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Abstract 

The objective of this research is to formally define a spatio-temporal conceptual model that 

captures data semantics required for temporal and geospatial applications. We show how the 

proposed model provides a metaphor that bridges the semantic gap between the real world and its 

spatio-temporal representation in information systems. Our multi-methodological research 

approach includes: (i) formally defining a spatio-temporal semantic model called ST USM 

(Spatio-Temporal Unifying Semantic Model); (ii) evaluating the proposed model using a case 

study and a laboratory study; and (iii) demonstrating practicality of our proposed model using a 

proof-of-concept prototype system. 

We describe a spatio-temporal conceptual modeling approach—applicable to any 

conventional conceptual model—that incorporates sequenced and nonsequenced space/time 

semantics. We have applied our annotation-based approach to the Unifying Semantic Model 

(USM)—a conventional conceptual model—to propose ST USM. ST USM is an upward-

compatible, snapshot reducible, annotation-based spatio-temporal conceptual model that can 

comprehensively capture semantics related to space and time without adding any new spatio-

temporal constructs. We provide formal semantics of ST USM via a mapping to conventional 

USM and constraints (expressed in first-order logic), from which the logical schema can be 

derived. 

To evaluate the proposed model, we conducted a case study at the US Geological Survey that 

helped us assess the extent to which the proposed formalism helps capture all the spatio-temporal 

data semantics for an application. We show that ST USM is ontologically expressive and leads to 

schemas that completely capture the requisite spatio-temporal semantics. We conducted a 

laboratory study and found that an annotation-based approach to capturing the spatio-temporal 
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semantics does not adversely impact the schema comprehension as compared with conventional 

conceptual models (e.g., USM). This implies that annotations provide an intuitive straightforward 

mechanism to capture the spatio-temporal requirements and can be usefully employed to capture 

spatio-temporal semantics accurately. 

We describe DISTIL (Design-support environment for SpaTIo-temporaL data), a web-based 

conceptual modeling prototype system that can help capture semantics of spatio-temporal data. 

Using DISTIL, we demonstrate that the annotation-based approach to capturing spatio-temporal 

requirements is straightforward to implement, satisfies ontology-based and cognition-based 

requirements, and integrates seamlessly into existing database design methodologies. 
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Chapter 1: Introduction 

Many real world applications (e.g., accounting, portfolio management, personnel management, 

inventory management) are temporal in nature [102, 109, 260]. According to Albaredes [3], 

eighty percent of all human decisions contain a spatial component. Mennecke and Crossland 

[139] describe how geospatial information can be applied for business applications like facility 

management, market analysis, transportation, logistics, strategic planning and decision-making. 

Underlying the temporal and geospatial (or geographic) applications outlined above are temporal, 

spatial or time-varying spatial data, collectively referred to as spatio-temporal data. Research 

interest in spatio-temporal data has increased dramatically over the past decade, as is evident 

from published bibliographies [6, 7, 111, 137, 215,218,234,255]. 

Conceptual database design is widely recognized as an important step in the development of 

database applications [13, 59, 199] including the spatio-temporal applications described above. 

During conceptual database design, a conceptual model (alternatively referred to as a semantic 

model) provides a notation and formalism that can be used to construct a high-level representation 

of the real world—referred to as a conceptual schema—independent of the implementation 

details. Data semantics provides a mapping from a representation (e.g., conceptual schema) to 

some concepts in the real world, and is the basis of any information systems. Documentation of 

the data semantics—independent of implementation—brings about better understanding of 

applications resulting in decreased maintenance and testing costs, and improved administration of 

various applications. In an era of rapidly evolving technology environment, explicitly-captured 

data semantics can also help manage system evolution, as enhanced system understanding can 

help ease the maintenance of information systems. The embedded semantics can be used for 

semantic query processing and knowledge discovery in databases. When accessing information 
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from distributed data sources via the World-Wide Web (WWW), being able to understand 

information content determines the correct use of data; thus, data semantics also plays a key role 

in information integration [73, 114, 173, 174], In summary, capturing data semantics has 

implications for creation, maintenance and use of a database, and affects the overall operational 

efficiency and the adaptability of an enterprise to a changing business environment. 

The objective of this research is to propose a spatio-temporal conceptual model that bridges 

the semantic gap between the real world and its spatio-temporal representation in information 

systems. We propose the Spatio-Temporal Unifying Semantic Model (ST USM) [106, 107] and 

show how it can be employed for database design [175], Our two-step spatio-temporal database 

design methodology first captures the current reality without considering the spatial aspects and 

only then annotates the schema with spatio-temporal semantics of the application. To evaluate our 

proposed spatio-temporal model, we conducted a case study at the United States Geological 

Survey (USGS). Since a conceptual schema is the basis of communication between various 

stakeholders, it is not sufficient to define a modeling formalism carefully; it is also necessary to 

evaluate it from the perspective of a database analyst. We conducted a laboratory study that 

demonstrates ease of use and comprehensibility associated with our spatio-temporal semantic 

model. Based on the proposed conceptual framework, we have developed a proof-of-concept 

prototype system called DISTIL (Design-support environment for SpaTIo-temporaL data), a 

web-based conceptual modeling tool that can help capture spatio-temporal semantics for database 

applications. In summary, our multi-methodological research approach includes formally defining 

a spatio-temporal semantic model, evaluating the proposed model using a case study and a 

laboratory study, and demonstrating the practicality of our proposed model via a proof-of-concept 

prototype system. 
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1.1 Challenges and Requirements 

Lately, geographic information is increasingly employed in a wide array of applications including 

social, environmental and economic studies [242], e.g., land information systems, environmental 

modeling, resource management, transportation planning, geo-marlceting, geology and 

archaeology [124], For example, mortgage companies analyze changes in ownership of land 

parcels over years to predict opportunities or nsks for a company. Similarly, epidemiologists 

respond to geographic changes in disease distribution and search for clues in the pattern of 

disease occurrence that will help prevent spread of illnesses. Retailers like Ace Hardware 

Corporation have used geographic information to identify underserved customers and make 

decisions related to store relocation based on where their customers come from [87]. Many 

applications require some aspect of time in organizing their information, e.g., healthcare (patient 

histories), insurance (claims and accident histories), reservation systems, scientific applications 

[59]. With recent advances in technologies like high-resolution satellite-borne imaging systems 

and global positioning systems, spatio-temporal data is finding its way into many traditional 

applications. However, many challenges must be met in developing spatio-temporal applications. 

1.1.1 Space and Time: Bridging the Semantic Gap 

As shown in Figure 1, Klopprogge [112] posits that the mintworld (i.e., an aspect of the real 

world) is observed by sensors (e.g., eyes, measuring instruments), giving rise to the development 

of an empiric structure consisting "of real world sensations." The empiric structure needs to be 

accurately mapped to a representation structure, which helps achieve the ultimate objective, i.e., 

high fidelity in the mapping—phi—fi-om the miniworld (i.e., the real world) to the representation 

structure (i.e., the machine world). A semantic model provides abstract constructs to develop a 

representation structure—independent of implementation environment—of the data manipulated 
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by an application. A semantic model should provide a mechanism to provide a direct mapping 

between the (perceived) miniworld (i.e., empiric structure) and its representation structure. 

observation 
Real world 

(Miniworld) 
Empiric Structure 

representation 

phi 

Representation Structure 

Figure 1: Observation and Representation (1I2| 

One of the problems with developing spatio-temporal applications is that there is "a gulf 

between the richness of knowledge structures in the application domains and the relative 

simplicity of the data model in which the structures can be expressed" [2S4]. For temporal and 

spatial applications, it is left to the designer to discover, design and implement the temporal and 

spatial concepts that they need. In order to avoid complexity, the temporal and spatial aspects are 

often ignored, leading to representation structures that are not a reflection of the empiric 

structures. 

1.1.2 Supporting Granularities and Indeterminacy 

Many prior studies [53, 77, 89, 216, 252, 253] cite the need to support multiple spatial and 

temporal granularities in a database. For example, in a cadasU^l application [89], mortgages can 

be associated with a temporal granularity of day and the representation of long-term land-use 

changes may require a temporal granularity of year. Day and year, or more accurately Gregorian 

day and Gregorian year, are examples of standard granularities, which belong to the Gregorian 
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calendar. On the other hand, user-defined granularities [21] like business week and irrigation 

year may have different definitions in different contexts; e.g., business week can imply 5, 5.5, 6 

or even 7 days depending on organization policy, industry norms, and even culture and traditions 

of a country or a region. Similarly, an irrigation year for, say. North Dakota may be defmed as a 

period from May 1 to September 1. Congruent with the examples above, Klopprogge and 

Lockeman [113] prescribe the need to "offer facilities for defining the calendar system most 

suitable for the application." 

Granularities are intrinsic to spatial and temporal data, and provide a mechanism to hide 

details that are not known or not pertinent for an application [20]. Temporal and spatial 

granularities are integral to spatial and temporal data, and under-specifying the granularity can 

restrict an application, affect the relative ordering of events and impact the topological 

relationships. Developing methodologies and tools to support multiple granularities 

simultaneously is a challenging and active area of research [19, 20, 22, 43, 53, 54, 246, 247], 

However, there does not exist a comprehensive mechanism to capture the users' granularity-

related requirements during conceptual database design. Additionally, indeterminacy—or don't 

know exactly when or where—is related to granularity [53], and may be pertinent for a database 

application. The existing conceptual models do not provide a formalism to specify granularities 

and indeterminacy; as a result, an application's spatio-temporal data semantics is at best only 

partially captured. 

1.1.3 Formal Definitions: Ontology-based Semantics 

The representation of temporal and spatial data is one of the central issues in geospatial 

applications [140] and the need for abstract concepts to describe geographic data objects in 

geospatial databases is well documented [37, 63, 68, 69, 126, 144]. According to Allen [5], "one 

of the crucial problems in any computer system that involves representing the world is the 
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representation of time." However, there does not exist a comprehensive formal approach for 

capturing—at a conceptual level—spatio-temporal semantics like event and state [99], valid time 

and transaction time [210], existence time [77], temporal granularities [19, 20, 53], valid time 

indeterminacy [54], shape and position [46], spatial resolution and imprecision [252, 253], and 

change in position mdlor shape over time [167,232]. 

1.1.4 Spatio-Temporal Conceptual Design Methodology: Orthogonality 

The extant spatio-temporal database design methodologies—e.g., [85, 86, 192]—do not integrate 

naturally into extant conventional conceptual design. While some approaches for adding new 

constructs (e.g., [64, 228, 229]) have changed the syntax of conventional conceptual models, 

some other approaches (e.g., [60, 61, 228, 229]) have even resorted to changing the semantics of 

conventional conceptual models. 

With geographic data finding its way into traditional applications (e.g., insurance, retail and 

distribution), there is a need for an overall spatio-temporal conceptual database design 

methodology that can be integrated into conventional conceptual design. Thus, there is a need for 

satisfying the requirements of spatio-temporal applications without resorting to a fundamentally 

different model. In other words, it would be expedient to develop an approach that is compatible 

with an existing general-purpose methodology. 

1.1.5 Considering Human Factors: Simplicity and Comprehensibility 

One of the deficiencies of the existing conceptual models that can represent geographic 

phenomena is their inability to "represent information in way that is more natural to humans" 

[140, 166]. The conceptual schemas are often used as communication tools; thus, comprehension 

ability and simplicity of the developed schema are important criteria in the evaluation of a 

conceptual modeling formalism. 
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Juhn and Naumann [103] posit that representations "drive discovery" and should be precisely 

and rigorously defined; on the other hand, discovery needs to be "validated," and the schemas 

should be clear and comprehensible. The challenge in adding the space and time dimension is 

balancing simplicity and understandability with preciseness and completeness. Thus, the 

proposed framework should be straightforward to use from database analysts' point of view, 

while providing a metaphor that bridges the gap between a computer system and how human 

beings perceive the spatio-temporal world. 

1.1.6 Design-Support Environment: Realizing tiie Proposed Model 

A design-support environment is a tool that automates many of the analysts' tasks in developing 

software; it helps reduce time and money spent on a project and can improve the quality of the 

end product [66]. The recent revolution in network interconnectivity and the WWW presents a 

unique opportimity for distributed teams to employ an integrated virtual environment for 

designing information systems. 

However, there does not exist a design-support environment that can be employed for 

designing and developing spatio-temporal database applications. Any design-support 

environment should also take into consideration the extant (non-temporal/non-spatial) CASE 

(Computer Aided Software/System Design) tools. Considering the large size of the CASE tool 

market (estimated at S12 billion in 1995 [98]), any spatio-temporal extension should not require 

extensive changes to an existing CASE tool. According to one study [105], 70% of the CASE 

tools are never used; Jarzabek and Huang [98] argue that current design tools "are weak in 

addressing soft aspects of software development." Thus, the CASE tool interface design should 

also take into consideration how we perceive and process spatio-temporal data. 
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L2 Research Questions 

The discussion in the previous section highh'ghts important issues in capturing spatio-temporal 

data semantics and motivates the need for a formal and expressive, yet straightforward and easy 

to comprehend formalism for conceptual modeling of spatio-temporal data. 

The first research question addressed by this dissertation is: "What are the spatio-temporal 

semantics that need to be captured for temporal and geospatial applications?" The basis for 

spatio-temporal semantics is a space and time ontology. We draw from an existing space and time 

ontology that defines the semantics of, e.g., event and state [99], valid time and transaction time 

[210], existence time [77], temporal granularities [19, 20, 53], valid time indeterminacy [54], 

shape and position [46], spatial resolution and imprecision [252, 253], and change in position 

and/or shape over time [167, 232]. We have extended the notion of spatial resolution [252, 253] 

to define spatial granularity and indeterminacy [107]. 

Having characterized spatio-temporal concepts, the next question we address is: "How do we 

incorporate the spatio-temporal semantics into a conceptual model?" To capture spatio-

temporal semantics in a conceptual model, we use annotations. Since the annotations that capture 

the "when" and "where" semantics are orthogonal to "what" is required by an application 

(captured by conventional conceptual models), our annotation-based approach integrates 

semantics related to space and time into any traditional conceptual model, e.g., [13, 40, 59, 172], 

without adding any special constructs. We have applied our annotation-based approach to the 

Unifying Semantic Model (USM) [172] to realize ST USM [106, 107]; we provide the rationale 

for choosing USM in Section 6.2.7. We have defined the annotation syntax in Backus-Naur Form 

(BNF) and have formally defmed the spatio-temporal semantics using USM and constraints in 

first-order logic. Formal syntax and semantics ensure clarity of the defined concepts and 

guarantee translation into an executable form that can be understood by computers. 
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Next we explored how ST USM can be used to drive spatio-temporal conceptual design 

methodology. The third question addressed is; "How do we integrate spatio-temporal database 

design with the extant conventional conceptual design methodology?" We have proposed a 

spatio-temporal design approach that first captiures the current reality of an application using a 

conventional conceptual model without considering the spatial aspects, and only then annotates 

the schema with spatio-temporal semantics of the application. 

The fourth question empirically assesses whether our proposed model provides a formalism 

to capture the requisite data semantics for real-world spatio-temporal applications: "How 

complete is the ST USIVI schema in capturing the spatio-temporal semantics for an 

application?" Completeness is the extent to which a schema can represent reality and implies the 

degree to which the schema contains elements needed to represent the problem domain [131]. We 

conducted a case study with a group of researchers at USGS who are developing a ground-water 

flow model [44] for the Death Valley region; this case study helped us discern the extent to which 

our proposed conceptual model can completely capture spatio-temporal semantics for a geospatial 

application. 

The fifth question evaluates the spatio-temporal model on comprehension: "What are the 

effects of the annotation-based spatio-temporal model on the database analysts' ability to 

perform validation tasks during conceptual database design?" The validation tasks include 

testing whether database analysts can comprehend the spatio-temporal model and apply it for 

discrepancy checking between the modeled reality (e.g., a spatio-temporal schema) and the given 

textual description. We conducted a laboratory study and found that our annotation-based spatio-

temporal conceptual model results in schemas that do not adversely impact schema 

comprehension in comparison with a conventional conceptual model (e.g., ER Model). This 

implies that annotations provide an intuitive straightforward mechanism to capture spatio-
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temporal requirements and can be usefully employed to capture spatio-temporal semantics 

accurately. 

The sixth question examines feasibility of embedding the proposed abstract model and the 

embedded methodology into an implementation structure; "How do we realize the proposed 

spatio-temporal conceptual model, and integrate it into an existing conceptual design 

environment?" Based on the proposed conceptual framework, we have developed a proof-of-

concept protot}^e system called DISTIL [175], a web-based conceptual modeling tool that can 

help capture the spatio-temporal semantics for database applications. DISTIL facilitates; 

(i) development of a conventional conceptual schema (i.e., the USM schema); (ii) annotation of 

the schema to capture the spatio-temporal aspects of the application; (iii) explication of the 

spatio-temporal semantics (via the translated USM schema); (iv) translation to the logical 

schema; and (v) saving the schema as an XML document for schema exchange. DISTIL helped 

gauge the practicality of our approach, wherein the proposed conceptual framework (i.e., ST 

USM) is embedded in a concrete implementation structure. 

The seventh question evaluates the proposed approach from the perspective of a CASE tool 

vendor; "What is the incremental efTort involved in capturing the spatio-temporal semantics 

(i.e^ 'when' and/or 'where') into an existing CASE tool that helps capture 'what' is 

pertinent for an application?" The number of additional classes and lines of code associated 

with our annotation-based approach provided insight about the quantum of effort required to 

capture the spatio-temporal semantics into an existing CASE tool. 

13 Research Methodology 

March and Smith [133] distinguish between natural and design science; while the former helps 

explain "how and why things are," the object of the latter is to create things to achieve pre-
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specified goals. They argue that "an appropriate framework for IT research lies in interaction of 

design and natural sciences"; IT research should be driven by both utility (i.e., design science) 

and theory (i.e., natural science). They propose a framework (Table 1) that distinguishes between 

research outputs and research activities. The design science outputs are of four types: constructs, 

models, methods and instantiations. Constructs provide a language to characterize phenomena. A 

model (which we refer to as a schema) is a representation of how things are. Methods are "ways 

of providing goal-directed activity" and help in solving a problem. Instantiations "operationalize 

constructs, models, and methods." The second dimension (research activities) is based on design 

and natural science activities: build, evaluate, theorize and justify. While "build" involves 

developing an artifact based on certain criteria, "evaluate" refers to the assessment of an artifact 

against certain criteria. 'Theorize" involves explaining how and why certain things happen, and 

"justify" refers to gathering scientific evidence to prove (or refute) the theory. 

msmsmmm 

1 
ST USM/ ST 
USM Schema 

Completeness 
Ontology-based 
Semantics 

Case study at 
USGS 

Aimotation-based 
Approach 

Comprehension 
Cognition and 
Linguistics 

Laboratory 
Study 

1 Design Tool 
Straightforward 
to Implement 

Orthogonality DISTIL 

Table 1: Research Framework; adapted from [133] 

We have mapped various components of our research methodology onto this research 

framework. As may be evident from Table 1, this dissertation presents a multi-methodological 

approach toward answering the research questions and includes the development of a theoretical 

framework (ST (JSM), methodology (an annotation-based approach) and instantiation (Design 

Tool). March and Smith [133] argue that IT research should "develop an understanding of how 
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and why IT system work or do not work." Similarly, Trochim [231] defines evaluation as "the 

systematic acquisition and assessment of information to provide useful feedback about some 

object." We adopt the evaluation framework of linguists who study signs with respect to three 

dimensions: syntactics, semantics and pragmatics [145]. The syntactics dimension includes 

formal relation between signs, the semantics dimension involves the study of signs in relation to 

the designatum (i.e., what the sign refers to) and the pragmatics dimension includes the relation 

between signs and the interpreter. The case study at LJSGS helped in assessing whether our 

proposed formalism adequately captures all the spatio-temporal data requirements (i.e., 

semantics) for an application. An ontologically-expressive [245] conceptual modeling formalism 

should lead to schemas that completely capture spatio-temporal semantics for an application. 

Theories from linguistics and cognition are the basis for the laboratory study that evaluates the 

comprehensibility (i.e., pragmatics) associated with ST USM. While the unit of analysis of the 

case study was a business unit (at USGS), that for a laboratory study was individuals. We 

evaluate the design tool on the basis of additional effort (number of lines of code and number of 

classes) that is required to capture spatio-temporal aspects. As the "what" semantics are 

orthogonal to the "when" and/or "where" semantics, DISTIL is does require changes to existing 

code, and is straightforward to implement. 

In summary, this multi-methodological research first proposes a formalism to capture spatio-

temporal semantics, then evaluates the proposed fiamework using a case study and a laboratory 

study, and finally instantiates the proposed framework via DISTIL. 

1.4 Assumptions 

Having described the research questions and methodology, we next outline the assumptions in 

this dissertation to delineate the scope of our work. 
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• Model vs. Schema: A conceptual model provides a fonnalism to capture data semantics that 

should be maintained if the data are to be consistent with the miniworld (i.e., an aspect of real 

world); thus, a model refers to a modeling formalism. A conceptual schema—employing a 

conceptual modeling formalism—is an abstract description of the miniworld. 

• Daia Semantics vs. Query Semantics: The term "data model" is sometimes construed to 

include both the representation of data objects and operations on those data objects [201]. The 

data semantics are somewhat orthogonal to the semantics of a query language. The data 

semantics (rather than the semantics of a query language) is central to conceptual modeling; 

in the following, we concentrate on the data semantics only. 

• Declarative vs. Procedural: Palmer [157] distinguishes between the represented world and 

the representing world", the former refers to the concepts being represented and the latter 

points to the notations used to represent those concepts. The concepts may be abstract or 

concrete facts, and may include procedural and/or declarative knowledge. Database design is 

associated with explicating declarative knowledge; we, thus, focus on capturing declarative 

knowledge related to database applications. 

• Absolute Space V5. Relative Space: Absolute space considers space as infinite, homogeneous 

and isotropic. According to Peuquet [166], absolute space is objective since it gives an 

immutable structiu-e that is rigid and purely geometric. On the other hand, relative space is an 

ordering relation between objects that determines their relative positions. Allen [4] introduced 

an interval-based temporal logic, which was replicated for Cartesian coordinate system 

(space) by Guesgen [83] using relations like left-of attached to, overlapping, inside and their 

inverses. Relative representations—more popular with researchers in Artificial Intelligence— 

are "underdetermined," i.e., they correspond with "many" real situations and imply relative 
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arrangement of magnitudes [90]. We concentrate on absolute representations that are 

typically employed in databases. 

• Schema Versioning: A database schema can evolve with time, and schema versioning [183, 

184] is an important area of research; however, we do not focus on schema versioning. 

• Indeterminacy: While indeterminacy may be associated with many aspects in the 

representation of the real world, we focus on indeterminacy related to time and space, i.e., 

valid time indeterminacy [54] and spatial indeterminacy [107]. Informally, these types of 

indeterminacy may be characterized as "don't know exactly when or where" information; 

while we know that phenomena occurred within the specified temporal/spatial bounds, we do 

not know the exact time or location of their occurrence. 

• Large vs. Small Scale Space-. Based on perception, space may be differentiated as large-scale 

or small-scale space [120]. While the former is defined as one that cannot be viewed from a 

single viewpoint, the latter is visible from a single vantage point. As with Mark and Frank 

[134], we construe geographic space to be equivalent to large-scale space; in the following, 

we use the term space interchangeably to mean large-scale space or geographic space. 

1.5 Organization of Dissertation 

The rest of this dissertation is organized as follows. In Chapter 2, we describe a conventional 

conceptual model that provides a mechanism to capture "what" is important for a database 

application. We first charactenze the problem of conceptual modeling in the broader context of 

problem-solving. We next describe a conventional conceptual modeling formalism, the Unifying 

Semantic Model (USM) [172]. We summarize the notation of USM in Appendix A: USM 

Notation. 
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In Chapter 3, we provide an overview of space and time semantics that need to be included in 

a semantic model. In describing temporal, spatial and time-varying spatial ontologies we use 

extant glossaries [19, 99] and widely-accepted terminology [46, 53, 54, 209-212, 252, 253]. 

Chapters 4 and 5 are a review of the extant spatio-temporal conceptual models and empirical 

evaluation of conventional conceptual models, respectively. We briefly describe the extant spatio-

temporal conceptual models and evaluate these models. A summary of the evaluation of spatio-

temporal conceptual models is presented in Appendix B: Summary of Temporal Models and 

Appendix C: Summary of Spatial and Time-Varying Spatial Models. In summarizing the 

literature related to evaluation of conceptual models, we describe the laboratory studies that have 

evaluated data modeling formalisms (e.g., ER, 00) on, e.g., comprehension, correctness and ease 

of use. We provide a sununary of extant literature in Appendix D: Summary of Semantic Model 

Evaluation. 

We employ the spatio-temporal ontology (described in Chapter 3) to propose annotations in 

Chapter 6. We apply our annotation-based approach to USM to propose the Spatio-Temporal 

Unifying Semantic Model (ST USM). 

Chapters 7, 8, 9 and 10 evaluate the proposed modeling formalism presented in Chapter 6. 

We first describe our overall approach to evaluating the proposed spatio-temporal model in 

Chapter 7. We present the case study at the US Geological Survey in Chapter 8. The laboratory 

study—described in Chapter 9—evaluates comprehension and ease of use associated with our 

annotation-based approach. Via DISTIL, we show how to realize ST USM and integrate it into an 

existing conventional conceptual design environment (Chapter 10). 

We round out the dissertation in Chapter II with contributions of our work and future 

research directions. 
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Chapter 2: Conventional Semantic Modeling 

In designing information systems, there are two general approaches [213]; (i) Yourdon's 

Approach [258], where the system design is based on the function the system is intended to 

support; and (ii) Jackson's Approach [96], where the system design is based on the structure of 

reality that the system would support. The latter is often considered superior to the former, as 

structures remain relatively more stable than functions. Moreover, it is easier to identify the 

object structure as compared with "intangible" functions [197]. Biller and Neuhold [24] posit that 

there are two types of data modeling formalisms: entity-attribute-relationship (EAR) and object-

relationship models. The EAR models provide a formalism for information systems analysis and 

design [227], and have become integral to many CASE (Computer-Aided Software Engineering) 

tools [197]. Kim and March [108] posit that the EAR models help represent the business 

semantics better than object-relational models (i.e., NIAM [236]). An EAR model that provides a 

formalism to represent "what" is important in the real world is referred to as a conventional 

conceptual model. 

In this chapter, we first describe how conceptual modeling can be characterized within the 

larger realm of problem-solving. Next, we describe a conventional conceptual model called the 

Unifying Semantic Model (USM) [172], which is an extended version of the Entity-Relationship 

(ER) Model [10]. 

2.1 Data Modeling as Problem-Solving 

Modeling—a process of abstraction in which important details are represented while the 

unimportant ones are ignored—is often employed in problem-solving to manage complexity 

[217]; data modeling concentrates on representation of data semantics. Problem-solving [241] 
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refers to "the reasoning process that the analyst uses to analyze an information requirements 

determination problem and to synthesize a solution that meets the needs of the user and the 

organization"; this definition differs from that in domains like linear programming and puzzle 

solving where a notion of unique correct solution exists. Conceptual data modeling involves "an 

open-ended, semantically rich problem space in which the modeler is forced to engage in both 

broader conceptual thinking, as well as focused problem-solving activities" [14], 

Vitalari and Dickson [241] characterize the inherent nature of problems and solutions in 

conceptual modeling that distinguish it from generic problem-solving. In conceptual modeling, 

the problems have ill-defined boundaries and structure, and are dynamic (i.e., they change while 

they are solved). Additionally, there is an uncertainty in the nature and make-up of the solution, 

which is inherently "artificial" because many potential solutions for a problem exist. Moreover, 

solution generation typically requires interdisciplinary knowledge. In summary, conceptual 

design involves open-ended problem-solving, and is an important part of the overall design and 

development of information systems; prior studies, e.g., [92, 177], attribute project failures to the 

lack of identifying real needs during conceptual design. 

Having briefly characterized conceptual modeling, we next describe USM, which provides a 

formalism for capturing data semantics for an application. 

2.2 The Unifying Semantic Model 

The various types of abstractions supported by typical conventional conceptual models, e.g., [13, 

40, 59, 172, 199], include classification, association, generalization/specialization and 

aggregation. The underlying principle of these abstractions is selective emphasis of detail. We 

summarize below key terms and terminology related to conventional conceptual models, 

specifically USM. 
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Consider a simple example of an academic department in a university. Figure 2 illustrates the 

USM schema that represents "what" is important for the department application. The user 

requirements for the department application include capturing facts primarily related to FACULTY 

and STUDENT. All FACULTY are responsible for teaching and research. FAQJLTY leads 

RESEARCH_PROJECr. Each FACULTY can be categorized into various FACULTY.STATUS.TYPE, 

which is defined (or "Enum"erated) by the application user. Some of the examples of the 

FACULTY_STATUS_TYPE are clinical, tenure-crack, teaching and research. 

PHD_STUDENT is a subtype of STUDENT; there are certain facts related to PHD_STUDENT that are 

generic and inherited from STUDENT. PHD_STUDENT is supported by the department in two 

ways, teaching and research assistantship. Each PHD_STUDENT is directed by 

DISSERTATION.COMMITTEE, which is formed from a group ("Grp") of FACULTY in the 

department. INSTRUCTOR in the department can be of two types, TEACHING_ASSISTANT and 

FACULTY. INSTRUCTOR often reserves BOOK for COURSE so that STUDENT gets an opportunity to 

refer to a pertinent course BOOK. COURSE offered by the department can have another COURSE as 

a prerequisite. For example. Database Systems (MIS331) has Business 

Programming (MIS121) as its prerequisite. 

2.2.1 Types of Abstractions 

As shown in Figure 2, all of the requirements described above can be easily captured in the 

schema using the formalism provided by a conventional semantic model, e.g., [40, S9]; we use 

USM. Each of the symbols in the schema shown in Figure 2 has an associated semantics. In the 

following, we briefly describe the semantics associated with various USM constructs. A summary 

of the syntax for USM is provided in Appendix A: USM Notation. 

All real world objects are referred to by the term entity, e.g.. Database Systems 

{MIS3 31). Characteristics or properties of entities aie called attributes (Aj, where i = 1,..., n). 
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Each attribute has associated with it an attribute domain {dom{Ai)), which is the set of values that 

an entity can take for the attribute. An entity class (or class) may be defined as 

E = U, (Aj, dom(Ai)). The set of instantiations of an entity class is referred to as an entity set. In 

other words, an entity e of an entity class E may be designated as e(E) and a set of entities of an 

entity class is represented by S{E) where e{E) e S(E). For example in Figure 2, BOOK is an entity 

class that has the attributes title, authors, ISBN, edition, number_of_copies and publisher. 

Attributes are created by property relationships. Associations between or among members of 

entity classes are called class relationships. If an attribute is created by a property relationship, its 

values are drawn from an attribute domain. An attribute created by a class relationship refers to 

members in some other entity class. In this case, the domain of the attribute is a set of entities 

belonging to another entity class. USM distinguishes between simple and constructed entity 

classes. In simple entity classes all attributes are created by property relationships, whereas in 

constructed classes there are one or more attributes that are created by class relationships. 

Constructed classes are used to model entities built from other entities of the database application. 

We briefly describe various class relationships: interaction, generalization/specialization, 

composite and grouping. 

An interaction relationship refers members of one entity class to members of one or more 

entity classes. Formally, let /? be an interaction relationship and E\, E^,.--, E„ be classes that 

participate in the relationship. An interaction relationship set, S(R), may be considered to be a 

subset of the Cartesian product S(£|) x SiEz) x...x S{E„); a relationship instance, r(/?), consists of 

exactly one entity from each participating entity set. In Figure 2, advises is an interaction 

relationship between FACULTY and PHD_STUDENT. Each instance of 5(advises) includes an entity 

from ^(FACULTY) and an entity from 5(PHD_STUDENT); advises does not include any interaction 

attributes and does not have an associated interaction class. Each participating entity class plays a 



35 

role in the relationship; this role may be specified by a role name. Role names are required only if 

the same entity class participates more than once in the relationship with different roles. For 

example, COURSE participates in the relationship requires twice with role names, is and has. 

Generalization is a form of abstraction in which similar objects are related to a higher-level 

generic object; the constituent objects may be considered as the specialization of the generic 

object [8]. A generalization proceeds from the recognition that a number of entity classes share 

some common features. The crucial property of higher- and lower-level entities created by 

specialization and generalization is attribute inheritance; the attributes of higher-level entity 

classes are said to be inherited by the lower-level entity classes [199]. For example, in Figure 2 

PHD_STUDENT is a superclass with RESEARCH_ASSISTANT and TEACHING_ASSISTANT as its 

subclasses. Certain conmion attributes in PHD_STUDENT apply to both RESEARCH_ASSISTANT 

and TEACHING_ASSISTANT, i.e., minor. Attributes like project_name and funding_agency are 

specific to RESEARCH_ASSISTANT, and course_name is an attribute specific to 

TEACHING_ASSISTANT. 

A composite relationship defines a new class called the composite class that has another 

entity set (or subsets of an entity set) as its members. A composite relationship is similar to the 

"power set grouping" in [188], in that they both represent a set whose members are subsets of the 

base entity set, S{E). Each member from a composite class—referred to as a composite—is a 

subclass from some other class called the base class. For example, FACULTY_STATUS_TYPE is a 

composite on FACULTY that is defined (or "Enum"erated) by the application user. In this example, 

the component class FACULTY is both a subclass and a subtype [188] of the composite class 

FACULTY_STATUS_TYPE. 

A grouping relationship defines a new class, called a grouping class, whose members are 

physically or logically made up of members or sets of members from some other entity class(es). 



36 

called component classes. The grouping estabh'shes a "part-of' or "property-of' relationship. For 

example, FAQJLTY (i.e., component classes) can be grouped to form a 

DISSERTATION.COMMITTEE; each member of a dissertation committee is a subset but not a 

subtype of its component classes. 

Table 2 below summanzes various types of abstractions described in this section. 

Level or 
abstraction 

Description Domain 

Simple Class A collection of entities that have common 
properties (awri, atlrz arrr.) 

Cartesian product of attribute domains: 
Dc = Dom\ X...X Dom^ 

Interaction Class A collection of associations among members of 
classes E £. and described by the interaction 
attributes altr,. attri attr. 

Cartesian product of domains of the participating 
classes and interaction attributes: 
0» = DE\ X...X Dc, X Donti X...X Dom. 

Subclass A subtype and a subset of each of its super-classes 
P, P,-, described by all attributes of its super
classes and Its own attributes atiru altrz,..., attr„ 
if there are any 

Cartesian product of the intersection of domains of its 
super-classes and domains of subclass attributes 
Ds = (Dn rv...n Dr.) X Dom, X...X Dom, 

Composite class Described by attributes (Contents, ann, attrz...., 
aitr,)\ each member of the composite class is both 
a subset and a subtype of its base class E 

Cartesian product of the powerset of the underlying 
class and domains of composite attributes: 
DF-=?(DC) X Donit X...X Dom« 

Grouping Class Described by attributes (Contents. aitr\, altrz 
allr. ); the projection of each member of the 
grouping class C on component class is a subset 
but not a subtype of the component class(es) 

Cartesian product of the power sets of domains of 
component classes and domains of (he grouping 
attributes; 
DG= P(Dc i )  X...X ?{Dc.) X Dom, X...X Oom. 

Table 2: Summary of Various Types of Abstractions 

2.2.2 Constraints 

Many types of constraints can be specified on the schema, i.e., key constraints on attributes of an 

entity class, cardinality constraints for interaction relationships and class constraints for 

specialization/ generalization relationships. 

A key attribute is used to identify each entity uniquely. For example, SSN (Social Security 

Number) may be deflned as the key attribute for STUDENT. Specifying an attribute as key implies 

that a uniqueness property must hold for every extension of the class. 

A cardinality constraint specifies the number of relationship instances in which an entity can 

participate. Formally, the cardinality n may be considered to be a construction of a bijection 

firom a standard set IM„= {1, 2, 3,..., n), i.e., a mapping of the first n positive integers 

for some positive integer n to the set being counted. 
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The general syntax for cardinality constraints is {{minimum):{maximum)\ where: 

(i) (minimum), (maximum) e Z u {M, N} and 

(ii) 0 < (minimum) < (maximum). 

Note that M and N denote no upper limit. For example, each FACULTY can advise a minimum of 0 

to a maximum of many (i.e., "0:M") PHD_STUDENT. On the other hand, each PHD_STUDENT is 

advised by a minimum of 1 and a maximum of many (i.e., FACULTY. 

As shown in Figure 3, USM defines constraints among subclasses and among a collection of 

subclasses with a common superclass. There are three types of constraints among subclasses of a 

common superclass; equal, mutually exclusive and overlapping. 

vZ)'" 
Equal Mutually Exclusive Overlapping 

Relationships among subclasses 

G 
Totally Exhaustive Partition 

Relationships among collections of subclasses 

Figure 3: USIVf Class Constraints 

If the subclasses have exactly the same members, it is referred to as equal. If the members of 

subclass 1 cannot be members of subclass 2, the two subclasses are referred to as mutually 

exclusive. If an entity in the superclass can be a member of multiple subclasses, then the 

subclasses are referred to as overlapping. For example, subclasses RESEARCH_ASSISTANT and 

TEACHING_ASSISTANT (for the superclass PHD_STUDENT) in Figure 2 can be overlapping. This 

implies that a PhD student can be either research assistant and/or teaching assistant. On the other 

hand, subclasses TEACHING_ASSISTANT and FACULTY (for the superclass INSTRUCTOR) are 
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constrained to be mutually exclusive; an instructor can be either teaching assistant or a teaching 

faculty but not both. 

USM also defines two types of relationships between collections of subclasses with a 

common superclass: totally exhaustive and partitions. The totally exhaustive constraint among a 

collection of entity classes implies that every member of a superclass must be a member of at 

least one of the subclasses. The partition constraint implies that the collection is totally exhaustive 

and mutually exclusive. For example, TEACHING_ASSISTANT and FACULTY (for the superclass 

INSTRUCTOR) in Figure 2 have a partition constraint; this implies that every instructor must be a 

teaching assistant or a teaching faculty. 

2.3 Summary 

Woods [250] defines data semantics as the meaning and use of data. In the information systems 

context, data semantics [193] refers to a set of mappings from a representation language to 

agreed-upon concepts in the real world. The data semantics provide "a connection from a 

database to the real world outside the database" [193] and a conceptual model provides a 

mechanism to captwe the data semantics. A conceptual schema concisely defmes the data 

semantics for the application, and includes specification of entity classes, relationships, attributes 

and constraints. 

USM—a conventional conceptual model—provides an abstraction mechanism for 

classification, association, generalization/specialization and aggregation. Entities represent 

objects of interest in the real world. Attributes are facts (i.e., statements that can be assigned a 

truth-value) associated with entities and represent properties of objects. Two or more entities may 

form a relationship, where each entity plays a certain role in the relationship. Unlike other 

semantic models (e.g., [40]), USM segregates different types of relationships, i.e., interaction. 
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superclass/subclass, composite and grouping. This implies that the relationship construct is not 

semantically overloaded [91 ] in the sense that the same construct is not used to represent different 

types of relationships. 
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Chapter 3: Time and Space Semantics 

Sheth [193] posits that data semantics are embedded in data, metadata and ontology. Ontology is 

the specification of the representational vocabulary for a shared domain of discourse [81 ]. In this 

chapter, we review ontological concepts related to temporal [4, 19, 20, 53, 54, 99, 209-212] and 

spatial [46, 68, 181, 252,253] data. 

3.1 Time Ontology 

The basis of time ontology is the defmition of the time domain and temporal relationships. We 

review extant definitions associated with how facts can interact with time [210-212]. Intrinsic to 

temporal data is temporal granularity; we present existing definitions associated with temporal 

granularity [19, 20, 53] and indeterminacy [54]. 

3.1.1 Time Domain and Relationships 

A time domain is denoted by the pair (J, <), where 7" is a nonempty set of time instants and is 

the total order on T. We can assume the time domain is either discrete or dense. An instant is a 

time point on the time line. For example, (Z, <) represents a discrete time domain where instants 

are isomorphic to integers, implying that every instant has a unique successor. While there is no 

general agreement if time domain is dense or discrete, the temporal database community agrees 

that a discrete model of time is generally adequate for representing reality [101]. Additionally, 

time is assumed to be bounded at both ends, i.e., the past and the future [208]. 

The time between two instants is referred to as a time period. An unanchored contiguous 

portion of the time line is called a time interval, e.g., one day. An interval is relative while an 

instant is absolute [209]. A non-decomposable time interval of fixed minimal duration is referred 
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to as a chronon. A finite union of non-overlapping time periods is referred as a temporal element. 

As shown in Figure 4, relationships between temporal intervals can be described with thirteen 

Allen's [4] predicates; before, before'^, meets, meets'\ overlaps, overlaps'^ finished, finished 

during, during'^, starts, starts'^ and equals. 

before (x.y) , , ^ , 
before'^(y,x) 

meets (jr. y) , , 
meets'(y,x) 

overlaps (J. y) ^ '' ^ 
overlaps'' 0'- •'^) ^ ' 

finished (x. y) i r ! 
finished'[y.x) i y ~ 

during {x.y) , T ~ 
during-'(y,x) i y ~l 

starts (x, y) i r I 
starts '{y,x) i y i 

equals (x. y) \ ^ ~ 

Figure 4: Alien's (4| Predicates 

3.1.2 Associating Facts with Time 

Facts can interact with time in two orthogonal ways resulting in transaction time and valid time 

[210], Valid time denotes when the fact is true in the real world and implies the storage of 

histories related to facts. On the other hand, transaction time links an object to the time it is 

current in the database and implies the storage of versions of a database object. The versions of 

entity instances (or their attributes) are referred to as extension versioning and versioning of the 

definitions of entities is termed as schema versioning [207], Existence time, which applies to an 

object, is the valid time when the object exists [77]; it is also referred to as a lifespan [99] of the 

object. While the temporal granularity can be specified for existence time and valid time, that for 

transaction time is system-defined. The transaction time has duration from insertion to (logical) 
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deletion [102] and can include granules only up to the current time granule in the real world. A 

transaction timestamp includes Until Changed (UC), which is a special transaction time marker. 

If the transaction time includes UC, the associated fact is current in the database. An 

uninterpreted time value is referred to as user-defined time [102]. Time-varying data may be 

modeled as an event or a state [100]. An event occurs at a point of time, i.e., an event has no 

duration. In other words, an event is instantaneous and its occurrence results in a fact becoming 

true. A state has duration, e.g., a storm occurred from 5:07 PM to 5:46 PM. 

There are three kinds of temporal statements: current, temporal sequenced and temporal non-

sequenced, which can be associated with different kinds of time (i.e., valid-time and transaction 

time) and different types of temporal data types (i.e., instant, interval and period) [209]. Current 

statements refer to now (e.g., the current query: "What is the current water-depth at the specified 

borehole?" or the current constraint: "Two different borehole sites cannot be associated with the 

same pumplift now"). Temporal sequenced statements refer to each point of time (represented by 

a granularity index); e.g., the temporal sequenced query: "What has been the water-depth at the 

specified borehole each day since 2001-01-03?" or the temporal sequenced constraint: "Every 

day within the lifespan of a borehole is associated with a test for leakance and diffusivity." 

Temporal non-sequenced statements do not treat time specially or reference all points of time; 

e.g., the temporal non-sequenced query: "At the specified borehole, when was the water-depth 

greater than the maximum depth recorded on 2000-03-04?" or the temporal non-sequenced 

constraint: "A pumplift that is assigned to a borehole site cannot be reassigned to another 

borehole site." 

3.1.3 Temporal Granularity 

Temporal granularity is a measure of the time datum. In the following, the definitions of temporal 

granularity and granularity relationships are based on those of the time glossary [19, 20]. 
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A temporal granularity is defined as a mapping TG from index i to subsets of the time 

domain such that: (i) granules TG{i) in a temporal granularity do not overlap; (ii) the index order 

of a temporal granularity corresponds with the time domain order; (iii) the index set of a temporal 

granularity provides a contiguous granule encoding; and (iv) a special granule called the origin, 

TG{0) is non-empty. Although the index of a temporal granularity is constrained to be contiguous, 

the granules are not constrained to be contiguous on the time domain. Thus, a temporal 

granularity defines countable set of non-decomposable granules that can be composed of a set of 

contiguous instants or non-contiguous instants. Some examples of temporal granularities are 

Gregorian day, business day and business week. While Gregorian day is a temporal granularity 

with contiguous granules of hour, business day is not. Each non-empty granule may have a 

textual representation termed a label (e.g., "November 25, 2000"), which can be mapped to the 

index integer with a mapping called the label mapping. The earliest time domain element in the 

origin is referred to as an anchor with respect to the time domain. The union of time granules is 

called an image of a temporal granularity. The smallest interval of the time domain that contains 

the image of a temporal granularity is called the extent of that granularity. The image of a 

temporal granularity can be contiguous or have holes in it. Gregorian day and business day are 

granularities with discrete image of days. However, Gregorian day has contiguous granules of 

hour while business day includes non-contiguous granules of hour. 

Dyreson et al. [53] have advocated specifying granularities via mappings between pairs of 

granularities. This is a more pragmatic way of defining granularities than the formal model of 

granularity as a mapping to subsets of time domain that was described above. The user need only 

specify conversion functions between various pairs of granularities to create a granularity graph. 

The granularity graph must contain a finest granularity, referred to as the bottom granularity. A 

set of functions must exist that defines a path from any granularity TG to the bottom granularity 
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via successively finer granularities. Additionally, a set of functions must also exist that defines a 

reverse path from the bottom granularity to TG via successively coarser granularities. To specify 

the anchor of a temporal granularity in a granularity graph, it is sufficient to specify its origin 

with respect to any strictly finer granularity. For example, to anchor business week on business 

day, we only need to specify the first index of business day corresponding to the origin index of 

the business week. Granularities in a granularity graph form a calendar. A calendar may be 

considered to be a specification file that enumerates the names of the granularities and describes 

the mappings between them. It is unrealistic to assume that a granularity graph will always be 

predefined. While some of the granularities may be pre-specified, others may need to be added by 

the user, resulting in a larger granularity graph involving multiple calendars. This can be done by 

defining mappings between any two granularities in different calendars. The finest bottom then 

becomes the bottom for a multicalendar system. 

Figure S shows a multicalendar graph with three calendars; (i) Gregorian calendar with a 

bottom granularity of second; (ii) University of Arizona (UA) Business Calendar with a bottom 

granularity of UA business day; and (iii) North Dakota (ND) Irrigation Calendar with bottom 

granularity of ND irrigation month. ND irrigation month and UA business week are examples of 

user-defined granularities. In Figure 5, each node represents a granularity and each double-edged 

arrow between any two granularities represents two conversion functions between them. For 

example, a conversion function on Gregorian calendar from day (/) to week is L//7J, and week (/) 

to day is 1-t assuming that day and week have the same anchor; these mappings are 

straightforward and referred to as regular mappings. Other mappings like that between month 

and day do not involve simple multiply or divide and are referred to as irregular mappings. The 

bottom granularity of second in the Gregorian calendar is the bottom granularity of this 

multicalendar graph. 
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Unversty of 
Areona Busiiess 
Calendar 

Gregorian Calendar 
North Dakota 
IrrigatiDn Calendar 

decade 

UA business year ND nigation 
year year 

UA busness 
quarter month ND nigation 

month 

fortnight 

UA busness week 

UA business 
day 

day 

hour 

minute 

secotxl 

Figure 5: A Multicalendar Granularity Graph; based on [53] 

The mapping among three calendars is achieved by defining the function between day and UA 

business day, and day and ND irrigation month. Additionally, mappings between temporal 

granularities TGj require the granularities to share extent, i.e., any given granule is considered 

valid only if it lies within n, extent(TG,); otherwise it is considered invalid. Given these 

mappings, it is possible to deduce a mapping from a granule in one granularity to any other 

granularity in the granularity graph [53]. 

We describe relationships between granularities, which are based on that of Bettini et al. [20]. 

A temporal granularity TO is said to group-into a temporal granularity TH if each granule in TH 

is a union of some set of granules in TO. Formally, TO groups-into TH if for every index j, there 

exists a subset S of index set such that TH{j) = U,e5 TG{i). For example, day groups-into year and 

day also groups-into month. TO is fmer-than ("^") TH or TH is coarser-than ("^") TG if for 
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each index /, there exists an index j such that TG{i) c TG{j). Two granularities are incomparable 

if they do not have a finer-than or a coarser-than relationship. For example, week and month are 

incomparable. 

We now define bitemporal granularity, which is pertinent to facts with which we want to 

associate both valid time {VT) and transaction time (77). A bitemporal granule of granularity 

TGTT.VT^^ represented by a pair (/,y) such that TGjT.trii,]) = {TGniO, TGyrij)) where TGnii) and 

TGvjij) are corresponding temporal granules for transaction time and valid time, respectively. 

Since by our definition of temporal granularity origins TG-NI^) and TGVT{0) exist, TGTT.VT (0» 0) 

also exists. A bitemporal granularity is finer-than/coarser-than TCp^rr.tr only if both 

(or, correspondingly rrand (or, correspondingly ">") 

otherwise, these two granularities are incomparable. An example of bitemporal granularity is 

sec/min, where sec and min represent the granularities for transaction time and valid time, 

respectively. 

3.1.4 Temporal Indeterminacy 

For many applications, it is known only approximately when a phenomenon occurred. For 

example, water depth of five feet at a borehole measured on 2001-04-01day implies that the water 

depth was five feet sometime during the specified day but the precise hour is unknown. Thus, a 

determinate time at a given granularity is indeterminate at all fmer granularities. 

Dyreson and Snodgrass [54] have extended the SQL data model and query language to 

support valid-time indeterminacy. An indeterminate instant includes an upper and lower support 

and an optional probability function called the probability mass Junction (PMF). The upper (UTG) 

and lower (/re) support are indexes that refer to the minimum and maximum granule of a 

granularity TG within which an instant is located. The event might have occurred after Ire, and 
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definitely occuired by urc", he and UTG thus correspond to the Lipski bounds [130], The upper and 

lower supports represent a period of indeterminacy, which is a contiguous set of granules. The 

probability mass function gives the probability that the instant is located within a given granule 

between the period of indeterminacy. 

A determinate instant is indeterminate with respect to all finer granularities and an 

indeterminate instant is determinate with respect to some coarser granularities. So, for a 

determinate instant g e TG and a finer granularity TH, there exists an indeterminate instant 

Im ~ "nt such that g = lm~ "m • If the upper and the lower support are the same, the instant is 

referred to as a determinate instant, otherwise it is an indeterminate instant. In the example above, 

2001-04-01day is a determinate instant to the granularity of day as we know the exact day when 

the water depth was measured. However, we do not know the hour at which it was recorded as it 

was sometime during 00 and 23 hours. Thus, the recording time is indeterminate at the 

granularity of hour. 

3.2 Space Ontology 

Any data that can be associated with a location on Earth are referred to as geographic data [46]. 

Geographic space based on Euclidean geometry is the basis for most GISs [134]. bi this case, the 

location can be expressed by a set of coordinates, e.g., latitude and longitude. We briefly review 

concepts related to space, spatial relationships, and spatial granularity and indeterminacy. 

3.2.1 Space Domain and Relationships 

The space domain may be represented as a set (e.g., R", N\ N") with elements referred to 

as points. For geographic applications, horizontal space is segregated from vertical space; 

correspondingly, we define horizontal and vertical spatial granularities. Intuitively, the 

horizontal space domain corresponds to the Earth's surface while vertical space domain 
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corresponds to the depth/height below/above sea level. We define horizontal spatial granularity as 

a mapping from integers to any partition of horizontal space; the partition may arise from 

pixellation of space and may be a regular square or any other shape like triangular irregular 

network (TIN) or even irregular shapes (e.g., county). Examples of horizontal spatial granularities 

are dms-deg, dms-min and county. For granularities like dms-deg, space is partitioned along two 

perpendicular directions and the granularity is construed to be dms-deg along both the 

dimensions. Cdunty is an example of an irregular horizontal spatial granulanty. 

Topological relationships describe relative locations and are based on a topological property, 

which is independent of the existence of the distance. Thus, they are invariant under topological 

transformations such as scaling and rotation of the referenced geographic objects [55, 159]. Each 

object in a two-dimensional space has an interior, a boundary and an exterior. As shown in Figure 

6, eight topologically relevant relations between any two objects are disjoint, meet, equal, 

overlap, contains (and its inverse inside) and covers (and its inverse covered_by). 

disjoint (x, y) meet (x, y) overlap (x, y) 

covers (x. y) inside (y x) 
covered_by (y, x) contains (x, y) 

Figure 6: Topological Relations; based on (60| 
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3.2.2 Associating Facts with Space 

A spatial object is associated with geometry and position. Geometry represents the shape and size 

of an object [46]. The position in space is based on coordinates in a mathematically-defined 

reference system, e.g., latitude and longitude. Geometry of the spatial object may be 0-, I - or 2-

dimensional corresponding to a point, a line or a region. A point is "a zero-dimensional spatial 

object with coordinates," a line is "a sequence of ordered points, where the beginning of the line 

may have a special start node and the end a special end node" and a region or polygon consists of 

"one outer and zero or more inner rings" [235]. A line is a one-dimensional geometric primitive 

and can be further classified as line segment, line string or line arc [46], A line described by two 

sets of coordinates and the shortest connection between them is referred to as a line segment. An 

ordered sequence of sets of coordinates and the shortest connection between them is called a line 

string. A line arc is an ordered sequence of coordinates and coimections that are defined by a set 

of mathematical functions. David et al. [46] define an area as "a bounded continuous two-

dimensional geometric primitive delimited by one outer non-intersecting boundary and zero or 

more nested non-intersecting inner boundaries." They differentiate between a line and a region; 

the line itself is "the carrier" of the information while in a region, the area is of primary 

importance and the "boundary is secondary...to limit the area." A point is an object whose 

location, not its extent, is of relevance, a line describes ability to move through space and a region 

is an abstraction in which both the location and extent are important [62], 

Similar to temporal sequenced and non-sequenced statements [209], there are spatial 

sequenced and spatial non-sequenced statements. Spatial sequenced statements refer to each point 

of space (represented by spatial granularity index) within the specified geometry; e.g., the spatial 

sequenced query: "For a specified borehole, what are the lithologies (descriptions of rock 

composition and texture) along its depth, from the top to the bottom of the borehole?" or the 
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spatial sequenced constraint: "Each point within the depth of a borehole is associated with a 

lithology." Spatial non-sequenced statements do not treat space specially or reference all points of 

space within geometry; e.g., the spatial non-sequenced query: "Is sandstone (a type of lithology) 

associated within a specified borehole at any depth?" and spatial non-sequenced constraint: "If a 

borehole has iithology x then it cannot have lithology y underneath it." 

3.2.3 Spatial Granularity 

Montello [143] defines geographic space as one that cannot be experienced directly; rather, it is 

experienced from symbolic representations, e.g., maps. There is no comprehensive and widely 

accepted conceptual model of geographic space [153]: it depends on context and application. 

Based on the modes of thought. Sack [ 189] attributes different meanings to space implying that 

geographic space can be perceived in different ways in different cultures at different times. 

Philosophical discussions aside, geographic space based on Euclidean geometry is the basis for 

most GISs [134]. The level of abstraction of a geographic space is referred to as resolution [138], 

and multi-resolution representation is an active area of research [18, 67, 171, 180, 219-222, 252, 

253]. We extend Worboys' formalism of spatial resolution [252, 253] to define the notion of 

horizontal and vertical spatial granularity that parallels temporal granularity. 

We can view the Earth as a spheroid 7? in three-dimensional Euclidean space where position 

is denoted by latitude and longitude and height/depth are defined as the elevation/depth 

above/below sea level. Thus, position delitm'ts an object in the geographic space and is defined 

with respect to a pre-specified origin [124]. Map-making requires conversion from curved to 

plane surfaces and projections [214] transform a two-dimensional surface over a spheroid to 

another over a Cartesian plane while controlling the resulting distortions. 

Worboys [252, 253] describes a formal theory for multiple representations of spatial objects. 

He contends that observation of a phenomenon takes place in a context, where context is 
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represented by a schema. The extent of a schema specifies the size of the window on the 

observation. A finite collection of elements is indiscernible with respect to an observation if any 

pair of elements in the collection is indistinguishable from the others in the observation. 

Formally, p is defined as the indiscernibility binary relation on a collection S of elements (not 

necessarily a connected region on a Euclidean plane) where upv (read as "i/ is indiscernible fi-om 

v") means that u and v belong to the same partition. Thus, a resolution /? of 5 is a finite partition 

of S and an element .r e ^ is referred to as a reseL We extend this concept of resolution to define 

spatial granularity, where a higher resolution corresponds with a finer granularity. 

For geographic applications, horizontal space is segregated from vertical space; 

correspondingly, we define horizontal and vertical spatial granularities. Intuitively, the 

horizontal space domain corresponds with the Earth's surface while vertical space domain 

corresponds with the depth/height below/above sea level. We define horizontal spatial granularity 

as a mapping from integers to any partition of horizontal space; the partition may arise from 

pixellation of space, and may be a regular square or any other shape such as a triangular irregular 

network (TIN) or even an irregular shape (e.g., county). Formally, a horizontal spatial granularity 

may be defmed as a mapping SGxy from index / to a subset of space domain such that: (i) granules 

from a spatial granularity do not overlap; (ii) the index set of a spatial granularity provides a 

contiguous encoding, though the granules in the space domain are not constrained to be 

contiguous in the underlying spatial domain; and (iii) origin granule 5G:^0) is nonempty. 

Examples of horizontal spatial granularities are dms-deg, dms-min and county. Each non-empty 

granule can have a textual representation called label, which can be mapped to the index integer 

by a mapping function called label mapping. For example, 45°23'E/24°35'N is an example of a 

label that represents a point in space whose granularity is dms-min for both latitude/longitude. For 

granularities like dms-deg, space is partitioned along two perpendicular directions and the 
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granularity is construed to be dms-deg along the two dimensions. On the other band, county is an 

example of an irregular horizontal spatial granularity. 

The vertical spatial domain may be important for some applications, such as geology, 

petroleum refining and ground water studies. Formally, a vertical spatial granularity may be 

defined as a mapping SG^ firom index i to a subset of vertical space domain such that: (i) granules 

from a spatial granularity do not overlap; (ii) index order of vertical spatial granularity 

corresponds with vertical space domain order; (iii) the index set of a vertical spatial granularity 

provides a contiguous encoding, though the granules in the space domain are not constrained to 

be contiguous in the underlying spatial domain; and (iv) origin granule 5C7:(0) is nonempty. An 

example of vertical spatial granularity is foot For an application, an object may need to be 

represented in a three-dimensional space. A three dimensional granularity is a cross product of 

horizontal and vertical spatial granularity. For example, a borehole in three-dimensional space is 

associated with a horizontal granularity of dms-degree and vertical spatial granularity of foot 

The definitions associated with vertical spatial granularity are similar to temporal granularity. 

We next define key terms related to horizontal spatial granularity. According to Worboys [252, 

253], partial order may be imposed on the set of all resolutions of a set S. We refer to 

relationships between horizontal spatial granularities as fmer-than/coarser-than relationships. In 

terms of discemibility relations pi and pz, pi is finer-than pi iff V m, v € 5, wpiv implies wp^v. 

Conversely, p2 is coarser-than pi. The set of all resolutions of S is a lattice with /op and bottom 

elements [253]. The top element (T) consists of a single resel S and the bottom element (±) has 

resolution where resels are singleton sets {5} where ^ 6 5. The bottom granularity in terms of p is 

defined as a partition such that upiv implies that V ;, i/p^v. Two granularities are incomparable if 

they do not have a fmer-than or coarser-than relationship. A horizontal spatial granularity SG„ 

groups-into another spatial granularity 5//^ if for every index j, there exists a subset S of an index 
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set such that SHnfj) = UiesSGx,it). An anchor is any partition in a finer granularity that 

corresponds with the origin of the coarser granularity. An image of a horizontal spatial 

granularity is the union of partitions in the granularity. 

A coordinate system enumerates horizontal spatial granularities and specifies the mappings 

between them. A collection of horizontal spatial granularities denotes a geographic coordinate 

system and projection mapping rules can affect conversions between projected coordinate 

systems for any specific granularity. Figure 7 shows a multi-coordinate system graph with three 

coordinate systems, (i) Geodetic Coordinate includes spatial granularities like dms-degree, dms-

minute and dms-second and has a bottom granularity of dms-second. (ii) Township-range (TR) 

coordinate provides a square-shaped grid and includes granularities like section, quarter section 

and quarter-quarter section, which is equivalent to 40 acres. The bottom granularity of this 

coordinate system is quarter-quarter section, (iii) Political Coordinate, with irregular mappings, 

includes country, state and county. 
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Figure 7: A Multi-Coordinate System Graph for Horizontal Spatial Space 

A double-edged arrow between any two granularities in Figure 7 represents two conversion 

functions, which may be regular or irregular. For example, the conversion fiinction on Geodetic 
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Coordinates from radian (r) to dms-degree is r/180 and is an example of a regular mapping 

function. On the other hand, the conversion function between county and dms-second is irregular. 

POSC (Petrotechnical Open Software Corporation) [169] differentiates between geographic 

and projected coordinate system. The former refers to latitude/longitude coordinate systems while 

the latter represents the projection of a geographic coordinate system on a plane. In many real 

world applications, coordinate transformation may involve projection transformations, which are 

outside the scope of this dissertation. We assume that such projection mapping rules across 

horizontal coordinate system are available; e.g., Oracle Spatial [155] maintains a table 

MDSYS.CS_SYS which defines valid coordinate systems and the associated conversion rules. 

3.2.4 Spatial Indeterminacy 

According to Worboys [252, 253], imprecision results from the limitation placed on an 

observation relative to its context, represented by the schema. Thus, imprecision arises due to 

limitations on the granularity of the schema under which the observation is made. Analogous to 

temporal indeterminacy, we refer to this imprecision as spatial indeterminacy. We describe 

horizontal spatial indeterminacy in this sub-section. Vertical spatial indeterminacy is similar to 

temporal indeterminacy. 

Worboys [253] defines a resolution object (/?-object) with respect to a particular resolution R 

as a two stage set {L, U), where L QR ̂  U. Each resel in L is definitely a part of the /f-object; a 

resel in U may or may not be a part of the /^-object and each resel not in U is definitely not in the 

/^-object. This is similar to the upper and lower support in the definition of temporal 

indeterminacy, and to Lipski's lower and upper bound [130]. Our definition of spatial 

indeterminacy is parallel to that of temporal indeterminacy with an upper and a lower support and 
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a probability mass function. We describe spatial indeterminacy with an example in Figure 8 and 

map it to Worboys' (252,253] model of imprecision. 
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Figure 8: Spatial Indeterminacy 

In Figure 8(b), black grids denote deterministic regions of a spatial object and lighter gray areas 

show those locations that may be part of the spatial object. As shown in Figure 8(a), Worboys' 

model [253] of imprecision would correspond with specifying only the upper and lower support. 

As illustrated by Figure 8(b), we also include a sample probability mass function (Figure 8(c)) 

that allows gradation in indeterminacy to be specified, as shown by three shades of gray grids; 

however, any number of levels of indeterminacy may be specified. As with temporal 
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indeterminacy [54], the continuous PMF is discretized when associating with spatial 

granularities. The PMF in Figure 8(c) corresponds with the intuitive notion of "probably 

smaller"; spatial granules closest to the lower support are associated with a probability to the left 

of Figure 8(c) and those farthest from the lower support, and thus closest to the upper support are 

associated with a probability to the right of Figure 8(c). 

3.3 Time-Varying Space Ontology 

Geography is different from geometry in the following sense; in geography, space is indivisibly 

coupled with time [164], Lately, there has been much interest in adding a temporal aspect to 

geographic databases [74] since time integrates human activity, orders events and separates cause 

from effect [242]. Three types of interaction between an object and space-time are possible [167, 

232]: (i) moving objects, i.e., objects whose position changes continuously but whose shape does 

not (e.g., a car moving on a road network); (ii) objects whose spatial characteristics and position 

change with time discretely, i.e., changing shape (e.g., change of the shape of land parcels in a 

cadastral application); and, (iii) integration of the above two behaviors, i.e., continuous moving 

and changing phenomena (e.g., modeling a storm). Similarly, Erwig et al. [62] state that spatio-

temporal databases are essentially "about moving objects." Three types of abstractions of spatial 

objects include a point, a line and a region; while a point and a line may "move over time", a 

region can change its location (i.e., move) and change its shape. 

3.4 Summary 

Temporal and spatial applications involve some aspect of time and space, respectively, in 

organizing their information. In this chapter, we reviewed literature related to time and space 

ontology. The definitions of time domain and temporal granularity are based on an existing 
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giossaiy [19, 99]. Valid-time indeterminacy is based on that of Dyreson and Snodgrass [54]. We 

have extended the notion of spatial resolution and imprecision [252, 253] to define spatial 

granularity/indeterminacy that is parallel to temporal granularity/indeterminacy. The spatio-

temporal ontology is the basis for ST USM described in Chapter 6. 
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Chapter 4: Spatio-Temporal Conceptual Models 

A conceptual model provides concepts and formalism in which a real world image can be 

expressed. Traditional databases do not distinguish among whether a fact exists currently, existed 

in the past or is expected to exist in the flitiu'e; these distinctions are the essence of "information 

preserving databases" [113]. Temporal conceptual models provide abstractions for capturing 

histories in the application; this contrasts with the traditional conceptual models that implicitly 

represent only the current state. Spatial and time-varying spatial conceptual models provide 

constructs to capture geographic aspects of the applications. We first survey temporal, spatial and 

time-varying spatial conceptual models, collectively referred to as spatio-temporal conceptual 

models. Next we present an evaluation framework that helps assess these models based on 

linguistic concepts of syntactics and semantics. 

4.1 Temporal Conceptual Models 

The Temporal Entity Relationship Model (TERM) [112, 113], the first temporally-extended ER 

model, has a PASCAL-like syntax, which is used to express time and value structures, attributes, 

entities, relationships and assertions. A structure is a set with a number of relations and is of two 

types: time structure (i.e., a structure with time representation) and value structure (i.e., a 

structiu-e that represents value). Time structures include both user-defined structures and 

predefined time-structures (e.g., Gregorian dates). Time-varying value of an attribute indicates 

the need to capture the history of the attribute, rather than its simple current value. If an attribute 

has no history, it is referred to as a constant attribute; otherwise, it is referred to as a variable 

attribute, which is represented by a set of tuples (time, value). An entity is described by its 

existence description, by attributes and roles. The existence description of an entity or a 
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relationship is considered to be a special attribute whose history has a Boolean value structure. 

The bottom-up procedure for designing TERM schemas includes defining nonstandard 

coinponent value sets, histories, patterns (i.e., assertions) and finally entities and relationships. 

Patterns or consistency assertions are criteria that must be satisfied for any plausible 

representation of the real world and may be associated with histories of attributes, and existence 

description of entities and relationships. Although TERM captures temporal semantics in detail, 

its textual PASCAL-like syntax can be involved and hard to comprehend. 

The Relationships, Attributes, Keys and Entities (RAKE) Model [64] adopts the ER model, 

replaces some ER constructs with new ones, and adds new constructs. RAKE uses a different 

notation for key attnbutes; the key attnbute of an entity class is placed in the key box on the 

upper left comer of the entity class rectangle. A weak entity is said to have an ID-dependency and 

is represented by stacking the key of the identifying entity class on the dependent entity class. 

RAKE supports modeling of events and states, and valid-time and user-defined time; it 

differentiates among three types of events—pseudo-events that constitute the beginning or the end 

of a state, true events which are "durationless states," and changes that are events that transform 

one state to another. Changes model transition relationships, i.e., represent a predecessor state that 

changed into a successor state. RAKE started out with a traditional ER model [40] but ended up 

changing even the base model constructs. 

The Temporal EER (TEER) Model [60, 61] does not add new constructs to the Extended-

Entity Relationship Model (EER) [59] but adds new meaning to the existing constructs. Each 

entity has a lifespan that can be continuous or a union of disjoint time intervals within [0, 

now] where "0" represents the starting time of the database application and "now" represents the 

current time. Each entity has a system-defined surrogate attribute; the temporal element of the 

surrogate attribute defines the lifespan of the entity. The attributes of TEER are all temporal. The 
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lifespan of a relationship is a subset of the intersection of the lifespan of the participating entities. 

The cardinality rules have not been given any new meaning. A subclass is of two types, 

predicate-defined and user-defined. An entity of a superclass will belong to a predicate-defined 

subclass all through the time the predicate evaluates to true for that entity. For a user-defined 

subclass, the user specifies the times when it belongs to the subclass. While TEER does not add 

any new syntax, changing the semantics of the base model would invalidate the existing legacy 

schemas. 

The Semantic Temporal model based on the Extended-Entity Relationship (STEER) [57, 58] 

is a graphical conceptual model based on the EER model. STEER distinguishes between a 

conceptual entity and a temporal entity. A conceptual aspect of the real world is represented by a 

conceptual entity and is referred to as an entity type. A temporal entity represents the active roles 

of a conceptual entity in the temporal dimension and is referred to as its entity role. Each role 

type—a set of entity roles of the same type—is connected to an entity type called an owner entity 

and can have only temporal attributes. For example, STUDENT is a conceptual entity that once 

created exists forever and represents both an object of interest and the time when it became of 

interest. On the other hand, ENROLLED_STUDENT is a role of STUDENT having specific lifespan 

defined by start and end time. A temporal assignment is the partial function that describes the 

values of a temporal attribute. A conceptual relationship has conceptual entities as its participants 

while a temporal relationship can have entity types or role types as participants. The lifespan of a 

temporal relationship is a subset of the lifespan of the involved entity roles. An entity that is a 

member of a subclass has the same existence time as the corresponding entity in its superclass. 

The STEER diagram includes both the conceptual and temporal entity types, properties and 

relationships, making the resulting diagram involved and difficult to comprehend. 
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The Entity-Relationsbip-Time (ERT) Model [228, 229] uses the entity-relationship approach 

but does not distinguish between "attributeship and relationships." Both entities and relationships 

are represented by rectangles. ERT extends the ER formalism to incorporate semantics related to 

time and complex objects. Different types of data abstraction included in ERT are classification, 

generalization, aggregation and grouping. A class is a collection of objects with common 

properties. Each time-varying simple or complex entity class is timestamped with a time period 

class. Complex objects are composed of two or more objects and the relationship between 

complex objects and their components is modeled with the is_part_of relationship. A T in the 

entity or relationship rectangle represents a time varying object or relationship. In ERT, a time 

period is the primitive temporal notion. A time period is of two types: symbol period and 

calendar period', while the former models relative time information, the latter models absolute 

time information. ERT proposes the specification of temporal granularities; however, the modus 

of doing so not clear. The rules for mapping from an ERT schema to a relational schema are 

provided. 

The Temporal ER (TER) Model [226] posits that contemporary approaches to ER modeling 

having a "snapshot mentality". TER extends the ER model by defining snapshot and lifetime 

cardinality for relationships. The snapshot cardinality defines the number of instances of the 

target entity related to a given instance of a source entity at any point in time. On the other hand, 

the lifetime cardinality specifies the instances of the target entity related to one instance of a 

source entity over the lifetime of the source entity. Based on two types of cardinality constraints, 

the types of relationships are extended from one-to-one, one-to-many, and many-to-many to 

include three new relationship types: one-to-oneT, oneT-lo-oneT, and oneT-to-many, where one-T 

represents snapshot cardinality of one and lifetime cardinality of many. TER also provides 
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algorithms for translating TER schetnas to ER diagrams based on the frequency of accessing the 

historical data. 

The Temporal Enhanced Entity Relationship (TempEER) Model [121] assimies a temporal 

dimension for existing EER constructs and does not add any new constructs to the EER model. 

Each entity and relationship has an associated lifespan represented by a time interval (start-time, 

end-time). In TempEER, valid time and transaction time with different granularities can be 

associated with an entity or a relationship. The temporal element of a relationship instance is 

constrained to be a subset of the temporal element of the entities participating in the relationship. 

The changing properties of entities over time are always retained. The lifespan of a subclass 

entity is constrained to be a subset of the [ifespan of its superclass entity. TempEER changes the 

semantics of the conventional EER model, which would invalidate the existing legacy schemas. 

Additionally, the authors provide syntax for incorporating granularity at the logical level by 

suggesting extensions to SQL but do not provide granularity-related semantics at the conceptual 

level. 

The Temporal Event-Entity-Relationship Model (TEERM) [51] adapts the constructs of the 

ER Model, and includes events that allow modeling of dynamic behavior of entities and 

relationships. The time horizon is considered to be a subset of a time line during which the object 

exists. A dynamic relationship is one whose participating instances change over the time horizon; 

otherwise, it is static. A static attribute is one that does not change over the time horizon of the 

entity type. A dynamic relationship or attribute whose history is not relevant is referred to as 

quasi-static and those that are relevant are referred to as temporal. An event is defined as 

something that changes the state of an entity instance, a relationship instance or an attribute; it is 

represented by a rounded rectangle. Attributes of events are assumed to be static because events 

have indeterminate lifetimes; thus, the properties of events are independent of time. An event is 
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singular for an entity if at most one event occurs during the lifetime of each entity; otherwise, it is 

recurrent. Recurrent events may be further classified as periodic and aperiodic. This paper also 

proposes a logical mapping from a conceptual schema to a temporal logical schema. 

TERC+ [264] is the temporal extension of ERC+, which is a variant of the ER model [40, 59] 

but uses slightly different syntax. TERC+ uses a clock icon to represent temporality. TERC+ 

includes two ways of incorporating time: timestamping entity class, attribute and relationship, and 

modeling inter-object temporal dynamics between objects. TERC+ supports valid time with 

multiple temporal granularity; however, it is unclear how the granularity can be specified in the 

schema. Constraints can be specified on attributes; a temporal cardinality associated with the 

attributes signifies the number of allowable value changes over the lifecycle of its entity and is 

represented by h{max) where "max" is the maximum number of value changes of an attribute 

over the lifecycle of an entity. An entity is an instance of an entity type and a temporal entity type 

implies the need to track the lifecycle of an entity that is affected by events such as creation, 

suspension, reactivation, and deletion. Correspondingly, the lifecycle of a temporal entity can 

have a status of active, suspended and dead. Each status of the entity has a temporal element 

associated with it. A temporal generalization links a temporal or non-temporal subtype with a 

temporal supertype. The exclusive/overlapping and the total/partial constraints on a 

generalization hierarchy are extended to include temporality. A temporal relationship is defined 

to link only temporal entity types. Temporal cardinality is defined as the maximum number of 

links from an entity playing a role in the relationship over the lifecycle of the entity. A dynamic 

relationship deals with inter-object dynamics and is of four types: a transition relationship, a 

generation relationship, a timing relationship, and a time-based aggregation. A transition 

relationship captures a change in the classification of an entity. A generation relationship captures 

the emergence of new objects from a source entity type to a target entity type. A timing 
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relationship is a binary relationship that specifies constraints on temporal elements of the 

participating entities based on Allen's predicates. A time-based aggregation is a special 

aggregation where the composite entities are snapshots of the component entities. 

The TimeER Model [79] extends the syntax and semantics of the EER model to support the 

modeling of temporal aspects of information. The TimeER introduces temporal constructs that 

provide implicit temporal support. It supports lifespan and transaction time associated with an 

entity type, valid and transaction time associated with an attribute, and valid time, transaction 

time and lifespan associated with a relationship type. Snapshot cardinality constrains the 

participation of entities in a relationship at any point of time. The participation of an entity in a 

relationship over the entire existence time of an entity is known as the lifespan participation 

constraint. Subclasses inherit the temporal aspects of their superclasses. The TimeER diagrams 

are easy to comprehend; it provides temporal support without increasing the complexity of the 

conceptual schema. 

4.2 Spatial and Time-Varying Spatial Conceptual Models 

We now survey the extant spatial and time-varying spatial conceptual models. In this section, we 

have included many spatial conceptual models that are not based on the ER Model [40] or its 

extensions [59, 199]. There are two reasons for their inclusion: most of the extant spatial 

conceptual models are not based on the ER model; additionally, surveying these models 

highlights the problems and provides an insight for future research in spatial conceptual 

modeling. 

Worboys et al. [254] present the representation of a point, a line and a region using the IFO 

[1] constructs. Worboys [251] has updated the model proposed in a previous paper [254] to 

present an object-oriented model in the context of geo-referenced data. In a geo-referenced 
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database, entities can have several dimensions along which the attributes are measured: spatial, 

graphical, temporal, and textual/numeric. The specification of a spatial object depends on the 

space in which it is embedded; the paper assumes a 2-dimensional Euclidean space. The 

presentation of spatial objects results in graphical objects. The model incorporates two 

dimensions of time; database time (i.e., transaction time) and event time (i.e., valid time). 

Associating a two-dimensional temporal element with a primitive spatial object forms a 

spatiotemporal object. The model proposes explicit representation of the semantics related to 

geometry and time in the schema. The paper does not include an example but it seems that the 

resulting schemas will be intricate because of explicit representation of geometry and time. 

The Geographic Data Management with Object-Oriented Techniques (GODOT) [84, 85] is 

an object-oriented geographic information system with a kernel for representing spatial and non-

spatial data objects. The GODOT data model includes three categories of objects: thematic, 

geometric and graphic. Real world objects are referred to as thematic objects. Geographic or geo-

objects are a sub-type of thematic objects that have spatial extent. Thematic objects can be simple 

or complex, i.e., composed of other thematic objects. Thematic objects can have attributes; 

attribute types described are implementation oriented than conceptual, i.e., elementary type (text 

strings), complex type (embedded classes in C-H-), or referential type (pointer to other thematic 

objects). Geometric objects describe the geometric features of geo-objects. Geometry has three 

subclasses, region, arc and point and can also include a collection referred to as a RegionSet (a 

set of regions), an ArcSet (a set of arcs), a PointSet (a set of points) and a GeometrySet (a set 

consisting of region, arc and point). Each geo-object has exactly one corresponding geometric 

object. Graphic objects are used to display the thematic objects, and define color, font and other 

visual attributes. The GODOT data model captures the semantics associated with the geometry of 

objects and attributes; issues related to the user interface (i.e., graphic objects) are also included. 
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The GEO Object Oriented Analysis (GEOOOA) Model [118] is a CIS extension of the OOA 

Model [41]. The five layers of GEOOOA in increasing order of detail are the subject layer, class 

and object layer, structure layer, attribute layer and service layer. The subject layer contains 

classes and may contain other subject layers. A class is a description of a type of objects. There 

are two types of classes: conventional and geoclass. Objects without geometric properties are 

referred to as being of conventional class type. Geoclass type are categorized into; point objects 

referred to as a point class, I-dimensional objects are of line class, 2-dimensional objects are of 

region class and scanned objects are of raster class. GEOOOA includes three types of structures: 

generalization, whole-part (or aggregates), and topological whole-part. Topological-whole part 

primitives model different topological relationships between a whole and its parts: covering 

structure, where the whole is covered by the union of the geometries of its parts; containment 

structure, where the geometry of the whole contains the geometry of the parts; and partition 

structure, which is a containment structure in which the whole and its parts belong to the same 

geoclass type and the geometries of the parts form a partition of the geometry of the whole. 

GEOOOA proposes new constructs to represent topological structures. The attribute layer 

provides detailed information about objects and is textual (not included in the schemas). The 

service layer describes the behavior provided by an object within a class. GEOOOA differentiates 

between temporal and non-temporal classes. A temporal class records "birth and death" of 

objects and events that create new versions of objects. A clock symbol is used to distinguish 

temporal and non-temporal classes. GEOOOA complements OOA with new constructs referred to 

as geo-primitives. 

Tang et al. [225] describe basic concepts related to a feature-based GIS. A feature is a real-

world entity or object representation. A feature includes location, theme and time. A feature can 

be aggregated to form composite features; e.g., city is a composite feature that consists of roads. 
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buildings, etc. Every element of a feature is perceived as an object. An object must contain a 

unique identifier, positional information, non-spatial attributes, topological relations, non-

topological relations and methods. The unique identifier is system generated. The positional 

information consists of the ground coordinates and surface elevation depending on the 

application. Non-spatial attributes define the characteristics of the feature. Topological relations 

are relations among the geometric objects. Non-topological relations are non-geometric relations, 

e.g., is_a, is_kind_of partjjf. Thus, there are two types of object Xyipss, feature object type and 

geometric object type. Feature object encapsulates the geometric object and the geometric object 

stores the location of the feature object. Some predicates (e.g., contains, bounds, within) are 

defined and can be used to model constraints among object classes. Six geometric vector objects 

include point, node, line segment, chain, ring and polygon. A polygon is a complex object with an 

identifier and a ring. A sequence of non-intersecting chains with closure is referred to as a ring 

and is composed of a number of chains. A chain consists of a left and a right polygon, a begin and 

an end node, and a set of line segments. Two points form a line segment. A topological junction 

that specifies the geometric location of a line or a chain is referred to as a node. A point is a 0-

dimensional object that specifies the geometric location. 

The Geographic Information System Entity Relational (GISER) Model [192] extends the 

EER model [150] to include continuous fields. GISER is based on space/time, features, coverages 

and spatial objects. The boundless extent in which geographic phenomena occurs is called 

space/time. A feature like elevation is a mapping fi'om space to a domain of values. A uniquely 

named geographic feature is referred to as a proper feature, e.g., river, city. Features that do not 

have an identity and are identified by their location in space and time are referred to as common 

features, e.g., land parcels; common features are regarded as weak entities that are dependent on 

and identified by spatial locations. GISER models features as continuous fields, which need to be 
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go through discretization to compute coverages. A coverage can have several spatial objects. A 

spatial object occupies a subset of space and time, which is modeled by a relationship located at. 

A geometry is interpreted as an entity having an association with a spatial entity with a 

relationship determines shape of. Topology is a property of spatial objects. GISER includes new 

constructs for continuous fields and relationships, includes data processing and user interface 

issues in the model, and changes the semantics of some conventional conceptual model constructs 

(e.g., weak entity). 

The GeoER Model [86] is a conceptual model for geographic applications and is based on the 

ER Model. Geographic applications need to capture semantics related to space, position, and 

space-depending attributes. Space is a set of points homomorphic to R". Entity sets whose 

position in space is pertinent for an application are referred to as geographic. A geographic entity 

has a position is space specified by the shape, the size, the location (centroid) and the orientation. 

The position is a function, which takes a geographic object and returns "a part of space." A 

special relationship is_iocated_at relates a geographic entity set with its position. Properties of 

space that indirectly become properties of objects due to the position of the object are referred to 

as space depending attributes; their domain is space and range is any set. GeoER includes special 

entity sets and relationships to model the semantics of space, position, space depending attributes 

and topological relationships. Spatial entity sets, aggregation and grouping are represented by a 

rectangle with a bold margin. Spatial relationships are relationships between the positions of 

geographic entities, and represent spatial integrity constraints. The spatial aggregation is defined 

as the union of positions of its geometric components. The spatial grouping is defined such that 

all members of the grouping are topologically within their respective grouping entity. GeoER 

provides new constructs to model geographic entities, and presents a mechanism to explicate the 

semantics of position and space-varying attributes. 
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In the MADS (Modeling of Application Data with Spatiotemporal) Model [160-162], 

spad'ality can be associated with object types, attnbutes, relationships and aggregation. The 

dbspace and dbtime defines the area and time frame in the database. The spacezones and 

timezones define the spatial and temporal elements in the dbspace and dbtime, respectively. A 

spatiotemporal entity is one whose spatial reference is recorded by defining the spatial abstract 

data type (ADT), i.e., its shape and location, and by associating a time frame (referred to as a 

temporal ADT) to a fact. Spatial entities are associated with a spatial ADT, geo-, a geo may be a 

simple geo (i.e., a point, a line, an oriented line, a simple area) or a complex geo (i.e., a 

homogeneous sets of point, line, oriented line or simple area). Each of these shapes has an icon 

associated with it, which is used to indicate spatiality. The location associated with the spatial 

objects may be expressed in an absolute or a relative way (i.e., with respect to another spatial 

entity). A spatial attribute has a domain, which is a spatial abstract type. Constraints between 

spatial attributes and their respective entity types may be defined. A spatial relationship type 

links at least two spatial entity types and other non-spatial entity types. The semantics of spatial 

relationships are explicitly defined by spatial integrity constraints. MADS defines six types of 

topological relationships between two objects: disjunction (disjoint), adjacency (sharing 

boundary), crossing (sharing interior, different dimension of the objects), overlapping (sharing 

interior, same dimension of the objects), inclusion (whole interior), and equality. It supports user 

defined topological relationships, e.g.. Along is a topological relationship defined between a Qty 

and a Lake with a spatial integrity constraint distance(Gty, Lake) < 5 km. A binary link from the 

composite to the component is referred to as an aggregation. Generalization may relate non-

spatial object type with spatial subtype—a non-spatial supertype can have a spatial subtype while 

a spatial subtype inherits the geometry of the supertype. Inheritance in a generalization may be 

displayed as refining or redefining. Refining is useful when the property of an object in a subtype 
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has smaller domain dian that in the supertype. The redefinition creates a new attribute in the 

subtype with the same name; e.g., redefinition may be used to model the same object at different 

scales. MADS also specifies space-varying attributes which are defined as a set of (point, value) 

couple. 

The Spatiotemporal Entity Relation (STER) Model [232] is a graphical extension to the ER 

model that applies spatiotemporal concepts to the modeling constructs of the ER model. In the 

STER schema, spatiality and temporality are specified implicitly. Geographic objects are defined 

as ones whose position needs to be recorded. The function p (position) takes spatial objects as 

arguments and returns geometric figures, which may be points, lines or regions or combinations 

of them. A brief mention of spatial granularities is given—"positions may be viewed at different 

granularities"; however, no mechanism is provided to capture semantics related to granularities. 

Spatial properties of the objects are captured by fields, a function from geometric figure to a 

domain of descriptive attribute values. Geographic objects may be related to each other via spatial 

relationships. Spatial relationships are of three types—topological, directional and metric. STER 

provides formalism to model existence time and transaction time associated with an entity type, 

and valid time and transaction time related to an attribute and a relationship. STER includes 

constructs to support temporal, spatial and spatiotemporal functionality. For each STER construct 

a corresponding representation using the ER model is provided. The spatial relationships are 

special types of relationships between spatial entities, which model spatial constraints. The 

spatiotemporal relationships model spatial constraints over time. 

4.3 Evaluation 

We describe the qualities of conceptual models cited in literature and map them to our evaluation 

framework. The three components in the study of signs—syntactics, semantics and pragmatics— 
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reflect the theoretical interests shared by linguists and database researchers through semiosis. We 

summarize the evaluation of spatio-temporal conceptual models in Appendix B; Summary of 

Temporal Models and Appendix C: Summary of Spatial and Time-Varying Spatial Models. 

4.3.1 Evaluation Framework 

Morris [145] defines semiosis as a process in which something works as a sign and involves three 

factors: the sign itself, what the sign refers to (or the designatum) and the interpreter. Three 

dyadic relations may be abstracted for the study of languages. The syntactics dimension includes 

formal relations of signs with each other, the semantics dimension involves the study of signs in 

relation to the designatum and the pragmatics dimension includes the relation of signs to the 

interpreter. In order to analyze the extant spatio-temporal conceptual models, we have employed 

the three dimensions of semiosis: syntactics, senuntics and pragmatics. 

Lindland et al. [129] posit four cornerstones for evaluating schemas: modeling language L 

(i.e., all statements that can be made according to the syntax), domain D (i.e., all possible correct 

statements of the problem domain), model M (i.e., statements actually made) and audience 

interpretation A (i.e., set of statements that the audience thinks that the model contains). Syntactic 

quality means all statements are according to the language, i.e., M\L = 0. Semantic quality 

includes validity (i.e., all statements are correct and relevant, M\D= 0) and completeness (i.e., 

model contains all statements about the domain, D\M= 0). Pragmatic quality refers to audience 

comprehension such that various model projections (M) and the corresponding audience 

comprehension projections (Aj) are such that for all;, Af, = /!,. In other words, audience members 

completely understand the statements that are relevant to them. 

Gregersen and Jensen [78] evaluate temporal expressiveness of three temporal models [77, 

228, 264] based on ontology. They posit two mappings: (i) from ontological constructs to 
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notational constructs, called representation mapping] and (ii) from notational constructs to 

ontological constructs, referred to as interpretation mapping. Ontological completeness evaluates 

representation-mapping measures and ontological clarity measures interpretation mapping. 

Ontological completeness refers to the representation of ontological concepts of time domains, 

lifespan attributes, valid time attributes, transaction time attributes, temporal user-defined 

constraints, and snapshot user-defined constraints. On the other hand ontological clarity evaluates 

a given model on construct overload (i.e., one notational construct can be mapped to more than 

one ontological construct), construct redundancy (i.e., more than one notational model is used to 

model the same ontological construct), and construct excess (i.e., notational constructs do not 

represent any ontological construct). 

In evaluating extant spatio-temporal conceptual models, we construe the syntactics dimension 

to focus on the modeling formalism (only) in the conceptual model that is used to capture 

temporal, spatial and time-varying spatial requirements of the users. The semantics dimension 

includes the expressiveness of the spatiotemporal conceptual model. The pragmatics dimension 

includes the degree of correspondence between the conceptual schema and its interpretation by 

the target audience and includes comprehension and effectiveness. Some of the dependent 

variables used to measure comprehension are ease of use, ease of learning, communication 

ability, time taken to understand, and perceived ease of use. The dependent variables used for 

measuring effectiveness include amenability to formal analysis and reasoning, design accuracy, 

design speed, and learning speed. We are not aware of any user studies that elicit the pragmatic 

dimension of spatio-temporal conceptual models. So, our discussion related to this dimension 

includes an informal evaluation of the surveyed models based on comprehension and ease of use. 

In analyzing the temporal conceptual models, the syntactic dimension includes the base 

model employed by the temporal conceptual model, changes in the syntax of the base model itself 
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as a result of incorporating temporality, syntactical support for granularity and indeterminacy, and 

new constructs employed in the temporal conceptual model. Base model refers to the reference 

model used. The ER Model [40] and its variants [59,91 ] have gained wide popularity and a large 

number of database analysts are already familiar with its syntax and semantics. Many CASE tools 

are also based on the conventional ER Model. Besides being widely used by practitioners, it has 

been widely researched over the last three decades. Therefore, it is advantageous to use a 

traditional ER Model (or its variant) as the reference model. Granularity is intrinsic to any 

temporal data and there should be a mechanism to specify user-defined granularities. Temporal 

constructs are new constructs that have been added to provide temporal support by the conceptual 

model. According to Lindland et al. [129], the syntactic goal is syntactic correctness, which can 

be enforced with a formal unambiguous definition of constructs. Lack of syntactic correctness 

induces syntactic errors, which can be prevented, detected and corrected with a formal syntax like 

Backus Naur Form (BNF). 

The semantic dimension evaluates the expressiveness of the conceptual model. It includes the 

methodology employed to support the semantics related to valid time and transaction time [210], 

bitemporal time, granularity and indeterminacy associated with the various types of conceptual 

modeling abstractions. The semantic dimension also assesses whether changes have been made in 

semantics of the base model. Granularities are integral to temporal data and are closely related to 

indeterminacy [S4] that recognizes our inability to capture precise temporal information related to 

the mini-world. Traditional conceptual models provide a mechanism to represent the parts of the 

real world that are pertinent to the database application. The types of abstractions most commonly 

used in the semantic modeling literature include an entity class (simple, subclass, composite and 

grouping), attribute and relationship (interaction, class, composite and grouping). 
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4.3.2 Evaluating Temporal Models 

As shown in Table 28, most of the temporal conceptual models are graphical and use the Entity-

Relationship (ER) model [40] as their base model, to ensure that the resuhing schemas may be 

effectively used for communication with the end-users. However, many researchers [64, 226, 

264] have developed significantly distinct syntax different from that of Chen's ER Model [40] 

and its extensions [59, 172, 199]. A highly variable syntax can adversely impact the 

comprehension and effectiveness of the data modeler. To capture the semantics related to time, 

researchers have taken two broad approaches [77]: most have added new temporal constructs to 

the base models while a few have changed the semantics [60, 61, 121] of the base model 

constructs. Both approaches have associated problems: adding new constructs means that the 

database analyst needs to get acquainted with the new modeling concepts, and changing the 

existing semantics of the base model makes pre-existing schemas invalid. Almost all the papers 

on temporal conceptual models stress the need to capture temporal granularity. However, they do 

not provide any mechanism to explicitly capture granularity-related semantics. Additionally, none 

of the extant models provide the formalism or semantics associated with indeterminacy in 

temporal data. 

Some temporal models change the semantics of the base model itself, which can be 

detrimental to acceptance by the user community because it invalidates existing legacy schemas. 

As shown in Table 29, most models provide only a mechanism for representation of valid time 

only. Even when support for valid time is provided, the semantics associated with, e.g., valid 

time, are not explicated; as a result, the databases are not a good reflection of the real world. 

Typically the temporal conceptual models have extended entity, relationship and attribute in a 

conventional conceptual model to include their temporal counterparts. As may be apparent from 

Table 29, none of the temporal conceptual model comprehensively captures semantics related to 
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time. Very few models provide support for modeling generalization and aggregation abstraction, 

the absence of which restricts the modeling ability of the conceptual model. Additionally, none of 

the extant models explicate the semantics related to granularities and indeterminacy. 

4.3.3 Evaluating Spatial and Time-Varying Spatial Conceptual Models 

Most of the spatial models [84, 85, 117, 118, 192, 225, 251, 254] focus on capturing semantics 

associated with the geometry of the spatial objects. The spatiality of the entity types is deflned by 

a relationship link with geometrical type, which may be a point, a line or a region. This approach 

allows only entities to have an associated geometry and makes the resulting schema crowded 

[162]. As shown in Table 30, none of the conceptual models provide a mechanism to capture 

granularity and indeterminacy associated with spatial data. Overall, the existing spatial 

conceptual models do not provide a user-friendly formalism to captiu-e the users' requirements 

comprehensively. The extant spatial conceptual models have taken a wide array of approaches to 

incorporating spatiality—very different graphical notations and different base models have been 

employed. Additionally, some of the models have included implementation related concepts in 

the conceptual model. All of these factors related to the syntactic dimension do not bode well for 

ease of use and comprehension perspective. 

Amongst all the spatio-temporal conceptual models surveyed, we found the STER model to 

be straightforward to understand and use. Although the semantics that can be captured with STER 

represents a major leap forward in spatio-temporal conceptual modeling, it has some drawbacks. 

STER does not provide a mechanism to capture granularity and indeterminacy associated with the 

spatial and temporal data. According to Sinton [203], no geographic data should be entered 

without the precision of an observation. In STER, a spatial attribute is modeled as an attribute of 

the space and is unrelated to the spatial entity. While this perspective helps incorporate the layer 

perspective of GIS applications, it is contrary to the very basis of conceptual models since 
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properties are facts associated with objects. Probably a better representation of a layer would be 

to model it as a spatial object with an independent existence. STER also does not explicate the 

constraints associated with translating a STER schema to an ER schema. Most spatial conceptual 

models provide a mechanism to express semantics related to a point, a line and a region; some of 

the models define many shape types associated with a spatial object. As shown in Table 31, most 

of the spatial conceptual models are not sufficiently expressive to capture detailed semantics 

related to space. Spatial support is varies widely from very rudimentary to somewhat reasonable. 

4.4 Summary 

In summary, the existing temporal conceptual models do not comprehensively capture semantics 

related to time. Moreover, some models depart fi'om the formalism of conventional conceptual 

models [40, 59], which can make the resulting schemas difficult for users to understand. None of 

the temporal conceptual models are practical from a traditional CASE tool vendors' point of view 

because it is impossible to provide a temporal extension to an existing CASE tool that supports a 

conventional conceptual model. Upward-compatibility is also pertinent from a database analyst 

point of view since legacy schemas are not invalidated by the adoption of a new concephial 

model and none of the models explicitly support legacy schemas. To model temporal and spatial 

aspects, existing approaches of adding artificial classes and attributes inflates the schemas while 

hiding associated semantic information. 



77 

Chapter 5: Evaluating Semantic Modeling 

Accurate specification and validation of information requirements are critical to the development 

of an organization's information systems. Conceptual data models were developed to provide 

precise and unambiguous representation of organizational information requirements [91, 165], 

Jarvenpaa and Machesky [97] state that the success of information systems development projects 

is dependent largely on the accuracy of conceptual schemas. Conceptual schemas provide a 

communication mechanism among different stakeholders. For application development teams that 

are geographically distributed, these schemas play an even more important role in 

communication; this communication is based on schema comprehension [2]. Evaluating how 

conceptual schemas impact problem representation and overall solution generation has been an 

important area of previous research that we summarize in this chapter. 

Hutchins et al. [93] posit that there is a gulf between a user's goals and knowledge of the 

application domain, and the level of description provided by systems with which they interact. 

This results in two kinds of gaps: semantic (i.e., between representation and the real world) and 

articulatory (i.e., between the meaning of a data model and its physical form) [15]; problem 

representation plays an important role in bridging these gaps. Greeno and Simon [76] define 

problem representation as "an individual's representation of the objects in the problem situation, 

the goal of the problem, and the actions that can be performed and the strategies that can be used 

in working on the problem." In the context of requirements analysis, McDermid [135] defmes 

representation as follows: "The information gathered needs to be organized and represented, 

perhaps in a diagrammatic or formal (mathematical) notation. We use the term representation for 

this process and for the product." Palmer [157] distinguishes between represented world and 

representing world; the former referring to the concepts being represented and the latter pointing 
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to notations used to represent those concepts. The concepts may be abstract or concrete facts, and 

may include procedural and/or declarative knowledge. We focus on declarative knowledge; the 

representing world (or the formalism) is referred to as the conceptual model and the represented 

world is referred to as the miniworld. 

In the following, we first describe extant literature that seeks to uncover the modeling 

process. We next summarize various studies that have compared conceptual modeling 

formalisms, e.g., EER and 00 (Object-Oriented Models), EER and relational, EER and PO 

(Process-Oriented Models). Please refer to the tabulated summaries in Appendices D. 1: Summary 

of Evaluation of the Modeling Process and D.2: Summary of Evaluation of Modeling 

Formalisms. 

5,1 Evaluating the Modeling Process 

Newell and Simon [151] posit that problem-solving takes place in a problem space, which is the 

representation of a task environment. Zhang [262] argues that different representations can give 

rise to different representational efficiencies and behavioral outcomes (referred to as 

representational effects). Durding et al. [52] suggest that performance is dependent on using a 

data structure that maps to the underlying semantic structure of the application. An experiment 

employing undergraduate students studied how people organized data. The subjects were asked to 

organize 15-20 words—having natural organization patterns like hierarchy, network, list or 

table—on paper. The experiment demonstrated that the subjects were able to recognize the 

organization patterns and use them effectively. On the other hand, subjects had difficulty when 

they were asked to use a structure that did not match the natural pattern of data. Vessey [237] has 

defined the notion of cognitive fit that is associated with cognitive processes involved in solving 

modeling-related problems. Cognitive fit is said to exist and result in superior problem-solving 
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performance when cognitive processes used in problem representation match those used to 

complete the task. Vessey and Galletta [239] examined effects of a match among problem-solving 

skill, problem representation and the problem-solving task on problem-solving performance. 

In the context of conceptual data modeling, two studies [14, 217] have examined the process 

of data modeling. Batra and Davis [14] compared experts and novices in their ability to develop 

conceptual schemas. The study employed protocol analysis methodology for data gathering; 

subjects were asked to verbalize their thoughts as they developed a conceptual schema based on a 

given case. Nine subjects—four novices and five experts—participated in the study. The subjects 

operated at three different levels of abstraction: enterprise level (i.e., develop understanding of 

the case by eliciting requirements, seeking clarification and establishing connection), recognition 

level (i.e., focus on sub-problem at hand) and representation level (i.e., operationalization of 

understanding into conceptual data representation). The experts seemed to cycle through the 

levels starting at enterprise level and then return to the same level for another part of the case. On 

the other hand, novices backtracked a lot. Novices tended to rely more on "first principles" while 

experts were able to automate some aspects of problem-solving. 

Srinivasan and Te'eni [217] used think-aloud process-tracing methodology to uncover the 

underlying process of data modeling. The questions addressed in this study were: (i) what types 

of behavior occur during data modeling process; (ii) do certain behaviors result in better solution; 

and (iii) how might decision aids be designed to support data modelers. They propose a model 

that includes problem representation, cognitive activities, constraints and heuristics. Information 

processing acts, e.g., seeking information, representing information externally, testing/refining 

information, required for problem representation are referred to as cognitive activities. 

Limitations on cognitive activities are called constraints. Heuristics are strategies used for 

controlling cognitive activities to deal with constraints. In a first experiment, ten subjects were 
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found to work at higher levels of abstraction and applying tests at intermediate points helped 

produce high-quality schemas. In the second experiment, four subjects were encouraged to use 

the heuristics used by high-performance subjects in experiment I. These subjects were found to 

perform better than subjects from the first study. Making orderly transitions from identification to 

crystallization was found to influence the subjects' performance. 

5.2 Evaluating Conceptual Modeling Formalisms 

Various studies have compared informationally equivalent [122] modeling approaches, i.e., 

approaches in which information in different representations is inferable from one to another. 

Many data models exist to represent various modeling objectives, and "choosing a good way to 

represent a problem is a major step toward its solution" [248]. A somewhat dated study [178] 

evaluated various database query languages; we focus on human factors (e.g., comprehension, 

perceived ease of use) studies associated with data representation (i.e., data structure) rather than 

data manipulation (i.e., queries). 

As shown in Figure 9, Juhn and Naumann [103] argue that data modeling performance is 

affected by the data modeliag formalism, characteristics of the user (e.g., programmers vs. non-

programmers; referred to as humans) and the associated task. Vessey and Weber [240] argue that 

design process is based on taxonomizing, which is best supported by diagrammatic 

representation. Thus, a data modeling formalism that allows diagrammatic representation (e.g., 

ER/EER and OO) should result in better modeling performance compared with textual 

representation (e.g., relational). Kim and March [108] describe four phases of requirement 

determination as perception (i.e., users perceive enterprise reality), discovery (i.e., database 

analysts interact with users to elicit their perceptions), modeling/representation (i.e., based on 

discovery, database analysts build a schema—an external representation—of the enterprise 
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reality) and validation (i.e., checking if the schema is correct, consistent and complete). The tasks 

in most of the studies involved representation or validation of user requirements for different 

types of data modeling formalisms (e.g., relational, ER/EER, OO). The ultimate objective of a 

conceptual modeling formalism is that it should lead to correct, consistent and complete schemas; 

additionally, the schema must be comprehensible, because it serves as a communication vehicle 

between database analysts and users. Consequently, the dependent variables (i.e., performance) 

typically include comprehension, perceived ease of use and modeling correctness. 

Different Type of 
Modeling Formalism 

(Control) 

Task Modeling/ 
Representation 
Validation 

Human 

Data Model 

Perfonnance 

Perceived Ease 
of Use 
Modeling 
Correctness 

(Control) 

Figure 9: Comparison of Data Modeling Formalisms; adapted Trom (I5| 

In the following, we summarize the objectives, analysis and the findings of various 

experimental studies related to evaluation of data modeling formalisms; we present the studies in 

chronological order, starting from the earliest. We summarize these studies in Appendix D.2: 

Summary of Evaluation of Modeling Formalisms, where we describe objective of the study, 

subjects' characteristics, variables (i.e., independent, controlled and dependent), and the 
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experimental task (i.e., representation or validation). Note that none of these studies is related to 

spatio-temporal data modeling. 

Brosey and Shneiderman [35] conducted two experiments that compared two data modeling 

formalisms: relational and hierarchical. In the first experiment, 38 undergraduate students (two 

groups; begitmer and advanced) were given relational and hierarchical schemas, and asked 

questions that tested comprehension (questions based on instance diagram), ability to form 

questions based on the schema for the given problem, and memorization of attributes (including 

structure for the hierarchical schema). In this study, memorization and reconstruction is construed 

to be a metric for comprehension as it shows the ability of the subject to recode at higher-level 

semantic structures [194]. There was a significant difference between advanced and beginner 

modelers on hierarchical and table models, and on the order in which the task was done (i.e., tree-

relational vs. relational-tree). The second experiment examined comprehension and memory for 

relational, and I- and 2-tree hierarchical model. The analysis of variance on comprehension and 

memorization means was found to be different for the three models. Based on the two 

experiments, the authors posit "the way information is presented to the user does in fact make a 

notable difference in performance." 

Shoval and Even-Chaime [196] evaluated how two methods of database design (i.e., 

normalization that is based on tables from DFDs [42, 45, 50] and information analysis that is 

based on a binary relationship data model [152, 195, 236]) and task complexity affect schema 

correctness (against a "gold standard"), time to develop a schema and the designer preference. It 

was hypothesized that, for simple, tasks normalization would lead to better schemas (i.e., as 

compared to the "gold standard") and that information analysis would outperform normalization 

for complex tasks. However, the experiment fmdings revealed that the quality of schemas was 

significantly better in three of four tasks (two simple and one complex) using normalization; the 
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difference for the fourth task was not significant. Normalization took considerably less time and 

was also preferred by the subjects. 

Jarvenpaa and Machesky [97] studied the ease of learning associated with LDS (Logical Data 

Structure, based on entity-relationship model) and RDM (Relational Data Model). Both the 

formalisms employ entities, attributes, identifiers and relationships for describing static 

properties. LDS and RDM were expected to lead analysts to focus on entities ("top-down" 

approach) and attributes ("bottom-up" approach), respectively. Since people process top-down 

information more efficiently [201] and syntactic notations impact learning and performance [75], 

it was expected that LDS (with more intuitive notations) would lead to the development of more 

accurate schemas in less time than RDM models. The dependent variables included accuracy of 

the developed schema (against the number of "required" entities, attributes and relationships), 

time required to complete the schema, subjects' understanding of formalism, and modeling 

approach taken by the subject (i.e., degree of bottom-up or top-down). Four control variables 

were measured; age, experience, education and learning style (using Kolb Learning Style 

Inventory [116]). 36 students participated in the experiment and were given monetary incentive 

(top four performers were given S50, S35, S25 and SIO, respectively). Multi-variate analysis of 

variance was fitted to data for modeling accuracy and completion time because the Pearson-

product coefficient showed high correlation among dependent variables. Learning was found to 

be greater for the LDS group than for the RDM group. A second experiment was conducted to 

examine the poor performance of the RDM group. The third experiment measured the 

effectiveness of the tool supporting the modeling activity. The experiment concluded that low-

level skills can be learned by novices over short period of time, and that top-down processing 

(i.e., LDS) is a more effective approach to data modeling. 
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Batra et al. [15] argue that conceptual modeling involves three phases: (i) elicitation of 

requirements, (ii) translation of the requirements into a conceptual schema (or representation) and 

(iii) validation; their study focuses on the representation task. In this study, modeling correctness 

was compared on the basis of facets, which are at a finer level than the conceptual models 

themselves. Facets are various types of abstractions and include entity, identifier, descriptor (i.e., 

attribute), category and relationships (i.e., unary, binary 1:M, binary M:M, ternary 1:M:M and 

ternary M:M;M); facets like entity, descriptor and category were not included in the study. 

Perceived ease of use [47] was construed as the degree to which an "individual believes that using 

a particular system would be free of physical and mental effort." Database experience was treated 

as a covariate variable. It was hypothesized that the EER model would facilitate lower "semantic" 

and "articulatory" distance than the relational model. Description of the problem (employee 

database) was presented in textual format and the subjects were asked to develop a schema using 

a conceptual model or a relational model. The schemas were graded for correctness by three 

raters; the rating was based on the classification of errors (i.e., minor, medium and major). Inter-

rater reliability (Cronbach's alpha) was found to be 0.97. As compared with the relational model, 

EER model scored higher on correctness for all facets except unary relationships; difference in 

perceived ease of use was not found to be statistically significant. 

Palvia et al. [158] examined three conceptual models (i.e., data structure diagram [11], entity-

relationship model [40] and object-oriented model [119]) on comprehension (performance), 

efficiency and productivity. Three experiments, one for each conceptual model, were conducted; 

each experiment had 41 subjects. Like Brosey and Shneiderman [35], Palvia et al. [158] used 

instance diagrams to compare the user performance. The user performance on comprehension, 

efficiency (i.e., time taken) and productivity (i.e., a ratio of comprehension score and time taken) 

was found to be significantly better for object-oriented models. 
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Shoval and Frumennan [197] measured user comprehension—using a schema validation 

task—for the EER Model and the OO Model. User comprehension was examined for 

entities/objects, relationships (binary and ternary) and "unclassified facts" (i.e., constraints). The 

subjects of the experiment were students of behavior science and management who had taken a 

certain set of courses. The 78 class members were divided into two groups, one (41 students) of 

which was taught the EER model; the other 37 students were taught the OO modeling formalism. 

The students were given 50 minutes to complete the task of assigning 48 true/false statements. It 

was found that there was no significant difference between the EER and the OO groups in 

modeling attributes and binary relationships. There was a significant difference in favor of EER 

for ternary relationships and there was a significant difference in favor of OO for "other facts" 

(i.e., constraints). 

Mantba [131] compared the completeness of logical data specification using two modeling 

approaches, data flow modeling and data structure modeling (i.e., conceptual modeling). 

Completeness is defined as the degree to which the logical data specification contains the 

elements necessary to model the miniworld. Completeness entailed measuring the number of 

entity views (i.e., non-normalized file specification) and attributes. The experiment had four 

phases: orientation, analysis and data modeling (data flow or data structure), derivation of data 

specifications (logical schema) and debriefing. Twenty professional systems analysts were 

recruited to conduct data flow modeling and data structure modeling. Since the sample size was 

not large enough, non-parametric statistics were used to test the hypotheses. The experiment 

found that data structure modeling generated more entity views and attributes than data flow 

modeling. 

Hardgrave and Dalai [88] compared Object Modeling Technique (OMT) [186] and Extended 

Entity Relationship (EER) model [136] on various performance parameters, i.e., understanding 
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the modeling formalism, time to understand the formalism and perceived ease of use. Model 

understanding implies the degree of understanding by the subject measured on facets [15] that 

comprise the data model (e.g., binary relationships, unaiy relationships, categories, descriptors). 

Perceived ease of use is defined as the "degree to which a person believes that using a particular 

system would be free of effort" [48]. The independent variables were type of data model (i.e., 

EER and OMT) and task complexity (i.e., simple with entities, descriptor and binary 

relationships, and complex with simple task plus unary relationships, ternary relationships and 

categories). 56 student subjects were randomly assigned to one of four groups: simple OMT, 

simple EER, complex OMT and complex EER. The subjects were given two one-hour lectures on 

each of the models. Multiple-choice questions were used to evaluate subjects' understanding of 

the data modeling formalism; the time needed to complete responding to the questions was also 

noted. The only difference between the two modeling formalisms was found in time required to 

understand. 

Using EER (extended entity-relationship model) [227] and NIAM (Nijssen Information 

Analysis Methodology) [127], Kim and March [108] compared two data modeling formalisms, 

i.e., the entity-attribute-relationship model and the object-relationship model, respectively. The 

objective of the study was to compare the impact of data modeling formalism on schema 

building!data modeling (by analysts) and schema validation (by users) tasks. The data modeling 

performance was based on an instrument developed by Batra et al. [15] and Ridjanovic [179]. 

User validation performance involved examining comprehension and discrepancy-checking 

ability. Comprehension is associated with the number of correct answers related to the schema 

based on a modeling formalism (EER or NIAM), and is based on that of Juhn and Naumann 

[103]. Discrepancy checking involves identifying the number of errors between the English-

language description and the given "incorrect" schema. The error types were counted and 
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differentiated into entity, relationship and attribute errors. The users' experiment involved a one-

hour training session, three hands-on problem-solving sessions and monetary rewards for the top 

three performers. Additionally, a debriefing questionnaire was collected fi'om the subjects and 

used to determine perceived usefulness, i.e., perceived ease of use and value of modeling 

formalism. In the experiment with users, there was no difference in comprehension and 

discrepancy checking performance for two formalisms. In the database analysts experiment, there 

was no difference in the syntactic performance (e.g., no name of entity class and duplicate entity 

names); however, the semantic performance (e.g., incorrect cardinality, missing relationship, 

missing/incorrect identifier) for the EER group was found to be significantly better than the 

NIAM group. 

Moynihan [146] compared the effectiveness of Rumbaugh's Object Model Notation [186] 

with functional decomposition as formalisms for communicating functionality to users. The task-

performance was measured by the subject's ability to detect missing facts in the schema. 

Additionally, when subjects were also asked to critique the content of analysis no significant 

difference was found between the two approaches. Functional decomposition was perceived to be 

easier to understand, provoked more questions, gave more holistic understanding of business and 

helped evaluate likely implementation benefits. 

Shoval and Shiran [198] compared EER and OO models in terms of (i) correctness of 

"facets" of the developed schema, (ii) time to complete the design task, and (iii) designer's 

preferences. 44 students were trained to study and use the two modeling formalisms over 6 hours. 

Subjects were divided into two groups: (i) those starting with OO and continuing with EER and 

(ii) those starting with EER and continuing with OO. The starting and ending times for each task 

were recorded and the students were asked to grade their preferences. The correctness measure 

was adapted from Batra et al. [15]. The significance of difference in the mean of scores for two 
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models was evaluated using Mest (parametric test assuming normally distributed population) and 

Wicoxon signed rank test (non-parametric test assuming identical continuous distributions). 

There were no significant differences among entities, attributes, supertypes/subtypes, and three 

types of relationships. Unary and ternary relationships favored the EER model. It took 

significantly less time to design EER schemas and subjects preferred the EER modeling 

formalism. 

Agarwal et al. [2] compared user comprehension of the object-oriented (OO focus on 

structure) and the process-oriented models (PO focus on behavior). Two cases were employed in 

the experiment, a payroll system (ABC) and a vehicle registration system (Texas); 8 questions of 

varying complexity were associated with each case. A total of 71 students participated in two 

experiments. Each subject received credit, which was factored to the subject's (student's) final 

grade. Subjects were assigned to one of the two groups (i.e., OO and PO) and had to answer the 

questions based on the schema provided. To counteract the possibility of sequence effects, 

questions were randomly ordered. Each subject was assigned to one type of model to eliminate 

the possibility of learning effects. The same instructor provided both training sessions to avoid 

any possibility of bias. A pilot test was conducted with 18 students and 6 questions. For relatively 

simple questions, there was no significant difference between respondents of the OO and PO 

models; however, the PO model was found to be easier to understand than the OO model for 

more a complicated case. 

Sinha and Vessey [202] in their within-subject study of 19 graduate students assessed the 

EER/RDM (relational data model) OOD/OOT (object-oriented text) on accuracy of modeling 

entity classes and attributes, and association and generalization relationships. The experimental 

task involved developing a conceptual and logical schema for the given text case. Conceptual 

models (EER and OOD) were found to be more effective in modeling than logical data models 
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(RDM and OOT). The OOD model was superior to the EER model for representing entities 

classes and attributes. The OOT model was found to be superior to the RDM model in 

representing generalization relationships. Additionally the OOD-OOT mapping was found to be 

more effective than the EER-RDM mapping. 

5.3 Summary 

The way a problem is represented affects the performance of the users. User performance has 

been measured using schema errors (or correctness), time to complete the schema development 

task, perceived ease of use, and user comprehension both with the modeling formalism and the 

developed schema. 

Various laboratory studies—described in this chapter—have evaluated the impact of data 

modeling formalisms (i.e., 00 and ER, ER and relational, OO and PO, and Relational and 

Hierarchical) on representation and validation tasks. 

OO and EER • Modeling correctness for different 
formalisms [108, 202] 

• Perceived ease of use [ 108] 

• User comprehension [108, 197] 
• Understanding "facets" of 

schema [88, 158] 
• Productivity/Efficiency [158] 
• Perceived ease of use f 108] 

ER and Relational • Modeling correctness: "facets" 
[15, 198] and model (entities, 
attributes and relationships) [97] 

• Time to complete design task [97, 
198] 

• Perceived ease of use [15] 
• Understanding the formalism [97] 
• Designer preference [ 198] 

• None 

OO and PO (DFDs) • Schema correctness [60] against 
"gold standard" [196] 

• Time to complete design task 
[196] 

• Preferred by participant designer 
[196] 

• Completeness [131] 

• User comprehension [2] 
• Subjects' opinion of styles [ 146] 
• Task performance [ 146] 
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Relational and • None • Comprehension [35] 
Hierarchical • Ability to form query [35] 

• Memorization [35] 

Table 3: Summary or Dependent Variables in Evaluation of Data Modeling Formalisms 

Mantha [131] measured completeness, i.e., the degree to which the model contained the elements 

needed to represent the elements of interest in the problem domain. As shown in Table 3, 

dependent variables for measuring representation ability are modeling correctness (for various 

facets [ 15]), time to complete the design task and designer preferences. Dependent variables for 

validation tasks include user comprehension (related to both modeling formalism and developing 

schema), time/efficiency/productivity, and perceived ease of use. 

Laboratory studies evaluating modeling formalism has been an important area of research in 

MIS. We have described various laboratory studies that have evaluated conceptual models on 

comprehension, perceived ease of use and modeling correcmess. In surveying various laboratory 

studies, we have provided an overview of methodology adopted, sample size, assumptions, 

independent, dependent and control variables, and experimental tasks and analysis. All this has 

given insights into requirements for the design of laboratory studies that evaluate conceptual 

modeling formalism. 
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Chapter 6: Capturing Spatio-Temporal Semantics 

A spatio-temporal conceptual model provides a formalism to explicitly capture the temporal, 

spatial and time-varying spatial semantics of an application. We briefly describe an example that 

we use throughout this section. We present design criteria for developing a spatio-temporal 

conceptual model. Next, we introduce spatio-temporal annotations to help capture the semantics 

of (temporal and spatial) sequenced statements. For each construct of USM [172, 176] introduced 

in Chapter 2, we show how that construct can be annotated as temporal, spatial or time-varying 

spatial; we then provide the associated semantics of the aimotated constructs. Finally, we describe 

how the semantics related to non-sequenced statements (temporal and spatial) can be captured. 

6.1 A Hydro-Geologic Application 

We briefly describe a database application at USGS that supports a ground-water flow model 

[44]; details are provided in Chapter 9. Throughout this Chapter we draw examples from this 

example. 

The objective of the ground-water flow model is to characterize regional 3D ground-water 

flow paths so that policy-makers can make decisions related to: (i) radio-nuclide contaminant 

transport; and (ii) the impact of ground water pumping on national parks and local communities 

in the region. A large part of the input data for this flow model is spatial and/or temporal in 

natiu-e. For example, two key objects of interest in the application are spring-water sites and 

borehole sites. Both of these objects need to be spatially referenced to the Earth. A spring-water 

site is represented as a point whose location on the surface of the earth is given by geographic x-

and y- coordinates, with a spatial granularity of degree. Spring-water sites are the points where 

spring discharge is measured. Similar to springs, wells (or boreholes) are access points to the 
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ground water system. Information of their construction and condition is important for monitoring 

ground water supply and remediation. A borehole site refers to a part of the well whose 3D 

location is given by x- and y- coordinates on the earth's surface with a spatial granularity of 

degree, and depth below land surface with a spatial granularity of foot; there can be different 

borehole sites at different depths at the same surface location. 

The primary input data for the ground-water flow model includes discharge (in cubic feet per 

second) at the spring-water site and water depth (in feet below land surface) at the borehole site, 

which is collected by a source agency. Discharge and water depth need to be associated with the 

time of measurement. Additionally, the time associated with discharge and water depth data 

needs to be captured to the temporal granularity of minute. The borehole sites may have a 

pumplift that removes water from the borehole site and this can affect other data collected at the 

borehole site. 

In summary, the ground-water flow model requires spatial and temporal data related to, e.g., 

spring-water site, borehole site, well, water level, source agency. Having briefly described a 

spatio-temporal application, we next describe design criteria that serve as guiding principles in 

the development of our spatio-temporal conceptual approach. 

6.2 Design Issues in Spatio-Temporal Conceptual Modeling 

We discuss key design issues related to our approach to conceptual modeling: cognition of spatio-

temporal data, annotations, treatment of space vs. time, orthogonality, upward compatibility and 

snapshot reducibility. 

6.2.1 Cognition of Spatio-Temporal Data 

Since a conceptual schema acts as a communication device among users, database analysts and 

the database implementation, the formalism provided by a conceptual model for developing a 
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schema should be comprehensible and straightforward to use. Many prior studies (cf. Chapter 5) 

have compared conventional conceptual models on comprehension (e.g., [2, 3S, 197]) and 

perceived ease of use (e.g., [88, 108, 196]); these studies reinforce the fact that many significant 

underlying requirements related to a conceptual modeling formalism are user-related. One of the 

problems with existing spatio-temporal conceptual models is reported to be their inability to 

"represent information in way that is more natural to humans" [140, 166]. Therefore, it is 

imperative to propose a spatio-temporal modeling formalism that takes into account cognition, as 

this would ensure that the proposed model is comprehensible and straightforward to use. 

Some researchers, e.g., [9, 187], posit that all human knowledge is stored as abstract 

conceptual propositions. The propositions are assertions about the real world. As shown in Figure 

10, Anderson and Bower's [9] Human Associative Model (HAM) is based on propositions; in 

their model, a proposition is composed of a fact and context associated with the fact. The subject 

and predicate correspond with a topic and a comment about the topic; this corresponds with 

information representation as object-property or property-value pairs. For some applications, the 

context in which the fact is true can be the key to reasoning about the mini-world. This context in 

turn is composed of time and location associated with the fact. 

Proposition 

Context Fact 

Location Predicate Time Subject 

Figure 10; Human Associative Memory Model [9| 
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A spatio-temporal conceptual design approach that focuses first on facts iyvhat) and then on 

context {where and when) related to those facts would correspond with Anderson and Bower's 

Human Associative Memory Model [9]. Thus, we expect that such an approach will lead to 

schemas that are comprehensible and straightforward to use. 

6.2.2 Space vs. Time 

Time and space are the basis for all our experiences, cognition and coordinated collective actions. 

However, there seems to be asymmetry in the treatment by languages: "whereas the speaker is 

free to talk about space or not, this is not so for time; each finite verb obligatorily includes 

temporal information—it expresses tense, aspect, or both...the expression of time is a 

consequence of the way in which languages is structured" [110]. Like Klein [110], we take 

objects, their properties and relationships to be predominantly embedded in time; one may or may 

not choose to capture the associated temporality in an application. On the other hand, some 

objects, e.g., UTHOLOGY, are not inherently geo-referenced. For example, the notion of 

sandstone—a type of lithology—is independent of where it is found. As with Abraham and 

Roddick [2], we construe the time-varying spatial aspect as a lineage of the spatial aspects. 

6.2.3 Upward Compatibility 

Upward compatibility [28, 213] implies the ability to render conventional conceptual schemas 

spatio-temporal without affecting the legacy schemas. The objective of upward compatibility is to 

be able to develop spatio-temporal schemas without invalidating the extant legacy schemas, thus 

protecting the investment in existing schemas. It also implies that both the legacy schemas and 

the spatio-temporal schemas can co-exist. If the spatio-temporal extension is a strict superset 

provided by adding non-mandator}' semantics, it would ensure that the spatio-temporal extension 

is upward compatible with the conventional conceptual model. Upward compatibility requires 
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that the syntax and semantics of the traditional conceptual model, e.g., [59, 172, 199], remain 

unaltered. Unlike some proposed temporal conceptual models (e.g., [60, 61]) that change the 

semantics of existing constructs, an upward compatible approach would preserve the semantics of 

a conventional conceptual model. 

6.2.4 Snapshot Reducibility 

Snapshot reducibility [28, 206] implies "natural" generalization of the syntax and semantics of 

extant conventional conceptual models, e.g., [59, 172, 199], for incorporating the spatio-temporal 

extension. Snapshot reducibility ensures that the semantics of a spatio-temporal model are 

understandable in terms of the semantics of the conventional conceptual model. Here, the overall 

objective is to help ensure minimum additional investment in database analyst/user training. Just 

as annotating the schema induces the sequenced spatio-temporal semantics, removing the 

annotations renders the schema with the traditional (snapshot) semantics. As we assume that the 

database analysts will be conversant with conventional conceptual models, an extension using 

annotations should require minimum additional training costs, fewer errors and no significant 

drop in productivity. 

6.2.5 Annotations 

Our spatio-temporal design methodology uses annotations to capture the semantics of (temporal 

and spatial) sequenced statements. Many existing approaches that capture some aspects of space 

and time, e.g., [85, 117], employ artificial object types like point, line, region and time period; 

such object types do not represent the miniworld. These approaches are contrary to the rationale 

of semantic modeling itself. Annotations provide a mechanism to explicate concepts like history, 

lifespan and geo-referencing while hiding the concepts which have well-known semantics (e.g., 

valid time, point, line, region). 
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With annotations, our approach naturally extends the semantics of a conventional conceptual 

model (with implicit snapshot semantics), thereby inducing sequenced spatio-temporal semantics. 

For example, in a conventional conceptual model a key attribute [59] uniquely identifies an entity 

(at a point in time). A temporal key [209] implies uniqueness at each point in time. As may be 

evident, the semantics of a temporal key here are implied by the semantics of a key in a 

conventional conceptual model. Similarly, in a temporal relationship, the temporal element 

associated with a temporal relationship is constrained to be a subset of the intersection of the 

lifespan of the participating entities. Again, the semantics of a temporal relationship are implied 

from that of a (conventional) relationship where a relationship can be defined among entities that 

exist. 

6.2.6 Orthogonality 

Annotations integrate the semantics related to space and time into a traditional conceptual model, 

e.g., [13, 40, 59]. without adding any special constructs. Since various types of conceptual 

modeling abstractions (e.g., entity, attribute, relationship and key) are orthogonal to space and 

time, the annotations are generic and applicable to all types of conceptual modeling abstractions. 

In other words, our annotations (Appendix E: Annotation Syntax) are not specific to any 

construct in a conventional conceptual model; they apply to all the constructs. For example, an 

annotation phrase "S(day)/-//" can apply to an entity class, an attribute (including key, composite 

and multi-valued) or a relationship. 

6.2.7 Non-Sequenced Constraints 

In specifying the armotation syntax, we had to make certain design choices related to what to 

include in the annotation syntax. These choices are not peculiar to our annotation syntax. Even 

conventional conceptual models do not include every possible constraint in the schema; e.g.. 
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uniqueness constraints on an attribute typically are not shown in the schema and may be specified 

in the data dictionary, an organized listing of data elements [170, 259]. Similarly, some of the 

non-sequenced constraints are not represented in the schema primarily for pragmatic reasons; if 

they were included the schema would cease to be easy to use (readable). For example, a lifetime 

key constraint (a type of temporal non-sequenced constraint) might require uniqueness over the 

entire lifespan of the entity; note that this constraint is orthogonal to the temporal sequenced key 

constraint. Non-sequenced constraints may be defined; however, some of the non-sequenced 

constraints are not explicitly shown in the schema and may be included in, e.g., a data dictionary. 

The requirements described above induce a three-layered architecture (Figure 11) that 

incorporates the space and time semantics in two stages (Layer 2 and Layer 3). Layer 1 provides a 

mechanism for captiuing the semantics of "what" is important for an application; conventional 

conceptual models help realize this layer. 

Layer 3 

Layer 2 

Layer I 

Non-Sequenced 
Semantics 

Sequenced 
Semantics 

Non-temporal Non-
spatial Semantics 

Approach for adding 
spatio-temporal semantics 

STtISM 

New Constructs/ Data i 
Dictionary 

Annotations 

USM 

Instantiating the approach 

Figure II: Inducing Space and Time Semantics with Three Layers 
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USM—a conventional conceptual model that helps capture the semantics related to entities, 

relationships and attributes—instantiates layer 1. Temporal and spatial support for sequenced 

statements (both temporal and spatial) provided by layer 2 does not add any new syntax (i.e., 

constructs) and is based on layer 1. Annotations are use to instantiate layer 2. Upward 

compatibility and snapshot reducibility are applicable to an annotated schema. Finally, the spatial 

and temporal semantics (i.e., non-sequenced) that have no counterpart in a traditional conceptual 

model (e.g., USM) are added via new constructs in the layer 3. We have chosen to explicate the 

non-sequenced semantics in a data dictionary. 

Having outlined the design decisions underlying our spatio-temporal conceptual modeling 

approach, we instantiate our approach for a conventional conceptual model—USM—to propose a 

spatio-temporal conceptual model called ST USM. We have used USM as the base model 

because it provides a formalism that comprehensively models "what" is important in the real 

world; it explicates the semantics of groupings/composites and extends many constraints of the 

EER model [59]. However, our approach is not specific to USM and can be applied to any 

conventional conceptual model such as ER [40], EER [59] and even Unified Modeling Language 

(UML)[123]. 

63 Entity Class 

An application may require capturing the lifespan (real or database) of an entity, the shape and 

position of an entity in space, or a change in the shape and/or position of an entity over its 

lifespan. 

6.3.1 Temporal Entity Class 

A temporal entity class implies that the membership of an entity in the entity set is time-varying; 

it refers to entities with associated existence time and/or transaction time. We assume that a 
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temporal entity class (as contrasted with entities of that class) exists during the entire modeled 

time. Thus, the existence time represents the lifespan of an entity and defines the time when facts 

associated with an entity can be true in the miniworld. Similarly, we can capture the transaction 

time associated with an entity, which may be important for applications requiring traceability. 

When an entity class (e.g., pimiplift) is defined as temporal, it implies that the application would 

have queries like "What is the average monthly power consumption by all pumplifts over their 

installed existence?" (i.e., a sequenced query; see Chapter 3.1.2) and "What are the pumplifb that 

were installed before 1995 and are operational now?" (i.e., a current query; see Chapter 3.1,2). In 

the real world, all objects are embedded in time, i.e., are temporal. However, an entity class need 

not be modeled as temporal if the user is not interested in the lifespan of an entity or if the 

lifespan is not known. 

A temporal entity class, E, with existence time is associated with an existence predicate (|>£.ct 

that defines the lifespan of an entity in terms of an existence time granularity TGE.a (e.g., day). 

X Z —> B 

This predicate takes an entity and a particular granule (denoted by an integer) of the granularity 

and evaluates to a Boolean that is true if that entity exists in the modeled reality at that granule. 

There are two constraints on the existence predicate <p£.ci: 

(i) V e e 5(£), (p£.ct(e, 0 => (TGEAO £ ImageiTGEa)) 

(ii) V e e S(£), 3 / e Z, <P£.ct(e, /) 

The first constraint states that an entity can exist only within the defined image of a granularity. 

Second, every entity exists at some granule (e.g., "2001-7-01") within the image of the 

granularity. Intuitively, if an entity with an associated lifespan does not exist during any granule 

within the image, it is meaningless to store it in the database. We can define the existence 

temporal projection operator (7t") as a function that returns the temporal element of an entity. 
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Formally, Jt": 5(£) —> { /1 e e S(£) A (p£-,ct(c, 0}- For example, the lifespan of an entity may be 

11, 12,..., 20 corresponding to say "2001-7-02",..., "2001-7-11." 

Similarly, a temporal entity class, E, with transaction time is associated with a transaction 

time predicate (p£.„ that defines the transaction time of an entity in terms of a transaction time 

granularity TGn (e.g., second). The transaction time granularity is only defined for all points less 

than now. If a transaction timestamp includes Until Changed {UQ, a special transaction time 

marker, it denotes that the associated object currently exists in the database. Unlike the existence 

time granularity, which can be specified by users, the transaction time granularity is system-

defined. Intuitively, the transaction time predicate maintains a transaction lifespan in the 

information system. 

(Pf ni X {Z U C/C} —> B 

The constraints on the transaction time predicate are similar to those on the existence time 

predicate. Similar to the existence temporal projection function, we can define the transaction 

temporal projection function (n"). A bitemporal entity class is associated with (p£.ci and <p£.„ 

defined in terms of an existence time granularity TGE,a and a transaction time granularity TG^, 

respectively. 

An indeterminate entity is associated with an indeterminate existence predicate (pc.-ct defined 

in terms of an existence granularity 7"Gf,cf 95.-ci takes an entity from the entity set, an index 

integer associated with the existence image, a pmf and the plausibility level (pi) [54], which is a 

positive rational number not greater than one, and is evaluated as u^e if the entity exists at that 

plausibility. An entity exists only for those granules that lie within the existence granularity 

image where there is some plausibility of occurrence. 

(p£.-c,: S{E) X Z X PMF x R ^ B 

There are two constraints on the indeterminate existence predicate (?£.-«. 
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(i) V e e 5(£), <p£.^(e, /, pmf, pi) => (7'GE.-«,(0 C Image(TGE.-<t)) 
where pmf e PMF and 0 < />/ < 1 

(ii) V e e 5(£), 3 ; € Z, (e, /, pmf, 1.0) 

Similarly, a uniform indeterminate existence predicate is defined as: 

5(£) X Zx Uniform Distribution x R B. 

The constraints on a uniform indeterminate existence predicate are similar to those on an 

indeterminate existence predicate. 

We next describe the annotation syntax. As shown in Appendix E; Annotation Syntax, the 

overall structure of annotations is; 

(temporal annotation) // (spatial annotation) // (time-varying spatial annotation). 

The temporal, spatial and time-varying spatial atmotations are separated by a double forward 

slash ("//"). The temporal annotation first specifies existence time (or valid time) followed by 

transaction time. The temporal annotation for existence time and transaction time is segregated by 

a forward slash ("/")• Any of these aspects can be specified as not being relevant to the associated 

conceptual construct by using a The valid time or existence time can be modeled as an event 

("P') or a state ("S") and has an associated temporal granularity. Similarly, transaction time is 

modeled with annotation "T." ST USM supports the expression of multiple granularities in the 

schema, e.g., sec (second), min (minute), hr (hour), day. Though users are free to specify their 

own granularities (standard or user-defined) for valid time/existence time that for transaction time 

is system-defined. Below we give some examples of temporal annotations. 

Example 1: "S (day) / - //" associated with an entity class denotes that entities in the entity class have 
existence time with a temporal granularity of day represented as a set of states ("S"). 

Example 2: "E (min) / T //" associated with an entity class denotes that entities in the entity class are 
bitemporal. The temporal granularity of the event ("E") is minute. Additionally, we also need 
to capture transaction time associated with the entities. The granularity associated with 
transaction time is not specified in example 2, as it is system-defined. 

Example 3: "S (sec) / - //" associated with amount denotes that amount is associated with time period 
("S") expressed in second. 

Example 4: "E (min) / - //" associated with water_depth denotes that water depth is associated with 
instants ("F') expressed in minute. 
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The annotation syntax also includes a formalism to model indeterminacy; e.g., an indeterminate 

state with a probability distribution function designated as "S~." Many times the probability 

distribution may not be known and a user may make a simplified assumption of a uniform 

distribution and in that case, an indeterminate state is represented as "S+-." 

Having defined the s}aitax for temporal entity class (using annotations), we next describe the 

semantics of a simple temporal entity class. Figure 12 illustrates the representation of existence 

time expressed as state ("S") with (gc,> as the temporal granularity name. Based on the users' 

requirements (of capturing the lifespan of an entity), the database analyst simply annotates 

(ENTITY_CLASS) with "S((get))/-//" and does not need to contend with the complexity of the 

underlying semantics or the associated temporal constraints. 

Figure 12 also shows the semantics of a temporal entity class in ST USM via a mapping using 

the concepts of a conventional conceptual model; we refer to it as a translated USM schema. This 

mapping from ST USM to (translated) USM is snapshot equivalent [100], i.e., the two schemas 

(ST USM and translated USM) represent the same information content over snapshots taken at all 

times. In order to express the semantics of a temporal entity class, we need to specify a 

TEMPORAL_GRANULARrTY in which the evolution of a temporal object is embedded. The 

relationship (ENTITY_CLASS)_has_ET associates an entity with a corresponding 

TEMPORAL.GRANULARITY. Each TEMPORAL.GRANULARTTY is uniquely identified by a 

granularity_name, shown by the underlined attribute. An extent is the smallest time interval that 

includes the image of a granularity and is expressed by two indexes, minimum and maximum. 

Each anchor_gran is a recursive relationship (i.e., a relationship where an entity from the same 

entity class can play different roles) such that each participating granularity optionally has an 

anchor ("0:1") and each granularity is an anchor for 0 to many ("0:M") other granularities. 
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ST-USM 1 

<ENTITY_CLASS> 

S(<g„>)/-// 

USM -
end begin 

andKir_gran state_periods 

0;M 0:1 
coarser-than 
0:M 

0:M TEMPORAL, 
GRANULARITY 

groupsjnto 

0:M 

maximum 

anchor extent 

minimum 

<ENTITY CLASS> 

Figure 12: Semantics of Temporal Entity Class 

A finer-than and a coarser-than relationship between granularities are denoted by a recursive 

relationship groupsjnto, where one entity plays the role of finer-than and the other the role of 

coarser-than. The relationships anchor_gran together with groupsjnto helps create a granularity 

graph [53], which can help a user choose the level of detail associated with facts. 

A temporal entity with existence time may have a set of eventjnstants or state_perlods 

associated with it, depending on whether a temporal entity is represented as an event or a state. A 

time period of (ENTITY_CLASS) is represented with indexes begin and end of state_periods. A 

double-lined ellipse in USM denotes a multi-valued attribute. For example, state_perlods is a 

multi-valued attribute that represents a set of state periods (i.e., a temporal element) associated 

with an entity; a set of state_periods represents the existence temporal projection. Figure 12 
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illustrates the complete semantics of a temporal entity class; in subsequent sections, we will not 

show the complete semantics associated with temporal granularities. This is done primarily to 

help the reader focus on the additional semantics not explicated in the previous sections. 

We now describe the constraints on temporal entities of <ENnTY_CLASS>. These 

constraints are implicit in the ST USM schema but are explicit in the translated USM schema. 

Constraints 6.3.1 and 6.3.2 are based on the definition of a temporal entity; i.e., a temporal entity 

has an associated temporal granularity and an associated temporal element. Constraints 

6.3.3-6.3.5 are based on the definition of temporal granularity. Constraints 6.3.6-6.3.8 are based 

on the definition of a temporal element. In these definitions, we assume a closed-open 

representation [209], i.e., the begin index is contained in the period while the index 

corresponding to end is not. For example, an instant for a temporal element may be represented 

by [17, 18). In this example, begin index (i.e., 17) is inclusive in the instant while end index (i.e., 

18) is not. 

Constraint 6J.1: The existence time for all the entities of (ENTITY CLASS) have the same 
associated granularity. 

V e € S((ENTITY_CLASS», 
e.<ENTITY_CLASS>_has_ET.TEMPORAL_GRANULARnY (granularity.name) = <&,> 

Constraint 6J.2: For every entity of (ENTITY CLASS), there exists an associated temporal 
element with well-formed periods. 

V e € S((ENTITY_CLASS», 3p e e(state_periods), p.begin < p.erxl 

Constraint 6.3 J: Each TEMPORAL.GRANULARITY has a lower and an upper bound referred to as 
minimum and maximum; these bounds are well-formed. 

V e e 5(TEMP0RAU_GRANULARrTY), e(extent.minimuni) < e(extent.maxiinum) 

Constraint 6J.4: All the granularities, except one, have an anchor. The bottom granularity is 
allowed not to have an anchor. 

V e, e S(TEMPORAL GRANULARITY), has(e,.andior_gran) =» 
(3 £2 e 5(TEMP0RAL_GRANULARrTY) A CI * C: A -> has(E:.anchor_gtan)) 

Constraint 6J.S: For a temporal granularity, if an anchor does not exist then that is the bottom 
granularity not having any granularity finer than it; in other words, it cannot take the role of 
coarser-than in the relationship groups-into. 

V e 6 S(TEMPORAL_GRANULARrrY), has(e.anchor_gran) => coarser-than(e.groupsjnto) 

Constraint 6.3.6: State periods of an entity of (ENTITY CLASS) are well-formed. 
V e e S((ENTITY_CLASS)), V/j e e(state_per}ods), p.begin <p.end 

Constraint 6.3.7: Temporal elements are well-formed. A temporal element is defined as a union 
of non-overlapping time intervals. 

V e e 5((ENTITY_CLASS)), Vpi,p; e e(state_periods),yj|.begin </jj.begin =>pi.end ̂ p .̂begin 
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Constraint 6J.8: The extent of a temporal granularity defines the upper and lower bounds for 
any temporal element. In other words, a temporal element cannot include an index that is larger 
than the corresponding extentmaximum or smaller than the corresponding extentminimum. 

Vee SKENTITY CLASS)), 
V p 6 e(state_pieriods), e.<ENnTY_CLASS)_has_ET.TEMPORAL GRANULARITY (extent.minimum) < 

p.begin <p.end < e.(ENnTY_CLASS>_has_ET.TEMPORAL_GRANULARnY (extentmaximum) 

As exemplified by (ENTITY_CLASS>, the temporal annotation associated with an entity 

class renders it sequenced; the entity exists for each point in time (specified by granularity 

indexes) within the specified lifespan. The annotation phrase (e.g., "S«gcJ)/-//") implies the 

semantics that are explicated in Figure 12 and constraints 6.3.1-6.3.8. As may be evident, a 

straightforward annotation phrase represents a relatively involved semantics. 

We next describe the semantics associated with a bitemporal entity class. 

; ST-USM 1 

<ENT1TY_CLASS> 

E (<g„>) / T // 

et_tstam^ (^^^tstamp^ 

TEMPORAL. 
GRANULARITY <ENTrrY CLASS> 

•%ENTrrY. 
CLASS>. 

s, has.TT 

Figure 13: Semantics of Bitemporal Entity Class 
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Specifying (ENTITY_CLASS) (e.g., puinplift) as bitemporal allows an application to include 

queries like "What is the average monthly history of power consumption by pumplift during their 

installed existence as best known on January 27, 2001?" As shown in Figive 13, a bitemporal 

entity class (ENTITY_CLASS) in ST USM includes annotation for both existence time and 

transaction time, i.e., "E«gct))/T//". Such an annotation phrase implies that there are two 

relationships between (ENTITY_CLASS) and TEMPORAL_GRANULARITY: 

(ENTITY_CLASS>_has_ET and <ENTITY_CLASS>_has_TT. While the former defines an 

association between an entity e and its existence granularity (i.e., granularity_name = (get)), the 

latter defines the association between the entity e and its (system-defined) transaction time 

granularity. 

Besides the definition-based constraints 6.3.1, 6.3.3, 6.3.4 and 6.3.5, there are additional 

(transaction time related) constraints on entities of a bitemporal entity class. 

Constraint 6^.9: Every entity has an associated bitemporal granule within specified extent. 
V e €  S « E N T I T Y _ C L A S S » , 3 p e  e ( e n t i t y _ t s t a n i p ) ,  

(e.(ENTITY_CLASS)_has_ET.TEMPORAL_GRANULARrTY (extentminimum) < p.et.tstamp < 
(E.<ENTITY_CLASSLhas Er.TEMPORALGRANULARrrY(e)ctentmaximum)) A 

(e.<ENnTY CLASS) has_TT.TEMPORAL_GRANULARnY (extentminimum)) <;>.tt_tstamp < 
e.<ENTlTY_CLASS)_has_Tr.TEMPORAL_GRANULARrTY(extentmaximum)) 

Constraint 6J.I0: For transaction time, we do not need to specify the granularity, since it is 
system-defined. For the entire schema, there is single transaction time granularity; here, we use 
S6C 

V e e {̂(ENTITY CLASS)), 
e.(ENTITY_CLASS)_has_TT.TEMPORAL_GRANULARrTy (granularity_name) = sec 

Constraint 6.3.11: The bitemporal timestamp is such that the existence and transaction 
timestamps are within the extent of their respective granularities. 

V e 6 5«ENTITY_CLASS», V p e e(entity_tstamp), 
(e.<ENTlTY_CLASS)_has_ET.TEMP0RAL_GRANULAfU7Y (extent.minimum) < p.et_tstamp < 

E.<ENTrrY CLASS)_has_ET.TEMPORALGRANULARITY(extentmaximum)) A 
(e.(ENTITY_CLASS5" has_TT.TEMPORAU_GRANULARITY (extentminimum) < p.tt.tstamp < 

e.<ENTITY_CLASS)_has TT.TEMPORAL_GRANULARITY (extentmaximum)) 

For many applications, the occurrence time may not be known precisely. An indeterminate 

state is designated as "S~" and an indeterminate event is designated as "E~." We give here the 

semantics for an indeterminate state; that for an indeterminate event can be similarly defined. An 
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indeterminate state is composed of an upper and a lower support for both begin and end for each 

period, and pmf (probability mass fimction) that gives the probability that a given begin/end 

instant is located within a given granule within the bounds (begin.lower and begin.upper, and 

end.lower and end.upper, respectively). 

ST-USM 1 

<ENT1TY_CLASS> 

S~(<g«>)/-// 

USM -

lower lower upper upper 

end begin 

pmf state.periods 

TEMPORAL. 
GRANULARITY 

0:M <ENTITY CLASS> 

I 

Figure 14: Semantics of Temporal Indeterminate Entity Class with State Periods 

Besides constraints 6.3.1-6.3.8, there are two additional constraints associated with an 

indeterminate entity class. 

Constraint 6J.12; The supports for begin and end granule lie within the extent of the 
corresponding granularity. Additionally the period of indeterminacy for each period within a 
temporal element cannot overlap. If an upper is equal to a lower, it denotes a determinate 
instant. 

Ve e 5«ENT1TY_CLASS», Vp e e(statej)eriods), 
e.<ENTlTY_CLASS>_has_ET.TEMPORAL_GRANULARITY (extentminimum) < 

p.begin.lower < p.begin.upper < p.end.lower < p.end.upper < 
e.(ENTITY_CLASS>_has_ET.TEMPORALGRANULARnY(extentmaximum) 
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Constraint 6.3.13; Indeterminate state periods are well formed. 
Vee S«ENnTY_CLASS»,Vp,.p2e e(statEjJeriods). 

Pi.t}egin.lower < p>.begin.lo  ̂=» ;>,.end.upper < /̂ .̂begin.kwver 

Many times the probability distribution may not be known and a user may make a simplified 

assumption of a uniform distribution. As a practical matter, the assumption of a uniform 

distribution is often made; that is the reason why we have included this special case in our 

annotation syntax. We give an example of an indeterminate state with a uniform distribution pmf; 

an indeterminate event can be similarly defined. As shown in Figure 15, a simplified version of 

an indeterminate state includes an index corresponding to begin and end, as well as precision for 

each temporal element. A precision has the same granularity as the temporal element. The 

annotation syntax associated with a simplified indeterminate state is "S+-" and that with an event 

is "E+-." 

. ST-USM 1 

<ENTITY_CLASS> J 

J 

precision 

-4 ENTITY, 
CLASS>_ 

. has.ET 

TEMPORAL. 
GRANULAiUTY <ENT1TY CLASS> 

Figure 15: Semantics of Indeterminate Temporal Entity Class with Uniform Distribution 
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Constraint 6J.14: For any period within a temporal element, the periods of indeterminacy 
cannot overlap. 

V e 6 S«ENnTY_CLASS», Vp e e(state_perio(Js), /7.begin + e(precision) < p.end - e(precision) 

Constraint 6.3.15: Additionally, indeterminate state periods are well formed. 
V e e 5{(ENTrrY_CLASS», Vpi.p, e e(state_periods), 

Pi.begin < pj-begin => pi.end + e(predsion) < pi.begin - e(predsion) 

In this section, we described the syntax and semantics of a simple temporal entity class, both 

with a valid time lifespan and with a bitemporal lifespan. Next we presented the semantics of an 

indeterminate temporal entity class, both with a user-specified probability function or a pre-

speciHed probability function with uniform function. 

6.3.2 Spatial Entity Class 

A spatial entity class refers to geo-referenced entities with an associated shape and position, 

which is used to locate them in a two- or three-dimensional space. When an entity class (e.g., a 

spring site) is defmed as spatial, it implies that the application would have queries like "What are 

the three closest spring sites to Mesquite spring?" In this subsection, we first define a spatial 

entity in terms of a spatial granularity and then describe the associated semantics of a spatial 

entity class in ST USM. 

A spatial entity in a horizontal space domain, £", is associated with a horizontal geometry 

predicate that defmes the location of a spring site in terms of horizontal spatial granularity. 

'I't.xy- X Z —> B 

Spatial partitions may be formed in 2-dimensional or 3-dimensional space; however, these 

partitions are represented by integers. There are two constraints on the horizontal geometry 

predicate. 

(i) V e 6 S(£), i|r£j>y (e, /) => (5G£.xy(/) c lmage{SGEj,y)) 
(ii) V e e 5(£), 3 / e Z, ^E^yie, /") 
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The first constraint implies that any partition of the horizontal space domain denoted by an index 

/ lies within the image of the granularity. The second constraint states that a spatial entity must 

exist somewhere within the defined image; i.e., each spatial entity has an associated geometry. 

We can define a horizontal spatial projection operator (TC*^ that takes a spatial entity and returns 

its geometry (e.g., point, line or region). Formally, it*'': 5(£) { i \ e e 5(£) A /)}. For 

spring site (i.e., points within a spring), if ̂  is constrained to be a point on the horizontal surface. 

A spatial entity in 3-dimensional space, E, is associated with and that define the 

location of an entity in terms of horizontal and vertical spatial granularities, i.e., 5G£.xy and SGEJ.. 

For an entity in 3-dimensional space, we define a vertical projection operator, i.e., if. Formally, 

if : S(E) -> {Y I e € S{E) A j) }• 

For borehole site (BORE_HOLE_SrTE), is constrained to be a point and is constrained to be a 

line. Additionally, there exists a relationship between horizontal and vertical geometry predicate: 

'i'BO«E.HOI.£.SITE.xy(S> 0  ̂ >t'BOR£_HO(.E_SrrE.z(̂ >y)-

Let us now describe the related spatial annotation. The spatial annotation follows a double 

forward slash ("//")- The geometry associated with a spatial entity can be point ("P"), line ("L"), 

or region ("R") in 2- or 3-dimensional space. The annotation for .r-dimension is followed by the^-

dimension, which is followed by the z-dimension; each dimension is separated by a forward slash 

("/"). Additionally, the user can specify the associated horizontal and vertical granularities. 

Example 5: "// P(deg) / P(deg) / describes a spatial entity with a geometry of points in the x-y plane. 
The associated horizontal spatial granularity is degree. 

Example 6: "// P(deg) / P(deg) / L(ft)" represents a geo-referenced entity with a geometry that is a point 
in the x-y plane with a horizontal spatial granularity of degree and a line in the z-dimension 
with a vertical spatial granularity of foot 

We describe the semantics of a spatial entity class in ST USM using USM and the 

constraints. Figure 16 shows a spatial entity class (ENT1TY_CLASS), which includes the 
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geometry of points with a horizontal spatial granularity of (gxy). In order to specify the semantics 

of a spatial entity class, we need to define the HORIZONTAL_SPATIAL_GRANULARrrY in which 

the geometry of a spatial entity is embedded. A HORIZONTAL_SPATIAL_GRANULARrTY is 

uniquely specified by granularity_name. The extent is the minimum-bounding rectangle that 

includes the image of the granularity. The recursive relationships groupsjnto.xy and 

anchor_gran_xy are similar to those in the temporal entity class. The relationship 

(ENTITY_CLASS)_xy_belongs_to relates a spatial entity with a corresponding horizontal spatial 

granularity. 

ST-USM 

<ENTITY CLASS> 

//P(<g„>)/P(<g„>)/ -

0 
USM 

xyjxjint 

geo 

0:M 0:1 coarser-ltian 

0:M 
0:M 

0:M 

extent anchor 

*y_iiaximutn *y_minimum 

groupsjnto 
-*V <ENTITY CLASS> 

HORIZONTAL, 
SPATIAL. 

GRANULARITY 

Figure 16: Semantics of Spatial Entity Class in Horizontal Space 
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We next present the associated cotistraints implicit in an ST USM schema. Constraints 6.3.16 and 

6.3.17 are based on our definition of a spatial entity, constraints 6.3.I8-6.3.2I are based on the 

definition of spatial granularity, and constraint 6.3.22 is based on geometry of spatial entities. 

Constraint 6J.16: All entities of (ENTITY_CLASS> must have the same horizontal spatial 
granularity. 

V e e  S((ENnTY_CLASS», 
e.<ENnTY_CLASS)_xy_belongs_to.HORIZONTAL_SPATIAL_GRANULARnY(granularity_name)=<g.y> 

Constraint 6.3.17: Every entity of (ENTITY_CLASS> has an associated geometry (e.g., a point 
in horizontal space for SPRING_SITE) within the specified extent. 

V e e  5 « E N T I T Y _ C L A S S » , 3 g e  e ( g e o ) ,  
e.<ENnTY_CLASS>_*y_be)ongs_to.HORIZONTAL_SPA'nAL_GRANULARrTY (extentxy_minimum) < 

g.*y_point < 
e.<ENnTY_CLASS>_)<y_beJongs_to.HORIZONTAL_SPATIAL_GRANULARI7Y(extent)(y_maximum) 

Constraint 6J.18: The indexes corresponding to the geomeuy of a spatial object lie within 
xy_minimum and xy_maxlmum. 

V e e  S«ENTITY_CLASS», Vg€ e(geo), 
e.<ENnTY_CLASS)_)(y_belongs_to.HORIZONTAL_SPATIAL_GRANULARrTY(extentxy_minimum)< 

.̂xy_point< 
e.<ENnTY_CLASS>_xy_belongs_to.HORIZONTAL_SPATIAL_GRANULARrrY(extentxy_maximum) 

Constraint 6.3.19: Extent is well-formed. 
V e e  5 ( H 0 R I Z 0 N T A L _ S P A T I A L _GRANULARrTY), e(extentxy_minimum) < e(e)(tentxy_maximum) 

Constraint 6 J.20: All granularities except one (i.e., the bottom granularity) have an anchor. 
Vee 5(SPATIAL_GRANULARnY), 

-1 has(e.anchor_gran_xy) ̂  -i (3 e SPATIAL_GRANULARITY A e: * e? A -ihas(e2.andior_gran_xy) 

Constraint 6.3.21: The bottom granularity does not have any granularity that is finer than it; in 
other words it cannot take the role of coarser-than in the relationship groups-into. 

V e e  S ( S P A T I A L _GRANULARnY), -< has(e.anchor_gran_xy) ̂  -> coarser-than(e.groupsJnto_xy) 

Constraint 6.3.22: The geometry of spring-site is constrained to point. 
Vee 5((ENT1TY_CLASS)), V g e e(geo), g.xyjx)int e poini 

Similarly, a spatial entity embedded in a three-dimensional space is associated with 

HORIZONTAL.SPATIAL.GRANULARTTY and VERTICAL_SPATIAL_GRANULARITY (Figure 17). A 

spatial object in a three-dimensional space has two associated relationships, 

(ENTITY_CLASS)_xy_belongs_to and (ENTITY_CLASS)_z_belongs_to corresponding to its 
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horizontal and vertical spatial granularities. We have not shown the details associated with 

HORIZONTAL_SPATIAL_GRANULARITY as they have already been described in Figure 16. In 

Figure 17, a line starts with a node (i.e., z_nt)de_start) and ends with a node (i.e., z_node_end) 

and has multiple points (i.e., zJine_points) between the start and end nodes [181]. The associated 

constraints related to horizontal granularity are identical to the ones already described. 

ST-USM 

<ENTITY CLASS> 

USM 

HORIZONTAL. 
SPATIAL. 

GRANULARHY 

1:1 

xy joint 

0:M 

0;M 0:1 coareer-than <ENTITY CLASS> 

0;M 
1:1 VERTICAL.SPATIAL. 

GRANULARfTY 
0:M groups_ii<o_ 

0:M 
finer-than 

extent ; 
anchor 

z.minimum z.maximuni 

Figure 17: Semantics of Spatial Entity Class in three-dimensional Space 

The implicit constraints related to vertical spatial granularity can be defined like constraints 

6.3.16-6.3.21; we describe additional constraints below. 

Constraint 6.3.23; The horizontal and vertical geometry of <ENTITY_CLASS> (e.g., a bore hole) 
are represented as a point and a line, respectively. 

V e e 5(£), V g e e(geo), g.xyjxjint e point A g.zjine e line 
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Constraint 6.3.24; The vertical geometry is associated with a horizontal geometry. 
V e e S(E), Vg, e e(geo), 3g2 e e(geo), 

gi .z_line.z_node_start=gjxyjxx'nt a g, .zJine.z_node_end = g2.xyj»int 

Many applications need to capture indeterminacy associated with the location of an object. 

An indeterminate point is denoted by "P~." An indeterminate point is composed of a region 

bounded by upper and lower along with pinf_xy that gives the probability that an object is located 

within the given partition in bounds as specified by upper and lower. Moreover, the upper and 

lower supports lie within the extent. Besides constraints 6.3.16-6.3.21, there is an additional 

constraint for an indeterminate spatial entity class. 

Constraint 6J.2S; The indexes corresponding to the geometry of an indeterminate spatial 
object lie within the specified extent, xy_minimum and xy_niaximum. 

V e 6 5«ENT1TY_CLASS», Vg 6 e(geo), 
e.<ENTlTY_CLASS>_)(y_belongs_to.HORIZONTAL_SPATIAL_GRANULARrrY(extentxy_minimum)< 
g-*y_Pointlower< g.xyjwintupper < 
e.(ENTlTY_CLASS>_xy_betongs_to.HORIZONTAL_SPATIAL_GRANULARnY(extentxy_ma)aitium) 

ST-USM 1 

<ENTITY CLASS> 

// P~(<g„>) / P~(<g^>)' - \ 

USM r 

lower Quppe^ ^ 

C^xy_point 

9«> 

HORIZONTAL. 
SPATIAL. 

GRANULARITY 

1:1 0:M <ENTITY CLASS> 

Figure 18: Semantics oflndetcrminate Spatial Entity Class 
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An indeterminate spatial entity class (e.g., "P+-<gxy)/P+"<gxy)/*") with uniform distribution 

can be similarly defined; instead of upper, lower and pmf_xy, we just need to specify predsion for 

indeterminate spatial entities. 

Having described temporal and spatial entity class, we next describe a time-varying spatial 

entity class that includes both aspatial (i.e., no change in position/geometry) and spatial change 

(i.e., change in geometry). 

6.3.3 Time-Varying Spatial Entity Class 

A time-varying spatial entity includes modeling two types of changes: (i) non-spatial change, an 

entity with a fixed associated position/shape and a lifespan; and (ii) spatial change, an entity 

whose position/shape varies over its lifespan. This corresponds with Tryfona and Jensen's [87] 

differentiation between "a spatial entity set in time" and "the position of a spatial entity set in 

time." The former models a spatial entity with an associated existence time (and/or transaction 

time). The latter captures change in shape and/or position over time (existence time and/or 

transaction time). For the second case, only the position of an entity may change continuously 

while the shape does not (e.g., a transportation application) or the shape may change discretely 

(e.g., a cadastral application) or both position and shape may change continuously (e.g., modeling 

a hurricane). 

In case (i) above, a time-varying spatial entity class has an associated existence predicate 

(i.e., <p£.ct). a geometry predicate (i.e., liff^ty), and the spatial projection is not time-varying. 

Intuitively, this implies that the application needs to capture when and where entities exist. 

However, queries that involve evolving geometries over time like "During the year 2001, did the 

surface area of Lake Mesquite decrease by more than 10% of its area measured on 2000-08-25" 

are not required of the application. The annotation for this case is simply a combination of the 
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spatial and temporal annotation already described in the previous two subsections; e.g., 

"S{(gct»/-//P«gxy»/P«g*y»/-". implying that the geometry of entities is a (non-time-varying) 

point ("P") on the x-y plane with a spatial granularity of <gxy>. Additionally, the lifespan of entities 

is modeled as a state (S) with a temporal granularity of <get>. The associated semantics are a 

combination of the semantics shown in Figure 12 and Figure 16. 

In the case (ii) above, the application needs to capture various shapes and/or positions of the 

entities over time. That is, a user may want to capture valid time or transaction time associated 

with the geometry. A 2-dimensionaI time-varying spatial entity class with a time-varying 

geometry has an associated time-varying geometry predicate that defines the position of entities 

(in terms of the horizontal spatial granularity SGEJ^Y) at various time granularity indexes (as 

specified by the temporal granularity TGE,ay, V/, <P£,ci(e,y) => 3/, (e, /). Stated alternatively, 

the time-varying spatial annotation renders the geometry (shape and position) of a spatial object 

sequenced. 

Our aruiotation syntax includes a formalism to specify whether or not position and/or shape is 

time-varying, i.e., "Pos" (or, "Position") and "Sh" (or, "Shape"), respectively. Additionally, the 

user can also specify the dimension (e.g., "xy," "xyz") over which the position and/or shape 

changes over time. However, to include a time-varying spatial annotation, the temporal and 

spatial annotation should already have been specified. The time-varying spatial annotation is 

specified after the second double forward slash ("//"). To recap, the complete spatio-temporal 

annotation is specified as: 

(temporal annotation) // (spatial annotation) // (time-varying spatial annotation). 

Example 7: "E(sec)/-// P(deg)/ P(deg)/-//Pos@xy" denotes that entities in the entity class have only time-
varying position while the shape is time-invariant. The associated shape of the entities is a 
point ("P") in the x-y plane with a horizontal spatial granularity of degree. The position of 
entities changes in the x-y plane (Pos@)(y) over time and the associated shapes are valid for 
time granules ("E") measured in second. 
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Example 8: "S(mjn)/-// R(dins-sec}/ R(d[ns-sec)/-//Sh(§)xy" implies that the shape of entities is a region 
(R) in an x-y plane with a horizontal spatial granularity of dms-second. The shape of the entity 
changes over time in the x-y plane (Sh@xy); each shape is valid for a set of time granules (S = 
state) measured in minute If the geometry changes from region to point (or even line), the 
geometry is still generically represented as region (R) only as a point (or line) is a degenerate 
region. 

Figure 19 illustrates a time-varying spatial entity class with changing shape in ST USM and 

its corresponding semantics in USM. A time-varying spatial entity class with time-varying 

shape/position implies that each geometry (i.e., multi-valued attribute geo) is associated with 

statejaeriods. Each entity from <ENTITY_CLASS> is related with entities from 

(ENTITY_CLASS>_GEOMETRY_T, a weak entity class. 

ST USM -

<ENTITY_CLASS> 

s (<EB>) / - // R (<g„>) / R (<g„>) / - // Sh@xy 

0 
USM 

geo end begin 

1:1 0:M 

P:M 
<ENnTY CLASSir l:M 

'EVTITY 
CLASS> ' 
has G f 

1:1 

VS 

<ENTrrY CLASS>_ 

GEOMCTRYjr 
HORIZONTAL_SPATIAL_ 

GRANULARITY 

TEMPORAL. 
GRANULARITY 

<ENTrrY_CLASS> 

Figure 19: Semantics of Time-Varying Spatial Entity Class with Changing Shape 
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A weak entity class implies that an entity in (ENnTY_CLASS)_GEOMETRY_T cannot exist 

without a corresponding entity in (ENTrrY_CLASS); (ENTITY_CLASS)_GEOMETRY_T_ID is 

its partial key. Constraints 6.3.1, 6.3.3-6.3.S related to temporal granularity and constraints 

6.3.16, 6.3.19-6.3.21 related to spatial granularity are applicable here. 

Constraint 6J.26; cf. constraint 6.3.2 
V e 6 S«ENnTY_CLASS>_GEOMETRY_T), Vp e e(state_periods), p.begin < p.end 

Constraint 6J.27: cf. 6.3.7 
V e e 5((ENnTY_CLASS», 

Vpi.p, 6 e.(ENnTY_CLASS>_has_G_T.<ENTITY_CLASS>_GEOMETRY_T(state_perio(ls). 
;j|.bi^in </72-beg'n ^Pi-begin 

Constraint 6 J.28; Each entity has an associated geometry at ail points in time. 
V e 6 5«ENnTY_CLASS)), 

V p e e.<ENnTY_CLASS)_has_G_T.<ENnTY_CLASS>_GEOMETRY_T(state_periods), 
Vie [p.begin,/7.end), 
3g€ e.(ENTITY_CLASS>_has_G_T.(ENnTY_CLASS>_GEOMErRY_T(geo),ge region 

Additionally, the shape of <ENTITY_CLASS)_GEOMETRY_T(geo) could change discretely over 

the x-y dimension; every time the geometry changes (discretely), a new shape is captured. 

If the spatial object is represented as a point, the user may specify that only its position 

changes (as a point has no extent, implying no shape). In this case, constraint 6.3.8 would imply 

that each point of time has associated with it a geometry of points (i.e., g e point). When both 

position and shape are changing continuously, the application may need to interpolate between 

captured geometries. 

6.4 Attribute 

Entities have properties referred to as attributes that represent facts that need to be captured for a 

database application. An attribute of an entity class is associated with a value set or a domain 

[21], An entity class can have two kinds of attributes, descriptive attributes and spatial attributes. 

If the user wants to capture the evolution of facts over time, the attribute is referred to as a 
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temporal attribute', when the user wants to capture the evolution of the spatial facts over time, the 

attribute is referred to as a time-varying spatial attribute. 

6.4.1 Temporal Attribute 

Temporal attributes represent evolving properties of an entity and can have both valid time and 

transaction time associated with them. The temporal annotation for an attribute is the same as that 

for a temporal entity class described in the previous section. Annotating an attribute renders it 

sequenced implying that the property is true for each point of time within the associated temporal 

element. In this subsection, we describe the associated semantics of a temporal attribute. 

As shown in Table 4, a non-temporal or temporal attribute can be associated with a temporal 

or non-temporal entity class. 

Non-temporal Attribute Temporal Attribute 
Non-temporal 
Entity Class 

Only the current properties of the 
currently relevant entities (/) 

Maintain attribute value histories of 
the currently relevant entities (2) 

Temporal Entity 
Class 

Only the current properties over 
the lifespan of entities (i) 

Maintain attribute value histories over 
the l i fespan of  enti t ies  (4)  

Table 4: Semantics of Temporal/Non-Temporal Attribute/Entity Class 

A temporal entity class implies that objects are important for a database application even when 

they are not current in the modeled reality. A non-temporal entity class implies that only the 

currently legitimate objects are important for the database application. Thus, if a non-temporal 

entity is no longer currently legitimate, one does not need to store the evolution of facts 

associated with this entity (cell 2 in Table 4). For example, a non-temporal entity class 

SOURCE_AGENCY with a temporal attribute tech_name would imply that histories of only 

currently relevant source agencies are pertinent to the application. A non-temporal attribute of a 

temporal entity (cell i in Table 4) indicates that: (i) the property does not vary with time; (ii) the 

user is only interested in the last recorded value of the attribute and not in its history; or (iii) the 
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time associated with the attribute is unknown. This implies that the application will not include 

queries like "Give the history of tests that have ever been conducted at a specified borehole site 

since 1998." A temporal attribute for a temporal entity class (cell 4 in Table 4) necessitates that 

the valid time of the attribute is equal to the lifespan of the entity; this is a direct implication from 

the semantics of a conventional conceptual model where attributes are specified for an existing 

entity. In specifying the semantics of a temporal attribute, we generalize the conventional 

semantics of an attribute to define a temporal attribute, which is true for every point in time 

(represented by granularity indexes). Cell I in Table 4 represents a non-temporal entity class with 

non-temporal attribute in a conventional conceptual model. 

Both temporal attribute and temporal entity class can be indeterminate. If the temporal 

attribute is indeterminate, cell 2 (Table 4) would imply that attribute histories are indeterminate; 

i.e., an indeterminate attribute has a lower and an upper support along with probability mass 

function ipmf) [54] associated with each currently valid entity. Cell 3 would denote that the 

lifespan of entities is indeterminate. Cell 4 would imply a determinate/indeterminate lifespan of 

entities associated with determinate/indeterminate histories of attributes. This implies that an 

application has indeterminacy associated with the lifespan (of entities) and/or histories (of 

attributes), and that it would include queries like "To the plausibility of 60%, give the history of 

tests that we have ever conducted at a specified borehole since 1997." 

If the lifespan of an entity is determinate and the history of its attribute is indeterminate, then 

lower.begin and upper.end (of attribute) of each time period (i.e., temporal element) must lie 

within the time period of the corresponding entity (i.e., between begin and end). If the lifespan of 

entities is indeterminate and the attribute histories are determinate, then an attribute history must 

lie between iower.end and upper.begin (of the entity lifespan). If both entity and attributes are 

indeterminate: (i) Iower.end and upper.begin of attribute must be within Iower.end and 
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upper.begin of entity; (ii) lower.begin (of an attribute) must be between lower.begin and 

upperbegin (of its entity); (iii) upper.end (of an attribute) must be between lower.end and 

upper.end (of an entity). 

In the following subsections, we describe time-varying single-valued, key, composite and 

multi-valued attributes. We do not describe indeterminate attributes, as the semantics are similar 

to that of indeterminate entity classes having upper and lower support and pmf (or precision). 

6.4.1.1 Single-Vaiued/Multi-Valued Temporal Attribute 

A single-valued temporal attribute is one in which each entity has a maximum of one value for 

any time granularity index; however, it can have multiple values over the lifetime of the entity. A 

temporal attribute A of an entity class E with valid time is associated with an attribute valid time 

function cpf^.vt that defines the attribute values, dom{A), at different time granularity indexes. 

ipEjM- S{E)XZ^ 2'""^^ 

The constraints on the attribute valid time function are described below. 

(i) V e G S(£), (P£^.vt(e, 0 G dom(A) => (JGEAAI) £ Image{TGE^yx)) 
(ii) V e e S{E), V /, (p£.« {e, i) => (e, i) G dom(A) 

The first constraint states that the history of an attribute can be defined within the image of the 

granularity of the attribute. Constraint (ii) applies when the associated entity of a temporal entity 

is also temporal (cell 4 of Table 4). The second constraint states that the history of an attribute is 

defined within the lifespan of the associated entity. If no value is defined for a granularity index 

in which an entity exists, then the corresponding value of the temporal (optional) attribute for that 

index is assumed to be unknown or not applicable and represented by NULL; this is a direct 

implication from the semantics of a conventional conceptual model where unknown/not 

applicable values of optional attributes [ 172] are represented by NULL. Mandatory attributes are 

required to have a non-null value; temporal mandatory attributes are required to have non-null 
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values at each point in time, a sequenced constraint; this is a natural generalization of the 

definition of a mandatory attribute. For a single-valued temporal attribute, (p£.^.vt(^,/) is 

constrained to be a singleton (i.e., a set with only one element); there is no such restriction for a 

multi-valued temporal attribute. 

Similarly, a temporal attribute with transaction time is associated with an attribute 

transaction time Junction and a bitemporal attribute is associated with (pc^.n and (PE^.vt-

Based on the users' requirements, a database analyst simply annotates an attribute as 

temporal; e.g., in Figure 20 the database analyst simply annotates (t-attrib) as "S«gvt»/-//." This 

implies that the user wants to capture the evolution of an attribute (t-attrib) as a set of state 

periods ("S") with a temporal granularity, <gvt). Notice that the armotation syntax is independent 

of the type of conceptual modeling abstraction; that is why the annotation syntax for an attribute 

is identical to that for an entity class in the previous section. The bottom part of Figure 20 shows 

the underlying semantics of a temporal attribute in ST USM via a mapping using the concepts of 

a conventional USM model. Each entity e of (ENTITY_CLASS) optionally has a corresponding 

(ENTITY_CLASS)_(t-attrib), a weak entity class corresponding to a temporal attribute of the 

(ENTITY_CLASS). <ENTITY_CLASS)_(t-attrib)_ID is a partial key for (ENTITY_CLASS)Jt-

attrib); it is represented by a dashed underline. Similar to a temporal entity class described in the 

previous section, the evolution of a temporal attribute needs to be embedded in a 

TEMPORAL_GRANULARITY. The relationship <ENTITY_CLASS)_(t-attrib)_has_VT associates a 

temporal attribute with a corresponding TEMPORAL_GRANULARrrY. A temporal attribute with 

event-instants has semantics similar to that shown in Figure 20, with state_periods replaced by 

eventjnstants. 
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ST USM 

<ENTITY CLASS> A <t'atPib> 
(<g„^ 

USM 

L 

<ENTITY CLASS> 
<ENTITY_CLASS> 

<i-attrib> 
-ENTITY 

ClASSxi-
«trb>_r«_VT 

•NTrTY.CLAS! 
<t-oiinb>ID 

TEMPORAL 
GRANULARITY 

Figure 20: Semantics or a Temporal Attribute 

We now describe the constraints on a temporal attribute. Constraints 6.4.1-6.4.4 are similar to 

6.3.1 and 6.3.6-6.3.8, respectively. The granularity-based constraints 6.3.3-6.3.5 also can be 

similarly defined for a temporal attribute. Constraint 6.4.5 is a sequenced consequent of non-

temporal USM, where an attribute (e.g., attr) draws values from a domain (e.g., dom{attr) u 

NULL); a temporal attribute draws values from the domain at each point in time during the 

lifespan of the entity. 

Constraint 6.4.1; The valid time associated with an attribute for an entity class has the same 
associated granularity. The granularity associated with the valid time of an attribute is specified in 
ST USM as (gv,) and corresponds to the granularity_name of a temporal granularity. 

Vae 5({ENTITy_CLASS>_(t-attrib», 
a.<ENTITY_CLASS>_<t-attrib>_has_VT.TEMPORAL_GRANULARnY(granularity_nanie) = (gv,> 

Constraint 6.4.2: The state periods of a temporal attribute are well-formed. 
V a e S«ENT!TY_CLASS>_<t-attrib», Vp e a(state_periods),p.begin <p.end 

Constraint 6.4J; A temporal element is defined as a union of non-overlapping time intervals. 
The temporal element of a (temporal) attribute associated with every entity is well-formed. 
Assuming closed-open representation, this constraint is formally stated below. 

V e e S((ENT1TY_CLASS», V a 6 e.<ENTITY_CLASS)_(t-attrib)_REL<ENT!TY_CLASS>_<t-attrib>, 
VPI,p, e a(state_perjods),pi.begin <p^.begin =>pi.end Spi.begin 
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Constraint 6.4.4: The extent of a temporal granularity defines the upper and the lower bounds for 
any temporal element. In other words, a temporal element cannot have a granule that is larger than 
ectentmaximum or smaller than extentmlnimum. 

V a e 5«ENnTY_CLASS>_(t-attrib», Vp e fl(state_perMxls) 
a.<ENnTY_CLASS>_<t-attrib)_has_vr.TEMP0RAL_GRANUWRITY(extent.minimum)5 p.begin < 
p.end < a.<ENTlTY_CLASS>_<t-attrib>_has_Vr.TEMPORAL^GRANULARrrY (extentmaximum) 

Constraint 6.4.5: If both the entity class and its attribute are temporal, the union of the temporal 
e lements  o f  an ( tempora l )  a t t r ibu te  (ap) must  be  equa l  to  the  l i fespan o f  the  assoc ia ted en t i ty  (ep).  

Ve€ S{<ENnTY_CLASS)), Vepe e(state_periods),V i e  [ep.b în,ep.end), 
3 a6 e.(ENnTY_CLASS>_(t-attrib>_REL.<ENTITY_CLASS)Jt-attrib>, 3 ape a.state_periods, 

op.begin < Ar < ap.end 

If the granularities of the entity (teniporal_granularitye) and the attribute (temporal_granularityj) 
are not the same, then constraint 6.4.5 needs to be modified so that the granularity of the attribute 
is cast [S3] to the granularity of the entity class. 

V e e  S((ENTITY_CLASS», Vepe e(state_periods) V k e  [ep.begin,ep.end), 
3 a e e.(ENnTY_CLASS>_(t-attrib>_REL<ENnTY_CLASS>_<t-attrib>, 

3 ape a.state_pei1ods.ca;r(temporal_granularityj(ap.begfn), temporal_granularity,)) si< 
ca$/(teniporal_granularityi(ap.end), temporal_granularityf)) 

6.4.1.2 Temporal Key Attribute 

Identifiers (also called a keys) are one or more attributes used to identify members of an entity set. 

Aimotating a key attribute as temporal renders it sequenced. In other words, a temporal key 

[209]—a sequenced constraint—is a uniqueness constraint at any point in time. 

Constraint 6.4.6: A temporal key attribute is defined as an attribute that is unique at any point in 
time. For example, if (t-attrib> is a key attribute, there will be an additional uniqueness constraint 
on this attribute. At each point of time within the temporal element, the number of entities with 
the same value of the key attribute is 1. 

Ve,,e:6 Si«ENTITY_CLASS», 3a, e e,.<ENTITY_CLASS>_<t-anrib>_REL<ENTITY_CLASS>_<t-attrib>, 
3o:e e:.(ENnTY_CLASS>_<t-attrib>_REL<ENTITY_CLASS)Jt-attrib>,3p, e a,.state_periods. 
3p3G a2.state_periods, 

a,.<t-attrib> = ai.<t-attrib> A -I(-I(P,.begin <pi.begin) v (p,.end <p;.begin)) e, = e. 

6.4.1 J Temporal Composite Attribute 

Composite attributes model facts in which users sometimes refer to the facts as a unit (or 

composite) and at other times refer specifically to components. The composite and the component 

attributes can be temporal or non-temporal. For a composite attribute, where the composite is 

temporal ,  the domain values are a  Cartesian product  of  2 ' '"^ '^",  where Al,  

A2,..., An are the components of the composite A: 2*'°'^'"= 2*'°"^'"' x...x 
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Non-temporal Composite 
Attribute 

Temporal Composite Attribute 

Non-temporal 
Component Attribute 

Current composite with current 
components (/) 

A single temporal element 
associated with all the 
components (2) 

Temporal Component 
Attribute 

Each component has an 
independent temporal element (i) 

N/A(4) 

Table 5: Semantics or a Temporal/Non-Temporal Composite/Component Attribute 

If the component attribute(s) are temporal, then each component has distinct temporal 

elements associated with them (cell 3 of Table 5). If the composite attribute is temporal, it implies 

that all the component attributes have the same temporal element associated with them (cell 2 of 

Table 5). As may be evident, it is not possible for both the component and the composite 

attributes to be temporal (cell 4 of Table S), because it would imply that the application needs to 

capture both the history of a composite as a group and independently. If the user needs to capture 

the history of the components separately, then modeling history associated with the composite 

would be extraneous. Similarly, if the user requirements call for capturing history of the 

composite (i.e., a temporal element associated with all the components) that for the components is 

not required. Cell / of Table 5 shows a non-temporal composite attribute associated with a non-

temporal component attribute for a conventional conceptual model. 
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ST USM 

USM 

0:M 
1:1 0:M 

TEMPOR/H.. 
GRANULARITY 

0:M 0:M 

Figure 21: Semantics of an Entity Class with Temporal "Componenf^ Attribute 

As shown in Figure 21, the semantics of a temporal composite attribute with temporal 

components is similar to a simple temporal attribute (Figure 20). As shown in Figure 22, a 

temporal composite attribute has a single temporal element associated with all the components of 

the attribute. 
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ST USM -

<ENTITV CLASS> 

0 
USM r 

1:1 TEMPORAL. 
GRANULARTTY 

<ENTrrY_CLASS> 
<l-attrib> <ENTrrY CXASS> 

u 

Figure 22: Semantics of an Entity Class witii Temporal "Composite" Attribute 

6.4.1.4 Bitemporal Attribute 

The semantics of a bitemporal attribute (Figure 23) are similar to those of a bitemporal entity 

class (Figure 13); attribute.tstamp, a composite multi-valued attribute is composed of et_tstamp 

and tt_tstamp. There are two relationships between an (ENTITY_CLASS>_(t-attrib) and a 

TEMPORAL_GRANULARITY that defme the association between an attribute, and its corresponding 

valid time granularity (i.e., granularity_name = <gvt)) and transaction time granularity (i.e., 

granularity_name=gtt). 
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STUSM 

<ENTITY CLASS> 

TEMPORAL 
GRANULARITY 

EXTTTY <ENTITY_CLASS> 
<t-anrib> 

<ENTrrY CLASS> 

attribute.tstanip 

et_t5tanip ) I s_tstaiTip 

,̂ -«6fnTY CLASS>  ̂

Figure 23: Semantics of Bitemporal Attribute 

The constraints on a bitemporal attribute are similar to 6.4.1, 6.3.3-6.3.5, and 6.3.9-6.3.11. 

6.4.2 Spatial Attribute 

Spatial attributes represent properties that are geo-referenced with respect to the Earth. The 

spatial armotations render the schema sequenced spatially, i.e., the property is true for all points 

within the specified geometry. 

As shown in Table 6, a non-spatial and a spatial attribute can be associated with a non-spatial 

and a spatial (or time-varying spatial) entity class. A spatial attribute of a spatial entity class 

implies that the attribute has different values at different points within the geometry of the spatial 

entity (cell 4 of Table 6). For example, if spring_site (a point) were defined as a spatial attribute 

of spatial entity SPRING (a region), it would imply that multiple spring_sites are spatially located 

within SPRING. A non-spatial attribute of a spatial entity implies that the value of an attribute 
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applies to the entire geometry of the object (cell 3 of Table 6). For example, status, a non-spatial 

attribute of BORE_HOLE_SITE, relates to an entire borehole site. 

Non-Spatial Attribute Spatial Attribute 
Non-Spatial Entity 
Class 

Conventional entity/attribute (/) Space-varying attribute values (2) 

Spatial/ Time-varying 
Spatial Entity Class 

Value of the attribute applies to 
the entire geometry of the spatial 
entity (5) 

Different space-varying attribute 
values within the geometry of a 
spatial  ent i ty {4) 

Table 6: Semantics of Spatial/Non-Spatial Attribute/Entity Class 

A spatial attribute of a non-spatial entity implies a space-varying attribute (cell 2 of Table 6) for 

an object that is not geo-referenced (i.e., whose spatial existence is not pertinent for an 

application or is inherently aspatial). As the annotation syntax for a spatial attribute is the same as 

that for a spatial entity, we do not describe the annotation syntax again. An indeterminate spatial 

attribute can be associated with an indeterminate spatial entity class; the semantics for various 

combinations are similar to those of a temporal indeterminate entity class. 

We describe the semantics associated with a spatial attribute. A spatial attribute Ao(an entity 

class E with geometry is associated with an attribute geometry function, If both entity and 

attribute are spatial with the same granularity then some combinations of geometry are invalid: 

(i) if an entity is represented as a point, its attribute cannot be represented as a line/region; and 

(ii) if an entity is represented as a line, its attribute cannot be represented as a region. Based on 

the application requirements, a database analyst may annotate the attribute as spatial; e.g., in 

Figure 24 the attribute <s-attrib) is specified as spatial with an associated annotation phrase 

"//P(gxy)/P(g*y)/-" implying that—in this case—the spatial attribute is represented as a set of 

points. 

Each entity of (ENTITY CLASS) is optionally related to (ENTITY_CLASS)_<s-attrib), a 

weak class corresponding to the spatial attribute of the entity class. The geometry of the spatial 
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attribute (i.e., geo) is represented as a multi-valued attribute implying that a set of points may be 

associated with an entity. The weak entity class <ENTITY_CLASS>_<s-attrib) includes a partial 

key <ENTITY_CLASS)_<s-attrib)_ID that helps (partly) identify weak entities. 

HORIZONTAL_SPATIAL_GRANULARnY specifies the granularity in which the geometry of the 

spatial attribute is embedded. 

ST USM 

<ENT1TY CLASS> 
1^ ' <s-atlrib> 

<ENT1TY CLASS> 

USM 

HORIZONTAL_SPATIAL_ 
GRANULARITY 

geo 
•«ENTm'_CLASS>, 

^<s-attrib> ID 0:M 

0:1 1:1 <ENTrrY_CLASS>_ 
<s-altrib> 

<ENTITY CLASS> <s-attrib> 

l_ 

Figure 24: Semantics of Spatial Attribute 

We now describe the constraints on a simple spatial attribute. The definition-based granularity 

constraints 6.3.19-6.3.21 can be similarly defined for a spatial attribute. 

Constraint 6.4.7: cf. constraint 6.3.16 
V a e 5«ENTlTY_CLASS)_<s-attrib», 
a.<ENTITY CLASS)_<s-attrib>_)(y_belongs_to.HORIZONTAL SPATIAL_GRANULARrrY(granularity_name) = 

<g.y> 
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Constraint 6.4.8: cf. constraint 6.3.17 
Vae S«ENnTY CLASS>_(s-attrib»,3ge a(geo), 
a.<ENTITY_CLASS>_(s-attrib>_xy_belongs_to.HORI20NTAL_SPATIAL_GRANULARITY(extentxy_minimum)< 
g.xy_po<nt< 
a.(ENnTY_CLASS>_<s-attrib>_xy_bek)ngs_to.HORIZONTAL_SPATIAL_GRANULARrrY(extentxy_maximum) 

Constraint 6.4.9: cf constraint 6.3.18 
V a € S«ENnTY_CLASS>_(s-attrib», Vg e a(geo), 
a.<ENTlTY_CLASS>_<s-attrib>_xy_bekxigs_tD.HORIZONTAL_SPATIAL_GRANULARITY (extentxy_minimuin) < 
^.xyjwintS 
a.<ENTlTY_CLASS>_<s-attrib>_xy_belongs_tD.HORIZONTAL_SPATlAL_GRANULARmr(extentxy_maximum) 

Constraint 6.4.10: cf constraint 6.4.5. If both the entity class and its attribute are spatial, the union 
of the geometry of an (spatial) attribute (ag) must be equal to the geometry of the associated entity 
(eg)-

V e 6 5«ENTITY_CLASS», V eg e e(geo), V /t € eg.)tyj30int, 
3 a e e.<ENnTY_CLASS)_<s-attrib>_REL(ENnTY_CLASS>_(s-attrib>, Sage a.geo,  

ag.x/jjointe k 

The semantics associated with key, multi-valued and composite spatial attributes are similar 

to those described in the previous section. 

6.4.3 Time-Varying Spatial Attribute 

Like a time-varying spatial entity class, a time-varying spatial attribute can be interpreted in two 

ways: (i) as an attribute with associated geometry and valid time; and (ii) as an attribute whose 

spatial geometry varies over time. In case (ii), a spatial attribute can change its shape and/or 

position over time. A time-varying spatial attribute (on j«y-plane) with time-varying geometry has 

an associated ilf£.^jcy and that defines the position of the attribute in terms of spatial 

granularities (^Cf^^y) and temporal granularity (TGEJ,-^, respectively. 

Table 7 shows the semantics of time-varying spatial attributes as they relate with non-

temporal non-spatial, temporal, spatial and time-varying spatial entity classes. Temporal 

projection of a temporal entity is equal to the temporal projection of a time-varying spatial 

attribute (cell 2 of Table 7). Spatial projection of a spatial entity is equal to the spatial projection 

of a time-varying spatial attribute (cell 3 of Table 7). For time-varying spatial entities with a time-
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varying spatial attribute (cell 4 of Table 7), the spatial projection of a time-varying spatial 

attribute is equal to the spatial projection of a time-varying spatial entity for each pointing time. 

Time-varyine Spatial Attribute 
Non-spatjal, non-temporal 
Entity Class 

Time-varying spatial property of currently valid entities that are 
not geo-referenced (/) 

Temporal Entity Class Time-varying spatial property within the lifespan specified by 
entities that are not geo-referenced (2) 

Spatial Entity Class Time-varying spatial property of currently valid entities within 
the geometry specified by spatial entity (i) 

Time-varying Spatial 
Entity Class 

Time-varying spatial property within the lifespan and geometry 
of  a  t ime-varying spatial  ent i ty [4) 

Table 7: Semantics of Time-Varying Spatial Attribute/Entity 

This is a direct implication of the semantics of an attribute in a conventional conceptual model 

where an attribute can have a value when the associated entity is defined. 

Figure 25 shows a time-varying spatial attribute <st-attrib> in ST USM and the corresponding 

semantics in USM. A time-varying spatial attribute with changing position (only) implies that 

<ENTITY_CLASS> is associated with a weak entity class (ENTITY_CLASS) (st-attrib). This 

weak entity class is geo-referenced (geo) and temporal (state_periods). Any change in position 

over time needs to be captured for the application. The state_periods and geo are embedded in 

TEMPORAL.GRANULARITY and HORIZONTAL.SPATIAL.GRANULARnY, respectively. 
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ST USM 

<ENTITY CLASS> x-"-' <st-attrib> 

r 

HOREONTAL SPATIAL. 
GRANULARITY 

geo 

/ y<ENnTY\ 
/ 0:M X CLASS>_<M 

XN. HUthl»_ 
\has_V  ̂

,0:M 

TEMPORAL. 
GRANULARITY 

<ENTITY_CLASS>. 
<st-attrib> 

<st-aitrib> > 

<ENT1TY CLASS> 

end begin 

i_ 

Figure 25: Senuntics of Time-Varying Spatial Attribute 

The constraints on a time-varying spatial attribute are similar to those on a time-varying 

spatial entity. 

6.5 Interaction Relationship 

An interaction relationship relates members of an entity set with those of one or more entity sets. 

6.5.1 Temporal Relationship 

A temporal relationship implies that we want to keep track of evolution of the interaction between 

temporal entities in a relationship. For example, if isjn were a temporal relationship between two 

temporal entity classes BORE_HOLE_SrTE and PUMPLIFT, it would imply that an application 
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might include queries like "In the last six months, what are the various pump lifts associated with 

borehole site 12345." 

A temporal/non-temporal relationship may be associated with temporal/non-temporal entities. 

As shown in Table 8, a temporal relationship and the participating entities include four 

possibilities. 

Non-temporal Relationship Temporal Relationship 
Non-temporal Entity 
Class 

Currently valid relationship 
between currently valid entities (/) 

N/A (2) 

Temporal/ Time-
varying Spatial Entity 
Class 

Currently valid relationship among 
temporal (time-varying spatial) 
entities (i) 

Temporal relationship among 
temporal (time-varying 
spatial)  ent i t ies  (4)  

Table 8: Semantics of Temporal/Non-Temporal Relationship/Entity Class 

A temporal relationship can be defined only when all the participating entities are also temporal. 

Thus, a temporal relationship between non-temporal entities (cell 2 of Table 8) is not legal in ST 

USM, as that would imply existence of a relationship even when associated entities do not exist 

(since the existence time of entities is unknown). This is again a direct implication of the 

semantics of a relationship in a conventional conceptual model where relationships can only be 

defmed between entities that exist. If the participating entity classes are temporal but the 

relationship is not (cell 3 of Table 8) the entities participating in the relationship should be valid 

now. Formally, if Ei, ..., E„ are temporal entity classes participating in a non-temporal 

relationship R, V (ei,..., e„) e S{R), <pE\.cii^iMQ A...A (p£„.ct(e„,t/C). A determinate/indeterminate 

relationship between determinate/indeterminate entities is similar to that for entities and 

attributes. 

Fomially, a temporal relationship is associated with existence predicates such that V (ei,..., 

e„) 6 S(R), V /, (pR,ct(ei,..., e„, i) => (p£i.ct(ei, i) A...A (p£„,ct(e„, /) that defines the lifespan of the 

relationship. Figure 26 illustrates a case where the participating entity classes, i.e.. 
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(ENTITY_CLASSi) and (ENTrrY_CLASS2), are temporal and the relationship is also temporal. 

(rel)_\/T is the interaction class associated with (rel). (rolei) and (role:) describe the role that an 

entity takes in a relationship and may not be explicitly specified in the schema. Usually the role 

name is specifled when the same entity class participates with different roles in a relationship. 

Additionally, (rel)_\/T_ID is the key for the interaction class (reI)_\/T. In this case, the temporal 

element of the relationship is constrained to be a subset of the temporal elements of the 

participating entities. 

Constraints on a temporal relationship can be defined like constraints 6.5.1-6.5.8. 

STUSM 

<role,> <rel> 
<ENTITY_CLASS,> <ENTITY_CLASS,> 

$ 
USM 

<role,> 
<rel> <ENTITY CLASS,> 

0:M 

state_penods '̂n> VT ID 

0;M 
begin end 

1:1 1:1 

<rel>_VT 

TEMPORAL. 
GRANULARITY 

<ENTITY_CLASS,> 

Figure 26: Semantics of a Temporal Relationship 
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If the granularity of the relationship is not the same as the granularity of the participating entities, 

a granularity lattice [53] is used to convert the granularities. Constraint 6.5.1 is a sequenced 

analog of the USM relationship where a relationship is defined between entities that exist. 

Constraint 6.5.1: The temporal element of a temporal relationship is a subset of the intersection 
of the temporal elements of the participating entities. 

Ve, e 5(£|), e S(Ei) e„ e S(E„), V(e,, e,. --. e„) e (rcl>, 
3p,  e  e|.state_periods,..., 3p„ € e|.state_periods, 
Vrp € (e,, ̂ 2,..., e„).state_periods,pi-begin <. . .  S/7„.begin < ̂ T .̂begin < rp.end <p„.end <... <pi.efxl 

The cardinality constraint—a structural constraint—specifies the number of relationship 

instances in which an entity can participate [59]. As described in Chapter 2, a cardinality 

constraint of 1:M associated with a pumplift in a relationship isjn implies that a borehole site can 

have a minimum of 1 and a maximum of many (M) associated pumplifts. Temporal entities 

participating in a temporal relationship renders this constraint sequenced and is referred to as the 

snapshot cardinality constraint [226]. For example, the relationship isJn for each 

BORE_HOLE_SITE can have a minimum of 0 and a maximum of many (M) associated PUMPLIFT; 

each PUMPLIFT is associated with exactly one BORE_HOLE_SITE (1:1) in the relationship isJn. 

When these entities are annotated as temporal, it implies that, e.g., in the relationship isJn each 

BORE_HOLE_SITE can have a minimum of 0 and a maximum of many (M) associated PUMPLIFT 

at each point in time (represented by granularity index). 

Figure 27 illustrates a case where both the participating (ENTITY_CLASS) and the 

relationship are bitemporal. (rel)_VT_TT_ID is the key for the interaction class <rel)_\/T_TT. 
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- STUSM 

<ENTITY_CLASS|> 
<role,> <rel> \̂ <role,> 

<ENTITY_CLASS,> <ENTITY_CLASS|> <ENTITY_CLASS,> 

S<<g.,>)/T// S(<g.^)/T// 

I 

USM 

<role,> 
<rel> <ENTITY_CLASS,> <ENTITY CLASS,> 

1:1| 0:M i):M 

<rel>_VT_" 

0:M 
"^ENTTTY 
CLASS,>_ 
.has JET . 

V t̂St3mp J  ̂ tt_C5t3fDp J/<Eĵ xrrY 
y  ̂CLASS,>. 

y \ hasJET 
'< ENTITY  ̂
CLASS,> 
. has TT . 

"^ENTnY  ̂
CLASS, >_ 

. has.TT . 
<rel> 

has.T 

.1:1 1:1 
TEMPORAL. 

GRANULARITY 1:1 

Figure 27: Semantics of a Bitemporal Relationship 

Transaction time constraints on a temporal relationship between temporal entities are similar to 

constraints 6.5.9-6.5.11. 

6.5.2 Spatial Relationship 

A spatial relationship refers to relationships with spatial/non-spatial participating entities. 

As shown in Table 9, a spatial relationship can be associated with a spatial (or time-varying 

spatial) and a non-spatial entity class. 
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Non-spatial Relationship Spatial Relationship 
Non-spatial Entity Class Traditional relationship 

semantics (/) 
N/A (2) 

At least one Spatial/ 
Time-varying Spatial 
Entity Class 

Association among entities; not 
related to geometries (5) 

Association with at least one 
geometry of the participating 
enti t ies  (4)  

Table 9: Semantics of Spatial/Non-Spatial Relationship/Entity Class 

A spatial relationship between one or more spatial (or time-varying spatial) entities (cell 4 of 

Table 9) specifies an explicit relationship between the geometries of the participating entities; in 

other words, this implies an association with at least one spatial projection among the 

participating entities. For example, occursJn ("//-/-/l-(ft)") is a spatial relationship between 

BORE_HOLE and LTTHOLOGY. While LTTHOLOGY is a non-spatial entity class, BORE_HOLE is a 

spatial entity class. A spatial relationship means that different parts of a borehole (along the z-

dimension) are associated with different lithologies. Capturing this relationship would enable 

answering of queries like "What is the lithology at a depth of 50 feet of a specified borehole?" A 

non-spatial relationship between spatial entities (cell 3 of Table 9) implies that the relationship 

among entities is unrelated to its geometry. A spatial relationship between non-spatial entities 

(cell 2 of Table 9) is illegitimate because it contradicts the definition of a spatial relationship, i.e., 

it is a relationship between the spatial projection of spatial entities. 

A spatial relationship has a constraint on its geometry predicate: V (ei,..., e„) e S(R), V /, 

e„, i) => >) A...A /). This is a spatial sequenced analog of the USM in 

which a relationship can be defined only between (existing) entities. For a spatial relationship 

between spatial entities, the spatial projection on a relationship instance is a subset of the spatial 

projection of the corresponding participating spatial entities. 
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- STUSM 

<ENTrrY_CXASS,> 
<rel> 

<ENTrrY_a.ASs,> <ENTrrY_CXASS,> <ENTrrY_a.ASs,> 

//P(<g„>)/P(<g„>)/-

I J 

USM 

xy_point geo 

1:1 0:M 

1:1/ 
<rel>_SEOMETRY_ID 

<role,> 1:1 

0:M 
<rel> 

<role,> 

geo 

0:M 

geo 

HORIZONTAL_SPATIAL. 
GRANULARITY 

<ENTrrY_CLASS,> 

<ENTrrY_CLASS,> 

<rcl>_GEOMETRY 

Figure 28: Semantics of a Spatial Interaction Relationship 

As shown in Figure 28, a spatial relationship is a relationship between the geometry of the 

participating entities. (rel)_GEOMETRY represents an interaction class, and (rolci) and (rolea) in 

the schema exemplify that roles are not altered when an ST-USM schema is mapped to a 

translated USM schema. Note that the role names typically are not always explicitly shown on the 

schema; role names are included when the role of an entity in a relationship is ambiguous (e.g., in 

a recursive relationship). Additionally, it is assumed that the spatial granularity of the 

participating entities and the relationship are the same. 
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Constraints on spatial relationships are similar to constraints 6.5.12-6.5.18 already described. 

Constraint 6.5.8; The spatial projection of the relationship is a subset of the spatial projection of 
the participating spatial entities. 

V e, £ 5({ENT1TY_CLASS,», e.e 5({ENTrrY_CLASS3)), V (e,, e,) e 5((rel», 
Vgei e e\.geo, Vge^e e^-geo, Vgre (ei, e2).(rel>_GEOMETRY.geo, 
VAr e gr.xy_point =» 3/e ge|.xyjx)int A 3je gei-XY-POtnt 

6.5.3 Time-Varying Spatial Relationship 

A time-varying spatial relationship implies the need to capture the temporal changes in a spatial 

relationship. 

As shown in Table 10, a time-varying spatial relationship can only be specified between time-

varying spatial entities. 

Time-varyine Spatial Relationship 
Non-spatial, non-temporal N/A 
Entity Class 
Temporal Entity Class N/A 
Spatial Entity Class N/A 
Time-varying Spatial Time-varying spatial association between time-varying spatial 
Entity Class entities 

Table 10: Semantics of Time-Varying Spatial Relationship^ntity Class 

A time-varying spatial relationship implies the need to store time-varying geometries, which in 

turn means that the participating entities must also be time-varying spatial. An inherent constraint 

is that the time related to time-varying spatial relationship should be a subset of the intersection of 

the time related to the interacting time-varying spatial entities. 

The semantics of a time-varying spatial relationship is similar to that of a spatial relationship. 

The interaction class (rel)_GEOMETRY in Figure 28 is also associated with a multi-valued 

composite attribute st2te_periods that represents the temporal element associated with 
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(rel>_GEOMETRY. Additionally, (rel)_GEOMETRY is also related to TEMPORAL_GRANULARrTY via 

a relationship <rel>_GEOMETRY_has_ET. 

6.6 Weak Entity Class 

Members of a weak entity class depend on members of another class—sometimes referred to as 

an identifying entity class [59]—for their existence. In other words, an entity class that does not 

have a key attribute of its own may be referred to as a weak entity class. 

6.6.1 Temporal Weak Entity Class 

The semantics of a weak entity class are similar to those of a (strong) entity class described in the 

previous section. We describe the additional implicit constraints associated with a weak entity 

class. 

As shown in Table 11, a temporal/non-temporal weak entity class can be associated with a 

temporal/non-temporal identifying class. If both the identifying owner and the weak entity class 

are temporal (cell 4 of Table 11), then the temporal element of the weak entity must be a subset of 

the temporal entity of its corresponding identifying entity. If an identifying entity class is 

temporal and the weak entity class is not (cell 3 of Table II), it implies that the identifying 

entities with corresponding weak entities should be currently valid. 

Non-temporal Weak Entity 
Class 

Temporal Weak Entity Class 

Non-temporal 
Identifying Entity 
Class 

Currently valid weak entity 
associated with currently valid 
identifying entities (/) 

N/A (2) 

Temporal Identifying 
Entity Class 

Currently valid weak entity 
associated with temporal 
identifying owner (J) 

Temporal weak entity 
associated with a temporal 
identifying owner (4)  

Table II: Semantics of Temporal/Non-Temporal Weak Entity Class/identifying Entity Class 
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A non-temporal identifying owner of a temporal weak entity (cell 2 of Table 11) is not legitimate 

since the temporal element of the identifying entify is unknown and the constraint between the 

temporal element of a weak entity and its identifying entity cannot be defined. As a result, the 

weak entity might exist for time granules, even though no strong entity exists. If the weak entify 

is allowed to exist for time periods when the identifying entify does not exist, the very definition 

of the weak entity class is invalidated. Cell I of Table 11 represents the conventional semantics of 

a currently valid weak entify associated with currently valid identifying entity. 

Constraint 6.6.1: For eel! J in Table 11 above, the entity e of the identifying entity class £ must 
exist now. In this case, the identifying relationship is defined between a non-temporal weak entity 
and the temporal identifying entity as of now, in other words, ipf,., (e, UC). 

V w e (WEAK_ENnTY_CLASS), 
3 e e <ENT1TY_CLASS>, (e.<WEAK_RELATIONSHIP>.(WEAK_ENnTY_CLASS> = w) A 

(3p 6 e(state_periods, p.end) = UC) 

Constraint 6.6.2: For ceil 4 of Table 11, the temporal element of the identifying entity e must 
always be a subset of the temporal element of the weak entity iv. 

V w € (WEAK_ENT1TY_CLASS>, Vwp e ivjtate_periods, 
3 e e  <ENTITV_CLASS>,3epe e.state_periods, 

e.<WEAK_RELAT10NSHIP>.(WEAK_ENnTY_CLASS> = .v, 
ep.begin < ivp.begin < wp.end < ep.end 

The weak entify and its identifying owner are not constrained to have the same granularity. There 

are three possibilities: the granularity of a weak entity <gctw) (i e., granularity_name„) is finer, 

coarser or equal to that of the identifying owner (gcic) (i.e., granularity_namee). Constraint 6.6.2 

described above is for special cases when the granularities of the weak entity and its identifying 

owner are equal. If the granularify of the weak entify (granularity_namew) is finer-than/coarser-

than that of its identifying owner (granularity_namee), constraint 6.6.2 may be expressed such that 

the granularify of the weak entify is cast [53] to the granularify of the identifying owner. 

V w € <WEAK_ENT1TY_CLASS>, Vwp e >v(state_periods), 3 e e (ENT1TY_CLASS>, 3 pe e e.state_periods, 
e.<WEAK_RELATIONSHIP>.(WEAK_ENTITY_CU>kSS) = w. 

pe.begin < cay/(granularity_name,(pH'.begin). granularity_namee) < 
car/(granularity_name,(pH'.end). granularity_namee) ̂  pe.end 
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A determinate/indeterminate weak entity class can be associated with a 

determinate/indeterminate (identifying) entity class. The constraints on the temporal elements of 

such identifying and weak entity classes are similar to the ones described in Section 6.4.1. 

6.6.2 Spatial Weak Entity Class 

As shown in Table 12, a spatial/non-spatial weak entity class can be associated with a spatial/non-

spatial identifying owner. 

Non-spatial Weak Entity Class Spatial Weak Entity Class 
Non-spatial Identifying 
Entity Class 

Traditional semantics of 
conventional weak entity class/ 
identifying owner (/) 

Geo-referenced weak entity (2) 

Spatial Identifying 
Entity Class 

The geometry of weak entity is 
assumed to be the same as that 
of its identifying owner (i) 

Spatial weak entity associated 
with a spatial identifying owner 
(-/) 

Table 12: Semantics of Spatial/Non-Spatiai Weak/Identifying Entity Class 

If both the identifying owner and the weak entity are spatial (cell 4 of Table 12), then the 

geometry of a weak entity is constrained to be a subset of the geometry of its identifying owner. 

A non-spatial identifying class associated with a weak spatial entity (cell 2 of Table 12) implies a 

geo-referenced weak entity having an associated geometry. Let us assume COUNTY is a geo-

referenced identifying owner of REPRESENTATIVE, a weak entity class (an example of cell 3 of 

Table 12). All the representatives (e.g., governor and state council) for a county are representative 

of people in a region specified by the county. In such a case, a weak entity applies to an entire 

geometry of the identifying (spatial) owner. 

The additional constraint on a spatial weak entity is similar to that on a temporal weak entity 

class. 
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6.6.3 Time-Varying Spatial Weak Entity Class 

A time-varying spatial weak entity class implies that the identifying owner is temporal or time-

varying spatial. The constraints on a time-varying spatial weak entity class are similar to those on 

a weak spatial and temporal entity class. 

6,7 Subclass 

A subclass is an abstraction in which similar objects are related to a higher-level generic object 

called a superclass. In this section, we describe the semantics of a temporal, spatial and time-

varying spatial subclass. 

6.7.1 Temporal Subclass 

Subclass and superclass represent a type of abstraction that allows modeling the same real-world 

object at different levels of abstraction. An application may require capturing the lifespan of the 

specific abstraction (i.e., the subclass) and not that of the generic abstraction (i.e., the superclass). 

For example, if GROUND_WATER_STATTON is modeled as a superclass and SPRING is its 

temporal subclass, it is implied that the application needs to incorporate the lifespan of the 

currently valid SPRING. 

As shown in Table 13, a temporal/non-temporal superclass can be associated with a 

temporal/non-temporal subclass. Cell I of Table 13 represents the existing semantics of 

conventional superclass/subclass. If both a subclass and its superclass are specified as temporal 

(cell 4 of Table 13), then each subclass entity can have a temporal element independent of the 

corresponding superclass entity. However, the temporal element of the subclass is constrained to 

be a subset of the temporal element of the superclass. A temporal superclass by its definition 

implies that the subclass is also temporal; that is why cell 3 of Table 13 is not legitimate. This is a 
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direct implication of the semantics of subclass/superclass in a conventional conceptual model 

where the subclass inherits all the properties of the superclass. 

Non-temporal Subclass Temporal Subclass 
Non-temporal 
Superclass 

Currently valid superclass and 
subclass (/) 

Currently valid temporal 
subclass associated with a 
superclass (2)  

Temporal Superclass N/A (i) Temporal subclass associated 
with a  temporal  superclass (4)  

Table 13: Semantics of Temporal/Non-Temporal Subclass/Superclass 

For example, if GROUND_WATER_STATION—a superclass—is modeled as temporal, then 

SPRING inherits all the properties and relationships of GROUND_WATER_STATION including its 

lifespan. As exemplified by cell 2 of Table 13, a non-temporal superclass may have a temporal 

subclass. The subclass entities are constrained to be currently valid. 

Formally, a subclass entity C with existence time is associated with an existence predicate 

cpcct that is similar to that of an entity existence predicate 9£.ct, described in an earlier section. 

However, there is one additional constraint; if both the subclass and its superclass are temporal 

(e.g., both GROUND_WATER_STATION and SPRING are modeled as temporal), the temporal 

element associated with an entity e of the subclass (i.e., C) must be a subset of the temporal 

element of the corresponding entity dE of the superclass (i.e., £). Formally, V /, V e e S(C), 

<Pcct(^, /•) => (3 elE e 5(£) A <?£•.«(£, /)). If only the superclass is annotated as temporal (Figure 29) 

then entities of the subclass inherit the temporal elements of the entities of the superclass. In this 

case, both the entity e in the superclass (i.e., £) and a corresponding entity elC in the subclass 

(i.e., C) have the same temporal element associated with them; i.e., the subclass inherits the 

temporal element of the superclass. Formally, V /, V e e 5(£), e/C e 5(C), <pE.ct(e, 0 => 

(Pcci(e/C,/). 
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ST USM 

<SUPER CLASS> <SUB CLASS> 

USM 

0:M /-SUPER\ 1-11 
<[ CL\SS> > 
\tBS_CT / 

TEMPORAL. 
GRANULARITY 

<SUPER CLASS> <SUB CLASS> 

begin 

end 

1_ 

Figure 29: Semantics of a Subclass with Temporal Superclass 

If a superclass is non-temporal and the subclass is annotated as temporal (Figure 30), then a 

user is interested in the evolution of the entities of the subclass and just needs to store the 

currently valid entities of the superclass. A constraint associated with a temporal subclass is that 

an entity belonging to the temporal subclass must be valid now. 
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ST USM -

<SUB CLASS> <SUPER CLASS> 

0 
- USM 

TEMPORAL. 
GRANULARITY 

begin 

<SUB CLASS> <SUPER CLASS> 

Figure 30: Semantics or a Temporal Subclass 

Constraint 6.7.1 is similar to the constraint 6.6.1 described before. 

Constraint 6.7.2: The temporal entity e/C of the subclass C must exist now. In other words, (pc.ei 
(e/C, UQ. 

V e/C e <SUB_CLASS>, 3 p e e/C(state_periods), (p.end = UCv p.begin = UQ 

If both the superclass and the subclass are specified as temporal then an entity in the 

(SUPER_CLASS) and the corresponding entity in the <SUB_CLASS) have separate temporal 

elements associated with them (Figure 31). However, there is a constraint between the temporal 

elements of an entity etC in the <SUB_CLASS> and the corresponding entity e in the 

(SUPER_CLASS). The temporal element of e/C must be a subset of the temporal element of e. 

Constraint 6.7.2: If a superclass and a subclass are temporal then the temporal element associated 
with the entity of a subclass must be a subset of the temporal element of the corresponding entity 
of a superclass. 

V e/Ce (SUB_CLASS>, Vcp e e/C(statej3eriods), e e <SUPER_CLASS), 
3 e/7 e e(state_periods), ep.begin < cp.t)egin < cp.end < ep.end 
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If the granularity of the subclass entity (tefnporal_granularitysuti) and the corresponding entity in 
the superclass (temporal_granularit/sup) is not the same, then the constraint 6.7.2 needs to be 
modified to the following. 

Ve/Ce <SUB_CLASS), Vcp€ e/C.state_periods,lee <SUPER_CLASS>,3epe e.state_pefkxls. 
ep.beqm < c<u((tenfiporal_granularityaje(<'/''begin), temporal_granularitywp) ̂  

cas/(temporal_granularityajb(^p-e^), temporal_granuJarityup) ̂  ep.end 

STUSM 1 

<SUPER CLASS> <SUB CLASS> 

- USM 

<SUB CLASS> 

0:M 0:M 
begin end end 

1:1 TEMPORAL 
GRANULARITY 

<SUPER CLASS> 

I J 

Figure 31: Semantics of a Temporal Superclass and Subclass 

In a conventional conceptual model, the relationships among subclasses is sometimes 

modeled by a disjointness/ overlapping [59] constraint. In USM, constraints on subclasses of a 

common superclass may be defined as equal, mutually exclusive or overlapping and constraints 

on collections of subclasses may be designated as totally exhaustive and partitions. These 

constraints on a temporal subclass induce a temporally sequenced constraint: equal, exclusive, 

overlapping, totally exhaustive or partitions at each point in time. 
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The subclass can be: (i) attribute-defined or (ii) temporal roster-defined, where the user 

may model an entity in different subclasses (of same superclass). The temporal subclass can 

be: (i) temporal attribute-defined, where the discriminator attribute itself may be temporal 

and an entity may belong to multiple subclasses (of same superclass) at different times; and 

(ii) temporal roster-defined, where the user may model an entity in different subclasses (of 

the same superclass) at different times. Note that a discriminator is an attribute of the 

<SUPER_CLASS) whose values determine the target (SUB_CLASS). 

6.7.2 Spatial Subclass 

An application may need to capture geometry related to the speciflc type (i.e. subclass) but not 

the generic type. For example, GROUND_WATER_STATION may not be modeled as spatial while 

its subclasses BORE_HOLE and SPRING are both modeled as spatial. 

As shown in Table 14, a spatial/non-spatial superclass can be associated with spatial/non-

spatial subclass. 

Non-spatial Subclass Spatial Subclass 
Non-spatial Traditional semantics of Only the subclass has an associated 
Superclass superclass/ subclass (/) geometry (2) 
Spatial Superclass N/A (5) Geometry of the subclass is 

constrained to be a subset of the 
geometry of  the superclass {4) 

Table 14: Semantics of Spatial/Non-Spatial Subclass/Superclass 

If the superclass is specified as spatial, the entities of the subclass are implicitly spatial; that is 

why cell 3 of Table 14 is not legitimate. If only (SUPER_CLASS) is specified as spatial (Figure 

32), then the (SUB_CLASS) inherits geometries of (SUPER_CLASS). Both the entity e of the 

<SUPER_CLASS) and the corresponding entity e/C of the <SUB_CLASS) have the same 

geometry. That is, V;, Ve € S{E), elC e 5(C), il/f xy (e, /) => ^c^yielC, /); in other words, the 

spatial projection of a superclass entity and the corresponding entity in the subclass are the same. 
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If the <SUPER_CLASS) is non-spatial and the (SUB_CLASS) is annotated as spatial (cell 2 of 

Table 14), it implies that the user needs to model the specific (i.e., subclass) abstraction as spatial 

and the spatiality of the generic abstraction (i.e., superclass) is not important; this is especially 

useful in modeling spatial entities with different types of associated geometries that have some 

common (non-spatial) properties. 

ST USM -

<SUPER CLASS> <SUB CLASS> 

I 

USM 

\ xy_point geo 

0:M 

<SUPER CLASS> 

<SUB CLASS> 

HORIZONTAL_SPATIAL_ 
GRANULARITY 

Figure 32: Semantics of a Spatial Superclass 

For example, GROUND_WATER_STATION is modeled as a non-spatial superclass with SPRING 

and BORE_HOLE as its spatial subclasses; here, SPRING is represented as a region while 

BORE_HOLE is represented as a point in the horizontal plane and as a line in the vertical plane. 

The semantics related to this case are similar to the semantics of a spatial entity class (e.g.. Figure 

16). 
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If both the (SUPER_CLASS) and the <SUB_CLASS> are modeled as spatial, then the spatial 

properties of both superclass and subclass are important for the user. In this case, the geometry of 

the <SUB_CLASS> entity must be a subset of the geometry of the corresponding entity in the 

<SUPER_CLASS>. Formally, 

V/, Ve/C 6 5(C), B e e  S ( E ) ,  i l i c j y ( e / C ,  i )  = >  ̂ E j c y ( e ,  0 

ST USM 

<SLfPER CLASS> <SUB CLASS> 

USM -

0:M 
geo 

xy_point 

0;M 

H0RIZ0NTAL_SPAT1AL_ 
GRANULARITY 

<SUB CLASS> 

<SUPER CLASS> 

Figure 33: Semantics of a Spatial Subclass with a Spatial Superclass 

As shown in Figure 33, the spatial (SUB_CLASS) and spatial (SUPER_CLASS) are associated 

with a corresponding geometry, possibly of different type. If the subclass and superclass have the 
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same spatial granularity (e.g., degree) and the spatial projection of the superclass is a point (or a 

line), the subclass can have geometry of point (or point and line only) only. 

Similar to a temporal subclass, a spatial subclass can be: (i) spatial attribute-defined, the 

discriminator attribute may be spatial and an entity in a superclass may belong to multiple spatial 

subclasses at different points in space; (ii) spatial roster-defined, the user may ascribe the same 

entity to different subclasses at different points in space (represented by granularity index). 

6.7.3 Time-Varying Spatial Subclass 

A time-vaiying spatial subclass may have: (i) spatial superclass, (ii) temporal superclass, (iii) 

non-spatial and non-temporal superclass, or (iv) time-varying spatial superclass. An entity in a 

time-varying spatial subclass, with spatial superclass, must have an associated geometry that is a 

subset of the geometry of the corresponding entity in the superclass. Similarly, an entity in a time-

varying spatial subclass must have a temporal element that is a subset of the temporal element of 

the corresponding entity in the superclass. A time-varying spatial subclass with non-spatial and 

non-temporal superclass imposes no constraints on its members. 

An inherent constraint associated with a time-varying spatial subclass and a time-varying 

spatial superclass is that the temporal element and geometry of the subclass must be a subset of 

the temporal element and geometry of the superclass. There are two sub-cases here: (i) changing 

shape or position of the subclass; and (ii) changing shape or position of both the superclass and 

the subclass. For sub-case (i), van'ous shapes or positions of the subclass must be within the 

geometry specified for the superclass. For sub-case (ii), each position or shape of an entity in the 

subclass must be a subset of the corresponding shape or position of entity in the superclass. 
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6,8 Composite Class 

A composite relationship defines a new class called a composite class that has another class (or 

subsets of a class) as its members. Each member of a composite class is referred to as a composite 

and members of a composite are derived from the base class. All composite classes are strong, 

i.e., composites do not depend on entities of any other class for their existence. 

6.8.1 Temporal Composite Class 

A composite entity class may have existence time and transaction time associated with it, which 

is indicated by annotation phrase S((g,» (or E((g,))) and T, respectively. A temporal composite 

class represents the evolution of a composite over time. A composite may be homogeneous or 

heterogeneous; if the classes that are members of the composite are subclasses of a common 

class, the composite is referred to as homogeneous, else heterogeneous. For example, DISCHARGE 

is the base class of IO_OISCHARGE, which is represented as a composite class. A set of 

DISOHARGE enumerated (Enum) by the user constitutes IO_DISCHARGE for, say, project 1525 

(where project(IO_DISCHARGE) = project 1525). In this example, the composite class is 

heterogeneous. 

As shown in Table 15, a non-temporal/temporal composite can be associated with a 

temporal/non-temporal component. The composite is a higher-level abstraction whose existence 

is independent of the existence of its components. If both the composite and the component are 

specified as temporal (cell 4 of Table 15), it implies that the user wants to capture the lifespan of 

the composite and the time periods (within its lifespan) of its components. In this case, the 

temporal elements of components are constrained to be a subset of the temporal elements of the 

corresponding composite. 
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Non-temporal Composite Class Temporal Composite Class 
Non-temporal 
Component Class 

Currently valid composite and 
component (7) 

Temporal composite associated 
with currently valid component (2) 

Temporal 
Component 

Temporal component associated 
with currently valid composite (3) 

Temporal composite associated 
with temporal component (4) 

Table IS: Semantics of Temporal/Non-Temporai Composite/Component Entity Class 

A temporal composite associated with a non-temporal component (cell 2 of Table 15) implies that 

the user is interested only in the lifespan of the higher-level abstraction. Suppose PUMPLIFr_TyPE 

is a temporal composite and PUMPUFT is its non-temporal component. The lifespan of, e.g., low 

power, medium power and high power (i.e., entities of PUMPLIFT_TypE) pump lift types is 

required for an application and there may be different sets of pump lifts in the specified category 

at different time granularity index of a PUMPLIFT_TyPE. A temporal component associated with a 

currently valid composite (cell 3 of Table 15) implies that the application will not need to answer 

questions like "What were the low power pump lifts that have been operational since June 28, 

2001." Cell 4 of Table 15 represents the conventional semantics of a composite/component. 

Formally, a composite entity class having existence time is associated with an existence 

predicate (p£..et that is similar to the entity existence predicate (Pf et described in an earlier section. 

9£*.ci • P('S'(£)) X Z —> B 

The constraints specified for temporal composite existence predicate are similar to those on a 

temporal entity existence predicate defined in an earlier section. Additionally, if both the 

composite class and its the component class (e e S(E)) are temporal (cell 4 of Table 15), then 

\feu-,eJE* 6 5(£»), i^E-Aeu-,eJE*, i) => (fExiieu 0 A...A (p£.C,(e„, /)- Intuitively, a composite 

can exist at those time granularity indexes at which its components exist. If the composite is 

temporal and its component is not (cell 2 of Table 15), then this constraint is not required. If the 

component is temporal but its composite is not (cell 3 of Table 15), each temporal component is 

required to be legitimate now. In other words. 
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VE,,...,EY£*, (P£,ET(EI,F/Q A 9£.N(E2,C/C) A...A <P£.CI(E„,C/Q. 

Figure 34 illustrates a case where a temporal <COMPOSrrE_CLASS) has a <BASE_CLASS> 

that is also temporal. Besides the generic constraints associated with a temporal entity class, there 

is one additional constraint on a temporal composite with a temporal component. 

Constraint 6.8.1; The temporal element of a composite is subsumed by the temporal elements of 
the participating components. In other words, the begin index of the composite is greater than or 
equal to the largest begin index of the participating base members and the end index of the 
composite is less than or equal to the smallest end index of the participating base members. 

V e,, e, eJE* 6 <COMPOSITE_CLASS>. V cp e (e,, e, e^£»Mstatejjeriods), 
ei,e:,..., e„€ (BASE_CLASS>, 3 e e,(state_perHxJs),..., 3cA„ e e„(state_penods), 

cti.begin <... < <5»„.l)egin scp.b în <cp.end < cbi.end <... < c6,.end 

<COMPOSITE_ 
CLASS> 

S(<g,>)/-// 

STUSM --

SEL <BASE CLASS> 

USM 

begin i ( end 

<COMPOSITE_ 
CLASS> 

0:M 

COMPOSfTE 
ClASS- hIS.ET 

S (<!!.>)/-// 

<BASE CLASS> 

1:1 TEMPORAL. 
GRANULARrrr 

Figure 34: Semantics of a Temporal Composite Class 

A temporal composite class with a temporal component class may be: (i) temporal-attribute 

selected, where the composite is formed on the basis of different values of a temporal attribute 

over time; (ii) temporal enumerated, the composite has different time-varying components 
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enumerated by the user. Suppose PUMPLIFT_TYPE is a temporal composite class and PUMPLIFT is 

its temporal component class. Let us assume that PUMPLIFT_TYPE is based on average power 

consumed, e.g., low efficiency, medium efficiency, high efficiency. In this 

example, average power consumed is a temporal attribute whose value determines the composite. 

Every month, based on the average consumption of power, a pumpiift is categorized into the 

appropriate PUMPLIFT_TYPE. If PUMPLIFT_TYPE is determined by the user, say every month, then 

temporal composite is referred to as temporal enumerated. Note that the temporal semantics of a 

selected and enumerated composite are a natural generalization of the conventional semantics (of 

selected and enumerated) at each point in time. 

6.8.2 Spatial Composite Class 

The semantics of a spatial composite class are similar to that of a temporal composite class. 

As shown in Table 16, a spatial/non-spatial composite can be associated with a spatial/non-

spatial component. 

Non-spatial Composite Spatial Composite 
Non-spatial 
Component 

Traditional composite/ component 
semantics (/) 

Spatial composite associated 
with non-spatial component (2)  

Spatial Component Spatial component associated with 
composite (i) 

Spatial composite associated 
with spatial component (4)  

Table 16: Semantics of Spatial/Non-Spatial Composite/Component Entity Class 

If both the component and the composite are specified as spatial (cell 4 of Table 16), then the 

spatial projection of the components is constrained to be a subset of the spatial projection of the 

composite. Here, an inherent constraint is that the geometry of a spatial composite class includes 

the geometry of its base class members: 

Vei,  e2, . . . ,eJE*,  I|/£VY(EI, ei,...,eJE*, /) => FEY(EI,0 A FEY(E:,/) A...A I|I£JTY(E„,/). 
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6.8J Time-Varying Spatial Composite Class 

A time-varying spatial composite class may have (i) a temporal base class, (ii) a spatial base 

class, (iii) non-spatial and non-temporal base class, and (iv) a time-varying spatial base class. A 

time-varying spatial composite with temporal base class is one in which the temporal element of 

the base class members is equal to the temporal element of the corresponding composite. A 

similarly constraint holds for case (ii). For case (iv), four possibilities exist, (a) shape or position 

of both composite and the base class members changes, (b) shape of a base class and position of 

the composite class changes and vice-versa. In both the cases, the geometry of the composite 

must include the geometry of the base class members at all points of time. 

6.9 Grouping Class 

Members of a grouping class are collections of members of some other class. A grouping is 

similar to a part-of relationship [34]. If a grouping entity class consists of entities from the same 

class, it is referred to as homogeneous; else heterogeneous. For example, a grouping class 

BORE_HOLE is homogeneous with respect to HOLE_INTERVAL Note that a grouping class is a 

weak class that depends on its components for existence. 

6.9.1 Temporal Grouping Class 

A temporal grouping class implies that the lifespan of the group is pertinent for an application. 

As shown in Table 17, temporal/non-temporal grouping can be associated with temporal/non-

temporal base class. 
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Non-temporal Grouping Class Temporal Groupine Class 
Non-temporal 
Base Class 

Currently valid grouping class and 
base class (/) 

N/A (2) 

Temporal Base 
Class 

Currently valid temporal base class 
with temporal grouping class (i) 

Temporal grouping and base class {4) 

Table 17: Semantics of Temporal/Non-Temporal Grouping/Base Entity Class 

A temporal grouping class with a temporal base class (ceil 4 of Table 17) implies that the 

application will include queries like "What were the hole intervals of the borehole 1524 on June 

28, 2001" and "For borehole 1524, what are the hole intervals it has had at different points of 

time." In this case, the temporal element of the composite is a subset of the intersection of the 

temporal elements of the components. Thus, borehole 1524 can exist when each of its hole 

intervals exists. A temporal grouping of a non-temporal base class (cell 2 of Table 17) entities is 

not legitimate because a grouping construed as a weak entity cannot exist when its base entities 

do not exist. A non-temporal grouping of a temporal base class (cell 3 of Table 17) means 

applications will include only current queries concerning the grouping, e.g., "What are the hole 

intervals of borehole 1524 now." In this case, the base class entities that participate in a grouping 

must be currently legitimate because a non-temporal grouping is assumed to be legitimate now. 

In other words, Vei,...,ey£®, (p£i.ci(ei, UC) A (P£2,CI(E:, UC) A...A (P£„.CI(C„, UQ. 
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STUSM 

<GROUPING_ 
CLASS> 

S(<g,>y-// 

<BASE CLASS> 

S(<a>y . / /  

USM 

<GROUPING_ 
CLASS> 

0:M 

L—<^>— <BASE_CLASS> 

1 0:M 

'BASE N, 
CIASS-* y 

\ taster / 

T 1:1 

1:1 TEMPORAL 
GRANULARITY 

Figure 35: Semantics or a Temporal Grouping Class 

Figure 35 shows the semantics of a temporal grouping class with a temporal base class. The 

temporal element of (GROUPING_CLASS> is a subset of the temporal element of 

<BASE_CLASS> members:  V e \ , . . . , eJE^ ,  ( P C%(ei, . . . ,  eJE^ ,  i )  =>  (p£i , C T(ei , ' )  A . . . A  

Constraint 6.9.1; The temporal element of a grouping is a subset of the temporal element of the 
intersection of the temporal elements of the participating base members. In other words, the begin 
index of a grouping is greater than or equal to the largest begin index of the participating base 
members and the end index of the grouping is less than or equal to the smallest end index of the 
participating base members. 

V e,,..., 6 <GROUPING_CLASS>, V cp e (e, ey£°).state_periods, 
3 ei, ei,.... e„ e (BASE_CLASS>, 3 cb^ e e,.state_periods,..., 3 cb„ e e„.state_periods, 

cA,.begin < ... <cb„.begin <cp.begin <cp-end <cb,.end <... < cb„.en6 

6.9.2 Spatial Grouping Class 

A spatial grouping implies that spatial extent needs to be associated with the group. 
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As shown in Table 18, a spatial/non-spatial grouping can be associated with spatial/non-

spatial components. 

Non-spatial Grouping Spatial Grouping 
Non-spatial Base Class Traditional semantics (/) Geo-referenced grouping (2) 
Spatial Base Class Non-spatial grouping with 

spa t ia l  component  (3)  
Spatial grouping and component (4)  

Table 18: Semantics of Spatial/Non-Spatial Grouping/Base Class 

A grouping that is spatial but whose base members are not (cell 2 of Table 18) implies that the 

geometry of the group applies to all the base members of the group. If both the grouping and the 

base class are specified as spatial, the spatial projection of grouping is a subset of the spatial 

project of its components. For example, a county may be perceived to be a grouping of river 

segments, dams and cities. In this case, 

Ve,, ez,...,eJE^, -^Ejc^eu e2,...,e„/E*, i) => v v...v 

A non-spatial grouping of a spatial base class (cell i of Table 18) implies that the (implicit) 

geometry grouping is an aggregation of its spatial base members; the properties of the grouping 

apply to each point of the geometry of its components. 

6.9.3 Time-Varying Spatial Grouping Class 

The semantics of a time-varying spatial grouping class are similar to those of a time-varying 

spatial composite class. 

6.10 Non-Sequenced Semantics 

In the previous sections of this chapter, we described an approach to extending the current 

semantics—represented by a conventional conceptual model—to sequenced semantics (i.e., at 

each point in time or space) via annotations. We next describe how the non-sequenced semantics 

can be captured using lifetime constraints, geometry constraints and topological constraints. 
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These constraints have an equivalent in a conventional conceptual model. As a result, we can 

capture them either with new constructs on the schema or textuaily in a data dictionary. We 

assume that these constraints are defined textuaily outside the schema. Our rationale is that the 

schema can become overcrowded if representing the non-sequenced data semantics on the 

schema is attempted. Additionally, non-sequenced facts do not impact the structure of the data but 

impose constraints on the sequenced schema. 

6.10.1 Lifetime Constraints 

Lifetime constraints are temporal non-sequenced constraints that apply to the lifespan of entities 

and include uniqueness and cardinality constraints. 

6.10.1.1 Uniqueness 

A lifetime uniqueness constraint implies that temporal entities caimot have more than one value 

during the entire lifespan of the entity. This constraint can be extended to specify a non-

sequenced uniqueness constraint over a specified period of the lifespan of the entity. For example, 

"There will be no more than 350 leakance tests conducted during the first two years of the 

existence of a borehole site" is an example of a non-sequenced uniqueness constraint over a part 

of the lifespan of the borehole site. 

6.10.1.2 Cardinality 

A non-sequenced cardinality constraint specified over the lifespan of the entities is an example of 

a non-sequenced constraint and is referred to as the lifetime cardinality constraint [226]. For 

example, a snapshot and lifetime cardinality constraint of 0:1 implies "at most one ever" and a 

snapshot constraint of 1:1 and a lifetime cardinality of l:n implies "one at a time", where a 

cardinality of n represents a number greater than I. As per the definition of these constraints 
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[226]: (snapshot maximum) > 0; (lifetime maximum) > 0; (snapshot minimum) < (snapshot 

maximum) < (lifetime maximum); and (snapshot minimum) < (lifetime minimum) < (lifetime 

maximum). 

6.10.2 Topological Constraints 

Topological constraints represent facts associated with a temporal element or geometry; they 

consequently are further classified as temporal and spatial. 

6.10.2.1 Temporal 

The user may explicitly specify non-sequenced temporal constraints between temporal entities 

participating in a temporal relationship. These constraints, based on Allen's predicates, are 

constraints on the temporal projections of entities in a binary temporal relationship. Temporal 

constraints between temporal entities in a relationship may be overlaps, finished, during, starts 

and equals; diqoint and meets are not possible because a non-sequenced constraint needs to be 

consistent with the sequenced constraints. 

Constraint 6.10.1: Temporal constraint overlaps. 
V(e,,e2)e 5«rel»,eie 5«ENT1TY_CLASS,», e.e S«ENTITY_CLASS:)), 

Vpi6 e,(state_periods) e2(statej3eriods), (pi.end > pi.begin) A (pi.begin <p;.begin) A 

(pi.end < pi.eixl) 

Constraint 6.10.2: Temporal constraint finished. 
V(e„e2)€ S«rel»,e,e S((ENTITV_CLASS,», e.e S«ENTITY_CLASS2», 

VpiG ei(statej3eriods), 3pi<s. e2(state_periods), (pi.begin >p:.begin) a(pi.end =P:.end) 

Constraint 6.10J: Temporal constraint during. 
V (e,, ei) € S«rel», c, e S«ENTITY_CLASS,)), e2 6 S«ENT1TY_CLASS2)), 

V;»ie e,(statej)eriods) 3pjG e2(state_periods), (pi.begin <p2-begin <p2-end <Pi end) 

Constraint 6.10.4: Temporal constraint starts. 
V{e,,e2)e 5«rel»,e,e 5«ENTlTy_CLASS,», e2e 5((ENTITY_CLASS2». 

VpiG e|(statej3eriods), 3p->e e2(state_periods), (pi.begin =p2 begin) a (pi.end <pi.efKl) 

Constraint 6.10.5: Temporal constraint equals. 
V(e,,e2)e S((rel»,eie S'«ENTirY_CLASS,», ̂ 26 5«ENTITY_CLASS2», 

Vpie ei(state_periods), Sp-fi ej(state_periods), (pi.begin =p2begin) A (pi.end = pi-end) 



163 

The temporal constraints overlaps'', finished'', during'' and starts'' can be similarly defined. 

Topological constraints can be used to define non-sequenced [209] temporal relationships 

among temporal subclasses. Temporal disjointness refers to an entity that belongs to multiple 

subclasses at different time granules and refers to before. If an entity is allowed to exist in 

multiple subclasses at the same time, then it may be referred to as temporal overlapping and can 

have the following constraints: overlaps, finished, during, starts or equals. 

6.10.2.2 Spatial 

Topological constraints like meets, equals, inside and covers—a type of spatial non-sequenced 

constraints—among spatial regions could be added, outside of the graphical schema. The 

semantics of topological constraints is specified in Table 19, where A° denotes the interior of A 

(where A is a spatial region composed of a non-empty set of points) and 8A denotes the boundary 

of A [153]. For example A disjoint B implies that intersection of the boundaries and interior is 

empty (0). 

5Ar>bB A°nB° hAr\B° A°r\bB 
A disjoint B 0 0 0 0 
A meets B ^0 0 0 0 
A equals B ^0 ^0 0 0 
A inside B 0 ^0 ^0 0 
A covered_by B -.0 ^0 ^0 0 
A contains B 0 -n0 0 ^0 
A covers B ^0 -10 0 ^0 
A overlaps B ^0 ^0 ^0 ^0 

Table 19: Eight Possible Topological Relationships between two Spatial Regions [153| 

All of these constraints (except disjoint) are possible between any two spatial entities represented 

by a region. This is so because the non-sequenced spatial constraints must be consistent with the 

sequenced spatial constraints. 
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The relationships between subclasses modeled by a disjointness/overlapping constraint can be 

extended to include spatiality. The spatial disjointness constraint can be specified by diqoint 

while meets, overlaps, covers, covered.by, inside, contains and equals shows different levels of 

spatial overlapping constraints. 

6.11 Summary 

In this chapter, we have presented the syntax and semantics of sequenced and non-sequenced 

facts in a conceptual model. We first formally described annotations in Backus-Naur Form; 

formal syntax ensures unambiguous specification of the spatio-temporal semantics, thereby 

helping detect and correct any syntactic errors. We applied the annotations to each construct 

defined in a conventional conceptual model (i.e., USM); (i) entity class (simple, weak, subclass, 

composite and grouping), (ii) attribute (simple, multi-valued and composite) and (iii) relationship 

(interaction). As shown in Table 20 aimotations (i.e., the "when" and "where" semantics) are 

orthogonal and applicable to all the concepts of a conventional conceptual model that captures the 

"what" semantics. 

Entity Class 
• Simple 
• Subclass 
• Composite 
• Grouping 
• Weak 

V V V 

Relationship V V V 

Attribute 
" Simple 
• Composite 
• Multi-Valued 

V V V 

Table 20: Orthogonality of Annotations 
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While annotations can be applied to any conventional conceptual model, we employed USM. 

We showed how an annotated schema captures the sequenced semantics. This schema with 

annotations is upward compatible and snapshot equivalent with a conventional conceptual model. 

An ST USM schema is upward compatible with a USM schema as the spatio-temporal extension 

(via annotations) is a strict superset provided by adding non-mandatory semantics. An upward 

compatible model—ST USM—would not invalidate any USM legacy schemas. A snapshot 

reducible ST USM schema is understandable in terms of the semantics of a conventional 

conceptual schema, i.e., a USM schema. This "natural generalization" of the syntax and 

semantics of a conventional conceptual model ensures little need for expensive training (related 

to spatio-temporal aspects) and no significant drop in productivity of database analysts. 

Next, we defined the non-sequenced semantics that have no equivalent in a conventional 

conceptual model. We propose that these constraints be defined textually outside the schema. 
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Chapter 7: Evaluation 

The American Public Health Association [10] defines evaluation as "the process of determining 

the value or amount of success in achieving a predetermined objective. It includes at least one of 

the following steps; formulation of the objective, identification of the proper criteria to be used in 

measuring success, determination and explanation of the degree of success, recommendations for 

further program activity." In Section 6.2, we described our objectives related to capturing the 

spatio-temporal semantics of an application. In the following, we summarize the evaluation 

process [224] and how semiosis [145]—the process in which something works as a sign—forms 

the basis for our evaluation framework (i.e., "criteria...in measuring success"). Chapters 8 and 9 

are related to "determination and explanation of the degree of success." 

7.1 Evaluation Process 

The process of evaluation is continuous, complex and subjective, and "the development of 

evaluative research as a 'scientific' process is to 'control' intrinsic subjectivity" [224]. As shown 

in Figure 36, central to the evaluation process is value formation. Evaluation starts with some 

value and a goal is set based on this value; we described the need for capturing the data semantics 

in Chapter I and set out the goals for a spatio-temporal conceptual modeling formalism in 

Chapter 6.2. The nature of evaluation depends on criteria for measuring the goal attainment. In 

studying languages, linguists have employed three dimensions of semiosis [145]: syntactics 

(formal relationship between one language and another), semantics (study of languages with 

respect to designatum) and pragmatics (study of languages with respect to interpreters). 

Conceptual modeling provides a formal language to capture the data semantics for an application; 



167 

setniosis (the study of use of symbols to convey knowledge) provides an overarching framework 

for evaluating our spatio-temporal conceptual modeling formalism. 

Value Formation 

Judgement 
A 

1 

Assessment 

Goal Setting 

Measuring Goal 
Attainment 

Goal Attaining 
Activity 

Figure 36: Evaluation Process; adapted Trom [224] 

The next step is identifying the goal-attaining activity. Juhn and Nauman [ 103] posit that a 

conceptual model can play two roles: as a modeling tool and as a representation tool. As a 

modeling tool, the conceptual model provides a set of constructs to capture the data semantics and 

constraints that should be maintained to ensure that data is consistent with the real world. As a 

representation tool, the conceptual model is used for communication between the database 

analysts and other stakeholders. Our "goal-attaining activity" includes both modeling and 

representation. Assessment includes evaluation of the degree to which pre-determined objectives 

have been met. Based on the assessment, a judgment is made if the activity was indeed useful. 

This judgment is the basis for value formation. We have employed a case study (Chapter 8) and a 

laboratory study (Chapter 9) to assess our proposed formalism on "modeling" and 

"representation", respectively. 

Having briefly described the evaluation process, we next present details of how we have 

employed semiosis to evaluate our proposed modeling formalism. 
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7.2 Semiosis and Evaluation 

Lindland et al. [129] posit four aspects in the evaluation of conceptual data modeling; language, 

domain, model and audience interpretation. The language (or data modeling formalism, M) 

consists of all the statements that can be made according to the syntax. The cAimain (D) consists 

of all possible statements that would be correct and relevant for solving the problem. The model 

(which we refer to as the jchema, 5) is the set of statements actually made. An audience 

interpretation (A) is the set of statements that the audience thinks the model (or schema) contains. 

Lindland et al. [129] further postulate three kinds of quality: (i) syntactic quality is how well 

the schema corresponds with the language; (ii) semantic quality is how well the schema 

corresponds with the domain; and (iii) pragmatic quality is how well the schema corresponds 

with its audience interpretation. Syntactic quality means that all statements in the schema are 

according to the language syntax, i.e., 5\Z. = <|>. A schema can lack something that the domain 

contains or it can include something that the domain does not have, thus affecting the semantic 

quality. The schema should be an accurate reflection of the real world and the semantic goals are: 

validity and completeness. Validity, i.e., 5\D = ([), implies that all statements in the schema are 

correct and relevant to the problem. Completeness, i.e., D\S = (|), means that all the statements 

about the domain are correct and relevant. The pragmatic goal is comprehension, which leads to 

effectiveness of the audience. Comprehension implies that the relevant audience understands all 

schema projections, i.e., V/, 5M, = ((». Comprehensibility includes ease of use, ease of learning, 

communication ability, time taken to understand, and perceived ease of use. Effectiveness 

includes amenability to formal analysis and reasoning, design accuracy, design speed, and 

learning speed. 

The syntactic goal is syntactic correctness [129], i.e., all statements are according to the 

syntax (as specifled by the modeling formalism) and "[error] prevention and [error] detection are 
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easier with a formal syntax like Backus-Naur form." We provide the formal syntax in Appendix 

E: Annotation Syntax using Backus-Naur Form. To measure the semantic quality empirically, the 

respondent must be well versed with the domain. We employ a case study methodology to 

evaluate the semantic quality of the spatio-temporal schemas. The comprehensibility 

appropriateness [39] is related to language ontology and expressive economy. Via a laboratory 

study, we evaluate the pragmatic quality of the modeling formalism. 

7.3 Summary 

Evaluative research is related to the use of scientific methods for evaluation, i.e., the focus is on 

means of obtaining the goal [224]. Laboratory studies are often used in evaluative research [185]. 

Further, investigative fieldwork may be employed to strengthen laboratory studies [128, 148]. 

The evaluation of our proposed conceptual model includes a case study at USGS described in 

Chapter 8 and a laboratory study with graduate students explicated in Chapter 9. 
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Chapter 8: Case Study 

Our proposed spatio-temporal conceptual model—ST USM—provides a formalism to 

comprehensively capture semantics related to space and time. Its representation richness makes it 

a powerful model for expressing reality. Bubenko [36] defines conceptual modeling as 

developing "an abstract model of the enterprise"; completeness is obviously an important 

criterion in the development of this abstract model, which we refer to as a conceptual schema. To 

evaluate the extent to which an ST USM schema can capture the requisite spatio-temporal 

semantics, we conducted a case study at the US Geological Survey. In this chapter, we first 

characterize expressiveness (of ST USM) and completeness (of a schema), and then provide the 

rationale for using a case study methodology for assessing completeness. We present the case 

study methodology: (i) the unit of analysis; (ii) the data collection approach; and (iii) addressing 

of threats to validity. Having described the key components of case study design and 

methodology, we next present the findings. We round out the chapter with a discussion of the 

findings. 

8.1 Background and Objective 

Conceptual models are a bridge between the user requirements and the information system that is 

built to support those (user) requirements. Completeness is an important criterion, as it 

determines the extent to which the developed schema captures the data semantics of the real 

world. Closely associated with completeness is expressiveness, which characterizes how rich a 

formalism is to capture the data semantics for a given domain. 
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8.1.1 Ontological Expressiveness 

Shoval and Frumermann [197] assert that a conceptual model should "be powerful in semantic 

expressiveness." Navathe [ISO] defines expressiveness as "being able to bring out the different 

abstractions and relationships in an involved application." Batini et al. [13] define expressiveness 

as the availability of a large variety of concepts for a more comprehensive representation of the 

real world. Expressiveness also implies that the model enables description of objects, categories 

and relations as they are in the real world. Thus, expressiveness is the property of a formalism 

whereby all the aspects of the domain can be captured using the concepts provided by the 

formalism. 

Wand et al. [243] propose that "conceptual modeling can be anchored in the models of 

human knowledge" and "ontology can be used to define the concepts that should be represented 

by a modeling language, that is, the semantics of the language." Wand and Weber [244, 245] 

have developed a framework for evaluating ontological expressiveness of information systems 

analysis and design (ISAD) modelling grammar; Gregersen and Jensen [78] have extended this 

framework for a temporal extension to the ER Model. Ontological expressiveness is based on two 

types of constructs: ontological constructs (i.e., real world constructs) and notational constructs 

(i.e., constructs of a formalism). Two kinds of mappings exist between ontological and notational 

constructs: representation mappings and interpretation mappings. While the former is a mapping 

from the ontological constructs to the notational constructs and implies ontological completeness, 

the latter is a mapping from notational constructs to the ontological constructs and results in 

ontological clarity. 

Ontological incompleteness implies an ISAD grammatical construct for some ontological 

constructs does not exist (Figure 37). Ontological clarity is determined by the extent to which 

there is construct overload, construct redundancy and construct excess. Construct overload exists 
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in an ISAD grammar if an ISAD grammatical construct represents more than one ontological 

construct. Construct redimdancy implies that more than one ISAD grammatical construct 

represents the same ontological construct. Construct excess means that an ISAD grammatical 

construct that does not map into any ontological construct is present. 

Ontological Notational Ontological Notational 

Constructs Constructs Constructs Constructs 

•- — • 
- — ^ 

• . • 
• 

Onto/og/ca/ Construct 
Incompleteness Overload 

Ontological Notational Ontological Notational 

Constructs Constructs Constructs Constructs 

0  ̂
• 
# 

• 
^ — • 

• 

Construct Construct 
Reduntiancy Excess 

Figure 37: Lack of Ontological Expressiveness (245| 

To develop a formalism for modeling the spatio-temporal semantics, we employed space and 

time ontologies (cf. Chapter 3) that deal with the structure of reality [81]. For every sequenced 

ontological construct (both temporal and spatial), we have a corresponding annotation (Appendix 

E: Annotation Syntax). Additionally, we have defined a mechanism to represent non-sequenced 

statements like lifetime and topological constraints (cf. Section 6.10) outside the schema. 

We have defined a notational construct (in ST USM) corresponding with every ontological 

construct. We have carefully defined the ST USM formalism so that there is no construct 

overload, redundancy or excess. Similar to Gregersen and Jensen [78], we discuss the ontological 
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completeness and ontological clarity for ST USM. Table 21 shows the ontological constructs and 

their representation in ST USM. The ontological constructs are based on a review of existing 

literature in temporal and spatial databases; each of the ontological constructs have been deflned 

in Chapter 3. The ST USM representation has been explicated in Chapter 6 and Appendix E; 

Aiuiotation Syntax. As may be evident, ail the ontological constructs have a corresponding 

representation in ST USM. 

Ontological Construct ST USM Representation 
Event and State [99] "E" and "S" ate used to denote event and state, respectively 
Valid Time and Transaction Time 
[210J 

Valid time may be represented as state or event as described above. 
Transaction time is denoted by "P' 

Existence Time [99] Existence time for entities is represented like valid time, i.e., "E" or "S" 
Standard Valid Time Granularity [19, 
53] 

Standard valid time granularity is specified within brackets after specifying 
valid time 

User-Defined Valid Time Granularity 
[19,53] 

User-defined valid time granularity that is specified by the user is defined 
like standard valid time granularity 

Valid Time Indeterminacy [54] Valid time indeterminacy is shown by or after specifying valid 
time 

Snapshot Cardinality Constraint [226] Cardinality constraints between temporal entity classes imply snapshot 
cardinality constraints 

Snapshot Key Constraint [209] A key attribute that is temporal implies a snapshot key constraint 
Lifetime Disjointness/ Overlapping 
Constraint 

Lifetime disjointness/overlapping constraints between subclasses are 
specified outside the schema 

Lifetime Cardinality Constraint [226] Lifetime constraints are specified in a table outside the schenna 
Temporal Topological Constraint [4| Temporal topological constraints are specified outside the schema 
Lifetime Uniqueness Constraint [209] Lifetime uniqueness constraints are specified outside the schema 
Shape and Position [46] The shape in horizontal and vertical dimension is segregated. The shape 

(point, line or region) and position in the horizontal surface can be specified. 
Similarly, the shape (point or line) and position in the vertical plane can be 
specified. The shapes are denoted by "P" (point), "L" (line) and "R" (region) 

Spatial Granularity [ 107, 252, 253] Spatial granularity is specified within brackets afier specifying the shape 
Spatial Topological Constraints [69] Spatial topological constraints are specified outside the schema 
Spatial Indeterminacy [107,252,253] Spatial indeterminacy is denoted by or after specifying the shape 
Change in Position and/or Change in 
Shape [167,233] 

The change in shape and/or position (along with the dimension of the 
change) can be specified after explicating temporal and spatial aspects; e.g., 
"Sh@xy" 

Table 21: Ontological Completeness or ST USM 

Table 22 shows the ontological clarity associated with the constructs of ST USM and 

demonstrates that no construct overload, construct redundancy or construct excess exists. 
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ST USM Representation Ontoloeical Construct 
S 1 state Valid time is represented as slate 

El Event Valid time is represented as event 

<state>~ Indeterminate state with a user-specified probability mass function 

<state>+- Indeterminate state with "Uniform Distribution" as the probability mass 
fuiKtion 

<event)~ Indetenninate event with a user-specified probability mass function 

(event>+- Indeterminate event with a "Unifomi Distribution" as ihe probability mass 
function 

T Transaction time is pertinent for the application 

<state> «ft)) Valid time represented as state has associated Kianularity (g,) 

(indetemiinale slate) «gi» Indeterminate valid time represented as slate has assodated Kranularity (g.) 

(event) «ft» Valid time represented as event has associated Kranularity (f^) 

(indetenninate event)C<Ki)) Indeterminate valid time represented as event has associated eranularity (e.) 

(geometry){<g^))/<geometry)«g„)) The shape and position on the horizontal surface with horizontal granularity 
(R.,); allowable shapes are "P" (point), "L" (line) and "R" (region) 

(geometry) {(g^) The shape and position on the vertical plane with vertical granularity (g,); 
allowable shapes are ~P" (point) and "L" (line) 

(point)~ Indeterminate point with a user-specified probability mass fuiKtion 

(point)+- Indeterminate point with "Uniform Distribution" as the probability mass 
fimction 

(line)~ Indeterminate line with a user-specified probability mass function 

(line)+- Indeterminate line with "Uniform Distributton" as the probability mass fimction 

(i:cgion>~ Indetetminale region with a user-specified probability mass function 

(region>+- Indeterminate region with "Uniform Distribution" as the probability mass 
function 

(day) 1 (hour) | (minute) | (second) Examples of temporal granularity 

(user defined) User-defined temporal, (horizontal or vettical) spatial gianularity 

(dms-deeree) I (dms-minute) Examples of horizontal spatial granularity 

(mile) 1 (foot) Examples of venical spatial granularity 

(position)@(varyine in dimension) Change in position along with the dimension of ctiange 

(shape)@(varyin(! in dimension) Change in shape along with the dimension of change 

Snapshot Cardinality Constraint Models cardinality constraint between temporal entities classes at each point in 
time 

Snapshot Key Constraint Models uniqueness for each time granule 
Lifetime Disjointness/Overlapping Constiaints 
(outside the schema) 

Models disjoinmess or overlapping constraint during lifetime of the entity classes 

Temporal Topological Constraints (outside the 
schema) 

Models constraints based on Allen's predicates [4] 

Lifetime Uniqueness Constraint (outside the 
schema) 

Models non-sequenced uniqueness constraint during the lifetime of the entities 

Spatial Topological Constraints Models non-sequenced topological constraints 

Table 22: Ontological Clarity of ST USM 

We assert that an ontologically expressive semantic model will result in schemas that are 

complete; we next describe the notion of completeness and how it can be measured empirically. 

8.1.2 Completeness 

Many desirable properties related to conceptual modeling have been put forth in prior research. 

ISO TC97 Woridng Group [80] suggest that a conceptual schema must follow two principles: 
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(i) the 100 percent Principle, all relevant aspects of the universe of discourse must be included in 

the conceptual schema; and (ii) the Conceptualization Principle, only conceptually relevant 

aspects should be included in the schemas. Many prior studies, e.g., [15, 108, 196, 198, 202], 

have measured modeling correctness. Kim and March [108] state that "determining correct, 

consistent and complete information requirements is a difficult and challenging task." Similarly, 

Juhn and Naumann [103] argue that the "form of representation used by the analyst has the role 

of a template...analyst's task is discovering the set of application knowledge that completes a 

particular template.'" Shoval and Frumermann [197] describe a study where the subjects evaluate 

if the schema is "correct, consistent and complete." 

As with Lindland et al. [129], we contend that the semantic quality of the schema includes 

validity (or correctness) and completeness. Batra et al. [15] define correctness as "solution(s) that 

convey the same semantics about data as the natural language description of the application." On 

the other hand, completeness implies that the natural language description of the application 

captures all the data semantics of a given domain. 

8.1.3 Using a Case-Study Methodology 

From the discussion in Chapter 5, we observe that all of the prior studies evaluating conceptual 

models have been laboratory studies and the study of real-life requirements has been emphasized 

in extant research. For example, Kim and March [108] emphasize that "future work should 

include field studies and active research evaluating the effects of data modeling formalisms on 

real system development applications." Brosey and Shneiderman [35] raised concerns about the 

fact that "subjects completing the experiments were university students and not current users of 

database," that the database examples used "may not be typical," and that the study needs to be 

replicated "in realistic environment." Batra et al. [15] also suggest conducting field study to 

"obtain actual implementations of databases designed and implemented by the end users" who 
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should be able to measure completeness because they are imimately familiar with the domain. 

Any lack of understanding of the domain will lead to invalid measures of completeness. For this 

reason, a case study is appropriate to assess the completeness of a spatio-temporal schema for a 

given domain. 

There is a strong case-study tradition in the academic field of management information 

systems [125], Bonoma [30] states that a case study is appropriate for sticky, practice-based 

problems where experiences of the actors are important and context of the action is critical. 

Benbasat et al. [ 16] point out that the case study approach is suitable for capturing the knowledge 

of practitioners. Yin [256, 257] states that a case study distinguishes itself from other research 

strategies by examining the phenomena in a real-life context. 

Having introduced the background and objective of the case study, we next describe the case 

study methodology employed here. 

8.2 Methodology 

A case study methodology includes defining the case (or unit of analysis), specifying the data 

collection approach and describing how threats to validity will be managed. 

8.2.1 Unit of Analysis 

A case can be an individual, an event, a country's economy, an industry in the marketplace or an 

economic policy [256]. The unit of analysis for our case study was the USGS ground-water flow 

model of the Death Valley region [44]. The Water Resources Division (WRD) of USGS in 

Tucson has developed this model, which integrates data related to water-level, discharge, 

recharge, water-use, water-chemistry, borehole-construction and hydraulic-properties, all of 

which are spatially determined and often vary over time. The scientists in this group simulate 

surface-water, ground water and unsaturated-zone processes to provide requisite information to 
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the decision makers and policy makers, who can address concerns related to water quality, water 

availability and contamination. 

8.2.2 Data Collection 

We first describe the data collection approach and then present the data collection format. 

8.2.2.1 Approach 

Davis [49] suggests there should not be a single approach for information collection during 

requirements determination; he suggests four strategies; asking, deriving from an existing 

information system, synthesizing from characteristics of the utilizing system, and discovering 

from experimentation with an evolving information system application. The last strategy is 

primarily used when the users' needs are evolving and experience of users is insufficient; neither 

of these conditions held for our case study. Similarly, Yin [256] suggests the use of multiple 

sources of evidence including documentation, archival records, and interviews. Triangulation is 

often cited as the rationale for using multiple sources [256]. A major strength of case study data 

collection is its offering an opportunity to use many different sources of evidence. Triangulation 

also addresses a potential problem of construct validity, because multiple sources of evidence 

essentially provide multiple measures of the same phenomenon. Although multiple sources of 

evidence impose a great investigative burden, case studies that use multiple sources of evidence 

are rated more highly in terms of overall quality [257]. 

We used multiple strategies for information collection. "Asking" included interviews with 

functional personnel. Multiple interviews were conducted to collect information and to validate 

information collected. The existing information system also was analyzed; such deriving of 

requirements from existing information systems has been termed the data analysis approach 
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[147] since the data inputs and outputs of the existing system are the focus of analysis. Our 

information systems review included a review of the existing MS-Access schema. 

8.2.2.2 Format 

Many prior studies [IS, 26, 88, 197] have employed natural language as an input for development 

of conceptual schemas. Kim and March [108] evaluated discrepancy-checking ability based on 

natural language description and the given conceptual schema. Natiu^l language provides an 

easy-to-understand representation of a given problem [104], and Woodfield et al. [249] suggest 

the use of natural language (e.g., English) to help aid testing completeness of the schemas. 

As shown in Figure 38, data collection interviews involved collecting the requirements and 

expressing the requirements in the English language. Validation interviews were conducted to 

explicitly validate the English-language description of the user requirements. Many iterations of 

data collection and data validation interviews were conducted until the functional users agreed 

that the English-language description accurately and completely represented their requirements. 

The gray area in Figure 38 denotes the data collection (data collection and data validation 

interviews) at USGS. Next all statements in English language were translated {schema 

development) to develop an ST USM schema. 

Data CoUection „ . n. i 
, . Schema Development [nlerviews  ̂ _ ...  ̂

FmcUoml ST USM 
User _ - Schema 

D.U Validation description 
, . Schema Validation 
Interviews 

Figure 38: Data Collection at USGS and Development of the ST USM Schema 

An independent reviewer verified (schema validation) that all the requirements expressed in 

English language had been captured by the ST USM schema and the data dictionary (Appendix F: 
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Data Dictionary for the Case Study) that had emerged. The English language description is given 

in Section 8.3.2 and the ST USM schema is described in Section 8.3.3 (and Appendix F: Data 

Dictionary for the Case Study). 

8.2.3 Threats to Validity 

Yin [256] identifies threats to construct validity, internal validity, external validity and reliability 

as being applicable to case studies. Construct validity implies that the schema developed for 

ground-water flow model may be either incorrect or incomplete. Benbasat et al. [16] and Yin 

[256] suggest that using multiple sources of evidence controls threats to construct validity. Yin 

[256] also suggests that key informants review the draft case study report. In our case study, data 

collection and validation interviews helped ensure convergence and construct validity. The data 

collection interviews helped capture the requirements for ground-water flow model. The 

validation interviews ensured that data collected was correct and complete. All the information 

collected from interviews and document reviews was cross-validated. 

Trochim [231] refers to internal validity as credibility as better reflecting the underlying 

assumptions for case studies. He further argues that study participants are the "only ones who can 

legitimately judge the credibility of the results." Multiple iterations of validation interviews 

helped ensure internal validity of our findings. 

External validity deals with the problem of knowing whether a study's findings are 

generalizable beyond the immediate case study. Yin [256] suggests using an analytical 

generalization can help an investigator link a particular set of results to some broader theory. 

Trochim [231] argues that transferability (i.e., the degree to which the results can be generalized) 

can be enhanced by describing the research context and the assumptions that are central to the 

research. In Section 8.3, we describe in detail the context and assumptions of the case study. 
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A threat to reliability arises if a methodology will not be repeatable by other researchers. Yin 

[256] suggests use of a case study protocol, i.e., a document that lists all the activities undertaken 

by the researcher conducting the case study. This allows other researchers to conduct similar case 

studies in other settings and to compare results across case studies. We have described details 

related to the methodology earlier in this section. 

8.3 Findings 

We describe the background for the case study, provide a natural language description of the data 

requirements for the application, and then present the schema corresponding to the natural 

language description. 

8.3.1 Context 

Earth science studies (e.g., landslide hazards, earthquakes, volcanoes, subsurface tunneling and 

construction, environmental contamination, water availability) provide the knowledge required 

for society to make decisions related to managing natural resources in a sustainable manner. 

These studies require a wide spectrum of interdisciplinary data in order to understand the problem 

and generate possible solutions. While many advances in the understanding of earth-science 

processes and applications are being used in research, technologies for storing, sharing and 

managing the spatio-temporal data are far less developed. As an example, in addressing concerns 

related to water quality, water-availability and contamination, large amounts of multidisciplinary 

data must be acquired, synthesized, analyzed and disseminated. A portion of the solution to this 

challenge is developing an IT (Information Technology) infrastructure for Earth Science studies. 

Capturing the space and time semantics of the vast amounts of interdisciplinary data is the core of 

this infi^structure. 
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For example, a US Geological Survey (USGS) ground-water flow model of the Death Valley 

region [44]—a predictive process model—requires water-level, discharge, recharge, water-use, 

water-chemistry, borehole-construction and hydraulic-property data, all of which are spatially 

determined and often vary over time. The USGS ground-water flow model broadly includes a 

base package, an earth process package and an observation package. The base package defines 

the model construction and components to be used. The earth process package refers to the 

processes being simulated, e.g., discharge, evapo-transpiration. Observations are quantiflable 

measures for defined processes against which the simulated outputs are evaluated. We focused on 

the observation package as it is the core of the data required for the ground-water flow model. 

Earth Process Package Observation Package 

Base Package 

Figure 39: Ground-Water Flow Model 

In the following, we describe the data semantics that need to be captured for the observation 

package of the ground-water flow model. 

8.3.2 Natural Language Description of the Spatio>Temporal Semantics 

Beneath the earth's surface, the zone where all interstices are filled with water is referred to as 

ground water. In arid regions like Death Valley, which encompasses approximately 80,000 km" 

in Nevada and California, ground water provides a large percentage of water for domestic, 

industrial and agricultural uses. Ground water is stored in the spaces and cracks between particles 

of soil, sand, gravel, rock or other earth materials. The objective of the ground-water flow model 

for the Death Valley Region is to characterize regional 3D ground-water flow paths so that policy 

makers can make decisions related to radio-nuclide contaminant transport and the impact of 
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ground-water pumping on national parks and local communities in the region. However, the 

quality of model outputs and predictions based on the model are dependent on the data that forms 

an input to the model. We describe a subset of the input data (observation package) required for 

the ground-water flow model. 

Two key objects of interest for the ground-water flow model are spring-water sites and 

borehole sites. Both of these need to be spatially referenced to the Earth and are uniquely 

identified by a site identification number. A spring-water site—a point where spring discharge is 

measured—is a location on the surface of the earth given by geographic x- and y- coordinates, 

with a spatial granularity of dms-second. A borehole site refers to a part of the borehole whose 

3D location is given by x- and j- coordinates on the earth's surface, with a spatial granularity of 

dms-second, and depth below the surface with a spatial granularity of foot There can be one or 

many borehole sites at different depths within a drilled hole at the same surface location; each 

borehole site is associated with exactly one borehole. Additionally, the position of spring-water 

sites and borehole sites (on the Earth's surface) is indeterminate; the latitude/longitude values can 

have accuracy as high as 0.01 dms-second and as coarse as 60 dms-second. A borehole site is 

characterized by tests like transmissivity, horizontal {hydraulic) conductivity, vertical {hydraulic) 

conductivity, storage, leakance and diffusivity, the values for these tests are valid for the minute at 

which the test was conducted. For a borehole site, the transmissivity specifies the rate water flows 

through a unit width and is measured over a deflned thickness of saturated rock. Hydraulic 

conductivity measures the ability of rocks to transmit water; hydraulic conductivity is 

independent of the rock thickness. Vertical and horizontal hydraulic conductivity are directional 

as the terms imply, because the ability of rocks to transmit water can vary depending on the 

direction of flow. Storage refers to the volume of water that a unit area of rock will release or 

gain due to a change in water level. Leakance is a measure of the water flowing vertically 



183 

between different rock types. Diffiisivity is the rate that water flows through a rock per volume of 

water stored in the rock. Borehole sites and spring-water sites also have an associated status (e.g., 

site was dry and no water level was recorded and site was recently 

pumped). Spring-water sites also have a description explaining the type of characteristics that 

define the site. 

Geographically spring-water sites exist within a spring (represented as region) and there can 

be many spring-water sites within a spring (many points where discharge is measured). A spring 

usually has a name by which it is known locally and it can be of different types, e.g., artesian, 

fracture, geyser, perched. An important characteristic of a spring is the permanence of 

discharge at the spring (e.g., perennial springs discharge continuously and 

intermittent springs are periodically dry) and type of improvements constructed in 

association with the spring (e.g., concrete basin, lined). Similar to springs, boreholes are 

access points to the ground water system. A borehole also has a lifespan, which denotes the time 

periods when it exists. A borehole is similar to a well, but it does not have to be used for ground

water withdrawals; it has a depth and a land-surface altitude, both of which are indeterminate 

with accuracy in terms of possible error in dms-second and foot The method employed to 

determine the land-surface altitude, e.g., altimeter, differential global 

positioning system (GPS), interpolated from topographic map, may be 

used in interpreting the altitude accuracy. Additionally, the source of a welPs depth data, e.g., a 

log report, reported by owner of the well, is also used for interpreting the data 

quality. 

Aspects common to springs and boreholes include, e.g., site use (principal purpose for which 

the site was created), water use (primary, secondary, and tertiary use of water from the site; e.g., 

air-conditioning, irrigation, recreation and bottling), district code (the 
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USGS district code that identified the source of data) and site type (e.g., spring). Other aspects 

common to springs and boreholes are; district code (the water resources division that reported 

data), state in which the site is located. Federal Information Processing Standards (FIPS) code for 

the county in which the site is located, land-net location, name of the best available map on 

which the site can be located, and hydrologic-unit code for the Office of Water Data Coordination 

(OWDC) cataloging unit in which the site is located. 

A borehole site may have a pumpiift that removes water from the borehole site and this can 

affect other data collected at the borehole site. Some of the characteristics of a pumpiift are type 

(e.g., air lift, rotary pump, jet pump), depth (maximum distance the water level can 

be drawn before the pump breaks suction), power type (type of power used for the pump; e.g., 

diesel engine), horse power rating, manufacturer, serial number, power meter number, 

account (power company account number) and name of the company that furnished fuel for the 

pumpiift. A pumpiift has a lifespan that specifies the time periods when the pumpiift was installed 

and was operational; these time periods of pumpiift existence denote the times when data 

collected at a borehole site can be influenced by a given pumpiift. 

Information related to construction and condition of boreholes is important for monitoring 

ground water supply and remediation. A construction agency (specified by agency name) along 

with a contractor is responsible for construction at a borehole. Construction at a borehole 

involves sealing the well against entry of surface water and contaminates. Different types of 

seals, e.g., betonite, clay, cement grout, may be used at different depths of a borehole. 

Other information related to construction includes source (who furnished the construction data), 

method by which site was constructed, which includes drilling (e.g., air-rotary, cable 

tool) and development (e.g., pumped with airlift, surged with compressed 

air) methods. Type of finish (e.g., porous concrete, sand point) defines the nature of 
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openings that allow water to enter a well. All construction has associated time period(s) that 

designate the time during which the construction was undertaken and (possibly) completed. A 

construction agency may have been involved in many constructions at a given borehole. A given 

construction at a borehole may be undertaken by multiple construction agencies. A construction 

by a construction agency involves exactly one borehole. 

Physically, a borehole is composed of hole-intervals; each hole-interval (within a borehole) 

has a certain diameter. A borehole is composed of a set of casing and opening. A casing is a 

section of concrete, steel or plastic tubing installed in a borehole to prevent the hole from 

collapsing. A casing is specified by casing diameter, casing thickness, and material from which 

the casing is made (e.g., brick, rock, st:one, steel, copper, wood). An opening is a 

section of a well that is open to allow water flow. An opening has an associated type (e.g., 

fractured rock, sand point screen, mesh screen, wire-wound screen), 

material that the screen or other open section is made (e.g., brass, concrete, galvanized 

iron, tile) of and diameter of perforated or slotted pipe. Additionally, a borehole site may 

optionally be associated with multiple access tubes that allow access to a section of the borehole; 

each access tube is associated with exactly one borehole site. An access tube has an associated 

diameter, material that the access tube was made of, and thickness of the access-tube wall. 

Along the depth of a borehole, there may be different lithology, which is the physical 

character of rock formation. Lithology related details include formation name, lithology type, 

source of lithology data and age, which is defined by the geologic-time scale based on erathem, 

system and series. Erathem, system and series are successively refmed time periods defining 

when the rocks were formed. Lithologic modifier describes the rock type. Casing, opening, hole 

interval, access tubes and lithology define the characteristics of a borehole and water-level 

measurements taken at the borehole site are influenced by these characteristics. 
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The input data for the ground-water flow model include discharge (in cubic feet per second) 

at the spring-water site and water depth (in feet below land surface) at the borehole site, which 

are collected by a source agency (and name of the technician who made the site visit). Discharge 

and water depth need to be associated with the time of measurement and are captured to the 

temporal granularity of minute. While the value of discharge at a spring-water site is associated 

with a period of time, the value of water depth at a borehole is associated with an instant of time. 

Closely related to discharge is the source that furnished the data (e.g., government agency, 

log report) and method used to determine the discharge (e.g., acoustic meter, 

Doppler meter, flume, volumetric measurement). Similarly, the water level at a 

borehole is associated with source and method used to measure the water level, e.g., airline 

measurement, estimated, pressure gage measurement. Additionally, discharge 

duration is the length of time that a borehole was pumped prior to the measurement of the water 

level. 

Researchers evaluate the collected water level and discharge measurements to decide what 

data will be included as an input for the ground-water flow model. The measurements used as an 

input to the model are referred to as io-water-level (i.e., input-output water level) project and io-

discharge (i.e., input-output discharge) project, respectively. An io-water-level project and an io-

discharge project each includes a set of user-specified discharge and water levels, respectively. 

Each io-water-level project and io-discharge project has an associated lifespan (with temporal 

granularity of minute), when the project exists; additionally, the time when the project existence 

was stored in the database needs to be captured. Each set of discharge and water level is 

associated with a (unique) project and an investigator (or interpreter) responsible for the analysis. 

Associated with each set (i.e., io-water-level and io-discharge) are statistics value and the 

statistics type (to arrive at the statistical value). The investigator usually specifies: the use of data 



187 

based on data quality and appropriateness for use in a given study; hydrologic conditions that 

indicate what conditions were present at the time of measurement; and methods that deflne what 

approaches were used to analyze the data (e.g., graphical, spatial, statistical). 

We have just described the data semantics that need to be captured for the USGS ground

water flow model; the description is provided in a natural language, English. We arrived at the 

final description after multiple validation sessions. We next describe how we applied our spatio-

temporal database design approach for this application, first developing a conventional 

conceptual schema and only then capturing the spatio-temporal semantics of the application. 

8.3 J Developing the Conceptual Schema 

We first describe the non-spatial current schema that postpones capturing the spatio-temporal 

aspects of the application. We annotate the schema resulting in the ST USM schema. Next, we 

describe the semantics of the annotated schema. 

8.3 J. 1 Non-Spatial Current Schema 

Figure 40 illustrates a USM schema that represents "what" is important for the hydro-geologic 

application described in the previous section. Two key components of the application are 

BORE_HOLE_SrTE and SPRING.SFTE. A BORE.HOLE.SITE existsjn BORE_HOLE, and SPRING 

covers SPRING_SrTE. SPRING and BORE_HOLE have certain common properties that can be 

abstracted as GROUND_WATER_STATION. Properties such as station_name, station_use (a multi

valued composite attribute), site_type and site_use (a multi-valued attribute) are common to both 

SPRING and BORE_HOLE. On the other hand, the attributes permanence and improvement are 

specific to SPRING. BORE_HOLE may be considered to consist of a group (Grp) of 

HOLEJNTERVALs; it may also be considered to be a group (Grp) of OPENING and CASING. 

BORE_HOLE has two content (recall that content refers to base class members of the 
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grouping/composite class): content_hi (content corresponding to HOLE_INTERVAL) and 

contentjc_o (content corresponding to CASING and OPENING). BORE_HOLE_SITE may optionally 

have (0:1) PUMPUFT, and PUMPLIFT isjn exactly one (1:1) BORE.HOLE.SITE. PUMPUFT is 

uniquely defined by a serial_number (denoted by an underline). A BORE_HOLE_SrrE may be 

optionally associated with many ACCESS_TUBEs. A CONST RUCnON_AGENCY conducts 

CONSTRUCnON at exactly one (1:1) BOREHOLE. A CONSTRUCnON_AGENCY may be optionally 

involved in many CONSTRUCTIONS at a given BORE_HOLE. All CONSTRUCTIONS at a 

BORE_HOLE are associated with at least one and at most many (1:M) CONSTRUCnON_AGENCY. 

SOURCE_AGENCY may conduct BORE_MEASUREMENT/SPRING_MEASUREMENT at 

BORE_HOLE_SITE/SPRING_SrTE. IO_WATER_LEVEL is specified (or "Enum"erated) by the user 

and is composed of multiple BORE_MEASUREMENTs. Similarly, the components of 

IO_DISCHARGE, i.e., SPRING_MEASUREMENT are specified (or "Enum"erated) by the application 

user. 
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8J J.2 Annotating the Schema 

We continue with the schema shown in Figure 40 where "what" is important for the database 

application was specified. Figure 41 captures the spatio-temporal requirements using annotations. 

For example, SPRING needs to be represented as an indeterminate region (associated pmf[SA] is 

uniform distribution) with horizontal spatial granularity of dms-second; accordingly, the 

annotation phrase for entity class SPRING is "//R+-{dms-sec)/R+-(dms-sec)/-". The attribute test 

(of entity class BORE_HOLE_SITE) is a temporal attribute represented as an event with temporal 

granularity of minute. A borehole may have different lithology at different depths. UTHOLOGY is 

a non-spatial entity class while BORE_HOLE is a spatial entity class. The ocairsjn relationship is 

spatial, associating LITHOLOGY to different depths of BORE_HOLE; that is why the annotation for 

occursjn is "//-/-/L(ft)". 

Notice that all the cardinality constraints for temporal and spatial relationships in Figure 41 

are sequenced. Note that spatiality "creeps in" the "what" schema shown in Figure 40. For 

example, in Figure 41 a borehole is associated with at least one and a maximum of many (1:M) 

lithologies (over its depth), implying a non-sequenced constraint. Also notice the same cardinality 

constraint in Figure 41 has been changed to 1:1 implying that each point of space along the depth 

of a borehole is associated with exactly one lithology. The non-sequenced constraints (e.g., 1:M in 

this example) are not shown in the schema. Thus, while annotating a schema, we recommend that 

all the cardinality constraints associated with temporal and spatial relationships be carefully 

revisited to ensure that spatiality or temporality did not creep into the schema while specifying 

"what" is important for the database application. If it has crept in, the schema is simplified while 

it is being annotated. 
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8 J3 J Semantics of the Annotated Schema 

Since a translated schema for the entire ST USM schema in Figure 41 would be very involved, 

we take a small portion of the ST USM schema (gray area in Figure 41) and show the spatio-

temporal semantics using a translated USM schema in Figure 42. In our spatio-temporal 

conceptual design methodology, the annotated schemas will be employed for captnring spatio-

temporal requirements of the users and validating those requirements; the annotated schema may 

also be used as a conmiunication vehicle while capturing the users' requirements. The translated 

USM schema is to be used for the subsequent development of a logical schema; it explicitly 

shows the spatio-temporal semantics in terms of the abstractions of a conventional conceptual 

model (i.e., USM). 

In Figure 42, BORE_HOLE_SrTE, a spatio-temporal entity class is associated with 

HORIZONTAL_SPATIAL_GRANULARrTY, VERTICAL.SPATIAL.GRANULARTTY and 

TEMPORAL_GRANULARITY via relationship BORE_HOLE_SITE_xy_belongs_to and 

BORE_HOLE_SITE_z_belongs_to and BORE_HOLE_SrrE_has_ET, respectively. These 

relationships associate BORE_HOLE_SITE with granularities (both spatial and temporal). Two 

attributes, predsion_xy and precision_z capture indeterminacy associated with horizontal and 

vertical geometry. BORE_HOLE_SrTE has an existence time captured with state_periods, which is 

a multi-valued composite attribute (having components begin and end). In the translated schema, 

a temporal composite attribute, test, is modeled as a weak entity class, BORE_HOLE_SrTE_test. 

This weak entity class is also associated with eventjnstants that capture the instant when the test 

was conducted. 
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ST USM 

BORE HOIE SITE 
5fd>yl/7/P-Mdms- •cVPWOrw^acVPMn] 

^yinayniuMM  ̂

TEMPOtUL GRANULARITY 

Figure 42: ST USM Schema and its Semantics using the Translated USM Schema 

Below we list the relevant constraints associated with the translated USM schema (in Figure 42); 

these constraints are implied by the ST USM schema in Figure 41. 

Constraint I; cf. 6.3.1 
V e e 5(B0RE_H0LE_SITE), 

e.BORE_HOLE_SrrE_has_ET.TEMPORAL_GRANULARITY (granularity_name) = day 

Constraint 2: cf. 6.3.2 
V tf e 5(BORE_HOLE_SrrE), 3p e e(state_periocls),p.begin <p.end 

Constraint 3: cf. 6.3.3 
V e 6 S(TEMPORAL_GRANULARITY). t^extentminimum) < e(extentmaximuin) 
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Constraint 4: cf. 6.3.4 
V e 6 5(TEMP0RAL_GRANULARI7Y), -> has(e.andior_gran) => 

-1 (3 ^2 e TEMPORAL_GRANULARITY A e * E: A -> has(E2.and*)r_gran)) 

Constraint 5; cf. 6.3.5 
V e e SfTEMPORAL.GRANULARITY), has(e.andK)r_gran) ^ -• coarser-than(e.groupsjnto) 

Constraint 6; cf. 6.3.6 
V e e 5(B0RE_H0l£_srrE), V/» e e(statej3eiiods), /».t)egin < p.end 

Constraint 7; cf. 6.3.7 
V e e  S (BORE_HOLE_srrE), V p , , p 2 e  e ( s t a t e _ p e n o d s ) , p i . b e g i n < p 2 - b e g i n  p i . e n d  < p : . b e g i n  

Constraint 8; cf. 6.3.8 
V e 6 ^(BORE.HOLE SITE), 

V p e  e (state_periods), e.BORE_HOLE_SITE_has_Er.TEMPORAL_GRANUI.ARrTY (extentminimum) < 
p.begin < p.end < e.BORE_HOLE_SITE_has_ET.TEMPORAL_GRANULARrrY (extentmaximum) 

Constraint 9: cf 6.4.1 
V a e S(BORE_HOLE_SrrE_test), 

a.BORE_HOLE_SrrE_test_has_VT.TEMPORAL_GRANULARnY(granularity_name) = min 

Constraint 10: cf 6.4.4 
V a e  S(BORE_HOLE_SITE_test),V p e  a(state_periods), 

a.BORE_HOLE_SrrE_test_has_VT.TEMPORAL_GRANULARrrY (extentminimum) < 
p.ljegin < p.end < a.BORE_HOLE_SrrE_test_has_VT.TEMPORAL_GRANULARrrY (extentmaximum) 

Constraint II: cf 6.3.16 
V e e  S (BORE_HOLE SITE), 

e.BORE_HOLE_SrTE_xy_belongs_tD.HORlZONTAL_SPATIAL_GRANULARrrY (granularity_name) = dms-sec 

Constraint 12; cf 6.3.17 
V e e  S ( B O R E _ H O L E _SrrE),3ge e(geo), 

e.BORE_HOLE_SrrE_xy_belongs_to.HORIZONTAL_SPATIAL_GRANULARnY (extentxy_minimum) < 
g.xyj)oint< 

e.BORE_HOLE_SrrE_xy_belongs_tD.HORIZONTAL_SPATIAL_GRANULARnY(extenLxy_maximum) 

Constraint 13: cf 6.3.18 
V e e  S(BORE_HOLE_SrrE),Vge e(geo), 

e.BORE_HOLE_SITE_xy_belongs_tD.HORIZONTAL_SPATIAL_GRANULARrrY(extentxy_minimum)< 

g.XY_point < 
e.B0RE_H0LE_SrrE_xy_bel0ngs_to.H0RI20NTAL_SPATIAL_GRANUtARITY(extentxy_maximum) 

Constraint 14: cf 6.3.IS 
V e e  S ( H O R I Z O N T A L _ S P A T I A L _ G R A N U L A R I T Y ) ,  e ( e x t e n t x y _ m i n i m u m )  <  e (extEntxy_maximum) 

Constraint IS: cf 6.3.20 
Vee ,S(SPATIAL_GRANULARnY),-ihas(e.anchor_gran_xy) => 

-1 (3 CI E SPATIAL_GRANULARrrY A -ihas(e2.anctior_gran_xy) 

Constraint 16: cf 6.3.21 
V e e  5 ( S P A T I A L _ G R A N U L A I U T Y ) , - i h a s ( c . a n c t K ) r _ g r a n _ x y )  = > - i c o a r s e r - t h a n ( e . g r o u p s j n t o _ x y )  

Constraint 17: cf 6.3.23 
V e e  5(B0RE_H0LE_SITE), V g  e  e(geo), g j (y_point e  point A g^zjine e  line 

As shown by this example, a few straightforward annotation phrases capture the involved 

underlying spatio-temporal data semantics of the application. 
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8.4 Discussion 

We learned many lessons from this case study: 

• For the hydrogeologic application, many data just provide context related to other data. For 

example, the users are primarily interested in discharge (at spring water sites) and water depth 

(at borehole sites). However, the decision on how to interpret discharge and water depth data 

depends on many factors such as existence of a pumplift, the type of associated lithology (for 

boreholes) and construction undertaken at the borehole site. 

• Indeterminacy is intrinsic to spatial and temporal data. Indeterminacy recognizes our inability 

to capture precise information about the real world and is important for spatio-temporal 

applications. Spatial indeterminacy with pmf [54] having uniform distribution was useful for 

hydrogeologic applications. Borehole sites and spring-water sites have an inherent 

indeterminacy associated with their surface location. This indeterminacy needs be captured so 

that the associated model precision can be quantified. It is important to be able to propagate 

spatial indeterminacy so that verifiable accuracy of the Earth-science models that use 

indeterminate data can be obtained. 

• We found it useful to differentiate between event and state. While many facts are true for a 

period of time and need to be modeled as a "state," some facts are ephemeral and need to be 

represented as an "event." For example, storage, diffusivfty and vertical conductivity, are all 

examples of tests that are conducted at a BORE_HOLE_SITE and are true for an instant of 

time; in this case a minute. On the other hand, CONSTRUCTION has an associated lifespan, 

denoting the time period when the construction was undertaken. 

" Capturing granularities is important for applications that require spatial and temporal data. 

For example. Figure 41 includes many temporal (e.g., minute and day) and spatial (e.g., dms-

minute, quarter-quarter section, dms-sec, foot) granularities. Thus, it is not prudent to assume 
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that the entire schema will have a single system-defined granularity. If a database analyst 

assumes a finer granularity than is required (i.e., over-specifying the granularity) by the user, 

the reality may not be captured. On the other hand, if the database analyst assumes a coarser 

granularity (i.e., under-specifying the granularity) than is required by the user, the relative 

ordering of events and topological relationships may not be correctly captured. 

" Capturing spatio-temporal data semantics in two phases is useful. It helped us first capture 

"what" is important for the application; next we captured the "when" and "where" semantics. 

The two-phase approach was also useful in the validation phase, where it resulted in the two-

phase validation. 

• The semantics of the spatio-temporal schema imply many constraints (e.g., Constraints 1-17 

in this Chapter), which are specified in first-order logic. When translated during subsequent 

logical design these constraints would result in numerous triggers that would help maintain 

the validity of data. However, the existing database did not have any triggers, which 

suggested that the existing data may be unclean. 

" The existing schema at USGS did not include any transaction time. However, we found that 

being able to store different versions of the data was very important for the users, especially 

for water level and discharge that are actually used in the flow model. 

• For some spatial objects, the geometry may need to be referenced with respect to multiple 

coordinate systems. However, the geometry with respect to different coordinate systems need 

not be stored. As long as the mapping rules between coordinate systems are maintained, the 

conversion can be done in a manner transparent to the user. 
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8,5 Summary 

We described a case study at USGS, which evaluated whether use of our proposed model (ST 

USM) leads to the development of complete schemas. We showed how ST USM is ontologically 

expressive. We contend that an ontologically expressive formalism should lead to schemas that 

are complete. To evaluate the completeness of the schema, we first expressed the requirements in 

natural language then validated them over several sessions. Next, based on the user requirements 

that had emerged in English, an ST USM schema was developed. This schema was further 

validated by an independent reviewer to ensure that it accurately reflected the English-language 

requirements. In summary, we found that the schema described in Figure 41 completely captured 

the requirements of the users at USGS, implying that ST USM can be usefully employed to 

capture spatio-temporal semantics accurately. 

Based on the case study at USGS, we also found that spatial and temporal granularities (and 

associated indeterminacy) are important for spatio-temporal applications. Assuming that a single 

system-defined (temporal/spatial) granularity will suffice for the entire schema may not capture 

the users' requirements correctly. It is also useful to differentiate between event and state. We 

found that a two-phase approach that differentiates the "what" semantics from the "when"/ 

"where" semantics made the development of the spatio-temporal schema easier. 
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Chapter 9: Laboratory Study 

Many disciplines employ modeling to manage complex problems because it helps maintain a 

focus on critical elements of a problem, thereby facilitating the development of a solution [76], 

Given that organizations strategically depend on their data, we focus on modeling data 

requirements, referred to as conceptual data modeling. Conceptual data modeling [13, 29, 91, 

165, 172] takes users' requirements as input and transforms them into a high-level conceptual 

schema (or simply a schema) using specific modeling constructs; this schema—an aspect of the 

real world or the miniworld [59]—represents the structure of the data manipulated by the 

application and serves as the system metadata. 

Zhang [261, 262] posits that knowledge representation is a fundamental issue in cognitive 

science; he fiuther differentiates between internal and external representations. Internal 

representations refer to knowledge structures in people's minds while external representations are 

knowledge structures in the environment, e.g., written symbols. In addition to providing inputs 

and stimulus to the internal mind (via extending working memory, forming permanent archives 

and allowing memory to be shared), external representations are intrinsic to problem-solving as 

they guide, constrain and even determine cognitive behavior itself. We focus on a human-factors 

study related to the design of spatio-temporal aspects of an application that would help uncover 

the representational effects (e.g., representational efficiencies and behavioral outcomes [263]) 

emanating from the mapping between external and internal representations of spatio-temporal 

data. One important criterion for measuring representational effects in database design is 

understandability [25], i.e., coherence of the database structure with respect to various 

stakeholders like database architects and end users. Design is a collective activity and 

representation mediates "the relation between designers and their products, between designers in 
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a team, between design team and other design teams, and between the design team and the future 

users of the computer application" [27]. A representational aid should thus minimize cognitive 

processing needed to accomplish the task. 

We use annotations to capture the spatio-temporal semantics of an application. While 

annotations increase the expressiveness of a conventional conceptual model, they could adversely 

affect the database analyst's schema validation task. Consequently, the research questions 

associated with ease of use and comprehension are as follows: 

RQ\\ Do annotations have an adverse impact on comprehension ability for validating a 

database application? 

RQj. Do annotations have an adverse impact on discrepancy checking ability for validating a 

database application? 

RQy. Do annotations have an adverse impact on perceived ease of use? 

RQ\ and RQ2 explore the impact of annotations on syntactic (i.e., schema comprehension) and 

semantic performance (i.e., schema discrepancy checking), while RQ^ investigates perceived ease 

of use. An empirical study exploring these three questions will help us discern whether our 

approach for capturing spatio-temporal semantics is sufficiently straightforward for use in schema 

validation tasks. 

In the following, we describe hypotheses drawn from literature in problem-solving, learning 

and cognition. In describing the laboratory study design, we present the procedures followed and 

the variables (independent, control and dependent) of interest, characterize the subjects, and 

describe the tasks and measures undertaken to manage threats to validity. Finally, we present our 

findings. Details related to the instructions and the case used for the user study are described in 

Appendix G: Laboratory Study Case Description. 



200 

9.1 Background 

Batini et al. [13] posit that conceptual models should possess the following qualities; 

expressiveness, simplicity, minimality and formality. Expressiveness allows richer representation 

of reality. One of the conflicting goals related to expressiveness is simplicity, which requires that 

the schema developed using a conceptual model be understandable to both users and database 

analysts. Minimality ensures that no concept can be expressed through composition of other 

concepts. Formality specifies that the model must present a unique, precise and well-defined 

interpretation. Simplicity and minimality, in turn, affect both the syntactic and the semantic 

performance. In the following, we first characterize conceptual data modeling within the larger 

domain of problem-solving. We then describe existing work in learning and cognition related to 

problem-solving, which leads to the hypotheses. 

9.1.1 Problem-Solving 

Modeling—a process of abstraction in which important details are represented while unimportant 

ones are ignored—is often employed to manage complexity in problem-solving [217]; data 

modeling concentrates on representation of the data semantics. Conceptual modeling refers to 

"the reasoning process that the analyst uses to analyze an information requirements determination 

problem and to synthesize a solution that meets the needs of the user and the organization" [241]; 

this definition differs from that for domains like linear programming and puzzle solving, where a 

notion of unique correct solution exists. Conceptual data modeling involves "an open-ended, 

semantically rich problem space in which the modeler is forced to engage in both broader 

conceptual thinking, as well as focused problem-solving activities" [14]. In summary, data 

modeling requires partitioning the problem into a collection of sub-problems, defining relevant 
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data objects, representing relationships between objects and refining omissions and 

inconsistencies in the schema [31], 

9.1.2 Learning 

As shown in Figure 43, Anderson [8] has proposed a learning model for skills that includes three 

stages: cognition stage, association stage and autonomous stage. The cognition stage (or 

declarative knowledge) includes skills for encoding a problem domain as a set of declarative 

statements. The associative stage involves developing procedures with which to practice the skill; 

this is referred to as the procedural knowledge. In the third autonomous stage, procedural skills 

are refined, resulting in increased speed and accuracy in performance. 

Stage 3 Autonomous 

A 
I 

Stage 2 Associative 

A 
I 

Stage I Cognitive 

Figure 43: Learning Model of Cognitive Skills; adapted from [8| 

We focus on the learning of cognitive skills among novice database analysts. 

9.1.3 Cognition 

Shneiderman [194] describes the way information processing for problem-solving involves short-

term memory, working memory and long-term memory. Description of a problem enters the 

cognitive system in the short-term memory, a store with limited capacity [141]. Permanent 

knowledge is stored in long-term capacity. Working memory is a store with permanence between 

short- and long-term memory; this is where information from the two sources (short- and long-

term) are integrated into new structures. The cognitive structures in the long-term memory are 
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differentiated into semantic and syntactic knowledge. The semantic knowledge anchors and 

assimilates new concepts within the existing semantic knowledge; the syntactic knowledge is 

acquired by rote. The syntactic/semantic model predicts that it is easier to leam a new syntactic 

representation if a semantic structure already exists. This raises the question: What is the inherent 

semantic structure of spatio-temporal data? 

Some researchers, e.g., [9, 187], posit that all human knowledge is stored as abstract 

conceptual propositions. The propositions are assertions about the real world. As shown in Figure 

44 (repeated for the reader's convenience), Anderson and Bower's [9] Human Associative Model 

(HAM) is based on propositions; in their model, a proposition is composed of a fact and context 

associated with the fact. The subject and predicate correspond with a topic and a comment about 

the topic; this corresponds with information representation as object-property or property-value 

pairs. For some applications, the context in which the fact is true can be the key to reasoning 

about the mini-world. This context in tum is composed of time and location associated with the 

fact. 

Proposilion 

Fact Context 

Subject Predicate Time Location 

Figure 44: Human Associative Memory Model; adapted from (9| 

Having outlined related work, we next present the propositions associated with our research 

questions. 
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9.1.4 Propositions 

The key design issue in a conceptual modeling formalism proposal is balancing between 

formalism expressiveness and ease of use/learning. To promote ease of learning, a conceptual 

modeling formalism should be self-explanatory and comprehensible. Smith and Green [205] 

suggest that syntactic notations influence learm'ng and performance. Similarly, Moens and 

Steedman [142] argue that "effective exchange of information between people and machines is 

easier if the data structures that are used to organize the information in the machine correspond in 

a natural way to the conceptual structives people use to organize the same information." 

Our two-step approach to spatio-temporal database design that first focuses on facts {what) 

and then on the context {where and when) related to the facts conesponds to Anderson and 

Bower's Human Associative Memory Model [9]. Thus, we expect that our aimotation-based 

approach will not decrease the comprehension and ease of use compared with conventional 

conceptual schemas (without annotations). The null hypotheses related to RQu RQj and RQ^ are 

schematically shown in Figure 45; we will give the actual hypotheses shortly. 

ladcpcadcal Variabk: 
ModcUas Fonaalitoi Dcpcadcai Variabie;Vali«iatioa Task Pcrforniancc 

USM 
Comprehension. Comprehension. Discrepancy Checking. . Discrepancy Checking. Perceived Ease of Use. 

{-mmSr fCT P 
 ̂ USM  ̂ OSM USM USM *^USM 

cTirci* Comprehension, Comprehension. Discrepancy Checking. Discrepancy Checking. Perceived Ease of Use. 
5T USM r*»ST nsr p 

Figure 45: Hypotheses 

We intend to explore—from the perspective of the database analyst—whether our annotation-

based conceptual model (ST USM) results in schemas that are less comprehensible and more 

involved (to perform discrepancy checking) than a conceptual modeling formalism that does not 
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employ annotations on the schema (i.e., USM with textual description of the spatio-temporal 

aspects). The null hypotheses that we expect to disprove are described below. 

Hi : Comprehension ability associated with the non spatio-temporal aspects of a USM schema 

(along with textual description of spatial aspects) will be greater than that for an ST USM 

schema', i.e., > C'""'^STUSM • 

Hy. Comprehension ability associated with the spatio-temporal aspects of a USM schema 

(along with textual description of spatial aspects) will be greater than that for an ST USM 

schema', i.e., C^USM > C^ST USM • 

Hy. Discrepancy checking ability associated with the non spatio-temporal aspects of a USM 

schema (along with textual description of spatial aspects) will be greater than that for an ST 

USM schema', i.e., D™" ^^USM > D""" ^^STUSM • 

H4: Discrepancy checking ability associated with the spatio-temporal aspects of a USM 

schema (along with textual description of spatial aspects) will be greater than that for an ST 

USM schema', i.e., D^USM ^ D^ST USM • 

Hs: A USM schema will be perceived to be easier to use than an ST USM schema', i.e., 

PuSM PSTUSM -

9.2 Methodology 

We employed a laboratory study to address the research questions and the hypotheses described 

in previous sections. Laboratory studies are useful because of associated high internal validity 

[223] and freedom to manipulate independent variables [71] while controlling extraneous 

variables. Via laboratory study, we want to explore the effects of the annotation-based spatio-

temporal design approach on a database analyst ability to perform validation tasks. The validation 
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tasks include testing whether the database analysts can comprehend the spatio-temporal schema 

and apply it for discrepancy checking between the schema and the given textual description. 

In designing the laboratory study, we were careful in developing the tasks and including 

controls. The dependent variables were user performance (both syntactic and semantic) and 

perceived ease of use. We also measured the time taken to complete various tasks because 

Bettman and Zins [23] have reported a correlation between accuracy and time. 

Figure 46 shows our laboratory study design. The symbol X shows the experimental action 

(i.e., ability to capture the spatio-temporal semantics using annotations) and O shows some 

observed measure (i.e., comprehension and ease of use). R shows that the subjects were randomly 

assigned to treatment and control groups. 

R: X O, 
R: O, 

Figure 46: Laboratory Study Design 

To evaluate X, we measure whether the difference between 0| and O2 is significant. 

9.2.1 Procedures 

Figure 47 illustrates the procedures followed in the laboratory study, i.e., training and instruction, 

and measuring syntactic/semantic performance and perceived ease of use. 

The subjects were randomly assigned to one of the two groups, Gp-USM (control group) or 

Gp-ST USM (experiment group), and trained in the experimental formalism. While Gp-USM 

members were trained and given a USM schema (along with a textual description of spatio-

temporal aspects), Gp-ST USM members were trained and given an ST USM schema; the 

schemas given to the two groups were semantically equivalent. Both groups were asked the same 

20 short-answer questions designed to evaluate the syntactic performance; of these, 10 questions 
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were not related to the spatio-temporal aspects. Next the respondents were asked 20 true/false 

questions that tested their semantic performance; half of the questions were not related to the 

spatio-temporal aspects of the application. 

!• Provide 
Insinicitofi 

and Tnunmg 

USM scheim ST tentual 
descnpuon 

Syntactic Perrormance 
* Non SpaiM>>Tempotal • 
• Spatio-Tetnporal 

Semantic Perfonnance 
• Non Spatio.Tempond 
• Spaiio-TeniponI 

Perceived e 
of use 

Provn 
[Rstmctton 

iiuj Trammg 
-»• ST USM schema 

Syntactic Perfbmunce i 
• Non Spaiio-Tetnpofal ^ -• 
* Spatio-TemponJ 

Semantic Perfomuncc 
• Non Spatio>TemporaJ 
• Sp8}M>*Tnnporai 

Perceived ease ^ 
of use I 

Figure 47: The Laboratory Study Process 

Finally, a survey on ease of use was administered. The instructions and training for each of the 

nine sessions was allocated 60 minutes, while the exercise for the study was planned for 30 

minutes. However, the respondents were asked to plan for a two-hour session. At the beginning of 

the study the respondents were given notes related to the modeling formalism, to which they 

could refer while working on exercises. The subjects were also asked to report time, ^i, and 

U, spent on their tasks. The time periods, (z - ti and (4 - tj, represent the time to complete 

comprehension- and discrepancy checking-related questions. 

Table 23 presents the number of respondents and training time for various sessions (both Gp-

USM and Gp-ST USM). The training time was recorded by one of the respondents in the session. 

Four respondents who participated in the Gp-USM group and attended the Gp-ST USM group's 

session conunented that the instructions for the two groups were "remarkably similar." 



207 

A: April 5, 
10:00 AM to 12:00 

Gp-STUSM 3 17 22 

B: April 5, 
1:00 PM to 3:00 PM 

Gp-ST USM 6 20 20 

C: April 8, 
3:00 PM 10 5PM 

Gp-USM 6 20 19 

D: April 9, 
10:00 AM to 12:00 

Gp-ST USM 3 16 19 

E: April 9, 
1:00 PM to 3:00 PM 

Gp-ST USM 5 20 18 

F: April 10, 
3:00 PM to 5:00 PM 

Gp-USM 3 18 20 

G: April 10, 
7:00 PM to 9:00 PM 

Gp-ST USM 3 20 20 

H: April 11, 
12:00 to 2:00 PM 

Gp-USM 10 17 18 

1: April 15, 
2:00 PM to 4:00 PM 

Gp-USM I 20 19 

Table 23: Laboratory Sessions Summary 

9.2.2 Subjects 

The subjects in this study were graduate students in MIS in a large university who were 

taking (or had taken) a graduate database course. As a part of their class, they had been taught 

conventional conceptual modeling. They had already done multiple exercises in the class, taken 

an exam (as a part of the course) that evaluated their conceptual modeling, and developed a 

conceptual schema for a real-world group project under the supervision of their professor. The 

respondents typically take technical courses (like data structures and algorithms), are business-

oriented, and have a technical predisposition. Many students have some real-world experience 

(not necessarily in information systems). 

The top three scorers were offered a cash prize of SlOO, S50 and S25, respectively. This 

addressed the concern related to motivation involving student subjects. 

9.2.3 Tasks 

The study had the following sequence of activities. 
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(i) The subjects were asked to complete a questionnaire related to personal demographics 

and database-related experience. 

(ii) The respondents were then provided notes and trained for approximately 40 minutes in 

conventional and spatio-temporal conceptual modeling. The training notes were reviewed 

by a database faculty member to ensure that the training material was not biased in favor 

of any one group. 

(iii) The subjects were given a practice exercise; this exercise took about 15 minutes. The 

answers for the practice exercise were discussed for about S minutes. 

(iv) The experimental exercise was given to the subjects. They were asked to note the time 

taken to complete various parts of the exercise. 

(v) A debriefing questionnaire that measured the respondents' perceptions of ease of use was 

administered. 

9.2.4 Threats to Validity 

We discuss various threats to validity that include construct validity, internal validity and external 

validity. 

9.2.4.1 Construct Validity 

Validity of a questionnaire is the degree to which it measures what it is supposed to measure and 

includes content validity and construct validity. Content validity requires that the test item 

represents the intended content areas. Construct validity is the degree to which the test score is a 

measure of the psychological characteristic of interest and is not pertinent for our study. 

Table 24 presents the classification of questions that the respondents worked on as a part of 

the experimental exercise. For example, the number of questions that evaluated the syntactic 

performance on non spatio-temporal aspects related to attribute/entity class was two (questions 6 
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and 7 of section A (G.4.3) in Appendix G: Laboratory Study Case Description). Complex 

abstractions included weak entity class, subclass, composite class and grouping (or aggregate 

class). As illustrated in Table 24, the questions in the exercise were well-spread over various 

types of abstractions. A database faculty member validated the content validity of the 

questionnaire. 

Non Spatio-Temporal 
• Attribute/ Entity Class 2 (Section A: 6 and 7) 3 (Section B: 1.5, 7) 
• Relationship 2 (Section A; 1 and 16) 4 (Section B: 11, 13,15.17) 
• Complex Abstractions 6 (Section A: 9, 10. 12. 17, 19 and 20) 3 (Section B: 3,8,14) 
Spatio-Temporal 
• Temporal 4 (Section A: 2. 5. 8 and 14) 5 (Section B: 2,4,9, 8, 19) 
• Spatial 5 (Section A; 4. 11. 13, IS and 18) 4 (Section B: 10, 12, 16.20) 
• Time-Varying Spatial 1 (Section A: 3) 1 (Section B; 6) 

Table 24: Content Validity 

The schemas provided to the two groups were also validated for semantic equivalence by a 

database faculty member. 

9.2.4.2 Internal Validity 

Internal validity requires that an experimental program X produce a desired outcome O [17] (cf. 

Section 9.2). According to Campbell and Stanley [38], various factors can threaten internal 

validity: history, maturation, testing or measurement, instrumentation, differential selection and 

experimental mortality. We describe various threats to internal validity and how we addressed 

concerns related to these threats. 

• History: Extraneous independent events between first and second measurement of dependent 

variables may be correlated with the dependent variable. Our laboratory study was not a 

longitudinal study and so history was not relevant. 

* Refer to Appendix G: Laboratory Study Case Description for questions 
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• Maturation: Processes within respondents that are function of time, e.g., growing older, 

getting hungrier. There was no significant process (associated with the dependent variable) 

that was a function of time 

• Testing or measurement: The effects of being measured upon can impact the scores of the 

second test. The rival hypothesis that a respondent taking the pre-test would impact the 

sensitivity of the subject is not pertinent in our case. 

• Instrumentation: Changes in the calibration of a measuring instrument or changes in observer 

may affect the obtained measurement. The same instructor was used to conduct the training 

for van'ous sessions. Additionally, a formal presentation was prepared and consistently used. 

• Differential Selection: The selection procedure by which persons become a part of a 

laboratory study may change. The subjects were assigned to the control and experimental 

groups based on random selection. 

• Experimental Mortality: Differential loss of respondents from experimental and control group 

may result in spurious interpretations. One respondent from Gp-ST USM was not included in 

the data analysis as he had not taken the database course, a requirement for participating in 

the user study. There was no other loss of respondents during the entire study. 

9.2.4 J External Validity 

External validity is related to showing how the desired outcomes hold for contexts other than the 

one observed. Bernstein and Sheldon [ 17] describe various threats to external validity. 

• Reactive or interaction effect of testing;. The pre-test may sensitize the subject to experimental 

variables such that they do not remain a representative sample of the universe. The 

respondents were not asked to participate in a pre-test. 
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• Interaction effects of selection biases and experimental variable: The observation holds only 

for the population selected for evaluation. The subjects—graduate students in MIS—are 

fairly representative of the population of database analysts. The MIS graduate students are 

typically preparing for careers as systems analysts who understand both business and 

technology. 

• Reactive effects of experimental arrangements: The effects observed for the experiment (for 

the sample) are not generalizable to other populations in non-experimental settings. The 

problem used (a sales application) is typical of a real-world application and the validation 

task is an important part of conceptual database design. 

• Multiple-treatment interference: The impact of past participation on the respondents' 

behavior in the experiment. No respondent was allowed to take part in the study multiple 

times. 

9.3 Findings 

We first describe the background of the respondents and then describe findings related to their 

performances. 

9.3.1 Background of the Respondents 

Please refer to Appendix G: Laboratory Study Case Description for details related to the 

respondent's background. All the respondents were less than 45 years old; a majority were 

between 25 and 35 years of age. The respondents included an approximately equal number of 

men and women. Slightly over half of the respondents were doctoral students. Additionally about 

half had a graduate degree. Ahnost all of the respondents were MIS students; only one student 

was fi-om Watershed Management. About three-quarters of the sample claimed to have "some" 

prior conceptual modeling experience. Almost everyone had some work experience and many 
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even had database-related experience. Such a sample represented our population of database 

analysts (who have some expertise in conceptual modeling and have prior work experience some 

of which is database related). 

9.3.2 Peiformance 

Table 25 summarizes the result of the Mest for significance of difference between Gp-USM and 

Gp-ST USM. Plots showing 95% confidence interval of the dependent variables are shown in 

Appendix H: Laboratory Study Analysis. 

/-•non-ST - /-inon-ST 
^ USM ^ ^ ST USM 

No 
9.55 9.7 

No No 0.24 /-•non-ST - /-inon-ST 
^ USM ^ ^ ST USM Yes 

9.55 9.7 
Yes No 0.011 

f f z - /-^ST ^ /-*ST 
^ USM ^ ̂  ST USM 

No 
7.7 8.85 Yes No 0.039 f f z - /-^ST ^ /-*ST 

^ USM ^ ̂  ST USM Yes 
7.7 8.85 

Yes No 0.010 

f f y  j-vnoti-ST pvnon-ST 
L* USM ^ L* ST USM 

No 
8.2 8.9 Yes No 0.034 f f y  j-vnoti-ST pvnon-ST 

L* USM ^ L* ST USM Yes 
8.2 8.9 

Yes No 0.038 

H*: D USM^D STUSM 
No 

8.5 8.8 
No No 0.19 H*: D USM^D STUSM Yes 

8.5 8.8 
No No 0.15 

f f s - PuSM PSTUSM 
No 

2.98 2.17 
Yes No 0.007 f f s - PuSM PSTUSM Yes 

2.98 2.17 
Yes No 0.002 

Table 25: Summary of Findings 

As is evident from Table 25, none of the null hypotheses were supported. The numbers for Gp-

USM and Gp-ST USM corresponding to H\-H^ represent the average number of correct answers 

(out of a total of 10 questions each). The numbers in Gp-USM and Gp-ST USM corresponding to 

Hs represent user perception (on a scale of 1 to 7, where "1" represents "very easy to use" and "7" 

indicates "very difficult to use"). The test for significance in difference was run twice: (i) without 

considering the effects of the covariates (Co-Var) and referred to by "No"; and (ii) removing the 

impact of the covariates and referred to by "Yes." The covariates while running ANCOVA 

included age, current education, gender, prior major, current major, self assessment of conceptual 

modeling expertise, total years of work experience and years of database related work experience. 
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All the tests that gave significance in difference with a /7-value lower than O.OS are gray in Table 

2S; the p-value identifies the likelihood that an outcome may have occurred by chance. 

The non spatio-temporal syntactic performance of the experimental group (Gp-ST USM) was 

better than the control group (Gp-USM), (though not statistically significant at a p-value of0.242) 

when the effects of covariates was not taken into account. When the effect of the covariates was 

removed from the dependent variables, the difference was statistically significant at a p-value of 

0.011. Similarly, the spatio-temporal syntactic performance and the non spatio-temporal semantic 

performance for Gp-ST USM was higher than that for Gp-USM. The spatio-temporal semantic 

performance for Gp-ST USM was higher than that of Gp-USM, but the difference was not 

statistically significant. The perception of ease of use of Gp-ST USM was significantly better 

(i.e., lower) than that for Gp-USM. 

Based on the data related to H\ and Hi, the syntactic performance of Gp-ST USM was better 

than that of Gp-USM. Additionally the semantic performance of Gp-ST USM was also better 

than that of Gp-USM; however the difference was statistically significant only for non spatio-

temporal aspects. All this implies that our annotations-based approach did not deteriorate the 

syntactic or semantic performances (of database analysts) as compared with existing conventional 

conceptual model. 

9.4 Discussion 

We describe the assumptions and drawbacks, and the key implications of this study. 

9.4.1 Drawbacks 

We describe below the drawbacks of the study. 

• The instructor was the author who was clearly desirous of a particular outcome. Four 

respondents were a part of the control group (Gp-USM); they then attended the experimental 



214 

group (Gp-ST USM) and stated that the instructions for the two groups were "remarkably 

similar." 

Multiple sessions were conducted for Gp-USM and Gp-ST USM. The respondents were 

instructed in the beginning that only clarification-type questions would be given. The same 

instructor gave instructions in all the sessions and the same presentation was consistently 

used across the sessions. No statistical test to measure the between-group differences (e.g.. A, 

B, D, E and G in Table 23) was used as the group size for most of the sessions was small. 

We asked the respondents to report the time taken to complete questions related to 

comprehension and discrepancy checking. We observed that the respondents had vastly 

varying styles of solving problems: some spent significant time analyzing the problem and 

answered the questions relatively quickly (so reported much shorter times); others started 

immediately with the schema and took much longer to answer the questions. These two very 

different styles resulted in very high variance in time taken to complete the comprehension-

related questions. By the time they had completed section A (comprehension-related 

questions), participants were reasonably familiar with the schema and that is why the 

variance in discrepancy-checking performance is relatively small. We present below the data 

related to time taken. To test the significance of the difference between the two groups, we 

used a non-parametric test to compute the p-value, specifically the Wilcoxon test, as the 

differences in variance between the two groups was large. 

Time taken in completing 9.00(1.86) 8.70(3.71) 0.127 
comprehension-related questions 
Time taken in completing discrepancy 9.8 (2.14) 9.5 (2.43) 0.758 
checkinR-reiated questions 

Table 26: Time Taken by the Respondents 
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The results related to time do not provide much insight, as some of the differences can be 

attributed to the way time was measured. 

9.4.2 Implications 

There are several implications from this study. 

• Annotations are intuitive and not overly involved from the point of view of a database analyst 

performing schema validation during conceptual design. We also observed that the some of 

the respondents in the control group (who did not have an armotated schema) ended up 

annotating their schema with small phrases in English. All of this implies that annotations are 

natural for users. 

• If our annotation-based approach is adopted by database analysts, we would expect training 

time related to the spatio-temporal aspects would not be substantial. We expect that the 

database analysts would be able to understand both the syntax and the semantics of the 

annotated schema in a straightforward manner. This implies that the training costs for 

organizations will be minimal. 

• We also expect that annotations should help capture users' spatio-temporal requirements 

accurately. 

9.5 Summary 

In this chapter, we described an empirical evaluation related to ease of use and comprehension 

associated with our annotation-based approach. Our findings suggest that an annotation-based 

approach is straightforward to use for validating the users' requirements accurately. From a 

practical perspective, our findings provide input for design tools that assist in spatio-temporal 

conceptual modeling, and for managers who would need to allocate additional resources for 
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spatio-temporal conceptual design using annotations. This laboratory study is the first to our 

knowledge that empirically evaluates the spatio-temporal conceptual models. 
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Chapter 10: Realizing ST USM via DISTIL 

A design support environment is a tool that automates many of the analyst's tasks in developing 

software; it helps reduce time and money spent on a project and can improve the quality of the 

end product [66]. Such an environment helps improve the effectiveness of software development, 

an important issue facing information systems managers [32]. We describe a Design Support 

environment for SpaTIotemporaL data called DISTIL. 

Todd et al. [230] define CASE (Computer-Aided Software/System Engineering) tool as "the 

automation of part of, or the entire, system development process." Intrinsic to CASE tools is a 

methodology—referred to as a CASE method—that supports the CASE tools [95]. Various 

studies [12, 65, 156] have concluded that CASE tools improve the development process. 

However, their usage remains relatively low because of their complexity [94, 105]. DISTIL is 

based on our spatio-temporal design methodology that first captures non-spatial current aspects of 

an application and then subsequently augments the schema to incorporate the spatio-temporal 

aspects of the application. 

In the following, we describe the functionality that is presently supported by DISTIL. Using 

an example, we show the user interaction with DISTIL. We present the underlying architecture 

that is the basis for the described user interaction. 

10.1 Functionality 

Sharma and Rai [191] argue that a design support environment should support production, 

coordination and organization of systems development. Production support creates impact on the 

individual/group design decisions and artifacts that are produced. Production support includes 

representation tasks (abstraction and conceptualization), analytical tasks (evaluation of 
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alternative tasks) and transformation tasks (automation of design task). Coordination support 

allows interaction among multiple agents in the development task. Support for organization 

enables the implementation of policies that determine the environment in which production and 

coordination tasks are applied. We primarily focus on the production support provided by 

DISTE.. 

DISTIL supports the development of a non-spatial current schema, the USM schema. 

Subsequently, the database analyst can augment the core schema with spatio-temporal 

annotations; this schema is referred to as the ST USM schema. The spatio-temporal semantics that 

can be captured in the current version of DISTIL are described below. 

• Temporal: Support for valid time (event and state) and transaction time; the associated 

temporal granularity can be specified. 

• Spatial: Support for horizontal (point, line and region) and vertical geometry (point and line) 

along with the associated spatial granularity. 

• Time-varying Spatial: Support for change in position and/or change in shape, and the 

associated dimension in which the geometric change is happening. 

The spatio-temporal semantics that are implicit in the annotations are explicated using the 

translated USM Schema. The translated USM Schema is the basis for the development of 

subsequent logical schema. At this junction, support for user-defined granularities and for 

indeterminacy have not been implemented. Additionally, the implicit constraints in the ST USM 

schema are not yet included in the translated USM Schema. 

Using an example, we next describe how the functionality described above has been 

implemented. 
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10.2 Spatio-Temporal Conceptual Modeling Using DISTIL 

The spatio-temporal conceptual modeling using DISTIL includes developing the core schema, 

annotating the core schema, explicating the semantics of the annotated schema, obtaining the 

logical schema, and saving the schema as an XML document. 

10.2.1 Developing a Core Schema 

Figure 48 shows an example of a core USM Schema developed by a database analyst. This 

schema includes entity classes like SPRING_SrTE, BORE_HOLE_SITE, SOURCE_AGENCY, and 

PUMPUFT and their various attributes. 

9< IRE.HOLE SI rE SPRINO.SITE 

SI iURCE_AOEN 

Figure 48: Developing a Schema using USM Constructs 
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Entity classes are created by using the constructs on the "USM Model" panel on the left side. 

For example, the relationship sp_measures between SPRING_SITE and SOURCE_AGENG^ relates 

an entity of SPRING_SITE with that of SOURCE_AGENG^. Each entity class has associated 

properties; e.g., PUMPLIFT has properties like type and manufacturer (mfg) and a key attribute 

seriaLno. 

10.2.2 Annotating the Core Schema 

For each construct in the core USM schema the database analyst, together with the users, 

considers whether temporality and spatiality are important for the application. The database 

analyst asks questions like: Do you want to store the history or only the current value of this fact? 

Do you want to capture valid time or transaction time, or both? What is the associated temporal 

granularity? Is it important to store the geographical reference for the objects? What is the 

geographical shape of the objects? What is the associated spatial granularity? Can the spatial 

shape/position for these objects change over time? Accordingly, the database analyst enters the 

details using a pop-up box as shown in Figure 49, Figure 50 and Figure 51. 



221 

Sp.jhu t Aspe( t s 

Figure 49: Specifying the Temporal Aspects 

Figure 49 shows that the database analyst enters temporal details which would result in an 

annotation "S(day)/-//-"- Similarly, the database analyst enters spatial details which result in an 

annotation "//P(deg)/P(deg)/L(ft)" for BORE_HOLE_SrrE (Figure 50). This implies that the 

BORE_HOLE_SITE needs to be represented as a point ("P") on the plane and a line (L) on the z-

dimension. Additionally, the associated granularity in the x-y plane is degree (deg) and that in the 

z-dimension is foot (ft). 
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Sp.ilio t cnipordl Aspei t ^ 

Figure 50: Specifying the Spatial Aspects 

Figure 51 shows the pop-up box for specifying the time-varying spatial aspects of an 

application. The four options are: neither shape or position is changing, shape is changing, 

position is changing, and both shape and position are changing over time. Additionally the 

dimension over which the change is happening can be specified. 
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Figure 51: Specifying tiie Time-varying Spatial Aspect 

The schema shown in Figure 52 is automatically annotated depending on the information 

filled into the pop-up box. The database analyst can annotate each class, interaction relationship 

and attribute. Once the database analyst has made the annotated schema, the requirements so 

collected can be validated with other users. 
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//P(dms-

Figure 52; The ST USM Schema 

10.2.3 Semantics of the Annotated Schema 

To view detailed explicit semantics associated with the annotated schema, the database analyst 

clicks on the "Translated USM Schema" tab to obtain a translated USM schema corresponding to 

the ST-USM schema (Figure 53). We have embedded translation rules (e.g.. Figure 20) into 

DISTIL, to help translate the annotated constructs to an equivalent USM schema with explicit 

representation of the associated spatiality and temporality. For example, the semantics associated 

with a temporal entity class PUMPLIFT includes an entity class TEMPORAL_GRANULARrrY, which 
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specifies the temporal granularity in which PUMPLIFT is embedded. The relationship 

PUMPLIFT_has_ET relates an entity from PUMPLIFT with a corresponding temporal granularity. A 

multi-valued attribute state_periods (with components begin and end) is added to the entity 

PUMPLIFT because PUMPLIFT lifespan was modeled as state. A multi-valued attribute implies that 

each PUMPLIFT can have many associated state_periods. Similarly, other constructs of the 

annotated ST-USM schema are converted to a translated USM schema using the embedded rules 

in DISTIL. 

S IRE.NOLE.SI rE 

jyPtdmt-oaJ irMirUfec 

HORIZONTA .SPATIAL.G 

Figure 53: Translated USM Schema 
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10.2.4 Logical Schema 

Once the users' spatio-temporal requirements have been captured and validated, the database 

analyst clicks the "Logical Schema" tab to get the logical schema (Figure 54). This schema 

includes the name of the table, attributes in the table, primary key and foreign key (if any). 

jjrouDS jntD (granulans name, granularity name) 
K. granularity name, granuianty name 
KVERTICALSPATIALGRANULARITY granularity name. VERTICAL SPAT 

ORE.HOLE_srrEtest(0ORE_HOLE_SfTEtestJD. test srte JD) 
PK;B0RE_H0LE_SrrEtest_O 
FK:80RE_HOLE_SrTEsitejO 

HORlZONTAU.SPATlAL_GRANULARrTY(granulanty name, anchor. *y_maii 
PKgranulartiy name 
FKH0Rl20NTAL_SPA71AL_GRANUlARITY.gfanuiantyname 

BI IRE.HOLE.SI rC SPRINO.SITE 

sp.measures (siteJO. agency_code) 
PKisiteJO, agencY_code 
FKSPRINO.SITE.siteJD. SOURCEJKOENCY agency.code 

PRlNO.srrE(geo. sttejD. permanence, granulanty name) 
PtCsrteJD 
FKHORiZONTAL SPATIAL GRANULARlTY.granuianty name 

BORE.HOLE.srrE(geo. site JD. level, granularity name) 
PfCstfeJO 
FK.VERT1CAL_SPATIAL_GRANUU«ITY granularity name 

TEMPORAL.GRANULARrTY(granutanty name, anctior. maximum, minimum 
PfCgranulanty name 
FlCTEMPORAL.GRANULWrTY granulanty name 

PUMPLIFT S( lUMCE.AOEN :Y 

PUMPLiFT_statej7enods<s8nal.no. begin, end) 
PKsenal.no. begin, end 
FKPUMPUFT senai no 

Tjjroupsjnto (granularity name, granulanty name) 
PKgranulantyname. granularity name 

Figure 54: Logical Schema 

10.2.5 XML Schema 

Next the database analyst can click on "XML Schema" to obtain the XML document 

corresponding to the ST USM Schema. This XML file can be saved ("Save XML File") and is 

useful for sharing (existing XML files can be opened via "Open XML File") schemas among 

database analysts. 
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fEnterlllename J 

<?»nl««rsfon=*1 .(r7> 

<ST_USM xmlns3S^hllpilViMw.w3.org/7aoi0(MLSchema-instance* isi:norj 
<6iinple_class namt=*SPRINO_SrrE"» 

<noimai_allnDute nams^'sitejcr datalyp8=^NTEGER' inandatoiy=*i| 
<naimal_allrtbuM nams^parmanenca* datalypa^lNTEGER' mandaf 
<notTnal_aanbute name^'dlscharge^ datalype^lNTEGER* mandatory 
<prtmatyt(ey_canstralnt» 

«noimal_allil(iute name="sileJD"/» 
</pifmaivt(ey_cansttalnt> 

«/simple_class> 
<slmple_class name='SOURCE_AGENC'r> 

«normal_alli1bule name="agencY_code* datalyp«=nNTEGER" mandal 
<noiTnai_altnDijte naine='agencY_name* data(ype=^lNTEGER' mandfl 
«noiinal_alli1bul« name=Teeh_nante* dataM>e="ll^GER" mandalo j 
<pnmai>)(By_conslra)nl> 

<normal_a1btt]ute name='agencY_code'> 
«*prtmaiyt(«v_constralnt> 

•/slinple_class> 
«simpl»_class nam»="BORE_HOLE_SITE'> 

•nofmaLalinbute name="sitejcr Bata^fBe=*lNTEGEH" mandaloiy="| 
<nomial_alli(bute name="lewr dalal*pe="INTEOER" mandatoiy='no' 
<noiTnal_attiibu1e name=^sr datalype^'INTEGER' mandaloi^no'/^ 
«pttmatyKey_conslrainl» 

<normal_a1intititB nain»=*siteJCr/» 
«fpnmaiyl(eY_conslFaint> 

</slmple_class> 
«simple_class name=*PUMPLIFP» 

<normal_atlrlt)ute name^*senal_na* datalype^'INTEOER' mandatoiY 

<normal_alInbute name=*)ype' datalype='lNTEGER* mandatoiy^no'il 
«norinai_alti1bute name="mli3" dataMie="IMTEOER' mandatoiy="no'/J 
<pnmafy*e*_constraint» 

<noimal_allnbute name="senal_no"> 

HE.HOLE s 
sniNo I 

SI UHCEJUEN 

Figure 55: XML Schema 

10.3 Architecture 

We describe the underlying architecture of DISTIL that enables the interaction described in the 

previous section. DISTIL has been implemented using Java 2 (JDK 1.2) and Oracle 8.1.6. The 

prototype system is currently running on a Windows2000 workstation. DISTIL can be accessed 

through a web-browser or be used as a stand-alone application. 

As shown in Figure 48, the database analyst first develops a Core USM Schema during 

Conventional Conceptual Design using USM Schema Designer. The USM Schema Designer 

allows the database analyst to develop a core conceptual schema (e.g., Figure 48) that captures 
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current reality without considering spatial aspects; USM Schema Designer is adapted from the 

data modeling module of CREAM [163]. Our Spatio-Temporal Conceptual Design includes 

annotating the Core USM Schema via Annotation Designer (e.g., Figure 49, Figure 50) resulting 

in the ST-USM Schema (e.g.. Figure 52) and mapping the ST-USM Schema to a Translated USM 

Schema (e.g.. Figure 53) through the Semantic Mapper. 

Conventional 
Conceptual Design XML Translator 

Legend 

"USM"" 
Schema 

Module XML 
Document Input/ 

Ouput 

XML 
Mapper 

Core USM 
Schema 

Annotation 
Designer Temporal 

Logical Design 
Conventional 
Logical Design 

JTDSM 
Logical 

Logical 
Mapper 

Semantic 
Mapper 

Translated 
USM Schema 

ST- USM 
Schema 

Relational 
Schema 

SQL3/Temporal 
Logical Schema 

Consistency 
Checker 

Semantic 
Error Log 

Relational DBMS Temporal DBMS 

Spatio-temporal Conceptual Design 

Figure 56: DISTIL Architecture 

As shown in Figure 56, our proposed Spatio-Temporal Conceptual Design implemented via 

DISTIL integrates with Conventional Conceptual Design and the translated USM Schema 

(including constraints) merges again with the Conventional Logical Design. The Logical Mapper 

in Conventional Logical Design includes rules to convert a Translated USM Schema to 

Relational Schema with spatial support that can be implemented in a relational DBMS (e.g., 

Oracle Spatial). The XML Mapper converts a USM/ST USM Schema to an XML Document. This 
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schema in XML format can be shared by distributed teams; lately, XML format is the choice for 

data exchange. 

As shown in Table 27, the additional number of classes (and lines of code) required to 

augment an existing CASE tool (i.e., [163]) with the spatio-temporal semantics is relatively 

modest. The annotation designer and semantic mapper entailed just 10.6% increase in the lines of 

code. Additionally, adding the spatio-temporal semantics via annotations did not entail any 

changes to the existing code. Thus, orthogonality of a conceptual framework (i.e., ST USM) gets 

translated to orthogonality of an implementation structure (i.e., DISTIL). 

Module Classes Lines of Code (kLOC) 
USM Schema Designer 118 34.1 
Annotation Designer 6 2.2 
Semantic Mapper 3 1.4 
Logical Mapper 2 1.0 
XML Mapper 5 2.4 

Table 27: Number of Classes and Lines of Code for Modules of DISTIL 

Additionally, to incorporate annotations the changes to the database schema would be minimal. 

For example, to store an annotation phrase associated with an entity class would require a three 

column table (shown below) with project ID (proj ect_id), entity class name 

(eclass_name) and annotation phrase (a_phrase). 

CREATE TABLE eclass_annoCation 
( 
project_id NUMBER(5), 
eclass_name VARCHAR2(30) , 
a_phrase VARCHAR2(100), 
CONSTRAINT pk_eclass_annocaCion PRIMARY KEY (project_id, eclass_name), 
CONSTRAINT fk_eclass_annocation FOREIGN KEY (project_id, eclass_name) 

REFERENCES entity_class (project_id, eclass_name) ON DELETE CASCADE 
) ; 

All this implies that our approach is straightforward from the perspective of repository (database) 

design and application development. 
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In future, checking consistency (i.e.. Semantic Error Log) in the ST-USM Schema via 

Consistency Checker will be implemented. Once implemented, the database analyst will be able 

to check whether the Annotated Schema is consistent using "Consistency Checker". For example, 

if a spatial interaction relationship were specified between non-spatial entity classes, the 

"Consistency Checker" would give an error message. We also envision incorporating the ST-

USM Logical Mapper, which would translate the ST-USM schema to an SQL3/Temporal Logical 

Schema [211,212] that can be implemented in a temporal DBMS. 

10.4 Summary 

In this section, we have described a proof-of-concept spatio-temporal concepuial modeling tool 

called DISTIL. DISTIL enables capturing "what" is pertinent for a database application. The 

"when"/ "where" semantics are captwed using pop-up boxes; entering details in the pop-up boxes 

automatically atmotates the schemas. This ST-USM schema can be used as communication 

vehicle; it can also be used to decide if all the spatio-temporal requirements of the user have been 

captured and whether the requirements are conflicting. Embedded in DISTIL are translation rules 

that facilitate development of a translated USM schema from an ST USM schema and a logical 

schema from a translated USM schema. Schemas developed via DISTIL can be saved as XML 

documents, which can be used for schema exchange. Additionally, via DISTIL, we showed how 

the annotation-based approach is straightforward to implement. 
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Chapter 11: Conclusions and Future Research 

Determining and documenting requirements is the key to developing successful information 

systems [238], It involves developing a "mental model" of the system [SO] and successively 

transforming the initial schema until a computer-based solution to the problem is achieved. 

Requirements specification is difficult because of human problem-solving limitations [49]; Miller 

[141] suggests that problem solvers can effectively handle 7±2 chunks of information. A systems 

development methodology (SDM) provides a systematic approach to information systems 

development and acts as an external memory device supporting the working memory [238], 

Roberts et al. [182] consider of SDMs important because they: (i) are teachable; (ii) provide 

consistency as they are followed by everyone involved; (iii) require deliverables that may be 

checked for quality; (iv) provide engineering-like discipline. We described a systems 

development methodology for developing databases for spatio-temporal applications. 

Many real-world temporal (e.g., accounting, portfolio management, personnel management) 

and spatial/geographic (e.g., facility management, transportation, logistics) applications need to 

organize data based on time and/or space. Underlying all these applications are temporal, spatial 

and time-varying spatial data, collectively referred to as spatio-temporal data. Consequently, 

many DBMS vendors are incorporating capabilities to manage spatial (e.g., Oracle Spatial [ 149] 

and Informix Geodetic DataBlade [190]) and temporal (e.g., Oracle Time Series Cartridge [154], 

Informix TimeSeries DataBlade [200]) data. 

Spatio-temporal conceptual models provide a mechanism—at an abstract-level independent 

of the implementation environment—to capture semantics related to space and/or time. In this 

dissertation, we have presented ST USM, a spatio-temporal conceptual model. We conducted a 

case study at USGS to assess whether ST USM helps completely capture the spatio-temporal 
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semantics. We conducted a laboratory study that demonstrates that aimotations provide an 

intuitive straightforward mechanism to capture spatio-temporal requirements that can be usefully 

employed to capture spatio-temporal semantics accurately. 

11.1 Contributions 

This work makes seven key contributions. First, using our annotation-based approach, we have 

integrated the semantics of space and time into a traditional conceptual model. Since various 

types of conceptual modeling abstractions are orthogonal to space and time, our annotations are 

generic and applicable to all types of conceptual modeling abstractions. 

Second, our annotation-based approach [106, 175] extends the conventional semantic model 

without increasing complexity from the perspective of database analysts and CASE tool vendors. 

Typically, the extant spatio-temporal conceptual models add distinct and unique constructs to 

capture spatio-temporal requirements; these new constructs require that the database analyst be 

cognizant of a new formalism. Since such a clean-slate approach does not build on widely 

adopted and researched conventional conceptual models, e.g., [13, 40, 59], CASE tool vendors 

will need to develop their database design tools from scratch, which may be one of the reasons 

why none of the extant CASE tools provide a mechanism for capturing the spatio-temporal 

semantics for database applications. With our annotation-based approach, the CASE tool vendors 

could enhance their existing CASE tools to support spatiality and temporality with minimum 

changes. Additionally, with our spatio-temporal conceptual model database analysts do not need 

to know about any additional abstract constructs. With our armotation-based approach, we claim 

to have achieved both simplicity and comprehensiveness in spatio-temporal conceptual modeling. 

Third, our approach to spatio-temporal modeling takes into account how humans store and 

use geographic knowledge. One of the deficiencies of the existing conceptual models that can 
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represent geographic phenomena is their inability to "represent information in way that is more 

natnrai to humans" [140, 166], Mennis et al. [140] note that humans cognitively store what, 

where and when data in separate knowledge structures. Our annotation-based approach that 

divides conceptual design into two steps: (i) captwe the current reality of an application using a 

conventional conceptual model without considering the spatial aspects, and only then (ii) annotate 

the schema with the spatio-temporal semantics of the application. Our two-step approach that 

focuses first on facts (what) and then on context (where and when) related to those facts 

corresponds with Anderson and Bower's Human Associative Memory Model [9], which 

segregates assertions into facts and context related to facts. Thus, our annotation-based approach 

integrates human cognition of geographic phenomena with the traditional conceptual modeling 

formalism. 

Fourth, we provide a mechanism to capture user-defined granularities in a schema [107], 

Developing methodologies and tools to support multiple granularities in a schema simultaneously 

is a challenging and an active area of research [19, 20, 22, 43, 53, 54, 246, 247]. Many prior 

studies [S3, 77, 89, 216] cite the need to support multiple spatial and temporal granularities in a 

database. Additionally, indeterminacy, or "don't know exactly when or where", is related to 

granularity [53] and may be pertinent for a database application. The semantics related to multi-

granularity representation, captured using ST USM, can facilitate spatial reasoning [171] and map 

generalization [252]. 

Fifth, DISTIL [175] underscores the practical focus of our approach. DISTIL is a web-based 

spatio-temporal database design tool that allows the database analyst to develop a core USM 

Schema, ST USM Schema and Translated USM Schema. 

Sixth, via DISTIL we show how our proposed annotation-based approach is straightforward 

to implement into any existing CASE tool. From the perspective of CASE tool vendors, this 



234 

implies that enhancing existing tools with the spatio-temporal semantics will not be inordinately 

complicated. Our proposed approach does not entail any change in existing code (orthogonal) and 

requires few additional classes (and lines of code). In summary, our proposed approach is 

orthogonal both at conceptual- and implementation-level, ensuring that it is straightforward to 

both comprehend and implement. 

Seventh, this research adopts a multi-methodological approach [132], i.e., combining set 

theory, prototyping, a case study and a laboratory study. Synthesis from multiple methodologies 

strengthens theory development in MIS discipline and will advance future research. 

11.2 Future Research 

We envision future research in three directions: (i) extending our framework for spatio-temporal 

non-sequenced semantics; (ii) employing captured semantics for information integration; and 

(iii) evaluating the proposed formalism on comprehension and effectiveness. 

11.2.1 Data Semantics 

Based on perception, space is often differentiated as large-scale and small-scale [120]. While the 

former is defined as one that cannot be viewed from a single viewpoint, the latter is visible from a 

single vantage point. Like Mark and Frank [134], we construe geographic space to be equivalent 

to large-scale space, bi this dissertation, we have defined and applied our approach for geographic 

applications, i.e., large-scale space. It will be useful to explore how our approach is applicable for 

small-scale space, e.g., CAD (computer-aided design) applications. 

An area where ST-USM can be extended is spatio-temporal constraints [82]. Annotations in 

ST-USM enable us to induce spatio-temporal constraints from the non-temporal integrity 

constraints already present in the USM schema. For example, one can specify that an attribute 

forms the primary key of an entity class, which implies that the value of this attribute is unique to 
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at most one entity. By annotating that attribute as time-varying, the designer implicitly induces a 

temporally sequenced primary key constraint [209], which specifies that, at each point in time, 

the value of this attribute is unique to at most one entity. While sequenced constraints are the 

most natural other non-sequenced constraints are also useful. A lifetime uniqueness constraint 

implies that entities cannot have more than one value during the entire lifespan of an entity. This 

constraint can be extended to specify a non-sequenced uniqueness constraint over a specified 

period of the lifespan of the entity. For example, "There will be no more than 350 leakance tests 

conducted during the first two years of the existence of a borehole site" is an example of a non-

sequenced uniqueness constraint over a part of the lifespan of a borehole site. This raises the 

issue of how to define spatio-temporal non-sequenced constraints explicitly. While there has been 

some work in using temporal logic for expressing temporal constraints (e.g., [204]) and also some 

work on topological constraints [56], there is a need to integrate such constraints into a coherent 

framework within the conceptual model and to determine bow to map these into logical 

constraints. Once that has been done, means of efficiently checking spatio-temporal constraints 

must be developed. There are opportunities for exploiting interactions between constraints, for 

checking constraints in bulk or incrementally and for minimizing and automatically maintaining 

the auxiliary information needed to check constraints. 

Underlying spatio-temporal data is fundamentally imprecise but this uncertainty should be 

captured explicitly in the schema. This raises the research question of how to model such 

uncertainty, in both conceptual and logical data models. Once a sufficiently descriptive model of 

uncertainty has been developed, we need to apply this model to data transformations and to 

application programs themselves. The fundamental questions are three-fold. Given a sufficiently 

characterized level of spatio-temporal uncertainty in the underlying data and given a process 

model that applies often-complex transformations and analysis to this data, what is the 
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uncertainty in the resulting data? How can this uncertainty be conveyed effectively to the end-

user? How can this model of uncertainty enable interpretation/sensitivity analysis? A related 

requirement on the data model is to represent the provenance of the information explicitly [33, 

70]. For data sources, provenance primarily concerns inherent uncertainty in the data. For derived 

data, output from the analysis tools, it is important to capture and model all the transformations 

that have been applied to the data. We need to detennine how best to include various aspects of 

data quality in an ST-USM schema. 

In the future, the functionality of DISTIL can be enhanced to include display of a granularity 

graph (cf Figure 5 and Figure 7). Such an interface will also allow the database analyst to define 

user-defined granularities [20]. Another possible extension to DISTIL is development of an 

interface that provides an English language description of a given schema. Such a mapping (from 

spatio-temporal schema to English-language) would be useful during the schema validation phase 

of conceptual design. 

11.2.2 Information Integration of Spatio-Temporal Data 

Often spatio-temporal data required by users is not available from a single database and users 

need to perform multi-level searches. For example, federal agencies collecting precipitation data 

include the U. S. National Weather Service (NWS), the U. S. Army Corp of Engineers, the US 

Department of Agricuhure (USDA) Soil Conservation Service, the USDA Forest Service, the 

Bureau of Reclamation, and the Tennessee Valley Authority [168]. In order to use these data, 

users need to understand what data are available, how they have been collected, and who is 

responsible for managing them. Thus, the possible usage of available spatio-temporal data 

remains limited primarily because of the semantic gap between the information producers and 

consumers. 
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A semantics-based approach to integrating distributed spatio-temporal data can employ ST 

USM as the canonical model for information integration. Such a semantics-based approach to 

information integration would allow users to access multiple data sources through a single 

conceptual interface, thus, helping provide an integrated information retrieval and decision 

support environment for the users. Such an approach would extend traditional information 

integration methodologies, e.g., [72, 73, 115], for geospatial data. 

11.2.3 Evaluation 

We plan to conduct case studies for a wide array of temporal (e.g., portfolio management, 

inventory management) and geospatial applications (e.g., geo-marketing, logistics, 

transportation). 

We also plan to conduct a laboratory study that will help evaluate how easy-to-use our spatio-

temporal conceptual design approach is for modeling a spatio-temporal application. Such a study 

will provide an insight into the additional effort that is required to model the spatio-temporal 

requirements for an application. 
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Appendix A: USMNotation 

USM Construct Description USM Grapiiicai 
Notation 

Entity Class A collection of entities for which common characteristics 
are to be modeled Entity 

Name 

Attribute Properties of members of an entity class /'•'Attributc^N. 
\ Name y 

Composite Class A set of members of some other class taken as a whole is 
called a composite class 1 CompcKiIc Cass 1 

1 Name 1 

Grouping Class A class of entities whose members are physically or 
logically composed of members or sets of members from 
some other entity classes are called grouping class 

1 Grouping Class 1 
1 Name 1 

Interaction 
Relationship 

Associations between members of one entity class and one 
or more other entity classes 

Grouping 
Relationship 

Grouping relationship results in the definition of a group Group 

Composite 
Relationship 

Two types of composite relationships: attribute-defined and 
enumerated 

Attribute 
defined Enumerated 

Generalization/ 
Specialization 

Generalization has similar objects abstracted to form a 
higher order objects. Specialization is the inverse of 
generalization 

4> 



Appendix B: Summary of Temporal Models 

B.l: Evaluating Temporal Models Syntactically 

TERM [112, 
113) 

Textual 
syntax, ER 
Model 
variant 

Yes, 
EBNF 

No No No • History structure, patterns, existence description 
• External history (i.e., valid time) and internal or recording 

history (or transaction time) 
• Intricate PASCAL-like syntax with many typical keywords to 

support temporality 
RAKE [64] Graphical, 

ER Model 
No Yes No No • Time stamping events and states 

• Modeling attribute changes 
• Events—pseudo events (i.e., beginning and ending of states), 

pure events and changes 

Temporal 
EER [60, 
61] 

Graphical, 
Extended 
ER 

Yes No Yes, sketchy No • No new constructs 

STEER [57, 
58] 

Graphical, 
Extended 
ER 

No No Yes, sketchy No • Differentiates between conceptual and temporal entity, attribute 
and relationship 

ERT [228, 
229] 

Graphical, 
ER Model 

Yes Yes Yes, sketchy No • Simple and complex entity class is associated with a time period 
class 

• Primitive temporal notion is time period 
• Two types of time period: symbol period (relative time) and 

calendar period (absolute time) 
TER [226] Graphical, 

ER Model 
Yes No No No • Lifetime cardinality 

• Snapshot cardinality 
N) 
o 



TempEER 
[121] 

Graphical, 
Extended 
ER Model 

Yes No Yes, sketchy No • No new constructs 

TEERM 
[51] 

Graphical, 
ER Model 

Yes No Yes, sketchy No • Dynamic relationship, quasi-static attribute and relationship, 
event 

TERC+ 
[264] 

Graphical, 
an ER-
variant 

No No Yes, sketchy No • Dynamic relationship—inter-object dynamics, i.e., transition 
relationship, generation relationship, timing relationship and 
time-based relationship 

TimcER 
[77] 

Graphical, 
Extended 
ER 

Yes No Yes, sketchy Yes, sketchy • Valid time and transaction time associated with an entity type, 
attribute and relationship 

• Snapshot and lifetime cardinality 

Tabic 28: Comparison of Temporal Conceptual models on the Syntactic Dimension 

B.2: Evaluating Temporal Models Semantically 

TERM [112, 
1131 

No Valid time and 
transaction time 

Yes No No No Patterns 

RAKE [64] No Valid time Yes No No No No 
Temporal EER 
[60,611 

Yes Valid time Yes No Yes, partly No No 

STEER [57, 
58] 

No Valid time Yes No Yes, partly No Lifespan and existence 
constraints 

ERT [228, 229] Yes, partly Valid time Yes Yes, partly for 
granularity 

Yes Yes, partly No 

to 



Temporal ER 
[2261 

No Valid time Yes No No No Lifetime and snapshot 
cardinality 

TetnpEER 
[121] 

Yes Valid time and 
transaction time 

Yes No Yes No No 

TEERM [511 No Valid time Yes, partly No No No No 
TERC+ [264] No Valid time Yes No Yes Yes Lifetime and snapshot 

cardinality 
TimeER [77] No Valid time and 

transaction time 
Yes No Yes No Lifetime and snapshot 

cardinality 

Table 29: Comparison of Temporal Conceptual models on the Semantic Dimension 

to 

to 



Appendix C: Summary of Spatial and Time-Varying Spatial Models 

C.l: Evaluating Spatio-Temporal Models Syntactically 

81 Hj^JH 
iSIwi HBHSBH 

Worboys et 
al. [251, 
254] 

No IF0[1] No No No • Explicit representation of geometry associated with 
entities 

• Demonstrates how IFO constructs can be used represent 
geometry 

• Dimensions of a geo-object arc spatial, temporal, 
graphical and textual/numeric 

GODOT 
[84, 85] 

No 00 
Model 

No No No • Three categories of objects; thematic, geometric and 
graphic 

• Geo-object is subtype of thematic object and has 
associated geometric object 

GEOOOA 
[117] 

No OO 
Model 

No No No • Geoclass are of four types: point, line, region and raster 
• Topological structure; covering, containment and 

partition 
Tang cl al. 
[225] 

No OO 
Model 

No No No • Components of an object; an identifier, positional 
infonnation, non-spatial attributes, topological relations, 
non-topological relations and methods 

• Pre-defmed predicates that are used to model relations 
between geometric objects 

GISER 
[192] 

No Extends 
ER 

No No No • Space/time, features, coverages and spatial objects 
• Proper features and common features 

U) 



'̂A.::; f 
y?^f'li 1̂  y-j I'v'V-•<->;-/VT̂ I j j; 

GeoER [86] No 

i 

Extends 
ER 

No No No • Space depending attribute 
• Position—location (ccntroid), shape, size and orientation 
• Spatial entity, attribute and relationship are represented 

by bold-margins with the comer showing the spatiality 
• Spatial relationships are spatial integrity constraints 

related to objects' position 
MADS 
[160-162] 

No Extends 
ER 

No No (mentions 
capturing 

granularity 
and scale) 

No • Spatial object has shape and location 
• Six topological relationships—disjunction, adjacency, 

crossing, overlapping, inclusion and equality 
• Spatial aggregation, generalization (refining and 

redefining) 
• Space varying attributes 

STER [232, 
233] 

No ER 
model 

No No No • Temporal, spatial and spatiotemporal entity 
• Temporal, spatial and spatiotemporal attribute 

Tabic 30: Comparison of Spatial Conceptual Models on the Syntactic Dimension 

C.2: Evaluating Spatio-Temporal Models Semantically 

jm m m HI 
Worboys et No Point, line and Entity and No Somewhat Somewhat No 
al. [251, region attribute 
254] 
GODOT 
[84, 85] 

No Region, arc, 
point 

Entity and 
attribute 

No No No No 



m 
• 

ini imi 
GEOOOA 
[1)7] 

No Point, line, 
region and 

raster 

Entity and 
attribute 

No Somewhat Somewhat Topological 

Tang ct al. 
[225] 

No Point, node, line 
segment, chain, 

ring and 
polygon 

Entity and 
attribute 

No Somewhat Somewhat Topological 

GISER No Poitrts, Imes and Entity and No No No No 
[>921 surfaces attribute 
GeoER [86] No Point, line and 

region 
Yes No Yes—partly Yes—partly Topological 

MADS 
[160-162] 

No Simple geo 
(point, line, 

oriented line, 
area), complex 
geo (point set, 

line set, oriented 
line set and 

complex area) 

Yes No Yes—partly Yes—does not 
differentiate 

between composite 
and grouping 

Topological 

STER [232, 
233] 

Yes Point, line and 
region in valid 

time or 
transaction time 

Partly No Partly— 
references to 
GeoER [86] 

which includes 
spatial 

generalization 

Partly—references 
GeoER [86] which 

includes spatial 
aggregation 

Topological, directional 
and metric 

Table 31: Comparison or Spatial Conceptual Models on (he Semantic Dimension 

cn 



Appendix D: Summary of Semantic Model Evaluation 

D.l: Summary of Evaluation of the Modeling Process 

i Batra and Davis [14] • 9 subjects (4 Type of user • Modeling • Modeling • Representation task 
novices and 5 • Expert formalism behavior • Protocol analysis 
experts) • Novice • Task 

ii Srinivasan and Te'eni • Experiment I: 10 • Different • Modeling • Modeling • Representation task 
[66]: Identify nature of subjects irom a types of formalism behavior • Think-aloud process-tracing 
heuristics used in graduate level heuristics: • Task • Output model: methodology 
problem representation. course in use of missing • 3 sessions of 3 hour each 

database abstractions elements, spread over two-week period 
management and misspccified • Voluntary participation and 

• Experiment II: 4 transitions elements and self selection bias 
subjects across redundant 

abstractions elements 

Table 32: Summary of Evaluation of Conceptual Modeling Process 

D.2: Summary of Evaluation of Modeling Formalisms 

i Brosey and Experiment I: Experiment I: • Task Experiment I: • Validation task 
Shneiderman [35]: The • 38 undergraduate • Modeling complexity • Comprehension • Experiment time: 75 
way infonnation is students formalism; • Ability to form minutes 
presented makes a Experiment II; Hierarchical and query • Analysis of variance 
difTercncc in • 75 undergraduate relational • Memorization 

• Analysis of variance 

perfonnance, thus. students • Beginner and 



affccting user 
comprehension 

advanced user 
Experiment II: 
• Modeling 

formalism: 
Hierarchical 
(tree-1 and tree-
2) and relational 

Experiment 11; 
• Comprehension 
• Memorization 

ii Shoval and Even-
Chaime [1961; Effect of 
data modeling 
formalism (DFD vs. 
NIAM) and task 
complexity on schema 
correctness, time to 
develop a schema 
and designer 
preferences 

• 26 graduate 
students studying 
systems analysis 
and design 
course 

Modeling formalism; 
• Normalization 

(based on 
DFDs) 

• Information 
analysis (based 
on binary 
relationship 
model) 

Task complexity 

• Training time 
• Education 

• Correctness 
against "gold 
standard" 

• Time taken 
• Designer 

preference 
(survey and open 
ended questions) 

• Representation task 
• Test of significance of 

difference; not clear how 
it was done 

• Authors arc not 
convinced with the 
results and state that 
maybe the complex task 
was not "complex" 
enough 

iii Jarvenpaa and 
Machesky [97]: 
Understand the ease of 
learning logical data 
modeling among 
novices 

• Experiments I: 
36 students 

• Experiment II: 
20 students 

• Experiment III; 
34 students 

• Modeling 
formalism; 
RDM and LDS 

• Amount of 
practice 

• Learning style 
• Age 
• Experience 
• Education 

Ease of learning; 
• Accuracy of 

schema (entities, 
attributes and 
relationships) 

• Time taken to 
develop schema 

• Understanding of 
formalism 

• Approach 
followed in 
developing 
schema 

• Representation task 
• Monetary incentive 
• Modeling cases provided 
• Multi-variate analysis of 

variance 

iv Batra et ai, [15]: 
Comparison of EER 
and relational model 
(based on facets) in 

• 42 students in 
introductory MIS 
class (21 in each 
treatment) 

Modeling formalism: 
• EER 
• Relational 

• Task 
• Human 

• Modeling 
correctness: 
degree to which 
a conccptual 

• Representation task 
• 30 minutes but could 

spend more time 



terms of modeling 
correcmess and ease of 
use 

schema 
approaches the 
correct solution 

• Ease of use: 
based on Davis 
[47] 

V Palvia et al. [51] • 123 
undergraduate 
students (3 
groups of 41 
students each) 

Modeling formalism; 
• Data structure 

diagram [3] 
• Entity-

relationship 
model [15] 

• Object-oriented 
model [40] 

• Task 
• Training time 

• User 
comprehension 

• Efficiency 
• Productivity 

• Representation task 
• Questions based on 

instances 
• Test of significance in 

difference based on 
ANOVA 

vi Shoval and Frumcnnan 
[197]; Effect of data 
modeling formalism on 
user comprehension of 
attributes and 
relationships (binary 
and ternary) 

• 78 students 
representing the 
users 

Modeling formalism: 
• EER 
• 00 
Types of constructs: 
• Attributes, 

relationships 
(binary and 
ternary) 

• Users 
• Task 

• User 
Comprehension 

• Validation task 
• Experiment time: 

approximately 50 
minutes 

• Two tailed z-test at 
confidence level a=0.05 

vii Mantha [131]; Study of 
existence, nature and 
causes of differences in 
completeness of logical 
data specification using 
data flows and data 

structure 

Professional Analysts 
• 10 Data Flow 

Analysts 
• 10 Data 

Structure Analyst 

Modeling formalism; 
• Data flow 

modeling 
• Data structure 

modeling 

• Training time 
• Task 

Completeness: 
• Number of entity 

views 
• Number of 

attributes 

• Representation task 
• Experiment time; No 

limits, average 270 
minutes 

viii Hardgrave and Dalai 
[27]: Evaluate schema 
comprehension, time to 
understand and 
perceived ease of use 

• 56 students • Modeling 
formalism; ER 
and GMT 

• Task 
complexity; 

• Training time • Understanding 
(facets oO 
schema 

• Time to 
understand 

• Validation task 
• Multiple choice 

questions 
• ANOVA to measure 

significance of 



for difTcrcnt (ask 
complexity and 
modeling formalisms 

simple and 
complex 

• Perceived ease of 
use 

difference 

ix Kim and March [108]: 
Effect of data modeling 
formalism on model 
building and validation 
tasks 

• Analysts; 26 
practicing 
information 
analysts 

• Users; 21 
graduate students 

Modeling formalism; 
• EER 
• NIAM 

• Task 
complexity 

• Training Time 

• Task 
performance; 
modeling 
(analysts) and 
validation (users) 

• Perceived 
usefulness 

• Both representation and 
validation task 

• Analysts; 2 groups of 
participating 
organizations. 
Experiment time; 235 
minutes 

• Users; 7 groups over 3 
weeks. Experiment time; 
220 minutes 

X Moynihan [146]; 
Evaluation the relative 
effectiveness of 
functional-
decomposition and 
object-oriented 
modeling formalisms 

• 20 business 
managers 
attending 
graduate 
program 

Modeling formalism; 
• O-O 
• Functional-

decomposition 

• Task 
complexity 

• Task 
performance 

• Subjects' 
opinion of 
'styles' of 
analysis 

• Validation task 

xi Shoval and Shiran 
[198]: Compare EER 
and OO models in 
terms of design quality 

• 44 students 
majoring in 
information 
systems 

Modeling formalism: 
• EER 
• 00 

• Training time; 
6 hours 

• Task 
complexity 

• Correctness of 
"facets" of 
conceptual 
schemas 

• Time to 
complete the 
design task 

• Designer's 
preference 

• Representation task 
• The /-test and Wicoxon 

signed rank test 

xii Aganval et al. [2]; 
Compare 
comprehension ability 
of an Object-Oriented 
and a Proccss-Oricnted 

• 71 undergraduate 
students 

• Two 
experiments; 
ABC(18 00 and 

Modeling formalism; 
• Object-oriented 
• Proccss-oriented 

• Education 
• Training Time 

• User 
Comprehension 

• Validation tasks 
• 8 open-ended questions 

for two groups of 
students 

• r-tests (significance of 



model 18 PO), Texas 
(ISOOand 17 
PO) 

differences) on 
comprehension scores 
for individual questions 

xiii Sinha and Vcssey [64]; 
End user performance 
with conceptual and 
logical data models in 
the context of database 
development life cycle 

• Within-subject 
study of 19 
graduate students 

Modeling formalism; 
• Conceptual; 

EER and OOD 
constructs 

• Logical; RDM 
and OOT 
constructs 

• Task 
complexity 

• Accuracy of 
schemas 

• Representation task 
• Paired r-tests and 

ANOVA for test 

Table 33: Summary of Evaluation of Conceptual Modeling Formalisms 
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Appendix E: Annotation Syntax 

(annoiauon) c | (temporal annotation) // (spatial annotau'on) 

I (temporal annotation) // (spatial annotation) // (time-varying spatial annotation) 

(temporal annotation) 

(valid time) 

(transaction time) 
(state) 
(indeterminate state) 
(event) 
(indeterminate event) 

e I (valid time) / (transaction time) 

(state) ((ft)) I (indeterminate state) ((g,)) | (event) ((&)) 
I (indeterminate event)((g,)) | -

T i -
SI State 
(state)~ 1 (state)+-
EI Event 
(cvent)~ I (evcnt)+-

(spatial annotation) 

(horizontal geometry) 
(vertical geometry) 
(geometry) 

(point) 
(indeterminate point) 
(line) 
(indeterminate line) 
(region) 
(indetemtinate region) 

e  I (horizontal geometry) / (vertical geometry) 

(geometry) ((g„)) / (geometry) ((g„,)) 
(geometry) ((g.)) | -
(point) 1 (indeterminate point) | (line) | (indeterminate line) | (region) 
I (indeterminate region) | (user defined) | -

PI Point 
(point)~ I (point)+-
LI Line 
(line>~ I (Iine)+-
RI Region 
(region>~ | (region)+-

(time-varying spatial annotation) 

(position varying) 
(shape varying) 
(position) 
(shape) 
(varying in dimension) 

e I (position varying) | (shape varying) | (position varying) / (shape varying) 

(position)@(varying in dimension) 
(shape)@(varying in dimension) 
Pos I Position 
S h I  S h a p e  
XI y I z I xy I yz I xz I xyz 

(g,) (day) | (hour) | (minute) | (second) | (user defined) 

(day) day 
(hour) hr | hour 
(minute) min | minute 
(second) sec | secxind 
(g„,) ;;= (mile) | (dms-degree) | (dms-minute) | (foot) | (user defined) 
(g„) ~ (mile) I (foot) | (user defined) 
(mile) ::= mile 

(dms-degree) dms-deg | dms-degree 
(dms-minute) dms-mln | dms-minute 
(foot) :r= ft I foot 



Appendix F: Data Dictionary for the Case Study 

GROUND_WATER_STATION: A station of interest and is of two subtypes: spring and borehole. 
station name Name of the station For ground-water sites, if a District well-

numbering system is used, the number 
for the site is used. For surface-water 
stations, enter the station name and 
location or local identifier is used. 

String Identifier 

site use Primary use of site A code indicates the principal use of the 
site or the purpose for which the site was 
constructed, e.g., emergency water 
supply, scismic exploration, in search of 
oil or gas 

String Multi-valued 

station use Water use Composed of primary, secondary and 
tertiary use. The codc indicates the 
principal use of water from the site. If 
water from the site is used for more than 
one purpose, the principal use and the 
subordinate uses are indicated. 

The codes and their meanings are: 
• A: Air conditioning 
• I: Irrigation 
• R: Recreation 
• B: Bottling 
• J: Industrial (cooling) 
• S: Stock supply 
• C: Commercial 
• K: Mining 
• T: Institutional 
• D; Dewater 
• Mi Medicinal 
• U: Unused 
• E: Power generation 
• W: Industrial 
• V: Desalination 
• Fx Fire protection 
• P: Public supply 
• Z: Other 
" H: Domestic 
• 0; Aquaculture 

Composite 
attribute 



district District codc The district code indicates the Water 
Resources Division district that reported 
data. It includes the USGS District code 
that identified the source of the data. If 
the data are collected by a Sub-district 
office, a one-character code assigned by 
the District may be entered in the third 
position to identify the Sub-district 
office. 

String Composite 
attribute 
composed of 
district_code 
(mandatory) and 
subdistrict_code 

state State code The Federal Infonnation Processing 
Standards (FIPS) numeric code for the 
State in which the site is located. 

Number 

county County codc The FIPS numeric codc for the county or 
county equivalent in which the site is 
located. 

Number 

land_net Land-Net Location The legal description of the lO-acre tract 
in which the site is located, if applicable. 
The abbreviations NE, NW, SE, and SW 
are used for the quarter, quarter-quarter, 
and quarter-quarter-quarter. The smallest 
subdivision is listed first. 

String 

locat!on_map Location Map Name of the best available map on which 
the site can be located, preferably a 
USGS topographic quadrangle. If no 
topographic map is available for the area, 
a county highway map or similar map 
may be used. 

String 

hue Hydrologic unit code The hydrologic-unit code for the OfHce 
of Water Data Coordination (OWDC) 
cataloging unit in which the site is 
located. This eight-digit codc consists of 
four parts: Hydrographic Region, 
Subrcgion code description. Accounting 
unit within the National Water Data 

String 

U1 



Network, Cataloging unit of tiie USGS's 
"Catalog of Information on Water Data." 

Lat-Long coordinate 
Accuracy 

Accuracy of latitude-longitude values, 
e.g., ± 1 (S), ± 5 (F), ± 10 (T) second, ± I 
(M) minute 
Enter the appropriate code on the 
schedule to indicate the accuracy of the 
latitude-longitude values. 

The codes and their meanings are; 
• H\ Accurate to ± .01 

second (differentially 
corrected GPS) 

• I: Accurate to ± 0.1 
second (differentially 
corrected GPS) 

• 5: Accurate to ± 0.5 
second (Precise 
Lightweight GPS Receiver 
(PLGR)/PPS GPS) 

• S: Accurate to ± 1 
second 

• R; Accurate to ± 3 
seconds (SPS GPS] 

• P: Accurate to ± 5 
seconds 

• T: Accurate to ± 10 
seconds 

• M; Accurate to ± 1 
minute 

site_type Type of site. Code in the proper location within the 
array is follows: enter "Y" for Yes and 
leave blank for a No entry. For example, 
a Y in position 1, i.e., STYPE {1) 
designates the site type as a "stream". A 
Y in position S designates the site type as 
a "spring". Meteorological can be 
combined with stream, lake or reservoir, 
estuary, spring, and ground water other 
than spring. Outfall or diversion can be 
combined with stream, lake or reservoir, 
and estuary. 

STYPE (20) 20*1 Type of site 
(code) 
• STYPE (1) Stream 
• STYPE (2) La)te or 

reservoir 
• STYPE (3) Estuary 
• STYPE (4) Specific 

Source 
• STYPE (5) Spring 
• STYPE (6) Ground water 

other than spring 
• STYPE (7) Meteorological 
• STYPE (8) Outfall 
• STYPE (9) Diversion 
• STYPE (10) Land 

application 
• STYPE (11) Aggregate 

Required field 



ground water 
• STYPE (12) Aggregate 

surface water 
• STYPE (13) Water 

use/Place of use 
• STYPE (14)-(20) 

Unassiqned 

many casings and openings. A bore hole an associated depth to which the hole was drilled, in feet below the land-surface datum The depth implies 
the total depth to which the hole was drilled, in feet below the land-surface datum, even though it may have been plugged back in completing the 
well. For collector or Ranney type wells, the depth of the central shaft is entered. A borehole also has a lifespan beginning from the day when the 
borehole was constructed. Altitude of land-surface at the site measured in feet. Additionally, accuracy of altitude in terms of possible error in feet is 
also entered. 
altitude Altitude Number 
method Method altitude 

determined 
Codes for method to determine the 
altitude, e.g., altimeter (A), level or other 
surveying method (L), interpolated from 
topographic map (M). Enter the 
appropriate code for the method used to 
determine the altitude. When Altitude is 
entered, the code is MANDATORY. 

The codes and their meanmgs are; 
• A: Altimeter 
• D; Differential Global 

Positioning System (GPS) 
• G: GPS 
• L: Level or other 

surveying method 
• M: Interpolated from 

topographic map 
• R; Reported 
• U: Unknown 

String, mandatory 

source Source of depth data Information about how the depth of the 
well was obtained, e.g., driller's log 
report, depth interpreted from 
geophysical logs. Appropriate codes 
indicate how the information about the 
depth of the well was obtained. 

The codes and their meanings arc: 
• A: Reported by another 

government agency. Do 
not use "A" if the 
reporting agency is the 
owner of the well; use 
"0" . 

• D: From driller's log or 
report 

fvj 
U1 
Ul 



G: Private geologist-
consultant or university 
associate 
L: Depth interpreted 
from geophysical logs by 
personnel of source 
agency 
M: Memory (owner, 
operator, driller) 
0\ Reported by the owner 
of the well 
R: Reported by person 
other than the owner, 
driller, or another 
government agency 
S; Measured by personnel 
of reporting agency 
Zi Other source 

SPRING: A concentrated discharge of ground water to the surface and has an extent, i.e., area. 
spring_name Name of spring Name by which the spring is icnown 

locally 
If the spring has a name by which it is 
known locally, enter the name here. 

String Optional 

type Type of spring Type of spring, e.g., artesian, fracture, 
geyser, perched. 

String 

permanence Permanence of spring Permanence of discharge at a spring. • Perennial: springs that 
discharge continuously 

• Intermittent: springs 
that discharge only 
during certain times and 
are dry at other times 

• Response to 
precipitation: exists 
only after periods of 
rainfall 

M 
ui 



MM ihhhhhhhhhhhhhhi 
• Seasonal: exist during 

periods of high water 
levels 

• Geyser: discharge at 
regular interval 

improvements Type of improvcmenls Type of improvements constructed at or 
in association of spring. 

The codes and their meanings are; 
•  B :  Boxed or small 

covered basin 
• N: None 
• C: Concrete basin 
•  P :  Pond 
• G: Gallery 
• R: Pipe 
•  H :  Spring house 
• L ;  Lined 
•  Z ;  Other (explain in 

remarks) 
• T: Trough 

Multi-valued 

mum HHH ••1 
SPRING_SITE: Physical point where measurements related to spring are taken. The spring site is represented as a point whose position is specifled by 
latitude and longitude of the site in degrees, minutes and seconds. 
site_ID Site Identification 

Number 
Site identification is a IS-digit number 
assigned to the site, and contains no 
blanks or alphabetic characters. Although 
the site identiflcation number is formed 
initially from the latitude and longitude 
of a point believed to represent the 
location of the site followed by a 2-digit 
sequence number, the number is an 
Uieniifwr and not a locator. The site 
identification number is a mandatory 
entry. 

Number Identifler 

status Status of the spring site Tl)c status of the site at the time the water 
level was measured. If the water level 

The codes and their meanings are: 



represents a sialic level, this Held blank is left 
blank. 

D: The site was dry (no 
water level recorded) 
B: The site was flowing 
recently 

F: The site was flowing, 
but the head could not 
be measured (no water 
level recorded) 
G: A nearby site that 
taps the same aquifer 
was flowing 
H: A nearby site that 
taps the same aquifer 
had been flowing 
recently 
I: Injector site 
(recharge water being 
injected into the 
aquifer) 
<7: Injector site monitor 
(a nearby site that taps 
the same aquifer is 
injecting recharge 
water) 
M; The site was plugged 
N; The measurement was 
discontinued 
O: An obstruction was 
encountered in the well 
above the water surface 
(no water level 
recorded) 
P: The site was being 
pumped 
R: The site had been 
pumped recently 
S: A nearby site that 
taps the same aquifer 
was being pumped. 
T: A nearby site that 
taps the same aquifer 



• V: Foreign substance was 
present on the surface 
of the water 

• W: The well was 
destroyed 

• X: The water level was 
affected by stage in 
nearby surface-water 
site 

• Z: Other conditions that 
would affect the 
measured water level 

description Description of the 
spring site 

Description of the spring site String 

BORE_HOLE_SITE; Physical point where the measurement related to the borehole is taken. Latitude and longitude of the site in degree, minute and 
second and depth in foot. 
Site ID Site Identification 

Number 
Site identification is a IS-digit number 
assigned to the site, and contains no 
blanks or alphabetic characters. Although 
the site identification number is formed 
initially from the latitude and longitude 
of a point believed to represent the 
location of the site followed by a 2-digit 
sequence number, the number is an 
identifier and not a locator. The site 
identification number is a mandatory 
entry. 

15 digit number Identifier-
Number 

remarks Hydraulic remarks This field is designed for a significant 
remark about the site. 

Text Multi-valued 
attribute 

test Tests conducted at the 
bore hole site 

The type of test conducted at the 
borehole site that was analyzed to 
produce the hydraulic properties. 

Composite 
attribute 



••1 
transmtssivity Transmissivity Transmissivity is the rate at which water 

of the prevailing kinematic viscosity is 
transmitted through the unit width of the 
hydrogeologic unit under a unit hydraulic 
gradient. The computed transmissivity 
(T) is expressed in feet squared per day. 

Number Component 
attribute of test 

horizontaL 
conductivity 

Horizontal Hydraulic 
Conductivity 

Conductivity is the rate (distance traveled 
per unit of time) at which water will 
move through soil or a saturated geologic 
formation. The hydraulic conductivity of 
the medium is the volume of water at the 
existing kinematic viscosity that will 
move in unit time under a unit hydraulic 
gradient through a unit area measured at 
right angles to the direction of flow. The 
computed horizontal hydraulic 
conductivity (K) is expressed in feet per 
day. 

Number Component 
attribute of test 

verticaL 
conductivity 

Vertical Hydraulic 
Conductivity 

Vertical hydraulic conductivity is 
expressed in feet per day. 

Number Component 
attribute of test 

storage Storage coefficient The storage coefficient is the volume of 
water a hydrogeologic unit releases from 
or takes into storage per unit surface area 
of the hydrogeologic unit per unit change 
in head. The computed storage 
coefficient (S) is dimensionless. 

Number Component 
attribute of test 

leakance Leakance The leakance is the vertical hydraulic 
conductivity of the hydrogeologic unit 
divided by the thickness of the unit. 
Leakancc is the inverse of the coeiTicient 
of leakage. 

Number Component 
attribute of test 

diffusivity Diffusivity The computed hydraulic diflusivity is 
expressed in feet squared per day. 

Number Component 
attribute of test 



PUMPLIFT: An instrument used to remove water from the borehole. Pumplift has a lifespan implying the date on which the pumplifr was installed. 
type Type of lift Indicate the type of pump or lift. Allowable codes are; 

• A: Air lift 
• R: Rotary pump 
• B: Bucket 
• S: Submergible pump 
• C: Centrifugal pump 

• T: Turbine pump 
• J: Jet pump 
• U: Unknown 
• Pi Piston pump 

• Z: Other 

Mandatory 

depth Depth to intake Maximum distance the water level can be 
drawn before the pump breaks suction, 
i.e., the depth to the bottom of the pump 
bowls or intake, in feet below land 
surface. 

Number 

power_type Type of power The type of power used to power the 
pump, e.g., diesel engine, electric motor 

The codes and their meanings are; 
• D: Diesel engine 

• L: LP gas (propane or 
butane engine) 

• E; Electric motor 
• N; Natural-gas engine 

• G; Gasoline engine 
• W: windmill 
• H: Hand 

" Z: Other (explain in 
remarks) 

Code - string 

rating Horsepower rating Horsepower rating of the primary power 
source 

Number 

mfg Manufacturer of lift 
device 

Name of the company that manufactured 
the pump. 

String 

serial_no Serial number of lift 
devicc 

Serial number of pump Number 

name Name of power Name of the company that ftimished String 



company electricity, natural gas or other fuel for 
the pump 

account Power company 
account number 

Account number under which the power 
company stores infonnation on power 
consumption at the site 

String 

power_meter Power meter number Meter number of electric or gas meter 
which records the power consumption of 
the pump 

String 

mm mmii •̂1 
HOLE_INTERVAL: Section of borehole with a top and bottom and certain diameter. The depth to the point where the section of hole begins (in feet 
below land surface) to the depth to the bottom of the borehole segment (in feet below land surface). 
intervaljd Interval ID Identifier of the interval String Identifier 
diameter Diameter of the 

interval 
Nominal diameter used to drill section of 
hole 

Number 

NMMMIII 
CASING; Section of a borehole with concrete, steel or plastic installed on the borehole. The depth to the top of a section of the casing (in feet below 
land surface) is entered; if the casing extends above land surface, the height of the casing above land surface is entered and is preceded by a minus 
sign (-). The bottom of the casing is the depth to the bottom of the section of casing (in feet below land surfacc). 
casingJD Casing identifier Identifier of the casing String Identifier 
diameter Diameter of casing 

interval 
Diameter of section of casing Number 

material Casing material The code indicating the material from 
which the casing is made. 

The codes and their meanings arc: 
•  B :  Brick 
• R: Rock or stone 
• C: Concrete 
• S: Steel 
• D: Copper 



• T: Tile 
• G: Galvanized iron 
• U; Coated steel 
• I: Wrought iron 
• W: Wood 
• M: Other metal 
• Z: Other material 
• P: PVC, fiberglass, 

other plastic 

thickness Casing thickness Thickness of casing wall, in inches. Number 

OPENING: Section of the borehole, which is open to rock to allow water flow. The depth to the top of the open section (in feet below land surface) 
and the depth to the bottom of the open section (in feet below land surface) arc specified. 
openingJD Opening ID Identifier of opening String Identifier 
openin9_type Type of opening Type of open section, e.g., fractured 

rock, mesh screen. 
The CO 
• F: 
• S 

kr 
• L 

ti 
• T 
• M 
• W 
• P 
• X 

C c  

• Z 
• R 

des and their meanings are; 
Fractured rock 
Screen, type not 

town 
Louvered or shutter-

rpe 
Sand point screen 
Mesh screen 
Walled or shored 
Perforated or porous 
Open hole slotted 

ising 
Other 
Wire-wound screen 

material Material in the interval Type of material from which the scrcen 
or other open section is made 

The cc 
• B 
• P 

o( 
• C 
• R 
• G 

)dcs and their meanings are: 
Brass or bronze 
PVC, fiberglass, or 

:her plastic 
Concrete 
Stainless steel 
Galvanized iron 



• S: Steel 
• I: Wrought iron 
• T: Tile 
• M: Other metal 
•  Z :  Other 

diameter Diameter of the open 
section 

Inside diameter of perforated or slotted 
pipe 

Number 

CONSTRUCnON_AGENCY: General characteristics and agcncy involved in building the site. 
agency_name Name of the agcncy The agcncy that reported the data. String Mandatory 
contractor Name of contractor Name of the individual or company that 

did the work. 
String 

CONSTRUCTION: Work done by the construction agency; has an associated lifespan captured to the granularity of day 
seal Type of seal Type of material used to seal the well 

against the entry of surface water, e.g., 
cemcnt and clay, the depth to the bottom 
of seal below land surface. 

Allowable codes are; 
• fl: Bentonite 
•  N ;  None 
• C: Clay or cuttings 
• Z: Other 

• G: Cement grout 

Spatial attribute 

source Source of construction 
data 

Indicates who furnished the data The codes and their meanings arc; 
• A: Reported by another 

government agency. Do 
not use "A" if the 
reporting agency is the 
owner of the well; use 
"0" . 

• D: From driller's loq or 



report 
G: Private geologist-
consultant or university 
associate 
L-. Depth interpreted 
from geophysical logs by 
personnel of source 
agency 
M: Memory (owner, 
operator, driller) 
0; Reported by the owner 
of the well 
R: Reported by person 
other than the owner, 
driller, or another 
government agency 
S; Measured by personnel 
of reporting agency 

Z: Other source 

method Method of construction Method by which the site was 
constructed. Composite of drilling and 
development 

drilling Enter the code that best indicates the 
method by which the site was 
constructed. 

Allowable codes are: 
A: Air-rotary 
P: Air percussion 
B; Bored or augered 
R: Reverse rotary 
C: Cable-tool 
T: Trenching 
D: Dug 
V: Driven 
H: Hydraulic rotary 
W: Drive and wash 
J: Jetted 
Z: Other (explain in 
remarks) 

Component of 
method 

development Enter the code indicating the method 
used to develop the well. 

The codes and their meanings are: 
• A: Pumped with air lift 



Nx None 
6: Balled 
P: Pumped 
C: "Blown" or surged 
with compressed air 
S: Surged with surge 
block 
J: Washed or jetted 

Z; Other 

finish_type Type of finish Method of finish or the nature of 
openings that allow water to enter the 
well 

Allowable codes are: 
C: Porous concrete 
S: Screen 
F: Gravel pack 
w/perforations 
T: Sand point 
G; Gravel pack w/screen 
W-. Walled 
Hi Horizontal gallery 
X: Open hole 
O: Open end 
Z-. Other (explain in 
remarks) 
P: Perforated or slotted 

LTTHOLOGY: gross physical character of a rock or rock formation 
formation_name Unit identifier Code identifying lithologic unit String 
lithology_type lithology Principal lithology of unit; an eight-

character code identifying the unit using 
codes given in the "Catalog of Aquifer 
Names and Geologic Unit Codes used by 
Ihe WRD." 

String Mandatory 

lithology_ID Lithology ID Lithology identifier String Mandatory 
reference Source of lithology Source of lithology data. Can be a String 



misi •bbhb 
publication (preferred) or investigators 
name. 

age Age Composite attribute: erathem, system and 
series 

Composite 
attribute 

erathem Erathem Erathem of rock unit (as related to age of 
rock). 

String Component 
attribute of age 

system System System of rock unit (as related to age of 
rock). 

String Component 
attribute of age 

series Series Series rock unit (as related to age of 
rock). 

String Component 
attribute of age 

lithologlc_ 
modifier 

Lithologic Modifier The adjective modifiers needed to 
describe the rock type. This field is free 
form-there are no assigned codes. With 
the use of this field, and the field for 
primary lithology, nearly any rock type 
can be described satisfactorily. 
Examples: 
• For soft, chalky grey limestone; 

Lithology: LMSN, modifier: GREY, 
SOFT, CHALKY 

• For a hard red sandstone, iron 
stained 
Lithology; SNDS, modifier; HARD, 
RED, FE STND 

String 

••••• 
ACCESS_TUBE: Casing string used to gain access to a section of the borehole. Used for measurements, removal of water, etc. Include the depth to the 
top of this scction of casing (in feet below land surface) and the depth to the bottom of the scction of casing (in feet below land surface). 
access_tubejd Access Tube ID Identifier of access tube Identifier 
diameter Diameter Enter the diameter of this section of 

casing, in inches. 
Number 



material Material Enter the code indicating the material The codes and their meanings are; 
from which the casing is made. • B: Brick from which the casing is made. 

• R: Rock or stone 
• C: Concrete 
• S: Steel 
• D; Copper 

• T: Tile 
• G; Galvanized iron 
• U; Coated steel 
• I: Wrought iron 
• W: Wood 
• M: Other metal 
• Z; Other material 

• P: PVC, fiberglass, 
other plastic 

thickness Thickness The thickness of the casing wall, in 
inches. 

Number 

SOURCE_AGENCY: agency responsible for water quality, water level or withdrawal data 
agency_code Source agency for 

network data 
Principal agency responsible for 
collection of data 

String Mandatory 

tech_name Name of person Enter last name and the initials of the 
person who made the site inventory or 
visit. Leave a space between the last 
name and initials, do not include periods. 
For example, Charlie Arthur Brown 
would be entered as BROWNbCbA 
(b=blank). 

String 



SPRING_MEASUREMENT: measurement related to spring-site needed to estimate performance of the spring 
amount Amount of discharge Discharge in gallons per minute. If 

discharge is determined in other units 
(such as mctric units), convert to gallons 
per minute. 

Number Mandatory 

source Sourcc of data Code that indicates who furnished the 
data 

The codes and their meanings are: 

• A: Reported by another 
government agency. Do 
not use "A" if the 
reporting agency is the 
owner of the well; use 
"0" . 
D: From driller's log or 
report 
G: Private geologist-
consultant or university 
associate 

L: Depth interpreted 
from geophysical logs by 
personnel of source 
agency 
M: Memory (owner, 
operator, driller) 
0: Reported by the owner 
of the well 

R: Reported by person 
other than the owner, 
driller, or another 
government agency 
S; Measured by personnel 
of reporting agency 

Zi Other source 
method Method of discharge 

measurement 
The method used to determine the 
discharge, e.g., flume and estimated. 

'he codes are: 
A; Acoustic meter 
(transient-time meter) 
B; Bailet 

C: Current meter; either 
propeller-type meter in 
the discharge pipe, or 
propeller or cup-type 

Mandatory 



meter in the discharge 
channel 

Di Doppler meter 
E; Estimated 
F: Flume 
M: Totaling meter 
0: Orifice 
P: Pitot-tube meter, 
includes Cox meter, 
Collins meter, and the 
like. 
R: Reported, method not 
known 
T: Trajectory method 
(free-fall method) 
U: Venturi meter 
V: Volumetric 
measurement: bucket or 
barrel and stopwatch 
M: Weir 

Z: Other 

BORE_MEASUREMENT: Water level data needed to estimate pcrfonnance of the borehole and the minute at which the water level was measured. 
water_depth Water depth Water level, in feet below land surface, 

while the well was discharging. 
String 

source Source of water level 
data 

Code indicating who provided the water-
level data 

The codes and their meanings are: 
• A: Reported by another 

government agency. Do 
not use "A" if the 
reporting agency is the 
owner of the well; use 
"0" . 

• D: From driller's log or 
report 

• G; Private qeoloqist-



••••• 
consultant or university 
associate 

• L: Depth interpreted 
from geophysical logs by 
personnel of source 
agency 

• M: Memory (owner, 
operator, driller) 

• 0: Reported by the owner 
of the well 

• R: Reported by person 
other than the owner, 
driller, or another 
government agency 

• S: Measured by personnel 
of reporting agency 

• Z: Other source 

method Method water level 
measured 

Method by which the water levels were 
determined. If the static level and the 
production level were measured by 

different methods, record the method 
considered least accurate. 

• A; Airline measurement 
• B: Analog or graphic 

recorder 
• C: Calibrated airline 

measurement 
• E: Estimated 
• G: Pressure-gage 

measurement 
• H: Calibrated pressure-

gage measurement 
• L; Interpreted from 

geophysical logs 
• M: Manometer measurement 
• W: Non-recording gage 
• Ri Reported, method not 

known 
• S: Steel-tape 

measurement 
• T: Electric-tape 

measurement 
• V: Calibrated electric-

tape measurement 

• Z; Other 

discharge_durat Duration of dischari>c Leni;th of time that the well was pumped 



nil ••••• IHH 
ion before producing level prior to the measurement of production 

levels 
altitude Altitude The water level at the site referenced to 

the mean sea level, in feet. 

project Project Project name responsible for data 
analysis. 

String 

interpreter Interpreter Investigators name responsible for data 
analysis. 

String 

statistic_value Statistic Value Statistic value used to describe the 
variability of the measurement or input 
value. 

Number 

statlstic_type Statistic Type The type of statistic related to the 
"statistic value" 

Mean, standard deviation, coefficient 
of variation, etc. 

data_use Use of data Appropriate use of the data based on 
source data and analysis methods. 

Table is available 

hydrologic_ 
condition 

Hydrologic Condition Hydrologic conditions that the data 
represent. 

Table is available 

method Method used to analyze 
the data 

Analytical methods used to analyze the 
data and determine the "data_use" and 
"hydrologic condition". 

Tabic is available 

project Project Project name responsible for data 
analysis. 

String 

NJ 
-J 
to 



interpreter Interpreter Investigators name responsible for data 
analysis. 

String 

statistic_value Statistic Value Statistic value used to describe the 
variability of the measurement or input 
value. 

Number 

statistic_type Statistic Type The type of statistic related to the 
"statistic value" 

Mean, standard deviation, coefficient 
of variation, etc. 

data_use Use of data Appropriate use of the data based on 
source data and analysis methods. 

• Duplicate 
• Insufficient data 
• Localized 

• None 
• Non-static level 
• Steady State (local 

scale) 
• Steady State (regional 

scale) 

• Superseded 

• Suspect 
• Transient (local scale) 

" Transient (regional 
scale) 

hydrologic_ 
condition 

Hydrologic Condition Hydrologic conditions that the data 
represent. 

• Anomalous - high 
• Anomalous - low 
• Consistent 
• Declining trend 
• Dry 
• Equilibration 
• Erratic/Unstable 
• Evapo-transpiration 

response 
• Insufficient data 
• Missing 
• Other 

• Precipitation response 
• Pumping area 

• Pumping steady state 

• Pumping/recovery 
• Reported perched water 
• Rising trend 



method Method used to analyze 
the data 

Analytical methods used to analyze the 
data and determine the "data use" and 
"hydrologic_condition". 

• Suspect 
• Suspect:ed perched water 
• Testing area 

• Undeveloped 

• Construction 
• Correction 
• Criteria 
• Graphical 
• Other 
• Query 
• Reported 

• Spatial 

• Statistical 

' Supporting 
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Appendix G: Laboratory Study Case Description 

G.l Instructions 

G.1.1 Instructions for the Gp-USM Group 

What is a semantic model? 
A semantic model provides a set of constructs that can be used to specify the data semantics 

(meaning of the data) and the constraints that should be maintained for the data to be consistent 
with the reality. 

What is the Unifying Semantic Model (USM)? 
USM is an extended ER (Entity-Relationship) Model that helps capture the data semantics. 

What are various constructs in USM? 

Entity Class A collection of entities for which common characteristics 
are to be modeled. j Entity Class 

1 Name 

Attribute Properties of members of an entity class. /̂ "Anribuie  ̂
Name 

Multi-valued 
attribute 

An attribute that can have multiple values for an entity is 
referred to as a multi-valued attribute. \\.^aributc 

Composite 
Attribute 

A composite attribute is divided into smaller parts; the parts 
of the composite are called component attributes. 

Cum^oooM 
AnnKti* Njm« 

Ctanpoitfe 
AantMcNmr 

CampottM 
AnnbuwN«n» 

Key attribute An attribute whose values are distinct for each individual 
entity is called a key attribute. 

/̂ Icev l̂tribute^  ̂
Name 

Derived Attribute An attribute that can be derived from another anribute Derived 
, Attribute Name,.-' 

Weak Entity Class Entity classes that do not have their own key attributes are 
referred to as weak entity classes. 

j 
i 
j Weak Entity Class 

i 

Partial key A weak entity class has a partial key that uniquely identifies 
a weak entity that is related to an owner entity class. 

P îal Key^~~ |̂ 
v^^ribute Naipe  ̂

Composite Class A set of members of some other class taken as a whole is 
called a composite class. 

1 Composite Gass 

1 Name 

Aggregate Class A class of entities whose members are physically or 
logically composed of members or sets of members from 
some other entity classes are called an aggregate class. 

1 Aggregate Class 1 

1 Name 1 
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Interaction 
Relationship 

Associations between members of one entity class and one 
or more other entity classes. /RelationshiiK 

\ Name / 

Identifying 
Relationship 

The relationship between a weak entity class and its 
identifying owner (or string entity class) is referred to as the 
identifying relationship. 

/\ 
—<^cIationship^>> 

Name^^Z 

Aggregate 
Relationship 

Aggregate relationship results in the definition of an 
aggregate. 

Aggregate Class 

Composite 
Relationship 

Two types of composite relationships: attribute-defined md 
enumerated {or user-defined). 

Attribute 
defined Enumerated 

^ ̂  ̂  ^Efimn^ 

Generalization/ 
Specialization 

Generalization implies that similar objects types (i.e., 
subclass) are abstracted to form a higher order objects types 
(i.e., superclass). Specialization is the inverse of 
generalization. 

Table 34: USM Constructs; Gp-USM Group 

fVhat is the difference between a model and a schema? 
A model describes the formalism and a schema is an application of a model. For example, USM 

is an example of a model (Table 34) and examples on the next page use the foimalism of USM. 

What are spatio-temporal applications? 
Many applications require some aspect of time or space in organizing their information. 

Healthcare (patient histories), insurance (claims and accident histories), reservation systems and 

scientific applications are examples of temporal applications. Some examples of spatial 
applications are land information systems, environmental modeling, resource management, 

transportation planning, geo-marketing, geology and archaeology. An example of time-varying 
spatial application is weather applications, where geometry changes over time. Temporal, spatial 

and time-varying spatial applications are collectively referred to as spatio-temporal applications. 
Non spatio-temporal applications are referred to as conventional applications. 

What is the spatio-temporal database design approach? 
Many different approaches exist. We recommend that first the current reality (i.e., non-temporal and non-
spatial) be captured. Subsequently, the spatio-temporal aspects be represented on the schema. 
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Capture Current 

Reality 

Capture Spatio-

Temporal Aspects 

Convert to 

Logical Schema Database 

Figure 57: Spatio-Temporal Database Design Approacli; Gp-USM Group 

What aspects of space and time are included in the annotations? 
• Temporal: valid time (i.e., when a fact was true "in the real world"), transaction time (i.e., 

when a fact was "captured in the database"), granularity (i.e., a mechanism to hide details 

that are not known or not pertinent for an application), state (i.e., time periods associated with 

facts/objects), event (i.e., time instants associated with facts/objects), indeterminacy (i.e., 

exact time when a fact was true is unknown) 
• Spatial: geometry includes shape (i.e., point, line and region) and position, granularity (i.e., a 

mechanism to hide details that are not known or not pertinent for an application), 

indeterminacy (i.e., the exact location of an object is unknown) 

• Time-varying spatial: change in shape and/or change in position (specify the dimension on 

which the change is happening) 
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Can you give some examples of USM-SH 
I. Non-Temporal and Non-Sp«tial Eiample 

Consider the requirements below; 

• ABC Inc. needs to capture facts related to EMPLOYEE. 

• EMPLOYEE has a unique EID (employee ID) assigned by ABC. 

• ABC wants to store current salary of employees. 

Please see the schema to the left; this is an example of a conventional conceptual 

^ch«na^jhi^s^ioi^gatia^an^ioiMeingoral^gglication^_^^^_^^^^^^^^ 

EMPLOYEE 

JI/TemgoraljndNon^Sgati^^ 
Consider the requirements below; 

• ABC Inc. needs to capture facts related to EMPLOYEE 

• The application also requires when an EMPLOYEE joined ABC and which day 

they left (and maybe rejoined again). 

• For the time that EMPLOYEE is with ABC, the management wants to know history 
of EMPLOYEE salary (to the granularity of day). 

• EMPLOYEE has a unique EID (employee ID) assigned by ABC. 

Please see the schema to the left and the data dictionary below; this is an example of a 

salary 

EMPLOYEE 

Abitnction Temporal/Spatial Description Granalaritv 

EMPLOYEE The lifespan of an employee is represented as a 

"Slate"; transaction time is not required 

day 

salary The history of salary is represented as a "state"; 
transaction time is not required 

day 

JIL_Non^Tein£oraljndj£ati^^ 
Consider the requirements below; 

• ABC Inc. needs to capture facts related to EMPLOYEE. 

• EMPLOYEE has a unique EID (employee ID) assigned by ABC. 

• ABC has multiple branches all over the country. Sometimes the sales manager 

wants to iaiow "where" EMPLOYEE is located because many times the sales 

manager enquire about employees who are within 50 miles of. e.g., John. 

Please see the schema to the left and the data dictionary below; this is an example of a 

salary 

EMPLOYEE 

Abstraction Temporal/Spatial Description Granularity 

EMPLOYEE The spatial position of an employee is 
represented as a point on the horizontal surface 

degree 

JVjJjm^VarjingSgatialJIxamj^^ 

Consider the requirements below; 

• A cadastral application needs to capture facts related to LAND_PLOT. 

• Each land plot has a lifespan to the granularity of day. 

• LAND_PLOT has unique ID and has an owner. 

• The spatial extent of the LAND.PLOT is represented area within the specified 

boundary. 

• A LAND_PLOT can merge with other LAND_PLOTs. Thus, the spatial extent of 

LAND_PLOT can change discretely over time. 

Please see the schema to the left; this is an example of a conventional schema with 

owner 

LAND PLOT 

1 Abstraction Temporal/Spatial Description Granularity 

LAND_PLOT The lifespan of an land plot is represented as a 
"state"; transaction lime is not required 

day 

LAND_PLOT The geometry of a land plot is represented as a 
region on the horizontal surface 

degree 

LAND_PLOT The shape of the region changes over time on the 
horizontal surface 

VA 
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Can you give some more examples? 
Abstraction Temporal/Spatial Description Granplarity 
Entity class The lifespan of an entity class is represented as a "state"; 

transaction time is not required 

day 

Entity Class The lifespan of an entity class is represented as an "event"; 

transaction time is required 

day 

SPRING_SrTE (an 

entity class) 
A spatial entity that has geometry of points on the x-y plane (i.e., 

surface of the Earth). 

x-y. degree 

BORE_HOLE_SITE 
(an entity class) 

The geometry of a borehole site that is a point in the r-v plane and 

a line in the z-dimension. 

•r-v: degree 

z: foot 

PUMP (an entity 
class) 

The geometry of a PUMP that is a point on the x-y plane. .r-.v: quarter-

quarter section 

CAR (an entity 

class) 
The geometry of car is represented as a point in the x-y plane x-y: degree 

CAR (an entity 

class) 
The lifespan of car is represented by "event"; uansaction time is 

not required 

x-y: degree 

CAR (an entity 

class) 
The position of car changes in the .r-^* plane. NA 

In specifying valid time, indicate the following; 

" Time Kind: State, indeterminate state, event or indeterminate event 

• Associated granularity (e.g., day, hour, minute, sec, user-defined) 

In specifying transaction time, indicate the following: 

• Existence of transaction time 

In specifying horizontal geometry, indicate the following: 

• Geometry Kind: Point, Indeterminate Point, Line, Indeterminate Line, Region, Indeterminate 

Region 

• Associated granularity (e.g., dms-degree, dms-minute, dms-second, user-defined) 

In specifying vertical geometry, indicate the following: 

• Geometry Kind: Point, Indeterminate Point, Line, Indeterminate Line 

• Associated granularity (e.g., foot, mile) 

In specifying time-varying spatial aspects, indicate the following: 

• Kind: Change in shape and/or change in point 

" Dimension on which the change is taking place, e.g., x, y, xy, xyz 
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G.1.2 Instructions for the Gp-ST USM Group 

What is a semantic model? 
A semantic model provides a set of constructs that can be used to specify the data semantics (meaning of 
the data) and the constraints that should be maintained for the data to be consistent with the reality. 

What is the Unifying Semantic Mode! (USM)? 
USM is an extended ER (Entity-Relationship) Model that helps capture the data semantics. 

What are various constructs in USM? 

Entity Class A collection of entities for which common characteristics 
are to be modeled. Entity Class 

Name 

Attribute Properties of members of an entity class. /̂ t̂tribute~N 
x Name X 

Multi'Valued 

attribute 

An attribute that can have multiple values for an entity is 
referred to as a multi-valued attribute. 

Composite 
Attribute 

A composite attribute is divided into smaller parts; the parts 
of the composite are called component attributes. 

ConpoMBt 
AontMivNanc 

ConpMw 
AonteirNjnv 

CampMMM 
AiintwicSjme 

Key attribute An attribute whose values are distinct for each individual 
entity is called a key attribute. 

Attributed 
Name V 

Derived Attribute An attribute that can be derived from another attribute Derived 
Attribute Name . " 

Weak Entity Class Entity classes that do not have their own key attributes are 
referred to as weaic entity classes. 

1 
1 Weak Entity Class 

Partial key A weak entity class has a partial key that uniquely identifies 
a weak entity that is related to an owner entity class. v^A^bute Name^  ̂

Composite Class A set of members of some other class taken as a whole is 
called a composite class. 1 Composite Class 1 

1 Name 1 

Aggregate Class A class of entities whose members are physically or 
logically composed of members or sets of members from 
some other entity classes are called an aggregate class. 

1 Aggregate Class 1 
1 Name 1 

Interaction 
Relationship 

Associations between members of one entity class and one 
or more other entity classes. 

Name 
\ / 
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Identifying 
Relationship 

The relationship between a weak entity class and its 
identifying owner (or string entity class) is referred to as the 
identifying relationship. 

/^OCTtifyingv 
—"(Relationships 

Name // 

Aggregate 
Relationship 

Aggregate relationship results in the definition of an 
aggregate. 

Aggregate Class 

Composite 
Relationship 

Two types of composite relationships: attribute-defined and 
enumerated (or user-defined). 

Attribute 
defined Enumerated 

Generalization/ 
Specialization 

Generalization implies that similar objects types (i.e., 
subclass) are abstracted to form a higher order objects types 
(i.e., superclass). Specialization is the inverse of 
generalization. 

Table 3S: USM Constructs; Gp-ST USM Group 

What is the difference between a model and a schema? 
A model describes the fomialism and a schema is an application of a model. For example, USM 

is an example of a model (Table 34) and examples on the next page use the formalism of USM. 

What are spatio-temporal applications? 
Many applications require some aspect of time or space in organizing their information. 

Healthcare (patient histories), insurance (claitns and accident histories), reservation systems and 

scientific applications are examples of temporal applications. Some examples of spatial 
applications are land information systems, environmental modeling, resource management, 

transportation planning, geo-marketing, geology and archaeology. An example of time-varying 
spatial application is weather applications, where geometry changes over time. Temporal, spatial 

and time-varying spatial applications are collectively referred to as spatio-temporal applications. 
Non spatio-temporal applications are referred to as conventional applications. 

What are spatio-temporal annotations? 
An annotation literally means "a note added by way of comment." Spatio-temporal annotations 

are notes about spatio-temporal aspects of the application that are appended on the constructs in a 

conventional conceptual schema. 

What is the spatio-temporal database design approach? 
Many different approaches exist. We recommend that first the current reality (i.e.. non-temporal and non-

spatial) be captured. Subsequently, the spatio-temporal aspects be represented on the schema. 



282 

Database 

Capture Current 

Reality 

Capture Spatio-

Temporal Aspects 

Convert to 

Logical Schema 

Figure 58: Spatio-Temporal Database Design Approacii; Gp-ST USM Group 

fVhat aspects of space and time are included in the annotations? 
• Temporal: valid time (i.e., when a fact was true "in the real world"), transaction time (i.e., 

when a fact was "captured in the database"), granularity (i.e., a mechanism to hide details 

that are not known or not pertinent for an application), state (i.e., time periods associated with 

facts/objects), event (i.e., time instants associated with facts/objects), indeterminacy (i.e., 

exact time when a fact was true is unknown) 

• Spatial: geometry includes shape (i.e., point, line and region) and position, granularity (i.e., a 

mechanism to hide details that are not known or not pertinent for an application), 

indeterminacy (i.e., the exact location of an object is unknown) 

• Time-varying spatial: change in shape and/or change in position (specify the dimension on 

which the change is happening) 
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Can you give some examples of using annotations? 
i. Non-Temporal and Non-Spati«l Eiample 

Consider the requirements below; 

• ABC Inc. needs to capture facts related to EMPLOYEE. 

• EMPLOYEE has a unique EIO (employee ID) assigned by ABC. 

• ABC wants to store current salary of employees. 

Please see the schema to the left; this is an example of a conventional conceptual 

schema; this is a non-spatial and non-temporal application. 

salary 

EMPLOYEE 

JI/rein£oral_and_NoiwS£atial_E]^ 

Consider the requirements below; 
• ABC Inc. needs to capture facts related to EMPLOYEE. 

• EMPLOYEE has a unique EID (employee ID) assigned by ABC. 

• The application also requires when an EMPLOYEE joined ABC and which day 

they left (and maybe rejoined again). 

• For the time that EMPLOYEE is with ABC, the management wants to know 
history of EMPLOYEE salary (to the granularity of day). 

Please see the schema to the left; this is an example of a temporal schema with a 

SCdayV-VA 

EMPLOYEE 

S(dayy'V/ 

JILNon^Teiii£oralMdSgatial^^ 

Consider the requirements below; 

• ABC Inc. needs to capture facts related to EMPLOYEE. 
• EMPLOYEE has a unique EID (employee ID) assigned by ABC. 

• ABC has multiple branches all over the country Sometimes the sales manager 

wants to know "where" EMPLOYEE is located because many times the sales 

manager enquire about employees who are within SO miles of, e.g., John. 

Please see the schema to the left; this is an example of a spatial schema with a 

salary 

EMPLOYEE 

iV. Time-Varying Spatial Example 
Consider the requirements below; 

• A cadastral application needs to capture facts related to LAND_PLOT. 

• Each land plot has a lifespan to the granularity of day. 

• LAND_PLOT has unique ID and has an owner. 

• The spatial extent of the LAND_PLOT is represented area within the specified 

boundary. 

• A LAND_PLOT can merge with other LAND_PLOTs. Thus, the spatial extent of 

LAND_PLOT can change discretely over time. 

Please see the schema to the left; this is an example of a spatio-temporal schema with 

^emgoral^gatia^n^im^22|2^g2ii2!^222J2ii2I^!l22£^^— 

owner 

LAND PLOT 

S(dayy-V/R(cl«gVR(d«a)/-v;Sh®*y 
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Do spatio-temporal annotations have a certain syntax? 
Yes, annotations have to be specified in a certain way. 
Here are some examples: 
" "S (day) / - //" associated with an entity class denotes that entities in the entity class have existence 

time with a temporal granularity of day represented as a set of states (S). 
• "E (min) / T /f associated with an entity class denotes that entities in the entity class are bitemporal. 

The temporal granularity of the event ("E*) is minute. Additionally, we also need to capture transaction 
time associated with the entities. The granularity associated with transaction time is not specified as it 
is system-defined. 

• // P(deg) / P(deg} / for an entity class describes a spatial entity that has a geometry of points on an 
x-y plane. The associated granularity is degree. This is the annotation for a SPRING.SIIE. 

• "// P(dnre-deg) / P(dms-deg) / L(ft)" defines the geometry of an entity class that is a point ("P") in the 
x-y plane (expressed in dms-deg) and a line (L) in the z-dimension expressed in foot This is the 
annotation for BORE_HOLE_SrTE. 

• "// P(qqs) / P(qqs) / defines the geometry of a PUMP that is a point ("P") on quarter-quarter section 
(qqs). 

• "E(sec)/-//Kdeg)/P(deg)/-//Pos@xy" symbolizes succinctly that the geometry of car is represented as a 
point ("P") in the x-y plane with position expressed in degree (deg). The position of car changes in the 
x-y plane (Pos@xy) over time and the geometry is valid for events ("E") (i.e., for every instant the 

position snapshot is taken by the satellite) with temporal granularity of second (sec). 

Formally, the syntax for annotations is given below: 
(annotation) ::= c | (temporal annotation) // (spatial annotation) 

I (temporal annotation) // (spatial annotation) // (time-varying spatial 

annotation) 

(temporal annotation) := e 1 (valid time) / (transaction time) 

(valid time) (state) ((gt)) 1 (indeterminate state) ((g,)) | (event) ((g,)) 

1 (indeterminate evcnt>((g,)) | -

(transaction time) = T|-

(state) = S| State 

(indeterminate state) = (state)~ 1 (state)+-

(event) E1 Event 

(indeterminate event) = (event)~ | (event)+-

(spatial annotation) = e 1 (horizontal geometry) / (vertical geometry) 

(horizontal geometry) = (geometry) ((g;,,)) / (geometry) ((g,y)) 

(vertical geometry) = (geometry) ((g^) i -

(geometry) = (point) 1 (indeterminate point) | (line) | (indeterminate line) | (region) 

1 (indeterminate region) | (user deflned) | -

(point) = P1 Point 

(indeterminate point) = (point)~ 1 (point)+-

(line) L1 Line 

(indeterminate line) — (Iine)~ 1 (line)-h-

(region) R1 Region 

(indeterminate region) = (region)~ | (region)+-

(time-varying spatial annotation) = c 1 (position varying) | (shape varying) | (position varying) / (shape varying) 

(position varying) = (position)@(varying in dimension) 

(shape varying) = (shape)@(varying in dimension) 

(position) Pos 1 Position 

(shape) Sh1 Shape 

(varying in dimension) = x|y|z|xy |yz|xz|xyz 
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(ft) = (day) 1 (hour) | (minute) | (second) | (user defined) 

(day> 
= day 

(hour) = hr 1 hour 
(minute) = min 1 minute 
(second) — sec 1 second 
(Say) — (mile) 1 (dms-degree) | (dms-minute) | (foot) | (user defined) 

<g=> — (mile) 1 (foot) | (user defined) 

(mile) 
= 

mile 

(dms-degree) 
= dms-deg | dms-degree 

(dms-minute) 
= dms-min | dms-minute 

(foot) 
= fl|fbot 



G.2: Practice Cases 

G.2.1 Practice Case for the Gp-USM Group 
Please refer to the department schema (Figure 59) and the corresponding data dictionary (Table 36 and Table 37). Note that the data 
dictionary describes some aspects of the schema. Please base vour answers strictly on the information from the given schema and not vour 
own experience or common sense. 

name ) 

CSM')\ 
name 

specialty-area 0:M 
has 

content 1;M 0;M 

supervise 

direct 
TEACHING 

FACULTY 
TENURE-TRACK 

FACULTY 

servke 

lead 

DISSERTATION 
.COMMITTEE 0:M 

RESEARCH 
PROJEa work.m confererKe 

0;M 

Dame 

( agerury ) 
grant 

Figure 59: Department Scticma without Annotations 
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PHD_STUDENT 
• SSN Social Security Number 

• Name Name of the student 

• Minor Name of the minor department; e.R., Mathematics, Cognitive Science 

INSTRUCTOR 
• SSN Social security number 

• Name Name of an instructor 

• spedalty_area Area of specialty for instructor, e.g., tenure-track, teaching faculty 

TENURE-TRACK_FACULTY 
• service Description of service that tenure track faculty performs, e.g., organize a 

conference, partidpate in recruitment 

• publication Number of a publications 

• conference Number of conference publications 

• Journal Number of journal publications 

TEACHING_FACULTY 
• advising_committee Name of the under-graduate committees that a teaching faculty is advisor on 

• teaching_interests Name of the courses which a teaching faculty likes to teach 

RESEARCH_PROJECT 
• name Project name 

• agency Name of the agency that supports the research project 

• grant Amount of grant for the research project 

INSTRUCTOR_TrPE 
• name Name of the instructor type 

• content Instructors belonging to a instnictor type 

• #student_expected Number of students expected for the following semester 

OISSERTATION.COMMITTEE 
• name Name of a dissertation committee 

• content Faculty on a dissertation committee 

Table 36: Data Dictionary for the Department Application 

PHD.STUDENT The lifespan of a PhD student is represented 

as "state"; transaction time is not required 
day 

DISSERTATION.COMMITTEE The lifespan of a dissertation committee is 

represented as "state"; transaction time is not 

required 

day 

direct The time periods for which a dissertation 

committee directs a PhD student is 

represented as "state"; transaction time is not 

required 

day 

RESEARCH_PROJECT The lifespan of a project is represented as 

"state"; transaction time is not required 
month 

RESEARCH.PROJECT The geometry of a research project is 

represented as point on the horizontal 

surface 

dnns-degree 

RESEARCH_PROJECT.grant The history of a grant is represented as 

"event"; transaction time is not required 
day 

Table 37: Temporal and Spatial Aspects Tor the Department Application; Gp USM Group 



G.2.2 Practice Case for the Gp-ST USM Group 

Please refer to the department schema (Figure 59) and the corresponding data dictionary (Table 38). Note that the data dictionary describes 

some aspects of the schema. Please base vour answers strictly on the information from the given schema and not vour own experience or 

common sense. 

C saO 

O.M 
DEPENDENT 

content 1;M 0:M 

supervise 

TEACHING 
FACULTY 

TENURE-TRACK 
FACULTY 

Agg O.M 

RESEARCH 
PROJEa conference  ̂ Journal wofV_ln 

content name 

Figure 60: Department Schema with Annotations 
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PHD.SniDENT 
• SSN Social Security Number 

• name Name of the student 

• minor Name of the minor department; e.g.. Mathematics. Cognitive Science 

INSTRUCTOR 
• SSN Social security number 

• name Name of an instructor 

• specfalty_area Area of specialty for instructor, e.g., tenure-track, teaching faculty 

TENURE-TiUCK_FACULTY 
• service Description of service that tenure track faculty performs, e.g., organize a 

conference, participate in recruitment 

• publication Number of a publications 

• conference Number of conference publications 

• joumal Number of joumal publications 

TEACHING_FACULTir 
• advising_committee Name of the under-graduate committees that a teaching faculty is advisor on 

• teacliing_interest5 Name of the courses which a teaching faculty likes to teach 

RESEARCH.PROJECT 
• name Project name 

• agency Name of the agency that supports the research project 

• grant Amount of grant for the research project 

INSTRIICTOR_TYPE 
• name Name of the instructor type 

• content Instructors belonging to a instructor type 

• #stu(lent_expected Number of students expected for the following semester 

01SSERTATION_COMMI1TEE 
• name Name of a dissertation committee 
• content Faculty on a dissertation committee 

Table 38: Data Dictionary for the Department Application 
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G.2 J Questions 

A. Based on Ihe schema/data dictionary (i.e^ Figure 59, Table 36 and Table 37), please 
answer the following questions: 

Please write the start time 

1. Name one multi-valued attribute of TENURE-TRACK_FACULTY: 

2. Name one binary relationship: 

3. Name one superclass: 

4. Name one composite class: 

5. Name one grouping class: 

6. Name one composite attribute (specify the entity class also): 

7. Name all entity classes that participate in the relationship lead: 

and 

8. Name one temporal attribute: 

9. Name one temporal relationship: 

10. Name one spatial entity class: 

11. Name one weak entity class: 

12. Name one identifying attribute of DEPENDENT: 

13. Name one simple temporal entity class: 

14. What are the total number of temporal attributes: 

Please write the end time (HH:MM): 
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B. Indicate whether the statements below are true/false with respect to the schema/data 
dictionary (i.e^ Figure 59, Table 36 and Table 37). 

Please write the start time (HH:MM): 

1. John, a "PHD_STUDENT," cannot have more than one minor. 
• True • False 

2. The different "DISSERTATION_COMMnTEE"(s) that Jonathan, has been "direcf'ed by over 
his existence as a "PHD_STUDENT' are captured. 
• True • False 

3. Building a Semantic Web for Spatio-Temporal Data, a 
"RESEARCH_PROJECT," must have a "name." 
• True • False 

4. For a "RESEARCH_PROJECT," e.g.. Building a Semantic Web for Spatio-
Temporal Data, the "grant" support for every "month" is captured. 
• True • False 

5. Harry, a "PHD.STUDENT," can be "supervise"d by multiple "TENURE-TRACK_FACULTY." 
• True • False 

6. Professor Smith, a "TEACHING.FACULTT' must "workjn" a "RESEARCH_PROJECT." 
• True • False 

7. Daniel, a "PHD_STUDENT," has to have a "DISSERTATION.COMMITTEE." 
• True • False 

8. The location of Building a Semantic Web for Spatio-Temporal Data, a 
"RESEARCH_PROJECT," is represented by a point, i.e., the .t-coordinate and the y-coordinate 
in "degree," on the surface of the Earth. 
• True • False 

9. John, a "TEACHING_FACUL7Y," must have an "SSN" and has "teachingjnterests." 
• True a False 

10. The location of Building a Semantic Web for Spatio-Temporal Data, a 
"RESEARCH_PROJECT," may change; the positions (i.e., points) of the project on different 
"day"(s) are captured. 
• True • False 

Please write the end time (HH:MM): 
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G.3: Background Information 

1. Your Assigned Serial Number: 

2. Please ciioose your own 4-digit code: 

3. Age, in years (where means "greater than or equal to" and '*<" means ''less than"): 
• < 25 • > 25 and <35 • > 35 and <45 • >45 and <55 • > 55 

4. Gender: 
a Male a Female 

5. Education 
(a) Prior Education: What is the highest degree that you haye ah^eady earned {Check one): 

a Undergraduate • Master • Doctorate 

(b) Current Education: 

(i) I am a {Check one): 
a Master student a PhD • Other (please specify: 

student ) 

(ii) My current major is {Check one): 
• MIS a Undecided • Other (please specify: 

) 

6. Prior Conceptual Modeling Expertise: 
How much prior experience do you have in conceptual modeling? {Check one) 
a Little: Have little experience in conceptual modeling (e.g., ER model) 

a Some: Have some experience in conceptual modeling (e.g., ER model) 

a Quite a bit: Have extensive experience in conceptual modeling (e.g., ER model) 

7. Work experience (where means "greater than or equal to" and means "less 
than") 
(a) Total years of experience; please include internships and part-time jobs {Check one): 

a None 

• < 2 years 

• > 2 and < 5 years 

• > 5 and < 10 years 

Q > 10 years 

(b) Total years of database related experience {if any); please include internships and part-time 

jobs {Check one): 
a None 
• < 2 years 

• > 2 and < 5 years 

• > 5 and < 10 years 

• > 10 years 
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G.4: Experiment Case 

G.4.1 Experiment Case Tor the Gp-USM Group 

Please refer to the product schema (Figure 61) and the corresponding data dictionary (Table 39 

and Table 40) below. Note that the data dictionary describes some aspects of the schema. Please 

base your answers strictly on the infomiation from the given schema and not your own 

experience or common sense. 

SALES.TERRITORY SALE5.AREA 

l:t ' 1:1 

ifacoift. 
rate 

LARGE 

tm -• OJSTOMHR S - MEDIUH 

SM£S.PERSON " 

\ 
\ 

^4 

icspcnsttie. fbr 

0:M 

ORDER 

INCENTIVE, 
SCHEME 

Qsae desoipton 

ORDER.LINE 

Figure 61: Sales Application Schema without Annotations 
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SALES.PERSON 
• ID Company allocated random number that identifies a sales person 

• name The name of a sales person 

• first The first name of a sales person 

• middle The middle name of a sales person 

• last The last name of a sales person 

• fax The fax number of a sales person 

• phone The phone number of a sales person 

• area.code The area code of a sales person's phone; e.g., (520) 

• ph_number The number of a sales person's phone; e.g., 621-2748 

SALES_AREA 
• ID ID for a sales area 
• population The number of people who live in a sales area 

• name The name of a sales area 

• number_of_sales_person The number of sales persons who work in the sales area 

SALES_TERRnORY 
• name The name of a sales territory 
• content The "sales areas" in a sales territory 

CUSTOMER 
• ID ID for a customer 

• name The name of a customer 

• phone The phone number where a customer can be reached 

• type The type of a customer, i.e., small, medium or large 

LARGE 
• discount_rate A flat discount rate (in percentage) that is offered on all orders to a large 

customer 

ORDER 
• order_no Order number for an order 

PRODUCT 
• name The name of a product 

• price The price of a product 

• description The description of a product 

• shipping_cost The shipping cost for a product 

PRODUCT_LINE 
• content The products in a product line 

• name The name of a product line 

INCENTIVE.SCHEME 
• name The name of an incentive scheme 

• description The description of an incentive scheme; e.g., a trip to Hawai i, 
if the sales are larqer thcin $100,000 

ORDER_UNE 
• linejd ID for the line 
• quantity Number of items ordered for a product 

Table 39: Data Dictionary for the Sales Application 
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SALES.PERSON The lifespan of a sales person is specified as 

"state"; transaction time is not required 

day 

SALES.PERSON The position of sales person is specified as 

"point" on the horizontal surface 

dms^egree 

superviSM A "state" is associated with supervises; 

transaction time is not required 

day 

PROOUCT.price The history of the price of a product is 

specified as "state"; transaction time is not 

required 

day 

PROOUCT îpping_cost The shipping cost for a product is region 

specific 

dms-degree 

CUSTOMER The lifespan of a customer is specified as 

"state"; transaction time is not required 

day 

CUSTOMER The spatial position of a customer is 

specified as "point" on the horizontal 
surface 

dms-degree 

CUS10MER.type The history of the type of a customer is 

specified as "state"; transaction time is not 

required 

day 

SALESJUIEA The lifespan of a sales area is specified as 

"state"; transaction time is not required 

day 

SALES_AREA The geometry of a sales area is specified as 

"region" on the horizontal surface 

dms-degree 

SALES.TERRirORY The lifespan of a sales territory is specified 

as "state"; transaction time is not required 

day 

SALES.TERRITORY The geometry of a sales territory is specified 

as "region" on the horizontal surface 

dms-degree 

SALES.TERRirORY The shape of a sales territory over the 

horizontal surface may change over time 

Not Applicable 

ORDER The point of time at which the order is 

created is specified as "event"; transaction 

time is required 

minute 

Table 40: Temporal and Spatial Aspects for the Sales Application 
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G.4.2 Experiment Case for the Gp-ST USM Group 

Please refer to the product schema (Figure 62) and the corresponding data dictionary (Table 41) 
below. Note that the data dictionary describes some aspects of the schema. Please base vour 
answers strictly on the infonnation from the given schema and not your own experience or 
common sense. 
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Figure 62: Sales Application Scliema witii Annotations 
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SALES_PERSON 
• ID Company allocated random number that identifies a sales person 

• name The name of a sales person 

• first The first name of a sales person 

• middle The middle name of a sales person 

• last The last name of a sales person 

• fax The fax number of a sales person 

• phone The phone number of a sales person 

• area_code The area code of a sales person's phone; e.g., (S20) 

• ph_number The number of a sales person's phone; e.g., 621-2748 

SALES_AREA 
• ID ID for a sales area 

• population The number of people who live in a sales area 

• name The name of a sales area 

• number_of_sales_person The number of sales persons who work in (he sales area 

SALES.TERRITORY 
• name The name of a sales territory 

• content The "sales areas" in a sales territory 

CUSTOMER 
• ID ID for a customer 

• name The name of a customer 

• phone The phone number where a customer can be reached 

• type The type of a customer, i.e., small, medium or large 

LARGE 
• discount.rate A flat discount rate (in percentage) that is offered on all orders to a large 

customer 

ORDER 
• order_no Order number for an order 

PROOUCT 
• name The name of a product 

• price The price of a product 

• description The description of a product 

• shipping_cost The shipping cost for a product 

PRODUCT UNE 
• content The products in a product line 

• name The name of a product line 

INCENTIVE SCHEME 
• name The name of an incentive scheme 

• description The description of an incentive scheme; e.g., a trip to Hawaii, if the 
sales are larqer Chan $100,000 

ORDER LINE 
• linejd ID for the line 

• quantity Number of items ordered for a product 

Table 41: Data Dictionary Tor tiie Sales Application 



298 

G.4 J Questions 

A. Based on the schema/data dictionary, please answer the following questions: 

Please write the start time (HH:MM): 

1. Name one ternary interaction relationship: 

2. Name one simple temporal entity class whose lifespan is captured as state: 

3. Name one time-varying spatial grouping/ aggregate class: 

4. Name one simple spatial entity class whose geometry is specified as region on the surface of 
the Earth: 

5. Name one bitemporal (having both valid time and transaction time) entity class: 

6. Name one multi-valued attribute of "SALES_PERSON": 

7. Name one single-valued composite attribute (specify the entity class also): 

8. Name one temporal attribute (specify the entity class also): 

9. Name one subclass: 

10. Name one composite class: 

11. Name one temporal relationship: 

12. Name one superclass: 

13. Name one simple spatial entity class specified as a point on the surface of the Earth: 

14. What are the total number of temporal attributes in the schema: 

15. Name one spatial attribute (specify the entity class also): 

16. Name one unary relationship: 

17. What are the total number of subclasses in the schema: 



18. Name one spatial relationship: 

19. Name one weak entity class: 

20. Name one identifying attribute of "ORDER_LINF' 

Please write the end time (HH:MM): 
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B. Indicate whether the statements below are true/raise with respect to the schema/data 
dictionary. 

Please write the start time (HH:MM): 

1. 2 6 2 5XE modem, a "PRODUCT," must have an associated "description." 
• True • FaJse 

2. On any given "day," Vincent, a "SALES_PERSON," is "supervise"d by multiple 
"supervisor"(s). 
• True • False 

3. ARQ Inc., a "LARGE CUSTOMER," must have an "ID" and is offered a fixed 
"discount_rate." 
• True • False 

4. Jonathan, a "SALES_PERSON," has an associated lifespan of existence, from the 
recruitment "day" to the resignation "day." 
• True • False 

5. John, a "SALES_PERSON," can have three "phone" numbers. 
• True • False 

6. The spatial extent of AZ_230, a "SALES_AREA"—represented as region—may change; the 
spatial extent (i.e., "shape" of regions) of, e.g., AZ_230, on different "day"(s) is captured. 
• True • False 

7. Jenni f er, a "LARGE CUSTOMER," can have no more than one "phone" number. 
• True • False 

8. Ethernet Card, a "PRODUCT_LINE," includes the same "type" of "PRODUCr'(s); e.g., 
the "type" of the "PRODUCr'(s) for Ethernet Card is EC. 
• True • False 

9. The time at which ORD2357, an "ORDER," is stored in the database does not need to be 
captured. 
• True • False 

10. The location of Jennifer, a "CUSTOMER," is represented by a point, the x-coordinate and 
they-coordinate in "degree," on the surface of the Earth. 
• True • False 

11. Flat Screen Monitor, a "PRODUCT_LINE," may optionally have one 
"SALES_PERSON" who is "responsibiejor" this "PRODUCT_LINE." 
• True • False 

12. Flat Screen Monitor, a "PRODUCT_LINE," have been introduced only in some 
regions, e.g., Arizona and California. 
• True • False 
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13. Jennifer, a "CUSTOMER," "does_businessJn" exactly one "SALES_AREA." 
• True • False 

14. AZ_256, a "SALES^TERRTTORY," may be composed of multiple "SALES.AREA." 
• True • False 

15. John, a "SALES_PERSON," "supervises" other "SALES_PERSON" like Tony, Joan and 
Michelle. 
• True • False 

16. The "shippingLCOSt" for a "PRODUCT," 2345xp, is not the same for various regions. 
• True • False 

17. Jacob, a "SMALL" "CUSTOMER," can optionally "partidpatejn" at most one 
"INCENTIVE_SCHEME." 
• True • False 

18. All the "supervisor"s of Sarah during her existence as a "SALES_PERSON" are captured. 
• True • False 

19. The time when "price" for MODEM2357B, a "PRODUCT," was stored in the database is 
captured. 
• True • False 

20. The "price" of Monitor21, a "PRODUCT," is different for different regions. 
• True • False 

Please write the end time (HH:MM): 
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G.5: Survey on Perceived Ease of Use 

C. Based on the schema you used for the sales application, please answer the following 
questions. Please encircle one of the numbers (i.e., 1, 2, 3, 4, 5, 6 or 7) for each of the five 
questions. 

Strongly Neutral Strongly 
Agree Disagree 

1. 
I found ST USM/ USM ST T A c  ̂ 7 1. cumbersome to use. 

2. 
Using ST USM/ USM ST was 
frustrating. 

2 4 5 6 7 

3. 
Using ST USM/ USM ST required 
a lot of mental effort. 

2 4 5 6 7 

4. 
ST USM/ USM ST is clear and •) A  ̂ 7 4. 
understandable to me. 

5. 
Overall, I found ST USM/ USM 
ST easy to use. 

2 4 5 6 7 



303 

Appendix H: Laboratory Study Analysis 

H.l: Bar Charts for Covariate Variables 

Age of Respondents 

TRMT 
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luSM 
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AGE 

Gender of Respondents 

o * 

Current Education of Respondents Prior Education 

PRX3RED 
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Current Major of Respondents Self Assessment of Conceptual Modeling Expe 

Total Work Experience of Respondents Database Experience of Respondents 

TRMT 

• STUSU 

WORKEXP 
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H.2 Confidence Interval of Dependent Variables 

Confidence Interval 

Syntactic Performance: Non Spatio-Temporal 

TRMT 

Confidence Interval 

Syntactic Performance: Spatio-Temporal 

TRMT 

Confidence Interval 

Semantic Performance: Non Spatio-Temporal 

TRMT 

Confidence Interval 

Semantic Performance: Spatio-Temporal 

CO 92 

TRMT 
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Confidence Interval 

User Perception of Ease of Use 
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