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_________________________________________________________________________________ 

ABSTRACT— Although the fields of geospatial data are growing rapidly, the result is still not satisfactory for the 

needs of engineers. No systematic information is available about geotechnical subsurface soil conditions and 

underground artificial infrastructures. This old-age problem is two-fold: (a) inadequate available digital geotechnical 

data, and (b) no concepts to improving the applicability and to updating data for engineering applications. On the 

second, the paper proposes the innovative GIS-based model-driven data processing methodology implemented into an 

expert knowledge algorithm named Semantic Interpreter Pythia (thereafter SI). From the point of view of 

geotechnical engineering, the subject of SI is the automated multi-thematic geotechnical soil profiling (GSP) by which 

it determines the geometry, the properties and the stratigraphy of the site-specific subsoil. From the point of view of 

geographic information science, the subject of this expert is to relate multi-thematic sets of data from databases, to 

interpret these data with a specialized data fusion model and, ultimately, to lead to unified information in a core 

relational database. The paper presents the innovative idea of this algorithm to propose the development of automated 

SI tools by the modern GIS and internet technology. These tools could help disseminate useful and up-to-date data for 

a wide range of uses. Based on the experiences distilled from an extensive geotechnical case study, the paper specifies 

what content is appropriate for engineering studies. The notions of data applicability and geotechnical semantic 

interpretation arise. 
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_________________________________________________________________________________ 

 

1. INTRODUCTION 

Although the fields of geospatial data are growing rapidly, the result is still not satisfactory for the needs of 

engineers. No systematic information is available about geotechnical subsurface soil conditions and underground 

artificial infrastructures. Engineers need digital, dense referring to spatial distribution, meaningful, and applicable data 

for the specific uses of civil engineering studies. It is indicative that this inadequacy exists, although there are national 

and regional projects over the last fifteen years to create a unified spatial data infrastructure (SDI) (e.g., [1] in the 

European Union) and individual development of geotechnical (geographic, spatial) databases and interoperable 

Geographic Information Systems (GIS) (e.g., [2] in Greece). Of course, massive efforts at national level should be more 

intensified. In addition, spatial data infrastructures should, in any case, include geotechnical information. However, the 

problem is not just how to investigate, gather, and digitize quantities of raw data (e.g. field measurements, laboratory 

tests). Case studies on automated microzonation studies by interoperable GIS [3] find that, even in the cases of ideally 

dense availability of spatial raw data at a local area, the applicability of these data is most often restricted regarding of 

fitness for use for the various geotechnical applications. The term “applicability” is herein used to denote the internal data 

consistency which is critically dependent upon meaningful and composable data. The present paper points out that the 

old-age problem of geotechnical data inadequacy is two-fold:  

(a) inadequate available digital geotechnical data, and  

(b) no concepts to improving the applicability and to updating data for engineering applications.  

On the second, the present research proposes the innovative GIS-based model-driven data processing methodology 

implemented into an expert knowledge algorithm named Semantic Interpreter Pythia (thereafter SI). From the viewpoint 
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of geotechnical engineering, the subject of this innovative type of semantic interpretation of databases is to create 

automated multi-thematic geotechnical soil profiles (GSP) (section 3.4). A GSP is a fundamental cross-section concept in 

geotechnical engineering. The term “multi-thematic” in the present research refers to information from a range of actual 

investigations provide data of geotechnical concern. From the point of view of geographic information science, the 

subject of the expert SI is to relate multi-thematic sets of data from databases, to interpret these data with the specialized 

data fusion model and, ultimately, to lead to unified information in a core relational database. 

The study considers that the SI’s multi-thematic GSP provides advantages (section 3.4) which in general are: (1) A 

multi-thematic GSP includes the geometry, the properties and the layering of the sites subsoil; (2) It simulates the 

geotechnical subsurface soil conditions in a meaningful manner thus representing a fundamental input to be used by 

various geotechnical methodologies; (3) If users can getting ready GSP from SI, they will relieve of demanding processes 

and uncertainty; (4) During the GSP process, SI at the same time reduces the data inconsistency of a database content 

improving its semantics-related applicability; (5) The SI concept could share GSP with the modern interoperable GIS so 

that GIS understand geotechnical semantics and disseminate useful and up-to-date data content for wide use.  

The paper presents the innovative idea of this algorithm to propose the development of automated SI tools by the 

modern GIS and internet technology. The extensive case study used GeoSeism [3], which is an interoperable GIS 

designed to input GSP through interoperability with SI. SI models geotechnical semantics and feeds with applicable 

geospatial data the various geotechnical methodologies constitute GeoSeism (section 3.2). The mobile SI version [4] is 

another application of this concept. It has taken over to allow working in situ, both on- and off-line, utilizing information 

and communication technology (ICT), remote sensing and internet technologies. Based on the experiences distilled on 

what content is suitable for engineering studies and when it is inconsistent, SI developed a specific data fusion model, 

called DIKW, to process data from geotechnical databases (section 3.5). However, it is the data inconsistency that makes 

this process much more demanding. The problem is then transmitted from data fusion to resolving the heterogeneity of 

semantics by inferring of likely complementary data. The notions of data applicability and geotechnical semantic 

interpretation arise (sections 4.2, 4.5). The Author believes that Semantic Interpreters like SI Pythia could play an 

important role in the exchange of geographic information, allowing SDI and spatial databases to improve their content 

avoiding duplicated efforts, inconsistencies, delays, confusion, and waste of resources. The aim of SI is dedicated to 

representing information about the subsurface soil of the real world in a form that a geotechnical engineering application 

software could use. If thus engineers are able to get ready GSP as input then they could more easily proceed in their 

specific evaluations related to site effects (e.g., earthquake-generated ground response, soil liquefaction, floods and water 

flow, settlements, shear failures, loading situation on underground pipes, etc.).  

2. BACKGROUND 

2.1 The Notions of Geotechnical Geospatial Semantics, Knowledge Representation and Reasoning, 

Knowledge Expert Algorithms, and Semantic Interpretation 

The term “geospatial data” (or GIS data or geodata or georeferenced data or geographic data) refers to data which are 

pertaining to space (spatial) and, at the same time, have explicit information about their geographic position within a GIS 

(on the spatially enabled database of the vector map or the geo-referenced satellite image). Spatial data refer to features 

or phenomena distributed in the three-dimensional space which have physical and measurable dimensions (e.g., the roof-

depths and the space shape of a soil stratum, the space position and the spatial distribution of a variable, the earthquake-

generated vibrations and the site effects). Accordingly, in the present research, the term “geotechnical geospatial 

semantics” [3] refers to the understanding of the meaning of geographic entities of the real world pertaining to the 

engineering semantics, both to the cognitive (human perception) and to the digital concepts of meanings (digital world). 

Note that, geographic data and information are defined in the ISO/TC 211 [5] series of standards as data and information 

having an implicit or explicit association with a location relative to the Earth. 

Knowledge representation and reasoning (KR²) [6] is the field of artificial intelligence (AI) dedicated to representing 

information about the world in a form that a computer system can utilize to solve complex tasks. KR² incorporates 

findings from psychology and logic to make knowledge representation and reasoning, such as to apply rules and relations 

of sets and subsets. Examples of knowledge representation formalisms include semantic nets, systems 

architecture, frames, rules, and ontologies. Examples of KR² applications include a diagnosing a medical 

condition or having a dialogue in a natural language. 

An expert computer system [7] is a form of software close to the same AI field. It is designed to emulate the 

reasoning and decision-making ability of a human expert so that identifying facts and most often solving problems in an 

automated manner. Its code is represented mainly by if–then rules. It basically includes an inference engine and a 

knowledge base. It may collaborate with a detecting system. Most often it is used for giving explanations or drawing 

inferences or debugging problems. In general, it deduces a fact based on a known fact and established rules. Examples 

of automated reasoning engines include inference engines, theorem provers, and classifiers. 
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Semantic Interpretation is a term which is more acceptable to refer to the natural language understanding component 

of dialog systems that holds the conversation of a human with a coherent structure. According to [8], the goal of 

interpretation is to binding the user utterance to a concept, or something the system can understand, during dialogues in a 

text, speech, graphics, haptics, gestures, or other modes for communication on both the input and output channel. It is 

creating a database query based on user utterance. The same term is also used to describe conventional “interpreters” 

which are related either to desktop applications or to syntactic data converting or to search processes. 

The same term “Semantic Interpreter” is selected to name the present algorithm SI Pythia, because it has just a 

similar role in the understanding of a larger coherent structure. Nevertheless, compared to the above component, the 

design, implementation and subject here are essentially different. SI Pythia is a reasoning and decision-making 

application software, closer to the KR² field of AI. Its subject is to estimate geotechnical parameters (semantics) by 

processing the content of spatial relational databases. However, “semantic interpreter” is the only term could refer to the 

notion of “semantic interoperability” as a concept in the simulation theory and the model-based information technology. 

2.2 Current Trends on Interoperable GIS and Semantic Interoperability 

Among the advantages which make the interoperable GIS a sought-after concept is that modelling can extend 

continuously to lead to current or future interchange of operations and that it can improve the quality of spatial data for 

the benefit of the open GIS data sources [3]. Aspects which preserve the timeless value to express the current trends for 

interoperable GIS concepts, such as GeoSeism or more complex ones are: “Interoperability allows for the analysis of 

data in addition to the straight exchange” [9]. “Interoperability is the ability of systems to provide services to and accept 

services from other systems and to use the services so exchanged to enable them to operate effectively together” [10]. 

“The development of interoperable GIS has long focused on the need for technically unrestricted interchange of both 

spatial data and traditional GIS operations and analysis” [11].  

The above indicate an extent in which a system can manage another system. A necessary ability is to getting tools to 

work together and to manage each other, aiming to exchange data and interpret that shared data. This ability includes an 

extension to the semantics of spatial data and the management of their meanings. This is semantic interoperability. It is 

the ability of two or more systems or elements to exchange information and to use the information that has been 

exchanged taking advantage of both the structuring of the data exchange and the codification of the data (e.g., including 

vocabulary) so that the receiving ICT can interpret the data. It is therefore concerned not just with the packaging of data 

(syntax), but also with the simultaneous transmission of the meaning (semantics) with the data [12]. GeoSeism 

implemented a first concept of interoperable GIS which can model geotechnical semantics to ensure semantic 

interoperability, as well as allows for current or future interchange of geotechnical operations and applicable data for the 

benefit of engineers and GIS. Based on the experiences distilled from the development and application of GeoSeism, a 

descriptive definition is [3]: “Interoperable GIS is any GIS-based information system that comprises components which 

share data and impact over organized datasets, procedures or means in order to achieve commonly accepted goals. The 

advantages they offer are the diffusion of applicable for specific purposes geographic data, the more automated 

production of geographic information, the exploitation of the advantages of the internet, the saving of hardware, software 

or/and resource ware, such as the compliance (use and rights) to inter-operate application algorithms with GIS data 

sources. They tend to an interoperable interpretation over available geographic data structures. They can impact and 

cooperate with GIS-based software applications and databases within one or more GIS operations (collection, storage, 

retrieval, management, visualization, and visual exploration in the Earth's space) and spatial data processes (modelling, 

process, analysis)”. 

One conclusion from the above is that the trends tend to the interoperable sharing and impact and to the use of 

common standards on semantics. The case of GeoSeism [3] finds that the knowledge algorithm SI could evolve more so 

that interoperating with the future interoperable GIS, which (similarly to GeoSeism) will specialize in providing 

automated engineering subsurface information. SI could thus bridge all these GIS with the growing global development 

of GIS data sources.  

2.3 The Problem of Geotechnical Data Inadequacy and Low Applicability 

The problem of spatial data inadequacy is general. Efforts to eliminate this known problem have gradually led to 

today’s active efforts for open data and open standards such as to the technology of web mapping, hybrid applications, 

GIS distributions, volunteered geographic information, and the like. These efforts, either directly or indirectly, indicate 

that there is a need to create qualitative geographic information that would be useful for a better understanding of natural 

phenomena and environmental processes. 

Referring to geotechnical data, the engineering communities focus the problem of inadequacy on the low availability 

of raw geotechnical data from actual in situ measurements (e.g. SPT or CPT field-measurements, geophysical in situ 

measurements, laboratory tests, etc.) and the lack of digital repositories [2]. Thematic and geographic digital maps which 

are most often distributed in raster formats do not provide geotechnical digital data. The product of microzonation studies 

is the best source of geotechnical data. Yet, it is not often digitized and much less often properly organized into 
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accessible databases so as to allow data retrieval and reuse. A database in the sense of a banking application which holds 

concepts such as entities, attributes, tuples and relations. Although geotechnical databases form a powerful tool for any 

engineering study and well-planned geotechnical investigation, geotechnical databases have not been developed for a 

great percentage of European cities. The content of the existing ones remains rather limited either. 

On the other hand, engineering case studies [3] find that even in cases where there is an ideal density of data in a local 

area, the quality of data remains largely sparse, rather ambiguous, and not applicable. The term applicability is used to 

express the wealth content of a database (section 4.2). According to the present study, the content of databases has to be 

under special process to become wealth for high performance in engineering applications. Furthermore, there is no 

implemented framework of geotechnical data and tools to interactively connect with each other in order to use and update 

spatial data in a standardized and efficient manner. The inadequacy of geotechnical data is still large and the efforts in the 

domain of geotechnical data seem to be in a rather primary stage. This inadequacy insists albeit the aforementioned 

global efforts for SDI. The creation of a global SDI of geotechnical data is necessary to reduce the persistent inadequacy. 

The ongoing massive effort to create unified spatial data infrastructures at national level should obviously be intensified. 

The insight of SI is to evolve in such a manner that the web mapping to provide spatially enabled databases of consistent 

and detailed geospatial (GIS) information about the geometry and the engineering properties of the subsurface soil 

formations. Specific-purpose algorithms are needed for this purpose. 

3. APPROACH, RESULTS 

3.1 Purposes and Architecture of SI Pythia 

The methodology and initial implementation of the innovative algorithm Semantic Interpreter Pythia (SI) developed 

(and tested) in the context of a doctoral thesis [13]. The purpose of SI is to determine the geotechnical subsurface soil 

conditions. For this purpose, it currently performs a one-dimensional (1D) GSP (section 3.4). 

Unlike conventional expert systems, which are divided into an inference engine and a knowledge base, the architecture 

of SI consists of two subsystems: the procedural code and a database management system (dbms). The code includes 

stored procedures with embedded SQL processes for evaluations and reasoning. It is programmable allowing for reviews 

and extensions. It is implemented into an autonomous app allowing flexibility so that it is able to interoperate with spatial 

dbms or interoperable GIS. Currently, SI is coupled to the dbms Kallipateira. Kallipateira is a multi-thematic 

geotechnical relational dbms. It relationally integrates both raw and processed data of soil information. Raw data are the 

inputs from external data sources; currently from HelGeoRDaS_uTH [2] (section 4.1). Processed data are the 

intermediate and the final outputs from the apps which interoperate each other in the interoperable GIS called GeoSeism. 

Processed data also include the outputs from SI; which at the same time are inputs for GeoSeism (section 3.2). 

 

Figure 1: SI (Level 3) Establishes Geotechnical Semantics to Increase the Productivity of GeoSeism and the Related 

Interoperable GIS (Level 4) [Source: [3]] 
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3.2 SI Pythia and Interoperable GIS GeoSeism 

GeoSeism is a GIS-based application software which is intended to provide more automated seismic microzonation 

studies by utilizing the interoperable GIS technology [3]. Its methodology estimates the earthquake-generated ground 

response and lateral phenomena taking into consideration the geotechnical subsurface soil conditions. The automated and 

much more effective manner to obtain this geotechnical information found to be the interoperation with SI (section 4.2).  

Some notes about GeoSeism: It is designed to interoperate with a range of standalone (specific-purpose) apps and 

relational dbms. It portrays an implemented combination of technical along with semantic and conceptual interoperability 

maturity, in which the highest level of interoperability consists of more than one apps. Currently it uses the same core 

dbms with SI. Unlike a distributed dbms, which consists of loosely coupled parts that share no physical components, the 

interoperable GIS concept depicts a communicating framework allows for both data and model sharing to system 

members. Members (apps) can use data and impact each other. SI attempts to improve the geotechnical semantic 

interoperability of the system. Figure 1 depicts some procedures (in the apps) of the interoperable GIS GeoSeism. These 

are mutually interoperating each other in order to elaborate automated microzonation studies (Level 4: conceptual 

interoperability level). It also depicts the assistance of SI (Level 3: semantic interoperability level) which interoperates 

with GeoSeism to perform the demanding preparatory work of GSP. This way, SI establishes common geotechnical 

semantics to the apps which GeoSeism interoperates. 

3.3 Sequence of Events in the Operation of SI Pythia 

The sequence of events in the operation of SI Pythia is as follows. Figure 2 depicts the order of data integration, data 

homogenization, and data fusion. These terms are proposed in the present paper to name the included processes. Due to 

not having any absolute definition in the literature, the naming is put under discussion in the present community. 

Stage 1- Search Retrieval. 

The algorithm first attempts to acquire data from the core dbms grounding an SQL query. Next, in a future version, it 

will connect to a web search tool in order to search for available data through the GIS data sources. The search requests 

the geographic coordinates (site-specific retrieval) or the identifier (ID) of a certain soil formation or area (ontology 

retrieval). An ID is an ontology taxonomy which SI establishes to allow for better retrieval of multi-thematic spatial data, 

easy programming, and 3D depiction of the subsurface soil. In cases of lack of relevant data, the algorithm continues to 

search for data in close proximity to the required site. After collecting one or more positive replies from databases, the 

algorithm has either to select the more reliable one or, else, to record all of them in independent records. 

Stage 2- Data Integration. 

The algorithm attempts to integrate the found sets of multi-thematic raw data by recording them in separate records 

and these records in corresponding thematic tables of the relational core database. All records follow the organization of 

the relational data model. It consists of a general table contains the general information of a site (e.g. identity name, 

coordinates, address, type of investigation, elevations, etc.) and of related multi-thematic tables. Every record of the 

general table is recorded in the corresponding records of the related thematic table with one-to-many relation. Data 

integration also involves the modifying of relations between data. For example, when the algorithm has to relate thematic 

tables about laboratory measurements and hydrological data together, both of which refer to the same site, then SI has to 

incorporate all of this complementary information. 

Stage 3- Data Homogenization. 

Data homogenization includes editing tasks and processing tasks. The former aims to improve the layout in the files 

(e.g., updates anomaly, brings the wealth of records together, to alter the existed tuples, to place in hierarchical order the 

candidate keys of soil layering, and the similar). Double or triple records are not removed but kept in the dbms to 

increase confidence. Note that, the present research considers as “double” or “triple” records merely the ones come from 

the same or different sources and refer to overlapping sites and different type of investigations. For example, one record 

may refer to geotechnical investigations and the double one may refer to geophysical investigations, but both of them 

refer to the same site. On the contrary, if the records refer to the same type of investigation then their fields have to be put 

under consolidation. The latter tasks attempts either to create complementary fields in a record or to create 

complementary records. For example, in cases of redundancy of records, if the end-user reads only one of the original 

records, then he will perform a task-cycle with insufficient inputs. Thus, the algorithm has to consolidate the 

complementary fields together, so that the algorithm reads all of them at once. Note that, the double or triple records are 

not considered as “complementary” records. These are not included in this case and are not consolidated. On the other 

hand, creating complementary records is not as simple as it may seem. This entails the need to interpolate data from the 

nearby GSP to fill the fields of a current GSP. Similarly to a clustering algorithm, this is an iterative procedure divided 

into the following steps: (1) sub-divides into thin sub-layers the thickness of the deposit (this process creates empty 

complementary records); (2) assigns the depths of the in situ samplings (geotechnical or geophysical) data; (3) assigns 

the middle-depth between two successive of these samplings; (4) matches the fields of nearest sampling to an empty 
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record; (5) assigns the depths of the laboratory samplings; (6) matches the fields of nearest sampling to an empty record; 

(6) converge clusters to the empty fields performing some fuzzy logic techniques.  

The field matching process to the new records employs criteria based on Euclidean distance. These are optional: 

(a) Nearest Neighbours and Means: Nearest neighbour (NN) is a simple technique associates the nearest sampling 

to the geometric (or mass of uniform density) centre of the sub-layer. NN is a well-known clustering algorithm that 

selects or groups the most similar values.  

(b) Gravity Ranking: The adjacent to the centroid sampling is graded according to how much of the usable data 

these hold. This method is a modification of the NN algorithm. It divides the dataset values into different clusters. 

Stage 4- Data Fusion. 

It is the target-stage of all procedures. It creates GSP (section 3.4) and, at the same time, follows the DIKW model to 

improve the applicability of data (section 3.5). 

  

Figure 2: Data Integration, Data Homogenization, and Data Fusion processes 

3.4 Multi-Thematic Geotechnical Soil Profiling (GSP) of SI Pythia 

A geotechnical soil profile (GSP) is a fundamental cross-section concept in geotechnical engineering. It attempts to 

simulate a real-world cross-section of a soil deposit or rock mass under the ground surface, either in a schema or in a 

spatially enabled database for application use. The latter is what SI creates. There is no strict standard on how to create an 

appropriate soil profile and what to include in it. For most applications, it is a limited input of data which are manually 

typed. It is included in the input stage and there is no processing stage to improve these data. It is modified to suit a 

particular individual software, for its specific syntactic and semantic tasks, without being able to be used in another 

application. Depending on the application, it may be a one-dimensional (1D), or a two-dimensional (2D), or a three-

dimensional (3D) soil profile. It may transmit much or less information. The anyway goal of GSP is to determine the soil 

geometry and properties as a function of depth that the section crosses. Geometry includes the thickness, the inclinations, 

the boundaries, and the discontinuities of the soil layers. Properties include the natural and engineering properties (and 

parameters) of the soil layers; determined on the basis of the available actual samplings investigated the stratigraphy at 

various depths. An integrated GSP also include the bedrock and the groundwater levels. A site-specific profile typically 

displays a vertical soil column beneath a required geographic point of the ground surface. In any case, the GSP is a 

fundamental input for most geotechnical applications (e.g., site characterization, seismic ground response analysis, 

liquefaction potential, spatial analysis). It is a fundamental because it provides detailed data, soil characterization and 

distribution of properties in relation to depth. 

The term “multi-thematic” geotechnical data (or information) is related to geotechnical ground conditions 

(subsurface soil) and includes: geotechnical data from geotechnical field tests (SPT, CPT) and from laboratory tests, 

geophysical data (Crosshole, Downhole) from geophysical field tests, geology data (surficial lithology, rock units, 

bedrock) from geology descriptions, hydrologic data from groundwater measurements, topographic data (coordinates, 

elevations, contours, discontinuities), and relevant data about the properties and geometry of soil strata, the geology and 

the aquifers. Figure 3 depicts the themes of multi-thematic geotechnical data. Details about the geophysical and 

geotechnical tests can be found in many geotechnical engineering books (e.g., [14]. These data come from a number of 

related thematic databases (lithology, laboratory, geophysical tests, etc.) of actual investigated locations (IL). An 

available IL is the site which the actual investigations refer to. 

SI is introduced as a modern concept for creating a site-specific automated multi-thematic GSP. It is a special process 

which subdivides soil deposits into thin sub-layers and then relates the multi-thematic soil data to determine the soil 

properties and geometry as a function of depth. In the end, the process automatically puts the output into a permanent 

data structure so that this output is anytime accessible for a variety of purposes. Figure 4 presents an example of a 

subdivision of soil layers into thinner sub-layers. The algorithm creates complementary records for every new sub-layer. 

Then it matches appropriate data to every new record. These data come from a number of related thematic databases 

(lithology, laboratory, geophysical tests, etc.). Advantages of the GSP of SI Pythia, are: (1) Multi-Thematic Data; (2) 
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Thin Sub-Layers; (3) Deep SP; (4) Maximum Information; (5) Geographical-Referenced Sites; (6) Detailed Automated 

Information; and (7) Improved Data Applicability (Data Consistency and Composability). 

 

Figure 3: Multi-Thematic Geotechnical Data That SI Utilizes 

 

Figure 4: An Example on How a Geotechnical Soil Profile (GSP) is Created by SI 

 

The presently materialized steps of GSP are the following from 1 to 7. The total steps include: 

Step 1- Reference System (RS). SI defines a local RS for every site of the examined area. The RS represents the soil 

column which vertically crosses the ground from a geographic point on the Earth’s surface to the quasi-bedrock depth. 

Step 2- Multi-Thematic Data. SI gathers multi-thematic data from actual investigations about the required site and 

its vicinity and associates them to the defined RS. 

Step 3- Quasi-Bedrock. SI determines the material and the depth of a quasi-bedrock. 

Step 4- Sub-Division of Layers. SI subdivides the unified or the multi-layered deposit into thin sub-layers. 

Step 5- Properties of Soil Sub-Layers. SI distributes in situ tests and laboratory properties to the sub-layers 

following to criteria (section 3.3: stage 4). 

Step 6- Vertical Interpolations. SI extents the soil layering to the quasi-bedrock depth by interpolating. Then, SI 

determines the properties (materials) of the new layers. 

Step 7- Complementary Properties (and Parameters). SI evaluates complementary data (soil properties and 

parameters) for every soil sub-layer. For example, it hyphenates the soil classification, the corrected number of SPT 

blows, the shear waves velocity depending on the in situ tests, the plasticity category, the effective soil stresses, etc. 

The result of this Step is a meaningful 1D GSP. 

Step 8- Mesh Geometry. SI distributes the soil properties (and parameters) to a required mesh geometry using spatial 

interpolation techniques between adjacent soil profiles. The result of this Step is a meaningful 2D GSP. 

Step 9- Spatial Distributions. SI distributes the soil properties (and parameters) to the space using analytic methods. 

The result of this Step is a meaningful 3D GSP and spatial ontologies. 
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3.5 DIKW Data Fusion Model and Applicable Geotechnical Data 

DIKW is a specific-purpose methodology designed together with SI to improve the applicability of the data SI 

employs. DIKW code includes reasoning intertwined with the GSP processes so as to assist and correct step-by-step the 

workflow. Because SI processes the total content of geotechnical data, thus DIKW has to face all of the various semantic-

related inconsistency problems met during GSP. Table 1 presents a catalogue of such cases, such as actions and methods 

to deal with them. Reducing inconsistency increases data applicability. Note that, the cases detected during the currently 

materialized SI levels range from 1 to 5 (section 3.4). 

In essence, DIKW methodology is a type of data fusion process. The term “data fusion” is defined as “the act or 

process of combining or associating data or information regarding one or more entities considered in an explicit or 

implicit knowledge framework to improve one’s capability (or provide a new capability) for detection, identification, or 

characterization of that entity” [15]. Among the most known models which develop detailed data fusion are the JDL 

model [16], which was the first attempt to provide a detailed model and a common terminology over data, and the 

Dasarathy model [17]. 

Table 1: Systematic data inconsistency problems SI faces related to semantics of data 

Problem SI’s Action Method 
Low Data Quality 

No Available Data at a Soil Column 

Shallow Soil Column 

No Data about One or More Soil Layers 

No Data on Some Fields 

No Soil Characterization 

Insufficient Data for Soil Characterization 

Insufficient Data for Alternative Class 

No Data about the Groundwater Llevel 

No Data in the Proximity 

New Data are Available 

Other Particular Systematic Heterogeneity 

Data Cleansing 

Searches Data in the Proximity 

Interpolates  

Calculates Mean Values of Both Sides (Op -Down) 

Approaches on the Basis of Adjacent Records 

Estimates Using a Unified Classification 

Approaches Using Alternative Classifications (Class) 

Approaches on the Basic of Fuzzy Logic (FuzL) 

Searches Data in the Proximity 

Fuzzy Logic (FuzL) 

Updates all Existing Data Sets 

Successively: Searches, Approaches, Alternatives, FuzL 

(Various Fixed Methods) 

Spatial Analysis 

Approaches  

Estimation  

Approaches  

Estimation  

Approaches  

Approaches  

Spatial Analysis 

Approaches  

(Repeats Fixed Methods)  

(Various Case-Specific) 

DIKW Data Fusion includes a predefined order of data processing procedures in a hierarchical concept of levels. 

Each superior level is comprised of information, which is increasingly refined (and generalised) as one progresses 

upwards. This is because the information that comes as output from previous (i.e. inferior) level, acts as data-input to the 

adjacent level for the subsequent computations. However, the semantic content of requests between each hierarchical 

level needs to be unambiguously defined: what is sent is the same as what is understood by the receiving layer. The 

definition of the content of each layer needs also to be unambiguous. For example, spatial analysis is classified at a 

higher level than GSP, while soil layer characterization is classified at a higher level than the standalone values of the 

properties, and so on. A fundamental data fusion process is the construction of associations between one or more data 

elements and another is the evaluation of these elements. The current DIKW designed to serve SI which creates a 

meaningful data clustering for semantic interoperability. It can therefore find wide applications independently of 

GeoSeism. Figure 5 depicts the DIKW data fusion framework. The processing stages are layered as follows. The 

currently materialized levels are the ones from 1 to 3. 

level 1— Multi-thematic data level. 

The base-level of this pyramid consists of multi-thematic data. This level stores records of collected raw data with no 

processing besides data integration and homogenization (section 3.3). The data fusion of this stage combines diverse 

input data sets into a unified (fused) core database by relating records and tables together. 

level 2— Soil formations refinement. 

It is the first level of Information, in the sense that fused data are here more informative and synthetic than the 

original multi-thematic inputs. One or more data from the lower level are used to estimate (or approach) new data (fused 

data). This level may be followed by increment, reduction or replacement. Fused (and consolidated) data sets contain 

attributes and metadata which might not have been included in the original data sets. The output of this stage includes 

more accurate and comprehensive information about the soil formations parameters and properties. 

level 3— Site Soil profile. 

This second level of Information fusion focuses on a higher level of inference. It evaluates the integrated GSP. The 

overall database now constitutes a meaningful representation of all layers. Data fusion might be viewed as set 

combination wherein the sets of the lower level are retained. Consequently, information of this level is composable and 

can be used to evaluate a higher level. In addition, the information from the base to this level is considered as “adjective” 
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information, because it is based solely on real multi-thematic data with improved confidence. This stage completes data 

consolidation and data fusion processes. 

level 4— Spatial Distribution. 

This level evaluates the spatial impact of the site-specific GSP of the previous level. It establishes relationships 

between the objects based on approaches of the probability theory. A future code extension will perform analytic methods 

to determine the hypothetical soil profiles by spatial distributions. This information is neither adjective nor composable. 

Yet, it drives to the creation of a complete 3D GSP. 

level 5— Data on Map. 

This level connects objects on the map. 

level 6— Knowledge. 

This level provides data management and open source code. The aim is to educate users on the know-how about the 

employed methods and the standards. 

 
Figure 5: The DIKW Data Fusion Model 

 

4. CASE STUDY, FINDINGS, DISCUSSION 

4.1 Case Study   

The case study elaborated in the context of the same doctoral thesis [13]. SI interoperated with GeoSeism. The role of 

SI focused on processing the raw content of the external relational dbms HelGeoRDaS_uTH so as to provide ready GSP 

to GeoSeism. The standalone HelGeoRDaS_uTH and the core Kallipateira are compatible. The former represents an 

external data source feeds SI with a remarkable content of multi-thematic data of more than 342 IL. This content comes 

from all the reliable available sources investigated the (multi-thematic geotechnical) ground conditions of an entire 

typical Greek city.  

Apparently, it was an extensive case study. Consider that, the SI’s GSP subdivides thin soil (sub)layers (of 0.60 – 1.00 

m thickness) and the usual number of soil layers ranges from 30 to 150 in every IL. Consequently, the study examined 

much more than a million soil data values. As expected, various research experiences distilled. One of them it was the 

experience to handle (by the code of SI) problematic semantics and related transmitted problems at the modelling level of 

interoperability. A cumulative survey on the interoperability-related experiences is quoted below. Note that, the findings 

about the geotechnical methodology (seismic microzonation analysis and benchmark problems) of GeoSeism are subjects 

of subsequent related papers. 

4.2 Applicable Data, Data Composability, Geotechnical Data Inconsistency, Measuring Applicability 

The term “data inconsistency related to geotechnical semantics” is proposed in the present research to indicate the 

semantic-related problems which restrict data applicability. These problems may lead either to operational failures or to 

rarely detected errors in the output data. Apart from the syntactic heterogeneity, which is always apparent, the most of 
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these problems are related to the semantics and are rarely detectable. Data quantities do not always guarantee 

applicability. The code has to acquire or calculate or approach complementary data and to properly establish a common 

terminology, language, methods, principles, standards, etc. This work is quite demanding and requires much know-how. 

A variety of semantic-related inconsistency in the input data becomes much more important in the case of the 

interoperable GIS. Low composability reflects the internal inconsistency of databases. Inconsistency problems are widely 

transmitted especially when more than one GSP are input for analysis together. This phenomenon indicates that data are 

not applicable. As a consequence, there is no “automated” seismic microzonation study and the so-called in the literature 

is rather an exaggeration. The role of the semantic interoperability level is to appropriately process the meanings of the 

exchanged data so that these are understood by the end-users. Table 2 presents a catalogue of inconsistency cases SI 

faces related to the semantics of data. Of course, extensions to the code are necessary to improve these procedures and to 

solve more semantic-related inconsistency problems. 

The term “applicable (geotechnical) data” emerged in the present research as:  

(a) Data which are meaningful. In the sense that they include as many as possible themes of multi-thematic data. 

(b) Data which prove composability regarding of fitness for use. In the sense that composability reflects the capability 

of data to evaluate a new data element based on two or more other ones.  

(c) Data which prove the organizational feasibility of the data structure. In the sense that the data model holds 

concepts (e.g., relational structure, candidate and alternate keys, ontology) which organize data elements so that these 

better represent the properties of the real world. 

Data composability meant the ability to evaluate (or approach) a target-element of data based on available data sets 

or elements. Composability is obviously increased in a meaningful database because the latter allows for new data 

evaluations. Problems associated with semantics (meanings) restrict composability. DIKW provides data values of all 

intermediate and final levels (section 3.5). This advantage allows the independent use of each level’s data to serve 

various purposes. It is also positive for the productivity of data. 

Table 2 presents indicative data productivity measurements (applicability test) before and after improving by SI the 

input data. Note that, these results come merely from the steps 1 to 5, as these are outlined in section 3.4. 

Table 2: Indicative data applicability test before and after improving data by SI 

Problems against Applicability Before Improvement (%) After Improvement (%) 
Empty Cells of Investigations (IL – Investigated Locations) 87 87 

Cells of Sparse Investigations (< 6 IL/cell) 55 55 

Depths < 30 % of Total Depth 83 83 

Depths = 30 – 80 % of Total Depth 15 23 

Depths  ≥ 80 % of Total Depth 2 87 

No Data about One or More Soil Layers  8 8 

Certain Fields of the Records with No Data 88 78 

Corrections over the In Situ Tests  0 100 

No Soil Characterization 32 20 

Insufficient Data for Soil Characterization  16 12 

Approach a Soil Characterization 0 12 

Alternative Classifications 0 12 

Lack of Laboratory Tests 64 62 

Lack of Groundwater Data  26 6 

Up-to-Date (Active Communication) 0 3 

Other Heterogeneity (e.g., Confuse Empty Fields with Zero) 3 0 

An applicable data model represents information about the world in a form that an interoperable GIS could 

productively use. A measure of applicability could be the degree of data elements which an interoperable GIS can 

productively use from the core database [3]. Based on the present case study, another measure of applicability could be 

the level to which the DIKW model is effectively materialized (see Figure 5). 

4.3 The Importance of the Automated Multi-Thematic GSP 

Most of the proposed SI’s GSP steps are not effective in typical geotechnical software because the latter do 

not perform any elaborated processing stage for this purpose. Users have then to process data in a manual 

manner. They also need to know the know-how on a variety of cases. The processing of inputs and results of a 
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large number of investigations in a city-scale area is a manual work. Similarly, data are manually and repeatedly 

transferred (after every task-cycle) from one database to another. Therefore, a soil profile usually cannot include 

more than a few manual entries or requires non-automated modifications. As a consequence, processes cannot 

easily integrate automated update and reuse of more than one soil profiles at a time  (task-cycle). This type of 

data processing is too obsolete to take advantage of the challenges of modern technology as well as the available 

internet-based data sources. On the other hand, neither the development of multi-thematic geotechnical database 

contents is an easy work nor to add new records over existing relationships. These manual works should be 

avoided due to the very high probability of error, labor intensity and time -consuming use. 

However, technological advances aim at drastically reducing dependence on manual methods. To this end, SI 

is designed to provide a proper database with organized detailed GSP information. This concept is much more 

accessible and applicable than the prior technology. By the help of this automated algorithm, users could avoid 

the preparation of a whole GSP which includes demanding (long, complex and uncertain) processes, and would 

easily obtain meaningful, up-to-date, ready, organized and standardized information. 

4.4 1D Multi-Thematic GSP as a First Meaningful Data Clustering 

The quality of SI tested through the performance of GeoSeism. Because seismic microzonation studies include a wide 

range of engineering knowledge, SI had to be able to serve many such geotechnical methodologies. It found to be a 

flexible solution, SI to create just a detailed and multi-thematic GSP. Because a GSP is the first meaningful data 

clustering, in the sequence, it can be used as an input to various other geotechnical methodologies. However, the latter 

methodologies should be necessarily adapted to read their inputs by the SI’s database. Specifically: 

The GSP is a fully defined but implementation-independent model capable of representing the building block from 

which more complex operations to be constructed. For example, GSP is the most common model before a numerical 

ground response analysis. 

The GSP could establish semantic interoperability to the interoperable GIS so as to improve the applicability of data. 

If GIS obtain ready GSP [3], then both engineers and GIS will avoid much demanding work from the level 1 to the level 

3 (section 3.5). 

The GSP allows for further modelling, because many of the 2D and 3D GSP models could be relatively 

straightforward extensions of the 1D GSP model. A future version could scatter each layer’s properties over a mesh 

network of squares or rectangles. This GSP could then easily help to identify the site-specific properties of the 2D or 3D 

space. Figure 1 depicts a general idea on evolving the 1D to a 2D GSP. 

4.5 Classifications of SI’s Geotechnical Semantic Interpretation and Data Fusion  

Through the development and implementation of SI, three new concepts had arisen: First, the particular 

DIKW model of data fusion (section 3.5). Second, the notion of “Applicable (Geotechnical) Data” (section 4.2). 

Third, the notion of “Geotechnical Semantic Interpretation”. The latter meant the spatial data process 

methodology of SI which is designed to overcome a variety of data inconsistencies related to the geotechnical 

semantics of data and to model the geotechnical semantics of multi-thematic data in databases so that ensuring 

ready applicable geotechnical information within the interoperable GIS. 

Similarly to expert algorithms, the general problem SI addresses is to interpret (identify) the facts. It 

examines and modifies relationships over given table-entities. Depending on the framework [18] which classifies 

expert systems applications, the present application shows traits of more than one category from “Prediction” 

until “Design”. SI differs from expert systems in that its processes are more complex than a mere rules engine. 

Particularly, it consists of two subsystems (section 3.1). The dbms represents data. The code represents the 

processing of data. Data are the known facts. Data processing flows through stored -type procedures and 

embedded SQL processes.  

Similarly to the usual data fusion processes, the novel concept DIKW aims to produce more consistent, 

accurate, and useful information than that provided by individual data . Compared to Dasarathy and JDL (section 

3.5): JDL is oriented toward the differences among the input and output results, regardless of the employed 

fusion method. Dasarathy model differs from the JDL model with regard to the adopted terminology and 

employed approach. It provides a method for understanding the relationships between the fusion tasks and 

employed data, whereas the JDL model presents an appropriate fusion perspective to design data fusion systems. 

DIKW transmits the problem from data fusion to resolving the inconsistency of semantics by i nferring of likely 

data elements (e.g. soil layers’ characterizations). It employs different approaches at every level. It is most 

oriented towards the creation of complementary data. Compared to the above models, the fundamental DIKW 

process is the construction of associations between one or more data elements and to evaluate these elements. 
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5. CONCLUSIONS 

The paper proposes the innovative GIS-based model-driven data processing methodology implemented into an expert 

knowledge algorithm named Semantic Interpreter Pythia (thereafter SI). From the point of view of geotechnical 

engineering, the subject of SI is the automated multi-thematic geotechnical soil profiling (GSP) by which it determines 

the geometry, the properties and the stratigraphy of the site-specific subsoil. This concept aims to fully process data and 

share GSP with the modern interoperable GIS so that GIS understand geotechnical semantics and disseminate useful and 

up-to-date data content for a wide range of uses. Given the lack of related standalone data processing experts in this field 

(because this processing is much application-dependent), the paper specifies what content is appropriate for engineering 

studies. It finds that a GSP is the fundamental input for various engineering methodologies. A multi-thematic GSP is 

obviously meaningful. SI’s multi-thematic GSP simulates in a meaningful manner the geotechnical ground conditions 

and can be used for various purposes while at the same time relieving users of demanding process and uncertainty. If thus 

engineers were able to get ready multi-thematic GSP as input then they could more easily proceed in their specific 

evaluations related to site effects (earthquake-generated ground response, soil liquefaction, etc.). From the point of view 

of geographic information science, the subject of the expert SI is to relate multi-thematic sets of data from databases, to 

interpret these data with the specialized data fusion model and, ultimately, to lead to unified information in a core 

relational database. However, the inadequacy of data makes this multi-thematic GSP process much more demanding. The 

problem is then transmitted from data fusion to resolving the inconsistency of semantics by inferring of complementary 

data. Based on the findings of an extensive case study, SI developed the specific data fusion model called DIKW. The 

final meaningful output is automatically organized in the core database and can be directly applicable by users (human or 

machines). The notions of data applicability and geotechnical semantic interpretation arise.  
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