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Abstract

:

This paper attempts to define a name for an area of science and technology that encompasses the acquisition, processing and application of spatial data in the mining industry. A comparative study of the evolution of spatial data exchange methods between Geographic Information Systems (GISs) and General Mining Planning (GMP) software is carried out to define the problem and name it. Subsequent modifications of the acronym GIS towards the specialisation of its application in mining are then reviewed. This is followed by the identification of three terminological postulates designed to formulate constraints and rules for the creation of a new definition. The subsequent analysis identifies the nomenclatural basis of the research area of geomatics and determines its applicability in the context of mining. The results of the research made it possible to formulate a new definition of “mining geomatics”. The final section of the article presents an initial proposal for an inventory of the basic concepts of mining geomatics in the form of a Body of Knowledge for mining geomatics.
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1. Introduction


Nowadays, the mineral mining industry is increasingly acquiring spatial data using modern survey platforms such as satellites or unmanned aerial vehicles (UAVs), which perform measurements using active and passive remote sensing technologies [1]. The most common applications of terrestrial laser scanning are for the purposes of inventorying the infrastructure of mine workings [2,3,4], measuring the volume of workings and heaps in underground and open-pit mining operations [5,6,7]. Mobile laser scanning is used to collect information on the location of mine workings equipment [8,9]. Aerial laser scanning, on the other hand, has found application for measuring changes in topographical relief within the boundaries of mining areas [10]. Infrared remote sensing should also be mentioned, which allows the monitoring of waste heaps in coal mining [11]. Other sources of data are measurements made using radar techniques. Using ground-based radar interferometry [12], it is possible to carry out tilt measurements of, for example, a shaft tower or for observing slope stability in open-pit mining [13]. Satellite-based interferometric synthetic aperture radar (InSAR) interferometry has also been widely used in the mining industry [14,15] to measure ground deformation [16]. In the following years, methods were developed to analyse a series of interferometric data called persistent scatterers interferometry synthetic aperture radar (PSInSAR) [17]. A few years later, another method was developed called corner reflector interferometry synthetic aperture radar (CRInSAR) [18], requiring the construction of ground-based angle reflectors particularly useful in open-pit mining for monitoring open-pit slopes and waste tailing embankments.



Equally attractive tools for data acquisition are UAV platforms, which are increasingly used in mining [19,20]. One of the primary methods for analysing data collected by UAV cameras is the structure from motions (SfMs) method, which has found many applications in geoscience [21]. It is a much cheaper method than laser scanning and allows spatial models to be obtained along with textures with the desired accuracy.



Another measurement technology used in mining is measurements using global navigation satellite system (GNSS) satellite techniques [22]. They are widely used to measure the deformation of mining areas [23] and slope gradients of open-pit workings [24]. These systems are also used to determine the localization and operating status of machinery and equipment in open-pit mining, in particular, for the location of mining equipment in a pit [25]. This applies to both manned and unmanned machinery [26].



Data in the form of a series of images taken with a UAV allow spatial models of opencast pits to be created. These types of models can be transferred to a Geographic Information System (GIS) environment [27] where advanced spatial analyses can be performed [28]. However, data of these types can also be analysed in computer systems dedicated to mining called General Mining Planning software (GMPs) or Mining Planning Software (MPS) [29]. Many of these systems have already had modules designed to process and analyse new types of data for many years. MAPTEK software’s I-Site module can just as efficiently process and analyse laser scanning data as it can a point cloud from images taken with a UAV platform [30].



This raises the question of whether it is the subject that defines the field of application of different technologies for its analysis, or whether it is perhaps the application of the technology that defines the processed data in its field. If the technology defines the research area, then we have situations where the same data imported into different systems become different types of data—“gis data” or “mining data”. This is an inadvisable situation where the research tool dominates the research domain, and such an approach can now be considered commonplace. This is confirmed by the analysis of two articles that deal with the analysis of spatial data tools in mining.



This article [31] presents the results of an analysis of 58 scientific articles on the use of GIS technologies for spatial data processing in mining. As a result of this analysis, stages of mining operations in which GIS technologies in mining are increasingly being applied were identified, and these are, according to the authors, mine planning, design support for transport operations and environmental protection in mining. By far the largest number of articles have dealt with GIS applications in environmental protection and infrastructure.



On the other hand, a project was launched in South Africa in 2013 to collect data on the software used in mining. The information was collected in order to compare selected features of this software. The results of the questionnaires completed by mine employees were recorded in a database accessible to them on the Internet [32]. The work resulted in the identification of 40 different systems or individual modules used at different stages of planning the design and conduct of mining operations. None of these systems were GIS-type systems. This means that GIS was not seen as a viable working tool by the staff of the technical departments of the mines, and was not used in the day-to-day work of the technical departments of the mines. Of course, a difference of 7 years between the two articles must be taken into account. However, a clear divide can be seen between the use and description of the applications of these technologies in mining. This situation can be summarised as follows: 7 years ago, miners did not use GIS in their work, in contrast to scientists working for the mining industry, who very often now use GIS for mining analysis.



This situation raises the question: does technology dominate the subject of research and analysis, which is mining? Or is mining the entity of the use of various IT technologies for spatial data acquisition and processing? To obtain an answer, it is first necessary to compare GIS and GMP technologies using a specific criterion. It is also essential to review the definitions of concepts related to spatial data processing in mining. Finally, the reasons for the similarities and differences should be identified and valorised, which will be the basis for defining and naming the area of application of spatial analyses in mining.




2. Materials and Methods Used in Research


In the field of mining, spatial data data acquisition, sharing and processing are carried out by means of increasingly diverse information technologies. These are not always systems developed directly for the mining industry but adopted from other fields, for example, GIS. The mining industry is also making increasing use of modern measurement systems, which were previously developed for other disciplines. This situation results in ambiguity in defining terms related to the use of new information technologies and new data sources. Therefore, an analysis of this phenomenon was undertaken in order to define and systematise it.



In the first part, a study of the information technologies used to process spatial data was carried out. Taking into account the time factor, a comparison was made between selected GMP and GIS systems at different stages of their development. This was followed by a presentation of how these systems and their spatial data storage structures have changed over time. This made it possible to estimate the direction of change in GIS and GMP technologies over the last 30 years. In the second part, three analyses were conducted based on a review of the available scientific literature. The first analysis reviewed attempts to create and popularise acronyms related to the use of the acronym GIS in mining. The second analysis was conducted using the method of terminological association analysis comparing the occurrence of selected mining and geomatics terms in the scientific literature. To date, these types of issues in the context of defining an area of knowledge and skills in spatial data processing in mining have not been analysed.



2.1. Comparative Analysis of GIS and GMP Technologies


Due to the fact that, from the point of view of implementing computer systems into mining, the most important resource is data, the handling of mining data should be used as a criterion for comparison. Another factor to be taken into account in the comparison is the passage of time. Computer systems are evolving and use increasingly more modern data storage and processing technologies. The publication in [33] presents the history of specialised software development for mining. It identifies the phases of its development and identifies the basis of technological features such as graphics editors, descriptive (text) data recordings and system types. A total of 15 GMP systems were analysed. In a second publication [34], an analysis of the development of GIS software is presented, also by phase of development, together with an indication of changes in the relevant technological features of the software over time. Both of these analyses make it possible to correlate the development paths of these two different technologies over time in terms of spatial data exchange capabilities.



The first of the two systems to be compared is the MINEX system, one of the world’s first comprehensive GMP systems. It was designed for modelling in-seam mineral deposits. The second system, which was one of the world’s first GIS-class technologies, was a system from ESRI called Arc/Info. Both systems originated in the 1970s and 1980s. At the time, they were benchmark systems for other systems due to their level of technological advancement. The first task to undertake is to compare the databases of these two systems. The MINEX database consisted of five interrelated files. The files had extensions from *.B31 to *.B34, and they were binary files containing data from geological boreholes and geological surfaces supplemented with *. tr5 format files representing surfaces described by a triangle grid. It was a file database.



The Arc/Info system stored arc geometry. The name symbolised the combination of the word “Arc” meaning arc (curvilinear geometry of polygons) with the word “Info” (meaning database of polygon attributes). At that time, an information layer (a dataset of an object type) occupied one directory and consisted, at its maximum version, of as many as 23 files managed by the application to serve only one layer of selected geometry [35]. Among these files was one of type *.dbf containing the descriptive attributes of the geometric elements, which was recorded in the “Info” database. Such a large number of files was needed to record information about the vector geometry describing a single dataset with attributes and stored on disk including the topology graph. We can categorise both systems as “monolithic”, closed systems, characterised by the absence of data exchange. There were no data exchange files of any kind, nor database sharing. To transfer data between systems, data had to be exported, reformatted and then imported or entered manually. These systems had individual original graphical interface solutions and their own original databases. They were completely separate systems—“coming from other planets”.



Problems with data exchange were recognised as early as the 1990s and affected various types of applications. These years saw the emergence of geomechanical calculation software (stress analysis software), the application of which in mining required the acquisition of data from monolithic systems for mining. Problems with the exchange of data between these systems formed the basis of the scientific article in [36]. On the other hand, GIS software, initially intended for geography and environmental protection, very quickly found application in Earth sciences [37].



Between 1996 and 2005, there was a radical change in software development in computer science. The procedural programming paradigm was replaced by the analysis, design and object-oriented programming paradigm. This influenced a change in software development technology. Another major change was the introduction of a new data type in relational databases—Binary Large OBject (BLOB). This data type has found application, among other things, in the storage of spatial data. GIS software companies are gradually moving their data storage systems from file-based systems to relational database systems.



In the second stage, the next pair to be compared is MICROMINE software from the MICROMINE company and software from the ESRI company called ArcGIS. MICROMINE was founded in 1986. In August 2011, it developed and launched a new version of its main product, which was then MICROMINE 2011. The core module of this system is the Geobank module, which consists of four applications: Core, Professional, Coal and Sample Tracker. The modules can be run on any database: Oracle, Microsoft SQL Server and Microsoft Access. Advertised new features of this version of the software include functionality such as interfacing with multiple GIS formats, importing and exporting GPS data, support for Google Earth’s KML format, increased binary file size and processing efficiency [38]. Meanwhile, the ESRI company converted its flagship software in 2010 and renamed it ArcGIS. The new software stores spatial data in relational databases from Oracle, Microsoft SQL Server or a proprietary *.gdb (geodatabase) database format. In this version of the software, there are already relatively large possibilities for exchanging a diverse set of data formats with other GIS systems. At the same time, in both development paths of GMPs and GIS, the extensive possibility of exporting and importing several spatial data formats between systems appears.



The third stage of software development is the transition to web technology and working with spatial data in a web browser. Spatial data files are now only stored locally on a disk, while in the cloud, the data are stored in databases with spatial data types. At this stage, we can compare two products: ArcGIS Online from ESRI and MineRP from MineRP. Both solutions work over the web in a cloud computing environment by storing data in the cloud. The MineRP solution comprises multiple components, of which the core of the system is the “MineRP SpatialDB” product, the spatial data engine powering the platform, while the second component is “MineRP MineForms”. Cloud services for MineRP are provided by “elytica” company, and for “ArcGIS Online”, these services are provided by Microsoft Azure. The key significance of these solutions is related to the use of geometric layer spatial data storage in a spatial database using OGC (WKB) standards.



Figure 1 shows a schematic diagram of the three phases of change in the level of spatial data exchange in GIS and GMPs over the last 40 years.



An increasing number of GMP software companies are upgrading their applications towards the use of spatial data storage capabilities in a relational database according to OGC standards. Thus, the process of sharing and exchanging spatial data between hitherto separate software domains has already been set in motion, and in the future, it is expected that there will be a synergistic development of these two once-so-different software domains. No spatial information systems, nowadays, can operate without spatial data from other systems, including public or commercial systems. Therefore, GMP software is more often equipped with tools to share already existing spatial data, process it and analyse it in the context of the mine’s tasks. The analysis presented here shows that there is an increasing convergence of these systems, and it is no longer justified to keep them separate.



As an aside, it is worth mentioning that for many years, ESRI has been profiling its software for sale not only for environmental protection but also for logistics companies and governments, as well as industrial and technology companies. A few years ago, ESRI created a division to implement GIS software for the mining industry. For the time being, the company mainly provides solutions for open-pit mining, but the software’s 3D data processing capabilities already allow it to prepare an offer for underground mining as well. On the other hand, many companies producing specialised software for mining have also adapted their software for use in industries other than mining and even in environmental protection and natural resource management. Thus, both types of software are already competing with each other in some of the same areas of the economy.




2.2. Analysis of Concepts Related to Spatial Data Processing in Mining


2.2.1. Attempts to Modify the Nomenclature of GIS Technology for Mining Applications


Over the past 30 years, there have already been several attempts to restructure the acronym GIS to target applications outside of geography. In the mining field, a very popular attempt was to add another letter M to the existing acronym GIS, derived from the words mining or mine. This gave rise to the acronym MGIS, which was proposed in 1996 by authors Wang and Guo as Mine Geographic Information System [39]. However, the first use of the letter M to expand the acronym GIS had already occurred 3 years earlier. At that time, a scientific article describing the application of GIS in marine information systems appeared. This article proposed the use of the letter M in the acronym MGIS as Marine Geographic Information System [40]. A few years later, there was again a publication in which the use of the letter M was revisited with mining [41]. In later years, the term Mining GIS or MineGIS also appears in a publication in Slovakia [42]. With the benefit of hindsight, it can be judged that this name was not adopted for widespread use.



Another solution to this problem is to change the meaning of one of the words that make up the acronym GIS. In the field of mining, another interpretation of the acronym MGIS has been created as Mining Geology Information System [43,44], which has been proposed by scientists in Russia. This solution radically dissociates itself from geography and introduces geology in its place. This is another example of an attempt to distance oneself from the field of geography and transfer a well-known abbreviation into a relatively narrow field of application in the geological–mining industry. Such a transfer is unlikely to succeed because in the popular consciousness, the link between GIS and geography is dominant, sustained by actions like “World GIS Day”.



The abbreviation MGIS can be misleading, as it entitles one to associate a map of underground mine workings with geography, but one will not find such statements as “geography of underground mine workings” in the literature. In addition, the publication in [41] introduces a division of the spatial data processed at the mine site between the data entered into the MGIS system and other spatial data found in the mine’s other information systems, such as the deposit model, mine scheduling or mine ventilation model. The consequence of such an approach is that, for example, the terrain model in the GIS system is a spatial data model and the same terrain model in the deposit modelling system will become a component of the mining data model processed by non-GIS software. Such a division introduces an artificial barrier to data processing, stigmatises the data and splits the spatial data model of the mining site into two parts. Therefore, even for these two reasons alone, the acronym MGIS should not be used to describe the field of spatial data processing in mining.



At the beginning of the 21st century, there were publications in 2002 and 2004 in which the letter M was combined with the acronym GIS to denote mobile GIS [45,46]. In recent years, the letter M has again been used to signify the use of GIS on mobile devices in publications from 2018 to 2021 [47,48]. In order to make GIS systems work on mobile devices, they require a major overhaul of the source code or writing the code from scratch. For this reason, many authors have considered these systems as a separate category and have proposed using the name Mobile Geographic Information Systems, using a variant of lowercase m or uppercase M. This type of modernisation of the abbreviation makes sense, as it implies an adaptation of GIS technology to a new IT platform. In this case, the consistency in naming mobile GIS can be seen and, ultimately, closes the opportunity to use the abbreviation MGIS with regard to mining.



The above-mentioned examples of different types of acronyms prove that attempts to modify the acronym GIS in order to describe its application in mining do not yield satisfactory results. An analysis of the problems related to the definition of the term allows us to formulate terminological postulates regarding the definition of a single term for spatial data processing in mining:




	
The first step is to outline the scope that the name is intended to cover in the existing reality. In this case, we are defining that all spatial data, no matter how acquired and processed, relating to mining fall within the scope of consideration of the new concept.



	
The new name must encapsulate the approach to the definition using the name of any particular information system, not singling out a particular computer system or geospatial technology.



	
The name of the study area should not be an acronym and, in particular, should not include the name of the GIS technology or its derived acronyms.








For the reason that the name GIS cannot act as a naming base, further research related to the definition of such a name that uniquely identifies spatial data processing in mining should be undertaken.




2.2.2. Identification of Concept Meaning Spatial Data Processing


A new naming basis for the application area of spatial information systems for processing spatial data in mining needs to be identified and selected. Existing research results presented in the paper in [34] were used. In this work, six concepts related to spatial data processing were analysed: geomatics [49,50], geoinformation [51], geocomputation [52,53], geoinformatics [54], geotechnology [55] and GIScience [56]. As a result of this analysis, the terms geoinformatics and geomatics were redefined, and the other terms were discarded. Both terms have a different definition (they are distinct from each other) [57]. Geoinformatics is the part of computer science that deals with the development of information systems for processing spatial data. The term geomatics, on the other hand, was defined as the area of integration of spatial data and the analysis of such data in terms of the various disciplines that process such data. Taking into account these research results, the term geomatics was chosen for further naming considerations, which will mean spatial data processing. It is to this name that the field of mining should be added. Before doing so, however, it should be analysed whether such connections already exist in the literature.




2.2.3. Analysis of the Applicability of the Concept of Geomatics in the Context of Mining


The association of the concept of geomatics or the application of geomatics technology with mineral mining has been observed in the literature for many years. In 2001, the authors of the publication in [58] juxtaposed the concept of geomatics with mining as part of a study on the application of GPS systems in open-pit mining. In the same year, another author [59] also linked geomatics to the Earth sciences in terms of the application of mathematical and statistical methods to data analysis in various Earth science disciplines. In the years that followed, the use of GPS technology in mining had already become quite widespread. Successively, however, the phenomenon of combining more spatial data processing technologies in the mining field grew. The next time geomatics was put together in the context of mining was as a method of inventorying illegal gold mining [60]. A year later, the authors of the publication in [61] identified geomatics as a technology that could use wireless networks in developing countries to support, among other things, mining development. In the same year, the authors of the publication in in [62] used a geomatics approach to determine talc mineralisation in an asbestos mine area. In contrast, in 2017, the authors of the publication in [63] used InSAR and GIS technologies to determine the availability of a site for the construction of a new open-pit mine. They situated this research in the field of geomatics, whose tools they applied to mining research. In the same year, the authors of the publication in [64] pointed to the possibility of using geomatics in underground mining. In 2020, the authors of the article in [65] used the term “Mining Geomatic Technologies” to describe the use of a wide range of advanced remote sensing technologies and 3D modelling tools in mining. A 2020 article by the authors of [66] highlighted the use of geomatic technologies in post-mining waste heap modelling: “The use of geomatics technologies in the mining engineering field”. In 2022, the authors of the publication situated the work related to the 3D modelling of underground mine workings in the field of geomatics [67].



The above literature review analysed documents and confirms the direct link already existing in the scientific literature between the term geomatics and mining. It also confirms the indirect connection between the concept of geomatics technologies and spatial data acquisition in mining. Therefore, it can be considered justifiable to proceed to the next stage of the research, which is the formulation of the new concept and the definition of its scope of application and object of research.






3. Results


3.1. Results of Technological Change over Time and Naming Analyses


The result of the research carried out on the comparison of GIS systems used in the field of mining worldwide with GMPs is to identify a progressive process of change in the spatial data structures of these systems aiming at their unification. This process has already been set in motion, and in the future, it is to be expected that a synergistic development of these two once-so-different software domains will occur. In the current context of spatial data acquisition technology, it is more and more crucial to share already existing data processing and analysis services than to acquire them. Systems that were once so radically different are gradually opening up to a common definition of data structures. The result of the analyses on the use of the abbreviation MGIS was the identification of as many as four completely different developments of this acronym in the scientific literature. The chronology of these articles made it possible to place them in a specific order over time. The attribution of the meaning of mining to the letter M took place at the turn of the 20th and 21st centuries. Today, the most recent naming proposals have moved away from using M as mining to using the letter M as a translation of the word mobile or MobileGIS. The analysis of the problems related to defining the concept of using spatial data and spatial information systems in mining allows three terminological postulates to be formulated. The first postulate concerns the scope of the term, which includes all spatial data extracted and processed by mining. The second postulate concerns the name itself, which cannot be derived from the name of a computer system or information technology. The third postulate concerns the prohibition of using an acronym of some technology, e.g., GIS or its derived acronyms to create a new name.



A replacement for the acronym GIS is possible through the term geomatics. Therefore, a review of the scientific literature was performed, which confirms the already existing direct link between the term geomatics and mining. This analysis also confirms the indirect connection of the term “geomatics technologies” with spatial data acquisition in mining. Therefore, it c an be considered justifiable to proceed to the next stage of research, which is the formulation of the new concept of mining geomatics and the definition of its field of application and object of research.




3.2. Proposed Definition of the Term Mining Geomatics


For the first time, the term mining geomatics was defined in 2004 [68] as the application of formal geomatics methods and measures to the processing of spatial data directly or indirectly related to mining operations. This definition was based on the definition of geomatics derived from the ISO 19100 series of standards [69]. In later years, this proved to be a flaw in this definition. Beyond the OGC and ISO 19100 series of standards standardising spatial data schemas, geomatics has not produced its own formal means and continues to rely on computer science as such. In addition, the scope of the definition of this concept in the context of the diverse requirements and technologies used in mining has proven to be inadequate to the actual needs of the mining industry in which advanced specialised software for mining operates.



The publication in [63] uses the phrase “Geomatics in Mining” based on the definition of geomatics from a 1981 French-language publication [70] by Paradis, in which geomatics is defined as a discipline, the field of which is data acquisition. Geomatics in this version of the definition overlaps with other scientific disciplines such as geodesy or remote sensing, and the author of the 1981 definition himself emphasises that geomatics will replace the term geodesy in the future. In fact, after 40 years of this definition, the author’s prediction has not come true. Coutts, in their publication [71], questions the existing definition and application of the name geomatics in the context of geodesy and, in this context, highlights the need to redefine it. It was not until 5 years later that a proposal to redefine the term geomatics appeared.



The new definition of geomatics [34] does not refer to norms and standards, nor does it force geomatics to extinguish or replace other scientific disciplines. It is oriented towards data integration rather than data acquisition. Geomatics is the analysis of spatial data to discover knowledge about the spatial relationships of objects and phenomena related to the Earth’s surface. Therefore, based on this new definition of geomatics, it is possible to use this definition as a “platform” for the definition of domain-specific applications of geomatics. It is precisely this type of domain-specific application that is being conducted in mining. Therefore, the first building block of the new definition will be the term geomatics.



The second element of the definition must be the key concepts involved in mining operations. In the first instance, it must be modelling, which is not only concerned with the deposit. In terms of modelling, it must be assumed that both static and dynamic modelling is considered, i.e., modelling that takes into account changes over time including the ability to model mining processes. One of the most relevant models in a mine is the deposit model, but nowadays, there is an increasing number of talks regarding the models of the entire industrial plant—the so-called “digital twins”. Building such a model for a mine is precisely the area and one of the tasks of mining geomatics. However, the most fundamental concept related to mining and its activities in space is, of course, the planning and design of mining operations (or mining activities more broadly), which can also be carried out to some extent using GIS and not just GMPs. To this should be added any data from monitoring systems of machinery, equipment and people, tools for analysing these data and the visualisation of spatial data. On the basis of this, a new term derived from geomatics can be defined—“mining geomatics”.



Theorem 1. 

Mining geomatics is the knowledge and skill of using information systems to integrate and process spatial data about objects and phenomena occurring in the mining space in a way that enables the modelling and design of mining activities together with monitoring and visualising their state, analysing their changes and forecasting the effects of mining operations.





The defined new concept should not be considered as a science or a scientific discipline. In a scientific context, the concept can and should be classified as a “community of practice” in the field of science, combining only mining science and spatial data processing systems informatics. The next step after formulating the definition is to define its scope and research area.





4. Preliminary Proposal for the Scope of the Body of Knowledge for Mining Geomatics


One of the key factors that determines the functioning and development of a professional community around an idea or concept is a set of basic rules and concepts, identifying problems and processing methods used within that group. It is, therefore, important to identify and define the initial form of the Body of Knowledge (BoK) for mining geomatics. There are many rather general definitions of BoK. Within the scope of this article, the author has adopted the definition given by Romme [72]. Central to this definition is the systematic collection of terms, constructs, models and principles of a given skill area that result from the discovery and validation of concepts within a given professional group. As this is the first attempt to describe such a range of knowledge and skills, this inventory will be limited to a list of principles preliminarily characterising the conceptual scope and problems associated with the operation of spatial data processing systems in mining operations.



4.1. Single Geodetic Coordinate System at the Mine Site


In the past, it was common practice for newly constructed mining operations to establish their own local coordinate systems. This was for a number of reasons: from facilitating geodetic calculations by means of a reduced number of digits in the numbers used to describe coordinates to making the definition of a unique coordinate system secret in order to protect information about a country’s strategic resources. An additional factor hindering the use of mining maps was the frequent practice of using several different coordinate systems even within a single mine. For example, at KGHM PM S.A., nine coordinate systems were used in parallel until 2010. In Chinese mining, the construction of common coordinate systems for multiple mines located in the same region started only after 2005 [73]. In Poland, after the implementation of the INSPIRE directive and the introduction of the mandatory use of state coordinate systems, many mines transformed their geodetic coordinate systems to the state coordinate system [74,75]. This has enabled spatial information systems to be significantly simplified. This is a very important element of building a spatially coherent mine information resource.




4.2. Management of Spatial Data Acquisition


Mining geomatics is primarily concerned with the integration of data based on spatial data acquired in the various technical departments of a mining site for reuse. These data form the basis for integrating the other mining data—geology, hydrogeology, seismic, mining design ventilation and others—into a single model (one data schema) that can be processed aggregated and supplemented with data from other sources. A single data schema does not imply the use of a single relational database for integration. The organisation of the schema can be based on different IT solutions. Geomatics can also deal with data supplementation by acquiring satellite, aerial or other data. Geomatics is also concerned with obtaining data externally from other business units or from state or local governments, and with making the data available internally as well as externally. The ability to build a data schema, supervise the flow of data and manage access to data from the content side is crucial.




4.3. Three-Dimensional Modelling of Mining Data


A typical two-dimensional data presentation in the form of a mine workings map is mostly a well-standardised cartographic product used by all technical departments of a mine. In the field of three-dimensional mine workings cartography, there is no such standardisation anymore. GMP software providers equip the user with their own 3D working technologies binding the user to their products. Meanwhile, more and more state-of-the-art tools to support their work, such as VENTSIM, are appearing in more mine departments. This system requires a 3D model of the mine workings for its operation in order to model the ventilation system of the mine. The system supports both the mapping of workings from a flat map and the import of 3D data, e.g., from the mine design department, which uses GMP software and also maps 3D workings from a flat 2D map. It is, therefore, very important for there to be only one 3D excavation model in the mine, which would be a reference for all the technical departments in the mine.



Another research issue is the development of a method for the three-dimensional presentation of mining data. A systematisation of excavation models needs to be introduced, which will determine the different degrees of complexity of the excavation presentation. This issue is one of several issues related to the visualisation of spatial data in mining. A good example is the visualisation of underground mine workings, which can be presented as four different models. This can be thought of in terms of the concept of LoD (level of detail) for an underground mine. The notion of LoD exists both in computer graphics and in the field of building object modelling in spatial information systems [76]. In mining, a similar solution dedicated to underground mining, underground mine level of detail (UMLoD), can be proposed. Figure 2 shows all models representing the same data set in 4 different degrees of generalisation. The axial (linear) model of mine workings is the simplest. The circular (pipe) model replaces the lines with simple, easy-to-process pipe-type geometric data built around the axes of the workings. In order to be able to build a pipe model, the geometry of the axial model must meet the relevant conditions. The third model is a profile model created from cross-sections of the workings. The last model is a photorealistic model derived from a point cloud with reconstructed solid geometric objects. The development of these models was the subject of the master’s thesis of [77] and was realised outside the environment of GMP and GIS systems.



An extremely important issue besides the visualisation of such a model is the ability to work with these types of data. That is, the ability to open a data file in a short time and to manipulate the model. In the work of [78], these four models were tested in terms of the system’s processing performance during user operation. It turned out that only the first two models could be handled smoothly by the computer system and the other two no longer. Obviously, GMPs offer the models that these systems are able to handle. This example is the background to the broader issue of geoprocessing spatial data in a real-time environment [79].



The example presented here is one of the many issues of 3D and 4D digital cartography that require further research. Further issues in this area are as follows:




	
Visualisation of the deposit model with the completed, planned and projected exploitation;



	
Location, identification and visualisation of mine workings infrastructure equipment linked to systems supporting material and equipment management of the mine plant;



	
Locating, identifying and visualising the process of mining, haulage, extraction, enrichment, storage and sale of exploited raw material links to systems that monitor the output of each stage of its life cycle;



	
Visualisation of the fourth dimension—time;



	
The construction of the digital twin of the underground part of the mining plant.









4.4. Management of Data Processing Systems


Mining plants are characterised by the presence of so-called “information islands” [80], which are created by the individual technical departments of the mines in order to carry out their own activities within the ore exploitation process. They acquire data for their own information systems process and generate models, projects and reports for the head office (management). Under the conditions of a multi-year planned economy, such a model works. The market economy, on the other hand, forces production volumes to become more flexible in order to adapt to changing levels of demand. It also enforces the shaping of the quality parameters of the raw material—the final product of the mining plant [81]. Consequently, the existence of so-called “information islands” is a significant obstacle in terms of optimising data acquisition and the reuse of data and makes it difficult to carry out analyses in terms of mining production optimisation.



Many researchers recognise this problem and undertake research on the organisation and architecture of data processing in technical departments of mines. Initially, data management concepts envisaged the use of a GIS platform as the basis for unifying spatial data management at a mining site [82]. In later years, the construction of such systems in practice demonstrated the need to use many different IT components. The publication in [43] presents the concept of the MGIS system MINEFRAME, which uses four applications running on three databases. The data are modelled using object-oriented technology. On the other hand, the authors of the publication “Digital Mine” [80] propose the construction of a mining technology collaboration platform (MTCP) according to the indications of mining information modelling (MIM) as part of the Chinese “Digital Mine” concept. On the other hand, the author of this publication [83] proposes the use of off-the-shelf MINESCAPE and Deswik software in the system, which has been integrated into a single system with the IT systems used to date in JSW SA’s mining plants. Thus, a production line management system solution in the JSW S.A. has been created.



The integrated processing of spatial data from multiple sources and the verification of plans and projects against the actual results achieved requires a coherent process architecture for planning, designing and monitoring the entire raw material acquisition, processing and sales cycle. It also requires appropriate work organisation, qualified staff and modern hardware and software architecture. This issue is such a broad topic that it can be broken down into many smaller issues, three examples of which are listed below.



4.4.1. Methods of Integrating Spatial Data


An increasing number of different types of task-specific software are being introduced and used in many mining operations. There is a growing trend to supplement monolithic systems with cheaper software commonly used with specialised overlays. This generates problems related to the exchange of spatial data between applications and systems inside the mine, as well as with spatial information systems used by state and local government administrations and the economic environment. This problem is currently being solved in various ways:




	
The expansion of existing databases with a spatial data processing component or installation of such databases dedicated to spatial data management at the scale of the mining company.



	
The use of extraction, transformation and load (ETL) servers to transform features (i.e., geometric objects) between different specialised mining data processing systems. One of the more popular ETL servers on the market is Safe Software’s Feature Manipulation Engine (FME).



	
The use of spatial data service technologies, such as Web Feature Service (WFS) or Web Map Service (WMS), as defined by the Open Geospatial Consortium (OGC), or using commercial solutions, such as WebGIS.









4.4.2. Separation of Spatial Data from Their Processing Systems


It is advantageous for a mining company to introduce methods to manage its spatial data resource in such a way that it is wholly or partly independent of software providers. An important issue is the problem of the distance to the data after the implementation of new software. It is important that the new data become the data resource of the mine and is accessible to other software providers as well as to as many employees as possible. Such an approach frees the spatial data resource from “VendorLock”, understood as locking the data within the delivered system and forces a reduction in the implementation of closed IT systems in favour of open-source technologies. The decisive data separation process is the software ordering/purchasing procedure. This is when it is decided how the newly ordered software will be implemented in the existing IT system and to what extent it will change the work organisation in the company.




4.4.3. Standardisation of Spatial Data in Mining


In the past, there have been many initiatives in the standardisation of mining spatial data to develop international standards for the exchange of geological and mining data. A very attractive implementation environment for spatial data standards was the OGC standards. They used the meta-language eXtensible Markup Language (XML) to build the Geography Markup Language (GML) standard, based on which other languages for the exchange of mining and geological data were developed. One of the first standards of this type for mining was the eXploration Mining Markup Language (XMML) [84], which allowed geological borehole geometries to be described along with sampling results. A year later, the British Geological Survey, building on the two languages GML and XMML, developed its own language GeoScience Markup Language (GeoSciML)—designed for geological surveys around the world [85]. Work has also been undertaken on using the GML language to build a spatial data model for geological information in coal mines [86]. However, there is no information on whether this model has become a standard. In the mining software company community, these standards have not entered into widespread use.



A renewed attempt to introduce mining data exchange standards was made by the non-profit organisation Global Mining Guidelines Group (GMG). It developed the Open Mining Format (OMF) standard in 2017, for which it has developed a library with an API software interface to support the standard. However, there is no information about its applications in mining practice. One of the more interesting OGC standards is the Well-Known Binary (WKB) relational database vector data storage structure. This new standard is already widely used in the new spatial data exchange file format *.gpkg (GeoPackage). Services defined by the OGC such as WMS or WFS have quite strong prospects for application in mining. Examples of their applications in mining will appear in the scientific literature, but there are not many of them. Therefore, the standardisation of the recording of mining–geological spatial data in information systems is still an open problem.



Another aspect of standardisation is controlled vocabularies, which ensure semantic interoperability of data. These are used in many industries and sciences [87]. In the case of mining, one case can be highlighted for the development of a controlled vocabulary for semantic interoperability of mineral exploration geodata for mining projects [88]. The construction of such vocabularies for mining is an essential part of effective data exchange, which is an important factor in its development.



This subchapter concludes with an attempt to standardise mining objects using object-oriented information systems modelling technology. The authors of the publication in [89] proposed the Standard Objects for the Mining Industry (SOMI) standard to implement the interoperability of any type of software used in mining. This ranges from software that controls mining machinery up to data warehouse programming. The authors did not provide details of this solution, presenting only the concept of it.





4.5. Big Data in Mining


In the field of geomatics, there is the problem of performing spatial analyses of large amounts of data [90,91]. In mineral mining, the problem of large amounts of data requiring processing is also apparent. One of the earliest publications demonstrating the use of Big Data technology in mining concerned the use of this technology to analyse geological data in order to improve and refine mineral deposit models for mining companies [92]. The amount of data of raster maps of the surface of mining areas as well as the amount of data from laser scanning of mine workings is so large that the processing time with traditional methods is too long and it becomes necessary to use Big Data [93]. Big Data has also found its way into regional metal pollution risk assessment on a mining area basis. It should be emphasised that the use of Big Data in a mining site is, of course, not only about spatial data. According to Qi [94], it is possible to distinguish four areas from where the data come from: measurements, crew identifiers, process data and mining machine data. In these areas, the spatial factor does not always play an important role, but in the context of the virtualisation of the mine plant, every piece of information in the technical part of the mine has some spatial reference.




4.6. Augmented Reality and Virtual Reality


Augmented reality (abbreviated AR) is a visualisation system that combines an image of a fragment of the real world viewed by the user at a given time with a superimposed digital representation of that world, computer generated from a pre-prepared digital spatial model of the image of that real world. With this technology, a miner can view a pit at the face with a combined digitally generated section of the deposit model, a map of the roof support and other features of the rock mass modelled digitally. Proposals for mining applications of this type of solution emerged very quickly [95] but have not been implemented for widespread use.



Virtual reality (VR) depicts the real world on a computer. It is a technology aimed at mapping the real world and visualising it for the user in a way that is as close as possible to the actual perception of the outside world—the visualised part of reality. With this technology, a miner can view a mining pit in the safety of an office. VR technologies have found widespread use in mining health and safety training. This is because the technology enables a section of the mine workings to be recreated, where the consequences of non-compliance with health and safety regulations can be demonstrated including a realistic visualisation of the damage caused during an accident [96]. Of importance is the degree and quality of the representation of virtual reality in the eyes of the user and the level of its sensation, including touch [97], and the possibility of integrating into this reality data from measurement sensors located in the excavation site [98]. One of the limitations of implementing VR and AR in mining is the lack of a 3D model of the workings. In the case of AR, there is also the problem of the time interval for updating the excavation model. For this reason, the use of AR is currently limited to open-pit mining operations [99], and VR is used in various training systems for mining employees.




4.7. Data Exchange and Collaboration with the Social, Administrative and Economic Environment and in the Mine Life Cycle


The primary form of data exchange is the import and export of spatial data files. Geoinformatics technologies allow for data sharing, which can facilitate and automate access to data. In this regard, data exchange refers to the capacity of the mining company’s internal systems, which should be prepared to exchange data with the company’s customers, external systems of state and government entities and with external cooperators. Of the mining systems, the systems that manage the economics of the mining production process and its monitoring and control [100] are particularly important. Consideration should also be given to the social environment of the mining site, for which the mining site should shape its information policy on the provision of spatial information about the environmental impacts of mining operations. This can be conducted through WebGIS or SDI technology. Spatial data of a mining facility are also data on the environmental impacts of mining activities. This is a very important contribution in the context of achieving the sustainable development of a mining site. Achieving sustainability goals in the life cycle of a mine [101] requires a series of measures that are planned and monitored precisely by means of geoinformatics systems.




4.8. Mining Geomatics Engineer as a New Profession


Mining geomatics can be the basis for defining a new type of profession within the mining industry that combines basic mining and geological knowledge with geo-informatics skills to maximise the use of hardware and software to effectively manage mining operations processes. The mining geomatics engineer must be knowledgeable in the acquisition, implementation and maintenance of modern IT solutions, which will enable him/her to act as a manager of the spatial data infrastructure of the technical departments of the mining plant. In the future, he/she will be responsible for the construction and organisation of geospatial databases in which he/she will coordinate the collection of data from the various technical departments of the various modelling and forecasting systems used in the technical departments of the mine. They will also be responsible for the introduction and application of procedures related to the mining of spatial data collected in these systems.





5. Discussion


The definition analyses performed showed that there were several terms that were formulated to describe the use of spatial data processing systems in mining. The analysis of the term MGIS showed its unsuitability for use in describing a domain or class of software that processes spatial data in mining. Based on this analysis, three terminological postulates were formulated, which formed the basis from the definition of a new name. Subsequent analyses related to the term geomatics justified the creation of a single, universal term “mining geomatics” to denote the use of technology for processing mining spatial data referenced to the Earth’s surface using any IT system. The new term should not be regarded as a new scientific discipline. Like many other newly created definitions, it does not describe a new science and or research discipline but is a “community of practice” [102]. The new term should clearly be associated with mining, where geoinformatics technologies have been applied to spatial data processing.



Based on an analysis of the data exchange between GIS software and GMPs, three phases of the development of GIS software and GMPs were identified. This allows a clear distinction to be made between the technological capabilities of a particular type of software system due to its data exchange capabilities. The third phase of software development was identified by the use of technology to store spatial data in the form of vector and raster geometry directly in relational database tables. This feature of spatial data storage makes it possible to formulate the thesis of a convergence of the directions of GMPs and GIS software development, which in the future may lead to the construction of a common geometric data resource of the mine.



Today, an increasing number of new industrial developments are infiltrating the mining industry. One of these is the concept of “Industry 4.0”, which involves the replacement of human labour by machines and autonomous devices. This implies the need for mobile, real-time cyber–physical systems (CPSs) to recognise the physical environment, enabling the machine to move around and perform a variety of physical tasks [103]. A CPS is one that recognises its surroundings with the help of sensors (laser, radar or optical) and plans its own movement to a designated destination. Such systems can only perform their tasks on the basis of a pre-supplied plan of the work to be carried out, including the location and route they should take to perform their work. In this case, it is also necessary to have a spatial model of the mine workings in order to plan the work. An important feature of CPSs is the ability to provide real-time spatial data of the state of the workings in those areas of the mine through which they have moved or in which they have carried out their work. In this case, CPSs can provide data for the construction of a digital image of the mine workings complementing the “digital twins” concept for the mine plant in terms of updating mine workings data [104]. The concept of combining the autonomy of Industry 4.0 machines in a “digital twins” environment was already identified in 2015 [105] and further developed in concepts by subsequent researchers [106]. Managing a digital model of mine workings with autonomous machines and equipment will be a challenge for future mining geomatics. It is worth mentioning that as early as 2008, the great importance of CPSs for the development of geomatics was predicted and highlighted [107].




6. Conclusions


This article identified and discussed a number of technological and nomenclatural considerations found in the area of spatial data processing in mining. The main conclusion of these analyses is that the term mining geomatics can be applied in practice. The outline of common practices presented in the form of the Body Of Knowledge for mining geomatics presents an initial range of research areas and concepts that form a coherent body of “community of practice” regardless of the type and name of the software used to process spatial data in mining.



The first use of the term mining geomatics should be made by using it as a keyword in scientific articles. There are many scientific articles whose content can be categorised as mining geomatics. This will make it possible to search for those articles whose content presents the results of analyses of mining spatial data acquired by various measurement methods, processed by means of information systems and presented on the web. It would certainly be very helpful if articles on topics such as the development of a mining dataset [108], the use of a geoportal to present mining data [109], methods for assessing the impact of mining using GIS and remote sensing technologies [110] and the use of remote sensing in post-mining areas [111] could be included in one listing when searching using the keyword “mining geomatics”. The use of this term in a keyword system is bound to isolate a fairly coherent category of articles on the same topic.



Finally, it is worth referring to the abbreviation MGIS and mentioning that for many years there has been the abbreviation WebGIS, which is an extremely well-established term for the use of GIS technology on the Internet, widely used in science and the economy [112]. Hence, by analogy, the abbreviation MobGIS can be proposed for the implementation of GIS on mobile devices. Such an acronym is more readable and unambiguous.
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Figure 1. History of increasing sophistication of spatial data exchange between GIS and GMPs technologies. 
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Figure 2. Visualisation of mine workings using different models: (a) axial (linear or centerline) model, (b) circular (tubular) model, (c) profile model, (d) photorealistic model [77]. 
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