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Abstract: A database design-support environment supports a data analyst in eliciting, articulating,
specifying and validating data-related requirements. Extant design-support environments—based on
conventional conceptual models—do not adequately support applications that need to organize data based
on time (e.g., accounting, portfolio management, personnel management) and/or space (e.g., facility
management, transportation, logistics). For geo-spatio-temporal applications, it is left to database
designers to discover, design and implement—on an ad-hoc basis—the temporal and geospatial concepts
that they need to represent the miniworld. To elicit the geo-spatio-temporal data semantics, we
characterize guiding principles for augmenting the conventional conceptual database design approach,
present our annotation-based approach, and illustrate how our proposed approach can be instantiated via a
proof-of-concept prototype. Via a proof-of-concept database design-support environment, we exemplify
our annotation-based approach, and show how segregating “what” from “when/where” via annotations
satisfies ontologic- and cognition-based requirements, dovetails with existing database design
methodologies, results in upward-compatible conceptual as well as XML schemas, and provides a
straightforward mechanism to extend extant design-support environments.
Keywords: Semantic Model, Data Semantics, Database Design, Geo-Spatio-Temporal Database, CASE
Tool

1. Introduction
A design support environment is a combination of a software tool and structured development
methodology; the former automates the software process, while the latter defines the process to be
automated [72]. Prior research shows that design-support environments help reduce time and money spent
on a project, and can help improve the quality of the end-product [32] and the effectiveness of software
development [18]. However, extant database design-support environments (e.g., ERWin1, ERStudio2)—
based on conventional conceptual models—do not adequately support applications that need to organize
data based on time (e.g., accounting, portfolio management, personnel management) and/or space (e.g.,
facility management, transportation, logistics). Conventional conceptual models, e.g., [21, 30], provide a
mechanism to elicit data semantics related to “what” is important for an application rather than the
“when” and “where” semantics. Underlying the temporal and geospatial (or geographic) applications
outlined above are temporal and geospatial data, collectively referred to as geo-spatio-temporal data. For
geo-spatio-temporal applications, it is left to the database designers to discover, design and implement—
on an ad-hoc basis—the temporal and geospatial concepts that they need to represent the “miniworld,” or
an aspect of the real world [30]. To augment a database design-support environment that would help elicit
the data semantics related to space and/or time—at an abstract-level independent of implementation—we
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characterize guiding principles, propose a geo-spatio-temporal conceptual design approach, and illustrate
how the proposed approach can be instantiated via a proof-of-concept prototype.
Via a proof-of-concept design-support environment, we exemplify our geo-spatio-temporal
conceptual design approach that advocates: (i) first eliciting requirements using a conventional conceptual
model without considering geospatial or temporal aspects (i.e., “what”); and only then (ii) annotating a
conventional schema to capture the geo-spatio-temporal requirements (i.e., “when/where”). An
abstraction provides a mechanism to focus on selective details while deliberately omitting others [107].
Our proposed approach, based on orthogonality of “what” from “when/where,” enables a supplementary
level of abstraction via annotations. This approach is embodied in a proof-of-concept prototype, a DesIgnSupport environment for geo-SpaTIotemporaL data (DISTIL). Via DISTIL, we illustrate how guiding
principles associated with geo-spatio-temporal conceptual modeling can be the basis for the development
of a geo-spatio-temporal design-support environment. While our annotation-based approach is consonant
with prior research [36, 85, 120, 141], we explicate how annotations along with syntactic orthogonality
(of “what” from “when/where”) can be the basis for: (i) enabling separation of concerns (i.e., “what” from
“when/where”) for data analysts; (ii) defining an upward compatible geo-spatio-temporal design
approach; (iii) development of upward compatible geo-spatio-temporal schemas (both conceptual and
XML); and (iv) augmenting extant design-support environments in a straightforward manner. Prior
research posits that requirements specification is difficult because of human problem-solving limitations
[26] and that problem solvers can effectively handle 7±2 chunks of information [76]. By defining a
methodology that segregates “what” from “when/where,” we provide an approach that will help
ameliorate information overload during elicitation and validation of data-related requirements.
The research reported in this paper integrates and extends previous work by the authors. Previously
[56, 57], we have abstractly shown the semantics of geo-spatio-temporal annotation grammar. A
preliminary version of DISTIL was presented at a conference [95]. In this paper, we discuss guiding
principles underlying an annotation-based approach, and illustrate how the proposed approach can be the
basis for augmenting an existing database design-support environment; we, thus, demonstrate practical
implications of our annotation-based approach. We show how segregating “what” from “when/where” via
annotations satisfies cognition-based requirements, dovetails with existing database design
methodologies, results in upward-compatible schemas, and provides a straightforward mechanism to
extend an extant design-support environment. Via DISTIL, we illustrate how orthogonality (i.e.,
segregation of “what” from “when/where”) and upward compatibility consistently applies to the proposed
approach and design-support environment implementation and geo-spatio-temporal schemas, both
conceptual and XML.
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We outline the assumptions in this paper to delineate the scope of this work. (i) While upper-CASE
tools focus on analysis and design, lower-CASE tools aid application development [73]. In this paper, we
primarily focus on database design-support environment that enables analysis and design of geo-spatiotemporal applications. (ii) Previously [110], we have differentiated between sequenced and nonsequenced data semantics. While temporal (or geospatial) sequenced data semantics refer to each point of
time (or space), non-sequenced data semantics do not treat time (or space) specially or reference all points
of time (or space). In this paper, we focus on sequenced data semantics. (iii) A database schema can
evolve with time, and schema versioning [99, 100] is an important area of research; however, schema
versioning is not the focus of this paper. (iv) Based on perception, space may be differentiated into largescale and small-scale space [64]. 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 [70], we construe
geographic space to be equivalent to large-scale space; in this paper, the term space is used
interchangeably to mean large-scale space or geographic space. In summary, the focus of this paper is to
explicate augmentation criteria, propose an overall approach for augmenting extant design-support
environments with geo-spatio-temporal data semantics, and illustrate how the proposed approach can be
instantiated into a proof-of-concept prototype.
The rest of the paper is organized as follows. We first motivate the problem and present underlying
guidelines for incorporating geo-spatio-temporal data semantics into a conventional conceptual model,
and, subsequently, present our overall methodology in Section 2. According to Wand et al. [127], the
power of a modeling language is driven by the semantics of its constructs, and that ontology can be the
basis for defining concepts in a modeling language. Using a study at the United States Geological Survey
(USGS), we provide a motivating example that highlights salient ontological concepts underlying geospatio-temporal applications. The basis for annotations (and the dialog panels of the proof-of-concept
design-support environment) is time and space ontology, which is summarized in Section 3. In Section 4,
we employ a data analyst’s interaction with DISTIL (using the USGS example of Section 3) to present
our proposed approach, and to illustrate how our proposed approach can be embedded in a proof-ofconcept prototype. Via implementation architecture of the proof-of-concept design-support prototype (in
Section 5), we show how the segregation of “what” from “when/where” is consistently maintained in the
development of the design-support environment. We round out the paper with evaluation (Section 6), an
overview of related research (Section 7), and a summary along with future directions of this research
(Section 8).
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2. Guidelines for Inducing the Geo-Spatio-Temporal Data Semantics
A systems development methodology, a systematic procedure for developing a system or a part of a
system [47], provides a strategy for subdivision of the development process [79]. One of the important
components underlying over a thousand systems development methodologies [48] is graphical
representation – some [8] posit that a good representation constitutes half the solution. Hahn and Kim
[43] argue how there is a dearth of guidelines for designing and upgrading new versions of
representations. In the following, we motivate the problem, and then present guidelines for geo-spatiotemporal conceptual modeling from two perspectives: users (cognition and representation) and (extant)
design methodologies. We conclude this section with a description of our overall geo-spatio-temporal
conceptual design methodology.

2.1 Motivation
Lately, geographic information is increasingly employed in a wide array of applications including social,
environmental and economic studies [126], e.g., land information systems, environmental modeling,
resource management, transportation planning, geo-marketing, geology and archaeology [67]. For
example, 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 [44]. From a practitioner’s perspective, recent advances in technologies like high-resolution
satellite-borne imaging systems, mobile systems, global positioning systems, and the overall decrease in
hardware costs is resulting in temporal and geospatial data finding their way into many traditional
applications. As a result, research interest in geo-spatio-temporal data management has increased
dramatically over the past decade [5, 6, 29, 41, 59, 63, 74, 115, 117, 123, 135].
Accurate formal approach to elicitation, articulation, specification and validation of information
requirements is critical to the development of an organization’s information systems [129] including the
geo-spatio-temporal applications described above. Conceptual models provide a formalism to develop
precise and unambiguous representation (referred to as a conceptual schema) of the real world, which
serve many divergent purposes [66]: (i) facilitate communication between users and developers; (ii) help
analysts understand the domain; (iii) provide input for design and subsequent development; and (iv)
document requirements for archival. Similarly, Bédard [13] argues that conceptual models are a
combination of thinking, communication, development as well as documentation tools. Prior studies [45,
97] attribute project failure to lack of identifying real needs during conceptual design. Consequently,
conceptual modeling for geo-spatio-temporal applications [39, 40, 42, 57, 61, 83-85, 104, 118, 120-122,
131, 134] has developed into an important area of research.
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While geo-spatio-temporal conceptual models cited above provide a formalism, a design tool that
embeds an approach (and a formalism) can help support elicitation of data-related requirements.
According to a Standish Report [1], tools for requirements analysis have “the biggest impact on the
success of projects.” Computer-Aided Software/System Engineering (CASE) tools, which subsume
requirements analysis tools, are defined as the automation of part of, or the entire, system development
process [119]. Various prior studies [10, 31, 46, 77, 82] have concluded that CASE tools improve
productivity and quality of the design and development process. CASE tools are now commonly used in
systems development – a Software Engineering Institute survey [88] of “high” maturity organizations
found that 25 out of 35 firms used CASE tools as standard practice or common practice. Another recent
survey [103] found that the adoption and infusion of these CASE tools is primarily for analysis as well as
representation of objects, relationships and processes. In this paper, we focus on tools—referred to as
design-support environments—that embed a geo-spatio-temporal conceptual design approach. We
highlight below the issues that need to be addressed for augmenting extant design-support environments
to support elicitation of the geo-spatio-temporal data semantics.
A recent survey [1] found that one of the “recipe” for project success is the use of formal
methodology: compared with 30% of challenged/failed projects, 46% of successful projects were found
to use formal methodologies. A methodology needs to “fit” the activities it is intended to support [71],
and a design-support environment helps enforce a defined methodology [125]. With geographic data
finding their way into traditional applications (e.g., insurance, retail and distribution), there is a need for
an overall geo-spatio-temporal conceptual database design methodology that can be integrated with
conventional conceptual design approach, e.g., [21, 30]. It would be expedient to embed an approach in
the geo-spatio-temporal design-support environment that is compatible with existing general-purpose
conceptual design approach. Thus, the requirements of geo-spatio-temporal applications need to be met
without resorting to a fundamentally different approach.
Juhn and Naumann [53] posit that representations like conceptual schemas “drive discovery” and
should be precisely and rigorously defined; on the other hand, discovery needs to be “validated” implying
that the schemas should be clear and comprehensible. A well-designed methodology (and interface to a
design-support environment) should create a metaphor that bridges the conceptual gap between human
thinking and computer system [68]. The challenge in adding space and time dimensions is balancing
simplicity and understandability with preciseness and completeness. Thus, the proposed support for
eliciting the geo-spatio-temporal data semantics in a database design-support environment should be—
from data analysts’ point of view—cognitively straightforward to use.
A recent survey by CIO Insight [2] found that—of the surveyed organizations—45.4% of the a
company’s systems were referred to as legacy systems and that a large number of organizations (44.2%)
use legacy systems for data management. Another survey by WRQ [3] found that 86% of UK companies
5

have critical business data residing on legacy systems. It seems that legacy systems are an integral part of
the overall information systems – organizations consider their information systems assets as investments
that grow with time rather than liabilities whose value depreciates over time [130]. Böhlen et al. [16]
present requirements for protecting investments in extant geo-spatio-temporal legacy systems. Upward
compatibility [17, 114] refers to the ability to render conventional conceptual schemas geo-spatiotemporal without affecting the legacy schemas. Upward compatibility is not only a requirement for
conceptual schemas but also for XML schemas3. With the growing popularity of XML (eXtensible
Markup Language) [4], XML schemas are envisioned to be used as the “external schemas” for data [69].
Conversion of conceptual schemas to XML schemas [69, 89, 136] is provided by extant database designsupport environments like ERWin [34]. In the context of geo-spatio-temporal conceptual modeling,
conversion of the conceptual schemas to XML schemas and the need for interoperability with legacy
(existing) XML schemas, we need to ensure that the geo-spatio-temporal aspects that are rendered on the
XML schema are upward compatible, i.e., they do not invalidate the legacy XML schemas.
In summary, the augmentation of extant design-support environment to support elicitation of the geospatio-temporal data semantics needs to address many issues: What are the underlying guiding principles
for augmenting extant design-support environments? To dove-tail with extant conventional conceptual
models, how should geo-spatio-temporal conceptual modeling approach be embedded in a design-support
environment? From a user’s (e.g., data analyst) perspective, how should geo-spatio-temporal aspects be
elicited via the design-support environment so that it does not lead to cognitive overload? How should
geo-spatio-temporal aspects be rendered on schemas (both conceptual and XML) so that legacy and geospatio-temporal schemas can co-exist?

2.2 Cognition and Representation
Kulpa [65] characterizes propositional representation as one where the representation describes the thing
represented. Conceptual schemas are examples of visual propositional representation, and the
effectiveness of visual languages—e.g., conceptual models—is “determined by how easy it is to state the
facts in the language and how easy it is to perceive the facts from representation” [65]. Most work in
cognition assumes that the mind has mental representations analogous to computer data structures – the
former is referred to as internal representation and the latter as external representation [138, 139]. Zhang
and Norman [140] propose distributed cognition that asserts that tasks require processing of information
distributed across internal minds and external representation. Internal representations refer to knowledge
structures in people’s minds while external representations are knowledge structures in the environment,
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e.g., written symbols like conceptual schemas. 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 determine cognitive behavior itself. The
effectiveness of external representation depends on how well it supports cognitive reasoning [43]. Prior
research [20, 33, 75] posits that conceptual models for geographic data representation—i.e., formalisms
for developing external representation—do not explicitly incorporate how humans cognitively store and
use geographic knowledge. Thus, it is imperative to understand how the structure of knowledge—derived
from linguistic/perceptual inputs—is stored in our long-term memory as an internal representation.

2.2.1 Structure of Knowledge
Some researchers [8, 101] posit that all human knowledge is stored as abstract conceptual propositions.
As shown in Figure 1, Anderson and Bower’s [8] Human Associative Model (HAM), based on
propositions, is used to represent information in the long-term memory. A proposition—an assertion
about the real world that provides abstract representation of both verbal and visual information [93]—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

Fact

Subject

Context

Predicate

Time

Location

Figure 1: Adapted from Human Associative Memory Model [8]

The context element is orthogonal to the fact element, and specifies the geo-spatio-temporal reality for
which the fact is true. Other researchers [60] similarly argue that what, when and where are distinct, and
encoded separately in our brain.
Within the “context” element, we need to make an assumption whether there is symmetry in the
treatment of space and time – for that we turn to linguistics.
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2.2.2 Space vs. Time
While time and space are the basis for all our experiences, cognition and coordinated collective actions,
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” [58]. Like Klein [58], 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. As with Abraham and Roddick [2], we construe the time-varying geospatial aspect as a
lineage of the geospatial aspects – this is consistent with other geo-spatio-temporal conceptual models.

2.3 Criteria for Augmenting Conventional Conceptual Models
Böhlen et al. [16] propose requirements to ensure that legacy DBMS application code (along with the
data) remain operational when migrated to geo-spatio-temporal DBMS. While the requirements—upward
compatibility and snapshot reducibility—described in their paper refer to logical data model and query
languages, the requirements are equally applicable to conceptual modeling.
Upward compatibility [17, 114] implies the ability to render conventional conceptual schemas geospatio-temporal without affecting the legacy schemas. The objective of upward compatibility is to be able
to develop geo-spatio-temporal schemas without invalidating the extant legacy schemas, thus, helping
protect investments in existing schemas. It also implies that both the legacy schemas and the geo-spatiotemporal schemas can co-exist. Upward compatibility requires that the syntax and semantics of the
traditional conceptual model, e.g., [21, 30], remain unaltered. If the geo-spatio-temporal extension is a
strict superset provided by adding non-mandatory semantics, it would ensure that the geo-spatio-temporal
extension is upward compatible with conventional conceptual models.
Snapshot reducibility [17, 108] refers to “natural” generalization of the semantics of extant
conventional conceptual models, e.g., [21, 30], for incorporating the geo-spatio-temporal extension.
Snapshot reducibility ensures that the semantics of a geo-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 training (or retraining) a data analyst.

2.4 Geo-Spatio-Temporal Design Approach
The requirements described in the previous sections induce a three-layered architecture (Figure 2) that
incorporates the space and time semantics in two stages (Layer 2 and Layer 3). Layer 1 provides a
mechanism for eliciting the semantics of “what” is important for an application; conventional conceptual
models help realize this layer. Unifying Semantic Model (USM) [94]—a conventional conceptual model
8

that helps elicit the semantics related to entities, relationships and attributes—instantiates layer 1.
Temporal and geospatial support for sequenced semantics (both temporal and geospatial) provided by
layer 2 does not add any new syntax (i.e., constructs), and is based on layer 1. Annotations encode geospatio-temporal data semantics, and are used to instantiate layer 2. Upward compatibility and snapshot
reducibility are applicable to an annotated schema. Finally, the geospatial 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 advocate explicating the non-sequenced semantics in a data dictionary.

ST USM
Non-Sequenced
Semantics

New Constructs/ Data
Dictionary

Layer 2

Sequenced
Semantics

Annotations

Layer 1

Non-temporal Nonspatial Semantics

USM

Approach for adding
spatio-temporal semantics

Instantiating the approach

when/where

Layer 3

what

Figure 2: Inducing Space and Time Semantics with Three Layers

We next describe salient aspects of our proposed approach: representation of sequenced data
semantics via annotations, orthogonality, and representation of non-sequenced data semantics.

2.4.1 Annotations
Our geo-spatio-temporal design methodology uses annotations to capture the semantics of (temporal and
geospatial) sequenced statements. Via annotations, we enable a supplementary level of abstraction that
succinctly encapsulates the geo-spatio-temporal data semantics, and naturally extends the semantics of a
conventional conceptual model.
Annotated schemas do not invalidate legacy conceptual schemas as the syntax and semantics of
conventional conceptual models is unaltered, i.e., annotated schemas are upward compatible. Upward
compatibility implies that annotating the schema would induce the sequenced geo-spatio-temporal
semantics; on the other hand, removing the annotations would render the schema with the traditional
9

(snapshot) semantics. For example, in a conventional conceptual model a key attribute [30] uniquely
identifies an entity (at a point in time). A temporal key [110] 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. An annotated schema is snapshot reducible – as we assume that the data
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.

2.4.2 Orthogonality
In our proposed methodology, orthogonality refers to two aspects: syntactic and structural. Syntactic
orthogonality implies that geo-spatio-temporal semantics (i.e., “when” and “where”) are syntactically
orthogonal (cf. Appendix) to those of the conventional conceptual model (i.e., “what”). Syntactic
orthogonality is consonant with how geo-spatio-temporal facts are represented in our memory (cf. 2.1.1).
On the other hand, structural orthogonality implies that annotations are generic, and applicable to all types
of conceptual modeling constructs, e.g., entity class, attribute, relationship. For example, an annotation
phrase “S(day)/-//” can apply to an entity class, an attribute (including key, composite and multi-valued)
or a relationship. We outline the syntax and semantics of annotations in Section 4.

2.4.3 Non-Sequenced Constraints
Previously [110], we have differentiated between sequenced and non-sequenced data semantics. For
example, a lifetime key constraint—a type of temporal non-sequenced constraint—might require
uniqueness over the entire lifespan of an entity; note that this constraint is orthogonal to the temporal
sequenced key constraint.
In proposing the geo-spatio-temporal conceptual design methodology, we had to make choices related
to what to explicate on the schema via annotations. This is consistent with conventional conceptual
models, which do not explicate all the data semantics on the schema – e.g., a uniqueness constraint on an
attribute is typically not shown on the schema, and may be specified in the data dictionary, an organized
listing of data elements [92, 137]. We advocate documenting the non-sequenced semantics in a data
dictionary for pragmatic reasons (i.e., help prevent overcrowding of the schema), and to maintain
consistency (i.e., keep all the non-sequenced data semantics out of the schema). In the following, we
focus on the sequenced data semantics represented via annotations.
In summary, our overall approach advocates first eliciting “what” (layer 1 in Figure 2) is important
for the application, and subsequently eliciting the sequenced (layer 2 in Figure 2) and finally the nonsequenced data semantics (layer 3 in Figure 2). Having presented our approach and the rationale for our
overall proposed approach, we next outline the ontological concepts that underlie annotations.
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3. Needed Ontological Concepts
Design-support environments employ a formalism, i.e., a conceptual model, to help elicit the data-related
requirements. Shoval and Frumermann [105] assert that a conceptual model should be powerful in
“semantic expressiveness.” Batini et al. [11] define expressiveness as the availability of a large variety of
concepts for a more comprehensive representation of the real world. Wand et al. [127] propose that
conceptual modeling be anchored in the models of human knowledge, and that ontology can be the basis
for defining the semantics of the language. Ontology is the specification of the representational
vocabulary for a shared domain of discourse [38], and space and time ontology is the basis for the dialog
panel in the design-support environment as well as the associated annotations. We first present a
motivating example, and then summarize the ontological concepts related to temporal [7, 14, 15, 27, 28,
49, 110-113] and geospatial [25, 33, 98, 132, 133] data that are embedded in DISTIL.

3.1 Motivating Example
Using an example of an application at USGS, we highlight geo-spatio-temporal data modeling
requirements. We are working with a group of researchers who are developing a ground-water flow model
[24] for the Death Valley region. 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 km2 in Nevada and California, ground water provides a large percentage of water for domestic,
industrial and agricultural uses. 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 radio-nuclide
contaminant transport, and the impact of 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 required for the
ground-water flow model.
Two key objects of interest for the ground-water flow model are spring sites and borehole sites. Both
of these need to be geospatially referenced to the Earth, and are uniquely identified by a site id. A spring
site is a point on the surface of the Earth given by geographic x- and y- coordinates, with a geospatial
granularity of dms-second, i.e., seconds in the degree-minute-second specification of a geographical
location. Geographically spring sites exist within a spring (represented as a region), and there can be
many spring sites within a spring. A spring usually has a name by which it is known locally. 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. A borehole site refers to a
part of the borehole whose 3D location is given by x- and y- coordinates on the Earth’s surface, with a
geospatial granularity of dms-second, and depth below the Earth’s surface with a geospatial granularity of
11

foot. While there can be one or more borehole sites at different depths within a drilled hole at the same

surface location, each borehole site is associated with exactly one borehole. A borehole site is
characterized by tests like horizontal (hydraulic) conductivity and diffusivity, and the values for these tests
are valid for the minute at which the test was conducted. Spring sites also have an associated description
that characterizes and defines the site. The measurements at the borehole site and spring site are taken by
a source agency, and these measurements are central to the ground-water flow model.
A borehole site may have a pumplift that removes water from the borehole site, and this can affect
other data collected at the borehole site. Some of the characteristics of a pumplift are type (e.g., air
lift, rotary pump, jet pump), manufacturer and serial number. A pumplift has a lifespan that
specifies the time periods when the pumplift has been operational. The time periods of pumplift existence
denote the times when data collected at a borehole site can be influenced by a given pumplift.
The data semantics related to “what” is pertinent for this application (e.g., spring site, borehole site,
borehole, spring, ground water station and source agency) can be elicited employing any conventional
conceptual model [21, 30] – cf. Figure 4 in Section 4.1. The requisite geo-spatio-temporal data semantics
(i.e., related to “when” and/or “where”) described in the application above—based on geo-spatiotemporal ontology—is summarized next.

3.2 Temporal Ontology
The basis of time ontology is the definition of the time domain. We review extant definitions associated
with how facts can interact with time [111-113]. Intrinsic to temporal data is temporal granularity. We
summarize existing definitions associated with temporal granularity [14, 15, 27].
A time domain is denoted by the pair (T, ≤), where T 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. 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 [51]. Additionally, time is assumed to be
bounded at both ends, i.e., the past and the future [109]. 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.
Facts can interact with time in two orthogonal ways resulting in transaction time and valid time [111].
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. While the
temporal granularity can be specified for valid time, that for transaction time is system-defined. The
transaction time has duration from insertion to (logical) deletion [52] and can include granules only up to
the current time granule in the real world. Time-varying data may be modeled as an event or a state [50].
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An event occurs at a point of time, i.e., an event has no duration. A state has duration, e.g., a storm
occurred from 5:06 PM to 5:42 PM.
Temporal granularity is a measure of the time datum. 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 29, 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.

3.3 Geospatial Ontology
Any data that can be associated with location on the Earth are referred to as geographic data [25].
Geographic space based on Euclidean geometry is the basis for most GISs [70] – location can be
expressed by a set of coordinates, e.g., latitude and longitude. We briefly review concepts related to space
and geospatial granularity.
We can view geospace as a spheroid Z3 in three-dimensional Euclidean space where position is
denoted by latitude and longitude, and height/depth defined as the elevation/depth above/below sea level.
Thus, position delimits an object in the geographic space, and is defined with respect to a pre-specified
origin [67]. A geospatial object is associated with geometry and position. Geometry represents the shape
and size of an object [25]. The position in space is based on coordinates in a mathematically-defined
reference system, e.g., latitude and longitude. Geometry of the geospatial object may be 0-, 1- or 2dimensional corresponding to a point, a line or a region. A point is a zero-dimensional geospatial object
with coordinates, a line is a sequence of ordered points with a start node and an end node, and a region or
polygon consists of one outer and zero or more inner rings [124].

13

For geographic applications, horizontal space is segregated from vertical space. We have adapted
Worboys’ formalism of geospatial resolution [132, 133] to define a notion of horizontal and vertical
geospatial granularities [56] that parallels temporal granularity. Intuitively, the horizontal space domain
corresponds to the Earth’s surface while vertical space domain corresponds to the depth/height
below/above the sea level. Horizontal geospatial granularity refers to the resolution of points in a system
of x-y coordinates, and is a mapping from integers to any partition of horizontal space, where 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 geospatial
granularity may be defined as a mapping SGxy from index i to a subset of space domain such that: (i)
granules from a geospatial granularity do not overlap; (ii) the index set of a geospatial granularity
provides a contiguous encoding, though the granules in the space domain are not constrained to be
contiguous in the underlying geospatial domain; and (iii) origin granule SGxy(0) is nonempty. Examples of
horizontal geospatial 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°13′E/27°45′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 granularity is construed to be dms-deg along the
two dimensions. On the other hand, county is an example of an irregular horizontal geospatial granularity.

3.4 Time-Varying Geospatial Ontology
In geography, space is indivisibly coupled with time [87]. Lately, there has been much interest in adding a
temporal aspect to geographic databases [35] since time integrates human activity, orders events and
separates cause from effect [126].
Peuquet [90] posits two types of geospatial change: change in location by change of position and
change in geospatial extent by changing shape. Prior research [91, 120] has further refined the interaction
between an object and space-time into: (i) Moving objects, i.e., objects whose position changes but whose
shape does not. For example, a car moving on a road network changes its position over time while its
shape does not. (ii) Objects whose geospatial shape changes discretely. For example, change of the shape
of land parcels over time in a cadastral application. (iii) Change in shape along with continuous
movement over time. For example, in modeling a storm, the shape and position changes over time
continuously.
Having briefly outlined the geo-spatio-temporal ontology, we employ interaction with DISTIL to
present our proposed approach.

14

4. Geo-Spatio-Temporal Conceptual Modeling
As shown in Figure 3, our geo-spatio-temporal conceptual modeling approach involves first developing a
non-geo-spatio-temporal conceptual schema referred to as a core conceptual schema (cf. Section 4.1),
augmenting the core schema with geo-spatio-temporal annotations (grayed portion of Figure 3) leading to
an annotated conceptual schema (cf. 4.2), and explicating the semantics of the annotated schema resulting
in the translated conceptual schema (cf. 4.3). Using an example, we illustrate the translation of a
conceptual schema to a logical schema (cf. 4.4).

Geo-Spatio-Temporal
Conceptual Design

Core Conceptual
Schema

XML Schema

Annotated Conceptual
Schema

Geo-Spatio-Temporal
Logical Schema
Translated
Conceptual Schema

Non-Geo-SpatioTemporal Logical
Schema

Figure 3: Overview of our Geo-Spatio-Temporal Conceptual Design

A geo-spatio-temporal logical schema innately “understands” the geo-spatio-temporal concepts that
are encapsulated via annotations during geo-spatio-temporal conceptual design. This implies that the
meaning of various geo-spatio-temporal aspects is built-in the schema – and the data analyst does not
need to manually manage the geo-spatio-temporal data semantics, e.g., semantics of temporal granularity.
As a result, the encoded semantics that is “wrapped” in the annotated conceptual schema does not need to
be explicated—or “unwrapped”—in the geo-spatio-temporal logical schema. On the other hand, a nongeo-spatio-temporal logical schema needs translation from a translated conceptual schema, where the
onus of defining and managing the geo-spatio-temporal semantics is on the data analyst. Note that the
inherent constraints in the annotated schema are rendered as explicit constraints in the translated
conceptual schema – these explicit constraints need to be managed by the data analyst. The translation of
the core conceptual schema (i.e., non-temporal and non-spatial) or annotated schemas (i.e., geo-spatiotemporal) to an XML Schema helps generate “external schemas” (cf. 4.5).
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4.1 Developing a Core Schema
We first summarize key terms and terminology related to USM [94], which is an extended version of the
ER Model [21]. Note that our annotation-based geo-spatio-temporal conceptual design methodology is
not specific to USM, and can be applied to any conventional conceptual model [21, 30].
USM is consistent with conventional conceptual models that include constructs to capture the data
semantics related to classification, aggregation, generalization/specialization and association.
Additionally, USM provides subtle semantics that segregates groupings from composites [96]. We chose
USM as the base model for capturing “what” are the data semantics that are important for an application
as it provides an overall framework that carefully defines entity class (i.e., classification) as well as
various types of (class) relationships like interaction (i.e., association), generalization/specialization, and
composite and grouping relationships (i.e., aggregation).
All real world objects are represented in the database as entities. Characteristics or properties of
entities are referred to as attributes. A collection of entities for which common characteristics are to be
modeled is called an entity class (or an entity type). The set of instances 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) ∈ S(E). Using the example of the USGS
application described in Section 3, Figure 4 shows a core USM schema. This schema includes entity
classes like SPRING_SITE, BORE_HOLE_SITE, SOURCE_AGENCY, PUMPLIFT, SPRING, BORE_HOLE,
GROUND_WATER_STATION, and their various attributes; e.g., PUMPLIFT has attributes like type and

manufacturer (mfg), and an identifier (or key) attribute, serial_no, which is represented by a shaded oval.
Entity classes are created by using the constructs on the “USM Model” panel on the left side, specifically,
the “Strong” rectangles.
An association between entities is referred to as a class relationship. We briefly describe various class
relationships: interaction, generalization/specialization, composite and grouping. An interaction
relationship (also referred to as a relationship)—among entity classes E1, E2,…, En—defines a set of
associations among entities of the entity classes. For example, the relationship sp_measures—using the
diamond “Rel” on the “USM Model” side panel—between SPRING_SITE and SOURCE_AGENCY relates an
entity of SPRING_SITE with that of SOURCE_AGENCY.
Generalization implies that 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 need for multiple classification of the same object. The crucial property of higher- and
lower-level entities created by specialization and generalization is attribute inheritance, i.e., the attributes
of higher-level entity classes (i.e., superclass) are said to be inherited by the lower-level entity classes
(i.e., subclass) [106]. SPRING and BORE_HOLE have certain common properties that can be represented as
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GROUND_WATER_STATION. A hexagon with “S” represents a generalization/specialization relationship,

and the arrow points to the superclass, i.e., GROUND_WATER_STATION. Properties such as station_name
and site_type are common to both SPRING and BORE_HOLE. On the other hand, the attributes like
permanence and name are specific to SPRING, and source and method are specific to BORE_HOLE.

Figure 4: USM Schema

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
[102], 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. If the requirements needed to model PUMPLIFT_TYPE, whose members were subsets of the
base class, PUMPLIFT, PUMPLIFT_TYPE would be referred to as a composite class.
A grouping relationship—that establishes a “part-of” relationship—defines a new class, called a
grouping class (also referred to as an aggregate [19]), whose members are physically or logically made up
of members or sets of members from some other entity class(es) referred to as component classes.
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Developing a schema like the one shown in Figure 4, which includes constructs like entity class,
attributes, interaction relationships and generalization/specialization relationship, is supported by typical
extant design-support environments. Note that developing such a schema—even without space and time
aspects—is an involved task, and the resulting non-temporal and non-spatial schema can contain tens of
entity types and hundreds of attributes. For example, a small fragment of the (non-temporal and nonspatial) schema for the USGS application includes 18 entity classes and 92 attributes [54].
We next show how a design-support environment that supports conventional conceptual modeling
can be augmented with geo-spatio-temporal annotations.

4.2 Annotating the Core Schema
Via annotations, we exemplify a supplementary level of abstraction that “naturally” extends the semantics
of a conventional conceptual model to capture the geo-spatio-temporal data semantics. The conceptual
model that captures the geo-spatio-temporal semantics via annotations is referred to as ST-USM [57]. We
describe the syntax related to annotations, and then show how DISTIL—based on data analysts’ inputs—
automatically creates annotation phrases within the schema. Note that these annotation phrases succinctly
encapsulate the geo-spatio-temporal semantics of the application, and can be associated with an entity
class, an attribute or a relationship.
As shown in the Appendix, the overall structure of an annotation phrase has the following
components:
〈temporal annotation〉 // 〈geospatial annotation〉 // 〈time-varying geospatial annotation〉.
The temporal annotations, geospatial annotations and time-varying geospatial annotations are each
separated by a double forward slash (//). In the Appendix, the terminals are shown in Tahoma font (e.g.,
foot) and non-terminals are shown within angular brackets (e.g., 〈foot〉). “є” represents a null value and

“|” refers to “or.” Details related to temporal and geospatial indeterminacy (“~” and “+-” in the Appendix)
are outside the scope of this paper, and described elsewhere [56].

4.2.1 Specifying Temporal Annotations
The temporal annotation first specifies the existence time (or valid time) followed by the 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 “-”.
The valid time or existence time can be modeled as an event (E) or a state (S), and has an associated
temporal granularity. For example, “S(min)/T//” associated with PUMPLIFT would denote that PUMPLIFT
is bitemporal, i.e., both valid time and transaction time (T) need to be recorded; the temporal granularity
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of the states (S) is minute (min). The granularity associated with transaction time is not specified as it is
system-defined.
The temporal annotation described above can be specified using a dialog panel (e.g., Figure 5). In the
pop-up box, the data analyst can specify if the application needs to organize data based on time.

Figure 5: Specifying Temporal Aspects

The valid time may be represented as an event or state, and has an associated temporal granularity. On the
other hand, granularity associated with transaction time does not need to be specified as it is systemdefined. For example, Figure 5 shows how the data analyst can enter temporal details which would result
in an annotation phrase “S(day)/-//” for PUMPLIFT. This annotation succinctly describes that the lifespan
of a pumplift need to be represented as a state (S) with temporal granularity of day, and that transaction
time is not pertinent (“-”).

4.2.2 Specifying Geospatial Annotations
Figure 6 shows how the data analyst can enter geospatial details that result in an annotation phrase
“//P(dms-sec)/P(dms-sec)/-” for SPRING_SITE. The geospatial annotation includes geometry, and
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position in x-, y- and z-dimension; each dimension is segregated by a forward slash (/). For example, “//
P(dms-sec) / P(dms-sec) / -” implies that the SPRING_SITE needs to be represented as a point (“P”) on

the x-y plane. The associated horizontal geospatial granularity is dms-sec.

Figure 6: Specifying geospatial Aspects

4.2.3 Specifying Time-Varying Geospatial Annotations
The interaction between an object and space-time can result in change in the shape and/or change in the
position of an object. A time-varying geospatial annotation can be specified only if geospatial and
temporal annotation have already been specified. For example, a class of moving car tracked by satellite
may be represented by an annotation phrase “E(sec)/-// P(deg)/ P(deg)/-//Pos@xy,” which denotes a
time-varying position while the shape is time-invariant. The geometry is a point (P) in an x-y plane with a
geospatial granularity of degree. The position changes in the x-y plane (Pos@xy) over time and each
geometry is valid for time granules (E, i.e., event) measured in second.
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Figure 7 shows the dialog panel for specifying the time-varying geospatial 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.

Figure 7: Specifying Time-Varying geospatial Aspects

In summary, for each construct in the core USM schema the data analyst, in consultation with the
users, considers whether temporality and geospatiality are important for the application. The data 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 objects, their properties or associations between objects?
What is the geographical shape of objects, their properties or associations between objects? What is the
associated geospatial granularity? Can the geospatial shape/position for these objects change over time?
Accordingly, the data analyst enters the details using the dialog panel as shown in Figure 5, Figure 6 and
Figure 7.
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Figure 8: Annotated Schema

The schema shown in Figure 8 is automatically annotated according to the information filled into the
pop-up boxes. The data analyst can annotate each entity class (e.g., SPRING_SITE, BOREHOLE_SITE,
SPRING, BORE_HOLE, PUMPLIFT), relationship and attribute (e.g., diffusivity, horizontal_conductivity,
source). Once the data analyst has made the annotated schema, the requirements so collected can be

established with other users. Note how the annotated schema encapsulates the geo-spatio-temporal
semantics for an application, and can be employed to verify (with the user) if the requisite geo-spatiotemporal semantics have been elicited on the schema.
Our annotation-based approach is upward compatible [17, 112], i.e., our approach renders
conventional conceptual schemas geo-spatio-temporal without affecting the legacy schemas. The schema
shown in Figure 8 includes both “un”annotated constructs (e.g., SOURCE_AGENCY) with conventional
semantics, where space and time may not pertinent for the application, and annotated constructs (e.g.,
PUMPLIFT), where an annotation phrase represents the temporal and/or geospatial data semantics.
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4.3 Semantics of the Annotated Schema
In this section, we describe how the encapsulated geo-spatio-temporal semantics can be explicated. Note
that explication of the temporal and geospatial data semantics—resulting in what is referred to as a
translated schema—is based on time and space ontology described in Section 3. Using examples of
temporal and geospatial entity class, we show detailed semantics of an annotated abstraction. Details
related to other constructs like attribute, interaction relationship, subclass, composite class and grouping
class are described elsewhere [54].
A temporal entity class implies that the membership of an entity in the entity set is time-varying. We
assume that a 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 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?” and “What are the pumplifts
that were installed before 1995 and are operational now?”
Figure 9 illustrates the representation of existence time expressed as state (S) with day as the temporal
granularity name. Based on users’ requirements, the data analyst simply annotates PUMPLIFT with
“S(day)/-//” and does not need to contend with the complexity of the underlying semantics or the
associated temporal constraints. Figure 9 also shows the semantics of a temporal entity class in ST USM
via a mapping using the concepts of a conventional conceptual model, which we refer to as a translated
USM schema. This mapping from ST USM to (translated) USM is snapshot equivalent; 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_GRANULARITY in which the evolution of a temporal object is embedded. The relationship
PUMPLIFT_has_ET associates an entity with exactly one TEMPORAL_GRANULARITY (1:1). Each
TEMPORAL_GRANULARITY 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 (i.e., 0:M) other
granularities. The anchor of a granularity TG is the first index of a strictly finer granularity that
corresponds to the origin of this granularity, i.e., TG(0). All granularities except the bottom granularity
have an associated anchor. A finer-than and a coarser-than relationship between granularities are denoted
by a recursive relationship groups_into, where one entity plays the role of finer-than and the other the role
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of coarser-than. The relationships anchor_gran together with groups_into helps create a granularity graph
[27], which can help a user choose the level of detail associated with facts. Details related to granularities
and indeterminacy is presented elsewhere [56].

ST USM
PUMPLIFT

S (day) / - //

Translated USM
end

has

state_periods

anchor_gran

is

begin

0:M

0:1
PUMPLIFT

0:M

1:1

PUMPLIFT_
has_ET

granularity_
name

TEMPORAL_
GRANULARITY

coarser-than
0:M
groups_into

0:M
finer-than
maximum

anchor

extent
minimum

Figure 9: Temporal Entity Class in ST USM and its semantics in USM [57]

A temporal entity with existence time may have a set of event_instants or state_periods associated
with it depending on whether a temporal entity is represented as an event or a state. A time period of
PUMPLIFT is represented with indexes begin and end of state_periods. A double-lined ellipse in USM

denotes a multi-valued attribute. For example, state_periods is represented as a multi-valued attribute and
represents a set of state periods (i.e., a temporal element) associated with an entity. Additionally, eight
constraints will be generated in the translated USM schema for PUMPLIFT [57]. These constraints are
implicit in the ST USM schema but are explicit in the translated USM schema. As may be evident, a
straightforward annotation phrase (i.e., “S(day)/- ”) represents, or encapsulates, relatively involved
semantics.
A geospatial 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
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site) is defined as geospatial, it implies that the application would have queries like “What are the three
closest spring sites to Mesquite spring?” and “What is the surface area of Mesquite spring?”
ST-USM
BORE_HOLE
//P(dms-sec)/P(dms-sec)/L(foot)

Translated USM

z_node_start
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0:1

1:1
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_xy
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z_line_
points

0:M

0:M

HORIZONTAL_
SPATIAL_
GRANULARITY

0:M

coarser-than
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_xy
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BORE_HOLE
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BORE_HOLE
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granularity_
name
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VERTICAL_SPATIAL_
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Figure 10: Geospatial Entity Class in ST USM and its semantics in USM

A geospatial entity class, BORE_HOLE, embedded in a three-dimensional space, is associated with
HORIZONTAL_SPATIAL_GRANULARITY and VERTICAL_SPATIAL_GRANULARITY (Figure 10). A geospatial

object in a three-dimensional space has two associated relationships, BORE_HOLE_xy_belongs_to and
BORE_HOLE_z_belongs_to corresponding to its horizontal and vertical geospatial granularities. A
HORIZONTAL_SPATIAL_GRANULARITY is uniquely specified by granularity_name. The extent is the

minimum-bounding rectangle that includes the image of the granularity. The recursive relationships
groups_into_xy and anchor_gran_xy are similar to those in the temporal entity class. We have not shown

the details associated with VERTICAL_SPATIAL_GRANULARITY as they similar to that of
HORIZONTAL_SPATIAL_GRANULARITY. In Figure 10, a line starts with a node (i.e., z_node_start) and

ends with a node (i.e., z_node_end), and has multiple points (i.e., z_line_points) between the start and end
nodes [181].
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We next present the associated horizontal geometry related constraints implicit in an ST USM
schema. Constraints 1.1 and 1.2 are based on our definition of a geospatial entity, constraints 1.3−1.6 are
based on the definition of geospatial granularity, and constraints 1.7−1.8 are based on the geometry of
geospatial entities.
Constraint 1.1: All entities of BORE_HOLE must have the same horizontal geospatial granularity.
∀ e ∈ S(BORE_HOLE),
e. BORE_HOLE_xy_belongs_to.HORIZONTAL_SPATIAL_GRANULARITY(granularity_name)= dms-sec

Constraint 1.2: Every entity of BORE_HOLE has an associated geometry within the specified extent.

∀ e ∈ S(BORE_HOLE), ∃g ∈ e(geo),
e. BORE_HOLE_xy_belongs_to.HORIZONTAL_SPATIAL_GRANULARITY (extent.xy_minimum) ≤
g.xy_point ≤ e. BORE_HOLE_xy_belongs_to.HORIZONTAL_SPATIAL_GRANULARITY (extent.xy_maximum)

Constraint 1.3: The indexes corresponding to the geometry of a geospatial object lie within xy_minimum
and xy_maximum.
∀ e ∈ S(BORE_HOLE), ∀g ∈ e(geo),
e. BORE_HOLE_xy_belongs_to.HORIZONTAL_SPATIAL_GRANULARITY(extent.xy_minimum)≤
g.xy_point ≤ e. BORE_HOLE_xy_belongs_to.HORIZONTAL_SPATIAL_GRANULARITY(extent.xy_maximum)

Constraint 1.4: Extent is well-formed.

∀ e ∈ S(HORIZONTAL_SPATIAL_GRANULARITY), e(extent.xy_minimum) < e(extent.xy_maximum)

Constraint 1.5: All granularities except one (i.e., the bottom granularity) have an anchor.

∀ e ∈ S(SPATIAL_GRANULARITY),
¬ has(e.anchor_gran_xy) ⇒ ¬ (∃ e2 ∈ SPATIAL_GRANULARITY ∧ e2 ≠ e2 ∧ ¬has(e2.anchor_gran_xy)

Constraint 1.6: 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.
∀ e ∈ S(SPATIAL_GRANULARITY), ¬ has(e.anchor_gran_xy) ⇒ ¬ coarser-than(e.groups_into_xy)

Constraint 1.7: The horizontal and vertical geometry of BORE_HOLE are represented as a point and a line,
respectively.
∀ e ∈ S(BORE_HOLE), ∀ g ∈ e(geo), g.xy_point ∈ point ∧ g.z_line ∈ line

Constraint 1.8: The vertical geometry is associated with a horizontal geometry.
∀ e ∈ S(BORE_HOLE), ∀g1 ∈ e(geo), ∃g2 ∈ e(geo),
g1.z_line.z_node_start = g2.xy_point ∧ g1.z_line.z_node_end = g2.xy_point

The implicit constraints related to vertical geospatial granularity can be defined like constraints 1.1-1.6.
We next show how the encapsulated geo-spatio-temporal semantics can be explicated using DISTIL.
To view detailed explicit semantics associated with the annotated schema, the data analyst clicks on the
“Translated USM Schema” tab to obtain a translated USM schema corresponding to the ST-USM schema
(Figure 11). We have embedded translation rules (e.g., Figure 9 and Figure 10) into DISTIL, to help
translate the annotated constructs to an equivalent USM schema with explicit representation of the
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associated geospatiality and temporality. In Figure 11, the portion of the ST-USM schema on the right has
been translated into the translated USM schema on the left.

Figure 11: Semantics of the Annotated Schema

For example, the semantics associated with a temporal entity class PUMPLIFT includes an entity class
TEMPORAL_GRANULARITY, which 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.
Note how annotation phrases succinctly encapsulate the geo-spatio-temporal data semantics on the
conceptual schema, and how these semantics are “unpacked” in the translated USM schema. This
rendition from an annotated schema to a (translated) USM schema is snapshot equivalent, that is, the two
schemas (ST USM and translated USM) represent the same information content over snapshots taken at
all times.
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The translated schema that is shown in Figure 11 includes only a fragment of the entire schema,
which includes 12 entity classes, 51 attributes, 22 relationships and 42 constraints. Thus, a relatively
straightforward annotated schema (e.g., Figure 8) encapsulates rich-semantics explicated in the translated
schema. In this section, we described how our formal ontology-based approach helps elicit—at a
conceptual level—the geo-spatio-temporal data semantics, e.g., event and state [49], valid time and
transaction time [111], existence time [36], temporal granularities [14, 15, 27], shape and position [25],
spatial resolution [132, 133], and change in position and/or shape over time [91, 120]. These formalized
semantics are the basis for the development to the representational schema, which we describe next.

4.4 Logical Schema
While conceptual models provide a mechanism that is close to the way users perceive the data, physical
models provide concepts how data is stored in the computer. A representational model, e.g., relational
model, provides concepts that may be understood by users, and is not too far removed from the way data
is organized in the computer [30]. Mapping rules that provide correspondences between conceptual and
representational model constructs are applied in logical design, and result in the development of a logical
schema.
The mappings to a logical schema depend on the type of representational model used. Standard SQL
(Structured Query Language), the basis for a relational schema, does not include time support except for
user-defined time. As a result, over 50 temporal query languages have been proposed [49], most of which
are a result of extending SQL for the temporal domain. While change proposals to SQL3 that includes
temporal semantics is referred to as SQL/Temporal [112, 113], the Open GIS Consortium has proposed
extensions to SQL that supports simple geospatial collections that is referred to as SQL/OGIS [78]. For
each of these languages, mapping rules may be developed to convert an ST USM schema to a logical
schema in that language. As illustrated in Figure 3, there are two mapping rules, which depend on the
logical model used: a non-temporal logical model (e.g., SQL) or a temporal/ geo-spatio-temporal
conceptual model (e.g., SQL/Temporal, SQL/OGIS). None of the existing DBMS products yet support a
geo-spatio-temporal logical model. So, we do not discuss this latter case further, other than to note that
such a mapping could be developed as an extension of a previously-developed mapping from ER to
SQL/Temporal [110]. Instead, we briefly describe a mapping from a geo-spatio-temporal conceptual
schema to a logical schema that does not include built-in support for temporal and geospatial semantics.
This mapping is more complex than the one to a geo-spatio-temporal logical data model, because there
are no special geo-spatio-temporal constructs, such as temporally-sequenced primary and foreign keys,
provided by the logical model that can be exploited in the mapping.
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The translation from conceptual schema to logical schema is similar to the one described in standard
database textbooks [30]. Each constraint described in the previous section needs to be translated to an
assertion, which, in turn, can be implemented using a trigger in Oracle [110].

Figure 12: Logical Schema

Once the users’ geo-spatio-temporal requirements have been captured and validated, the data analyst
can click the “Logical Schema” tab to get the logical schema (Figure 12). This schema includes the name
of the table, attributes in the table, primary key and foreign key (if any). For example, PUMPLIFT table
includes four attributes: serial_no, type, mfg and granularity_name. The primary key (PK) is serial_no and
the foreign key (FK) is TEMPORAL_GRANULARITY.granularity_name.
While the tool described above gives a textual description of the logical schema, this can be tailored
for specific DBMSs, such as Oracle. The geospatial data types are provided by geospatial abstract data
types in the object-oriented approach [90]. For example, Oracle Spatial [80, 81] includes a pre-defined
object type SDO_GEOMETRY and a table for SPRING can be defined as shown below.
CREATE TABLE SPRING (
station_name VARCHAR2(30) PRIMARY KEY,
name VARCHAR2(100),
permanence NUMBER (5,2),
geo MDSYS.SDO_GEOMETRY);
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Oracle Spatial defines the object type SDO_GEOMETRY that includes SDO_GTYPE, which has code
corresponding to various valid geometries, e.g., point, line – these codes are specified during data
insertion. Note that these are all implementation-specific issues that are outside the scope of this paper.
We described how different mapping rules can be employed to translate a given conceptual schema to
a logical schema. These mapping rules depend on the specific logical model, and on the DBMS under
consideration. We illustrated how a methodical approach ensures that the geo-spatio-temporal semantics
elicited during conceptual design are embedded in the subsequent logical schema. A design-support
environment can automate this translation, thus, ensuring that the rich geo-spatio-temporal semantics
elicited during conceptual design are not “lost” during translation to the logical schema.

4.5 Encoding a Conceptual Schema to an XML Schema
XML provides a standard format for exchanging conceptual schema among diverse design-support
environments. If the schemas are generated by different design-support environments—with different
syntax but same semantics—the XML schema can enable sharing of the conceptual schema across
platforms. Using an example of PUMPLIFT, we show the translation rules to an XML schema.

Core Schema:
“What”
Semantics

Annotations:
“When”/ “Where”
Semantics

Figure 13: XML Schema for a fragment of ST-USM Schema

While the first part of the XML schema shown in Figure 13 describes the semantics of conventional
conceptual schema (e.g., USM), the second part corresponds to the geo-spatio-temporal annotations. The
second part of the XML schema—between 〈ST_ANNOTATION〉 and 〈/ST_ANNOTATION〉—specifies the
geo-spatio-temporal data semantics. In this case, the temporal entity class PUMPLIFT is represented as a
state having a granularity of day. Note how the orthogonality of geo-spatio-temporal semantics in a
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conceptual schema (e.g., Figure 8) is consistently maintained in an XML schema, where the conventional
semantics (i.e., “what”) are segregated from the “when/where” semantics.
Having described key design issue (i.e., orthogonality) in the translation from a conceptual schema to
an XML schema, we next describe how a design-support environment supports such a translation. The
data analyst can click on “XML Schema” tab to obtain the XML schema corresponding to the ST USM
Schema. This XML file can be saved (“Save XML File”) and is useful for sharing schemas among data
analysts using different design-support environments.

Figure 14: XML Schema

An XML schema can be useful in many ways. A geo-spatio-temporal conceptual schema can be
“exported” to an XML schema. The XML schema can be “imported” into another design-support
environment, with possibly different syntax, but same underlying semantics, i.e., one that supports
representation of classification, association, generalization/specialization and aggregation. Thus,
conversion of conceptual schemas to XML schemas can help support exchange and sharing of conceptual
schemas across design-support environments.
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In this section, we illustrated how the “when” and “where” semantics can be kept orthogonal to the
“what” semantics even in the XML schema (cf. Figure 13). Such orthogonality ensures that the geospatio-temporal XML schemas are upward compatible with conventional XML schemas.

5. Architecture
We now describe the underlying architecture of DISTIL (Figure 15) that enables the development of geospatio-temporal conceptual schemas described in previous section. Figure 15 also explicates our geospatio-temporal conceptual design approach that segregates “what” (during Conventional Conceptual
Design) from “when/where” (during Geo-Spatio-Temporal Conceptual Design).
As illustrated in Figure 15, the data analyst first develops a Core USM Schema during Conventional
Conceptual Design using USM Schema Designer. The USM Schema Designer allows the data analyst to
develop a core conceptual schema (e.g., Figure 4) that captures data requirements without considering
temporal or geospatial aspects. We have adapted the USM Schema Designer from the data modeling
module of CREAM [86].
Our Geo-Spatio-Temporal Conceptual Design includes annotating the Core USM Schema via
Annotation Designer (e.g., Figure 5, Figure 6) resulting in the ST-USM Schema (e.g., Figure 8). This
architecture also supports the translation of existing USM schemas that have geo-spatio-temporal
semantics incorporated in an ad-hoc manner (perhaps because they were designed with CASE tools that
did not have such support). The user loads such a schema in as a Core USM Schema. For each timevarying entity class, relationship and attribute, the user can annotate that semantic object, then manually
remove the ad hoc modeling constructs. For example, if the original schema had used a ternary
relationship to model a time-varying binary relationship (with one of the entity classes being a time
value), the relationship could be designated as time-varying with an annotation, then the time value entity
class and its connection to the relationship removed, leaving a simpler schema with the same abstract
semantics. The user could then add more detail to the annotation, such as granularity, indeterminacy; it is
doubtful that all of these details were in the original schema. Because the resulting schema is at a higher
level of abstraction, different logical schemas could then be generated, under user control.
A consistent ST-USM Schema (e.g., Figure 8) can next be converted to a Translated USM Schema
(e.g., Figure 11) through the Semantic Mapper. While the geo-spatio-temporal semantics are encapsulated
in the ST-USM schema, these semantics are explicated in the translated USM schema. While the
consistent ST-USM schema can be employed for eliciting and validating (with the user) the geo-spatiotemporal requirements for an application, the translated USM schema is useful for translation to a logical
schema that is interpretable by a DBMS.
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As shown in Figure 15, our proposed Geo-Spatio-Temporal Conceptual Design implemented via
DISTIL integrates with Conventional Conceptual Design, and the translated USM Schema 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 geospatial support that can be
implemented in a relational DBMS. The XML Mapper converts a USM or ST USM Schema to an XML
Schema. The Schema in XML format can be shared by distributed teams which may be, possibly, using
different design-support environment with different modeling formalism (i.e., syntax) but the same
underlying semantics. In the future, it would be useful to incorporate the ST-USM Logical Mapper, which
would translate the ST-USM schema to an SQL3/Temporal-OGIS Schema that can be implemented in a
geo-spatio-temporal DBMS.
Conventional
Conceptual Design

Geo-Spatio-Temporal
Logical Design
ST-USM
Mapper

XML Translator

USM
Schema
Designer

XML
Document

Core USM
Schema

XML
Mapper

Annotation
Designer

ST- USM
Schema

Legend
Module
Input/
Ouput

Conventional
Logical Design
Semantic
Mapper

Translated
USM Schema

SQL3/
TemporalOGIS Schema

Logical
Mapper

Relational
Schema

Geo-Spatio-Temporal
Conceptual Design
SQL3/Temporal
SQL/OGIS DBMS

Relational DBMS

Figure 15: DISTIL Architecture

DISTIL has been implemented using Java 2 (JDK 1.2) and Oracle 8.1.6. A dialog panel in DISTIL
(cf. Figure 5, Figure 6, Figure 7) is created to elicit the geospatial and temporal semantics associated with
an entity class, a relationship or an attribute. When a user clicks an icon of a persistent object (e.g., an
entity class), a dialog panel pops up and allows the user to input the geospatial and temporal information
of that persistent object. The “annotation” class is a Java Bean implemented to capture the geospatial and
temporal aspects associated with a persistent object that becomes a property of the persistent object. This
annotation class also summarizes the geospatial and temporal information into a simple annotation string.
This string is displayed on the drawing canvas and stored in the database. An application can keep track
of the geospatial and temporal information of an object class simply by looking up the annotation string
33

that accompanies the object. Having described the design-support environment, we next evaluate the
proposed approach instantiated via DISTIL.

6. Evaluation
Batini et al. [11] posit that conceptual models should possess the following qualities: expressiveness,
simplicity, minimality and formality. These qualities can also be the basis for evaluation of a designsupport environment that supports elicitation of geo-spatio-temporal data semantics.
Expressiveness refers to the availability of a large variety of concepts for a more comprehensive
representation of the real world. We propose intuitive ontology-based dialog panels in DISTIL, which
comprehensively capture the semantics related to space and time. These pop-up boxes automatically
annotate the schema, thus, helping represent the geo-spatio-temporal data semantics on the conceptual
schema.
One of the conflicting goals related to expressiveness is simplicity, which requires that augmenting an
existing design-support environment should be minimal. As shown in Table 1, the additional number of
classes (and lines of code) required to augment an existing design-support environment (i.e., [86]) with
the geo-spatio-temporal semantics is relatively modest.

Module
USM Schema Designer
Annotation Designer
Semantic Mapper
Logical Mapper
XML Mapper

Classes
118
6
3
2
5

Lines of Code (kLOC)
34.1
2.2
1.4
1.0
2.4

Table 1: Number of Classes and Lines of Code for Modules of DISTIL

The annotation designer and semantic mapper entailed a 10.6% increase in the number of lines of code.
Additionally, adding the geo-spatio-temporal semantics via annotations did not entail any changes to the
existing code. Thus, orthogonality of a conceptual framework (i.e., annotation-based approach) is
mirrored with orthogonality of an implementation structure (i.e., DISTIL). Additionally, to incorporate
annotations the changes to the (original) database repository were minimal. The XML schema encoding
an annotated ST USM Schema captures geo-spatio-temporal semantics orthogonal to conventional
semantics. All this implies that our approach is straightforward from the perspective of repository
(database) design and application development.
Minimality ensures that no concept can be expressed through composition of other concepts. Because
of orthogonality in the annotated ST-USM schema and the corresponding XML schema, minimality is
also supported.
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Formality specifies that the model must present a unique, precise and well-defined interpretation.
Wand et al. [128] posit that effective use of conceptual modeling constructs requires that their meanings
be defined “rigorously.” The syntax and semantics of the underlying ST-USM is formally defined using
BNF (cf. Appendix) and first-order logic [54], respectively.
Snapshot reducibility ensures that the semantics of a geo-spatio-temporal conceptual model are
understandable in terms of the semantics of the conventional conceptual model, thus, helping ensure
minimum additional investment in data analyst training.
Upward compatibility allows the legacy and geo-spatio-temporal schemas to co-exist. Upward
compatibility requires that the syntax and semantics of the traditional conceptual model, e.g., [21, 30],
remain unaltered. Our proposed approach has not altered the syntax or semantics of extant models.
While we posit that the geo-spatio-temporal annotation presented in this paper is comprehensive, it is
impossible to assert completeness with conceptual modeling because any formalism is motivated in part
by pragmatic rather than purely theoretical reasons [102]. It is possible that the formalism presented in
this paper may need to be extended. Since geo-spatio-temporal annotation is orthogonal to the conceptual
modeling constructs, our annotation-based approach is not only generic but also straightforward to
extend.

7. Related Work
In presenting a framework for research in conceptual modeling, Wand and Weber [129] differentiate
between conceptual-modeling grammar and conceptual-modeling method. While the former provides
constructs and rules to model the miniworld, the latter provides procedures by which a grammar can be
modeled. In the following, we discuss how extant work in geo-spatio-temporal conceptual modeling has
focused rather exclusively on grammar.
We refer the reader to Gregersen and Jensen [37] for an excellent survey on temporal conceptual
modeling grammars. Given the need to capture the geo-spatio-temporal data semantics, many divergent
proposals have been made. Claramunt et al. [22] present design patterns for representation of spatiotemporal processes. Worboys [131] proposed a mathematically-oriented model that includes several
dimensions: spatial, graphical, temporal and textual/numeric. Claramunt and Thériault [23] integrate time
in GIS to propose TGIS, an event-oriented model. For modeling the geo-spatio-temporal data semantics,
various conceptual modeling grammars have been proposed. While some of them are based on extant
conceptual models [9, 42, 83-85, 120-122], others are GIS-application oriented formalisms [39, 40, 62,
104, 118]; we focus on the former.
To represent the geo-spatio-temporal data semantics, MADS (Modeling of Application Data with
Spatiotemporal) [83, 85] and STER (Spatio-Temporal Entity Relation) [120] employ an annotation-based
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grammar. In MADS, geospatiality can be associated with object types, attributes, relationships and
aggregation. Space and time features are supported via abstract data type (ADT). While spatial ADTs
provide shape and location information, temporal ADTs support timestamping. Spatial entities are
associated with a spatial ADT, geo, e.g., point, line. Each of these shapes has an icon associated with it,
which is used to indicate spatiality. A spatiotemporal entity is one whose geospatial reference is recorded
by defining the spatial ADT and by associating a temporal ADT to that fact. MADS defines topological
constraints: disjunction, adjacency, crossing, overlapping, inclusion and equality. STER is a graphical
extension to the ER Model that applies geo-spatio-temporal concepts to the modeling constructs of the ER
model. Geographic objects are ones whose position needs to be recorded. Spatial attributes are properties
of space that indirectly become properties of objects. Geographic objects may be related to each other via
spatial relationships, and represent spatial constraints: topological, directional and metric.
With the growth of geographic applications, design tools to support modeling of geo-spatio-temporal
data have been proposed. Perceptory [13] provides a Spatial PVL (Plug-in for Visual Languages) that
adds graphical notations into the UML (Unified Modeling Language) Class Model. The Spatial PVL
includes three basic constructs (0-, 1- and 2-dimensional shape) with a number of variations (e.g.,
complex shape composed of 1-D river and 2-D lakes), all of which are represented as pictograms on the
schema. The spatial constraints can be captured using textual description. Perceptory primarily focuses on
geometry associated with geospatial objects and attributes, while ignoring support for geo-spatio-temporal
relationships. Additionally, it is a drawing tool developed as a Visio template. On the other hand, a visual
schema editor based on MADS [83] aids in capturing geo-spatio-temporal data semantics. Design using
the visual schema editor involves drag-and-drop operations along with interaction with windows-like
forms. The visual schema editor includes modules to transform a MADS schema to an equivalent ER-like
schema or a relational schema.
Prior research in geo-spatio-temporal conceptual modeling—including our prior work [56, 57]—has
focused on conceptual-modeling grammar. To the best of our knowledge, this is the first paper that
focuses on providing underlying principles, and defining an overall geo-spatio-temporal conceptual
design approach (based on the set guidelines) that augments extant conceptual design methodology. We
presented an annotation-based approach that is upward compatible with extant conceptual modeling
approach. In our proposed approach, annotations are employed to induce sequenced geo-spatio-temporal
semantics. It would be useful to extend design-support environment (like DISTIL) to include various nonsequenced data semantics proposed in prior literature [83, 85, 120], e.g., topological constraints, lifetime
constraints.
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8. Conclusion
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 [116]. Conceptual modeling is one
of the more involved parts of systems design: it involves an open-ended semantically rich problem space
that requires both broader conceptual thinking as well as focused problem-solving activities [12].
Via a proof-of-concept prototype, we illustrated how orthogonality and upward-compatibility can be
consistently applied to: (i) proposed approach; (ii) geo-spatio-temporal schemas, both conceptual and
XML; and (iii) design-support environment implementation. The geo-spatio-temporal schema—
developed using DISTIL—can be used as communication vehicle: it can also be used to decide if all the
geo-spatio-temporal requirements of the user have been captured, and whether the requirements are
conflicting. Schemas developed via DISTIL can be saved as XML schemas, which can be used for
schema exchange among data analysts. Moreover, incorporating annotation—via pop-up boxes—into an
existing CASE tool is also straightforward to implement. An empirical study that evaluated our geospatio-temporal conceptual modeling approach on comprehension and ease of use is outside the scope of
this paper, and described in detail elsewhere [55].
In the future, it would be useful to embed various non-sequenced semantics from other modeling
grammars—e.g., lifetime constraints [36, 141], topological constraints [120]—into our overall proposed
approach. We plan to incorporate the ST-USM Logical Mapper, which would translate the ST-USM
schema to an SQL3/Temporal Logical Schema [112, 113] and an SQL/OGIS Logical Schema [78] that can
be implemented in a temporal/geospatial DBMS. It would be useful to consider the details of tailoring the
mapping for specific DBMSs, e.g., Oracle. Additionally, we want to investigate generating triggers in the
logical schema that are the temporal and geospatial equivalents of the non-temporal constructs in USM.
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Appendix: Annotation Syntax in BNF
〈annotation〉

::=

〈temporal annotation〉 // 〈spatial annotation〉
| 〈temporal annotation〉 // 〈geospatial annotation〉 // 〈time-varying geospatial
annotation〉

〈temporal annotation〉
〈valid time〉
〈transaction time〉
〈state〉
〈indeterminate state〉
〈event〉
〈indeterminate event〉

::=
::=
::=
::=
::=
::=
::=

є | 〈valid time〉 / 〈transaction time〉

〈geospatial annotation〉
〈horizontal geometry〉
〈vertical geometry〉
〈geometry〉

::=
::=
::=
::=

є | 〈horizontal geometry〉 / 〈vertical geometry〉

〈point〉
〈indeterminate point〉
〈line〉
〈indeterminate line〉
〈region〉
〈indeterminate region〉

::=
::=
::=
::=
::=
::=

〈time-varying geospatial annotation〉
〈position varying〉
〈shape varying〉
〈position〉
〈shape〉
〈varying in dimension〉

::=
::=
::=
::=
::=
::=

є | 〈position varying〉 | 〈shape varying〉 | 〈position varying〉 / 〈shape varying〉

〈gt〉
〈day〉
〈hour〉
〈minute〉
〈second〉
〈gsxy〉
〈gsz〉
〈mile〉
〈dms-degree〉
〈dms-minute〉
〈dms-second〉
〈foot〉

::=
::=
::=
::=
::=
::=
::=
::=
::=
::=
::=
::=

〈day〉 | 〈hour〉 | 〈minute〉 | 〈second〉 | 〈user defined〉
day
hr | hour
min | minute
sec | second
〈dms-degree〉 | 〈dms-minute〉 | 〈dms-second〉 | 〈user defined〉
〈mile〉 | 〈foot〉 | 〈user defined〉
mile
degree | deg | dms-deg | dms-degree
dms-min | dms-minute
dms-sec | dms-second
ft | foot

〈state〉 (〈gt〉) | 〈indeterminate state〉 (〈gt〉) | 〈event〉 (〈gt〉) | 〈indeterminate event〉(〈gt〉) | T|S | State
〈state〉~ | 〈state〉+E | Event
〈event〉~ | 〈event〉+-

〈geometry〉 (〈gsxy〉) / 〈geometry〉 (〈gsxy〉)
〈geometry〉 (〈gsz〉) | 〈point〉 | 〈indeterminate point〉 | 〈line〉 | 〈indeterminate line〉 | 〈region〉
| 〈indeterminate region〉 | 〈user defined〉 | P | Point
〈point〉~ | 〈point〉+L | Line
〈line〉~ | 〈line〉+R | Region
〈region〉~ | 〈region〉+〈position〉@〈varying in dimension〉
〈shape〉@〈varying in dimension〉
Pos | Position
Sh | Shape
x | y | z | xy | yz | xz | xyz
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