attempt to use a Counter
Propagation Network (CPN or Hecht-Nielsen Neuro-
computer). This type of network was developed by R.
Hecht-Nielsen in 1986. Although the CPN has been
trained much faster than NNwithBPTA, it has not been
possible to achieve reliable or at least applicable results.
Most likely, the reason for the failure is that the optimal
number of neurons in the network layers was not found.

The third and the most successful option was a system
consisting of Radial Basis Function Network (RBFN). The
RBFN paradigm is understood as the architecture pro-
posed in 1988 by D. Bruchmed and D. Lowe in 1989.

In many sources (Lin & Chen, 2004; Shafizadeh-
Moghadam, Hagenauer, Farajzadeh, & Helbich, 2015), it
is said that the Radial Basis Network confidently
“works” only with those images that were “presented” in
the process of creation. The special R