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Abstract. The vision of Linked Topographic Data (LTD) is critical for the Semantic Web, since topographic data are funda-
mental to a wide range of geoscientific analyses and mapping of geographic phenomena. LTD involves a synergy between a
wide variety of topographic information and services, but at its core is the theme of terrain, i.e., the shape of the earth’s sur-
face. Terrain is generally computationally represented using a continuous field data model (2-D surfaces), which contain no
explicit reference to identifiable entities. This makes it difficult to share surface datasets on the Semantic Web, which requires
stable and meaningful objects that can be assigned independent identities through URIs. Moreover, terrain is understood by
people not just as a surface, but more commonly as a wide variety of discrete landforms and landscape features. The semantics
of such terrain objects can be made explicit only if discrete object based spatial representations and ontologies explaining the
semantics of such objects are made available. Both problems can be addressed by extracting surface networks as discrete ob-
ject representations of surfaces. A surface network is a collection of shape elements (critical points, lines, and areas) that are
topologically connected and collectively describe the global shape of the surface. This paper presents the first ever effort to
formalize surface networks as ontology patterns, which are small ontologies intended to capture domain semantics and are
easily reusable in different application contexts. The primary pattern called the Surface Network ontology design pattern
(SNODP) is intended for any type of surface network, not just terrain surfaces, and is designed to specify only topological
relationships between surface network elements. For flexibility, it leaves specification of metric properties of surface network
elements to domain-specific spatial ontologies. The second pattern, Geospatial SNODP, extends SNODP for metric geograph-
ic space through alignment with the W3C recommended GeoSPARQL spatial ontology. The patterns are designed as OWL
ontologies, but all axioms are presented in this paper using the compact DL notation. In addition to a strong justification of the
value of these patterns, an LTD motivated case study is also presented to demonstrate how terrain surface networks can be
semantically annotated and queried on the Semantic Web with the help of these ontology patterns. The scope of the patterns
and their limitations, as determined by the original theory and design choices, are also clearly described through multiple dis-
cussions distributed throughout the paper.
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1. Introduction & motivation
1.1 Ontology Design Patterns

Ontologies are essential pillars for the success of
Linked Data since they define the semantics of data
and clarify valid contexts of reuse. For the heteroge-
neous Semantic Web, ontologies need to be contex-
tual and/or domain-oriented [17, 27]). This is espe-
cially true of the varied contexts in which geospatial
data originate and get used [3]. The specialties of
geospatial data led to the idea of a Geospatial Seman-
tic Web [2, 5, 22], which is a special interpretation of
the Semantic Web centered on the spatiotemporal
aspects of Linked Data and other Semantic Web re-
sources [10, 19, 54]. Due to their inherent diversity,
Geospatial Semantic Web ontologies will be most
useful if they are minimalist in scope, and serve only
to constrain, not completely specify, interpretations
[20-21]. Large, comprehensive ontologies, especially
for a domain as varied and complex as the geospatial
domain, are almost guaranteed to be useless, if not
also difficult to design and reuse.

Ontology Design Patterns (ODPs) are a recent de-
sign paradigm to design small and easily reusable
ontologies. ODPs are pragmatic alternatives to foun-
dational ontologies, such as DOLCE [28], BFO [11,
471 or SUMO [31], which are too abstract to be un-
derstood by non-logicians. ODPs have become quite
popular currently as a modeling solution for the het-
erogeneous Semantic Web [6, 48] because they are
easy to understand and act as ready-to-use building

blocks in larger scale ontology engineering efforts [7].

ODPs have the potential to greatly reduce duplicated
work, while also facilitating data integration since
they are designed to be applicable to several types of
datasets [7].

A key requirement for successful ODP design is
the simultaneous participation and high-level interac-
tion between both domain and ontology engineering
knowledge experts, instead of the traditional methods
that limited domain experts to merely provide feed-
back to the ontology engineers [17]. An increasing
number of geospatial patterns are being designed at
Geo-Vocabulary Camps (GeoVoCamps), which are
bottom-up, participatory workshops with the explicit
objective of designing lightweight ontologies or on-
tology patterns. GeoVoCamps bring together domain
experts and ontology engineers to work on a topic of
common interest. The hallmarks of these workshops
are the semi-formal debates and discussions, often

starting at a more abstract and philosophical level,
but slowly evolving into extensive grounded discus-
sions about ontology pattern design. Semantic engi-
neering principles and implementation method de-
termine the final form of the pattern, which is gener-
ally available online and sometimes also documented
in research publications [16, 46].

1.2 Surface Network Ontology Patterns and Linked
Topographic Data

This paper reports on two closely related ontology
design patterns that originated at a GeoVoCamp
workshop: Surface Network ODP (SNODP) and Ge-
ospatial Surface Network ODP (GeoSNODP), which
are formalizations of the core concepts of the theory
of surface networks. The two surface network pat-
terns are examples of content design patterns [35],
since they formalize basic concepts of a knowledge
domain—surface network theory. Work on the two
patterns was initiated at the GeoVocampSOCop2012
workshop?, and continued for several months post the
workshop through various modes of consultations
between the authors. A review of surface network
theory is provided in Section 2, but, in a nutshell,
surface network is a mathematically elegant model
for abstracting the global spatial shape of any surface
in terms of a topological network of shape-critical
points (peaks, passes, and pits), lines (ridges, course,
slope, and contour lines), and areas (hills, dales and
territories) [4, 29].

Two inter-related goals inspired the creation of
surface network ontology design patterns. The first
incentive was to understand the logical relations be-
tween various surface network features and the im-
plications for algorithms designed to extract surface
networks from digital surfaces. The most popular use
case of surface networks has been terrain surfaces,
which also served as the original inspiration for sur-
face network theory. Surface networks have great
relevance as intermediary structural elements for
extracting complex landforms from continuous eleva-
tion surfaces [24, 44]. Thus, the ontology patterns
will serve as the basis for other patterns needed to
guide the extraction and annotation of more complex
terrain objects.

The ability to summarize the shape of a continuous
surface through discrete low-level structural features
is critical to the Linked Topographic Data (LTD)
initiative. While efforts related to LTD have been
around for some time, LTD has only recently been

! http://www.vocamp.org/wiki/GeoVoCampSOCoP2012




formally recognized as the vision of making topo-
graphic datasets modeled as objects, networks, and
fields interoperable with each other and with other
datasets through Semantic Web technologies [43].
LTD is of strategic importance to national mapping
organizations, such as the United States Geological
Survey (USGS), the UK Ordnance Survey which are
already making topographic data services aligned
with the Semantic Web [9-10, 49-51]. LTD involves
a synergy between a wide variety of topographic in-
formation and services, but at its core is the theme of
terrain, i.e., the shape of the earth’s surface, which
serves as the physical backdrop for all human activi-
ties and most geophysical processes. Unfortunately,
because a surface is a single-valued mathematical
function [z = f{x, y)] of position in 2-D and contains
no explicit reference to identifiable entities, it is dif-
ficult to share surface datasets on the Semantic Web,
which requires stable and meaningful objects that can

be assigned independent identities through URIs [18].

While micro-surfaces covering areas for one or
group of landforms can still serve as the objects that
can be assigned URIs, finding the extents of those
micro-surfaces to ensure they cover the landform will
always be a challenge. Spatial and other relationships
between terrain objects need to be made explicit for
information retrieval to realize the true potential of
LTD. This cannot be solved without object-based
representations of terrain. Supporting LTD services
will need to be flexible enough to yield not just one,
but several alternative assemblages of terrain objects

to support different ontological commitments [25-26].

For terrain surfaces, surface networks both sum-
marize local and global surface shape, and also serve
as intermediate shape-critical elements for more
complex landform extraction [24, 45]. These shape
elements can also be used in automated labeling on
topographic maps and other terrain visualizations,
and as control points in geospatial registration and
alignment of topographic datasets. Most importantly,
surface networks advance the LTD agenda substan-
tially by making terrain surface datasets available for
querying and integration with other components of
the Semantic Web. The discrete surface network el-
ements can be assigned URIs and act as gateways to
their source surface. The two patterns (SNODP and
GeoSNODP) are essential for sharing semantically

annotated surface network data on the Semantic Web.

However, a surface network can capture only those
types of shape elements that are defined explicitly in
surface network theory; there are other possible sur-
face parts that will remain unrepresented in surface
networks. In Section 6, a case study involving a ter-

rain dataset illustrates the benefit and limitations of
the patterns in terrain mapping and information re-
trieval.

The theory of surface networks is generalizable to
all surfaces, and the patterns also have been designed
in the same spirit. The patterns were inspired by the
topographic domain, but SNODP can be used for
surfaces from all domains (e.g., medical images,
chemical surfaces, surfaces of mechanical parts, ana-
tomical) as well. Similarly, GeoSNODP is only os-
tensibly a specialization for the geospatial domain—
it can also be used for any metric surface network as
long as the simplistic Euclidean geometry primitives
suffice for describing necessary shape features of the
surface.

2. Review of surface network theory and its
applications

2.1 Surface network theory

The basic concepts of surface network theory were
proposed more than 150 years ago by mathematicians
and physicists [4, 29, 39].2 A short review covering
concepts relevant for understanding the ontology
patterns is provided in this section. For a comprehen-
sive review of surface network theory, applications,
and challenges, see [36-37].

Considering a two-dimensional continuous smooth
closed surface floating in space with surface values
relative to an internal reference point, [39] was the
first to describe ideas surrounding three types of local
extrema, or critical (singular) points, existing on the
surface: maxima (i.e. peaks), minima (i.e. pits), and
mixed extrema (saddle points) which are maxima
across one axis and minima across another (see Fig.
1). Saddle points were later recognized to be of two
types. Following the terminology of [52], a saddle
point can be either a pass (lowest point on a ridge
line connecting two peaks), or a pale (highest point
on a course line connecting two pits). Cayley [4] in-
dependently also presented a similar but more expan-
sive theory of surfaces, focusing on contour lines and
slope lines, where contour lines run horizontally and
slope lines are orthogonal to contour lines running
directly up and down slopes. In addition to the neces-
sary critical points, Cayley also identified special
slope lines, ridge lines and course lines, which con-

2 Morse theory is a more generalized mathematical theory of
critical points for multiple dimensions in Euclidean space [30].
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Fig. 1. Two schematic representations showing the relationships of surface network shape elements to each other and to the source surface.

nect critical points. From each normal saddle point,
the slope lines of steepest ascent are called ridge lines,
and ascend to peaks; the two slope lines of steepest
descent from a saddle point are called course lines
and descend to pits. The definitions and relations
among these critical points and lines form the foun-
dation of surface networks. Maxwell [29] again rein-
vented the same theory, but he added two types of
regions (informally districts) on a surface bound by
ridge-lines or course-lines. A district around a peak
and bound by course-lines is a Aill, and similarly a
region around a pit and bound by ridge-lines is a dale.
All slope lines in a hill ascend to a single peak, and
all of the slope-lines in a dale descent to a single pit,
respectively. Maxwell also proposed a set of numeri-
cal relations among the surface features that must be
valid for an accurate surface network extracted from
a smooth, differentiable surface.

In the 1960s, William Warntz rediscovered and
synthesized this previous work on surface theory [52-
53]. Warntz [52] also extended Maxwell's concepts
by introducing territories which overlap a hill and a

dale and, thus, bound, by two ridge lines and two
course lines. He also tabulated the vergency of forces
flowing down the surface to lower values: peaks,
ridges, and hills have divergence; pits, courses, and
dales have convergence; and passes, pales, and terri-
tories have mixed vergency. He was also the first to
use the concept of a network to connect the various
surface points, lines and areas into a larger entity and
explicitly write about the application of the theory to
non-topographic geographic surfaces. Warntz [52]
also included a series of informative diagrams show-
ing how surface networks can be recognized from a
contour representation of a surface. It was Pfaltz [34],
however, who first proposed the term Surface Net-
work for a graph-theoretic data structure (critical
points serve as nodes while the connecting ridge and
course lines become edges in the graph) he designed
based on surface network theory to increase compu-
tational efficiency of storage and querying of surfac-
es. Surface Network has since been appropriated to
also refer to the spatial version of the surface network
(as in this paper). Reeb graphs [38] and Contour



Trees [23] are other data structures similar to Pfaltz’s
graph-theoretic model.

2.2 Applications of surface network theory

Since surface networks abstract surface structure
in a highly condensed form, they offer substantial
efficiency for storage, query, selection, visualization,
and communication of surface information. The
computational efficiency is better if the surface net-
work is represented as a purely topological graph,
than when spatial representations of features are also
needed. Still, there is substantial data abstraction
even for metric surface networks. For example, in the
case study presented in Section 6, a terrain surface of
1.47 million cells, covering 147 square km was ab-
stracted by less than 500 surface network elements.
Pfaltz [34] also proposed a graph-theoretic method
called homomorphic contraction for simplifying sur-
face networks in order to increase efficiency of stor-
age, selection, and retrieval. The net reduction from
surface network simplification could be as much as
90% according to one study of vector representations
of surfaces [13].

Some important application areas that benefit are
surface visualization techniques and large area terrain
analysis at high resolutions. Surface networks ele-
ments have long played an important role in geomor-
phometry [14]. The relative frequency of surface
network parts for different terrain types, and their
correspondence (or lack of) to visible topographic
features reveals important geomorphometric infor-
mation about the terrain. More complex surface fea-
tures might also be identified beginning with simpler
surface network elements, as has shown to be possi-
ble for terrain surfaces [44].

More generally, many surface morphometric anal-
yses may be performed entirely with just the surface
network features, such as regional segmentation
based on course and ridge line, identifying regions of
high variability that may benefit from additional
sampling, or finding “Very Important Points” for
constructing Triangular Irregular Network (TIN) data
models. As noted in [33], because of its well-defined
structure, a surface network provides a way to logi-
cally reason about geometric, topological, and mer-
eo-topological relationships between distant features
observed globally on a surface. It also forms a natural
hierarchy that can be exploited for scale sensitive
queries and abstraction of data. Another relatively
unexplored application area of surface networks is
comparison of surfaces [40-41] and even tracking the

morphology of a surface as it evolves in the real
world or in digital animations and artificial simula-
tions.

3. Rationale for pattern design

Ontology design patterns must be generic enough
to find recurring use in diverse contexts [8]. The gen-
eral approach to designing patterns is to consider a
set of competency questions that experts from in-
tended application domains could submit to the pat-
tern [12]. The pattern should attempt to formalize
only those concepts that allow those questions to be
addressed. However, for designing a surface network
pattern, the guiding factors were not as much compe-
tency questions but the already well-established and
compact theory. Since surface network theory is not
known to have been formalized as an ontology before,
the goal of the GeoVVoCamp workshop was to design
a minimalistic, comprehensible and widely reusable
pattern formalizing only those concepts outlined in
the classical theory discussed in [4] and [29].

Despite a theory to guide and constrain design
choices, the finalization of the pattern design (quite
surprisingly) still required several iterations and mul-
tiple debates to be settled. First, the distinction be-
tween typical and uncommon use cases was critical
in defining the scope of the primary pattern
(SNODP). It was decided that certain uncommon
possibilities can be ignored, since trying to account
for them would warrant highly specialized subclasses
and preclude many constraints that almost always
apply to certain surface network elements from being
specified. Another important choice was to declare
all surface network parts to belong to only one sur-
face network, precluding multiple surface networks
(for the same surface) from sharing parts. There may
be benefits to such sharing and might make multi-
surface network triple datasets more compact, but
specification of multi-surface network semantics has
never been researched, would have made the pattern
too complicated.

Interestingly, the most important design decision
was made post the initial deliberations at the Ge-
oVoCamp workshop. Since the original motivation
was to share terrain surface data, which requires met-
ric surface networks, it took the authors some time to
realize the benefits of creating not one, but two pat-
terns—one supporting only topological concepts, and
the other also supporting metric space properties.
Maintaining a purely topological pattern is an elegant



design solution because i) the original theory was
limited to only topological properties surface net-
work features; ii) the exclusively topological model
still suffices for a wide range of queries and efficient
information retrieval related to the global shape of
the surface [33]; iii) not requiring a metric space rep-
resentation eliminates the significant overhead of
extracting spatial representations of surface network
features; iv) different domains will need different
spatial representation and querying capabilities; and
v) topological surface network datasets are quite
compact, and not likely to pose problems for ontolo-
gy reasoners.

Based on this decision, the primary pattern called
the Surface Network ODP (SNODP) is a conceptual-
ization of only those theoretical principles needed to
create a topologically consistent surface network,
with the additional capability to store surface heights
for critical points so that their relative importance can
be determined in some analytical contexts [56].
SNODP can be extended to support description of the
metric properties of surface network elements by
alignment with a spatial ontology of choice.

Metric surface networks [55] require the storage of
spatial coordinates of ar least the critical points to
spatially co-register the surface network with the
source surface. These points act as ‘entry points’ to
the surface and help optimize surface information
retrieval algorithms [34]. If ridge and course line
locations are also stored, the surface network can be
fully overlaid with the surface in the same metric
space, which improves surface geometry comprehen-
sion and provides analytical insights about how well
surface network elements capture the local and global
shape of the surface. Consequently, a metric surface
network ontology design pattern needs to incorporate
a spatial ontology, logically consistent with and se-
mantically expressive enough for the target domain.
GeoSNODP is such an extension for the geospatial
domain, realized by loosely aligning SNODP with
W3C adopted GeoSPARQL standard [32]. Ge-
0SNODP is well-suited for LTD goals, since both
metric and topological semantics are critical to un-
derstanding terrain.

4, OWL formalization

The formalization of the primary pattern (SNODP)
is presented in this section. SNODP is formally en-
coded using the OWL 2 Web Ontology Language

(OWL 2), and available online at a resolvable URI.
Its complete axiomatic discussion is presented in this
paper using the compact Description Logic (DL) no-
tation. Although the semantics encoded in this pat-
tern are based on [4, 29, 52], class names were pri-
marily derived only from [52], since certain name
modifications are more appropriate for the present
day (cf. use of pit and peak, instead of Maxwell’s
terms summit and immit). Property names are based
on descriptive phrases in the literature, but not neces-
sarily attributable to any particular author. Fig. 2 is a
schematic presentation of how the various classes
relate to each other. The rest of this section discusses
in detail the formalization and scope of each class.

4.1 Surface

The Surface class exists only to make explicit the
fundamental relationship that exists between a sur-
face and its surface networks. A surface is ontologi-
cally prior to the surface network because the former
is a pre-requisite for the extraction of the latter. The
surface network’s component elements also com-
pletely inherit their topological and spatial configura-
tion from the source surface. The nature of this de-
pendency is formalized using the embeds property in
axiom 1 to capture the idea that the locations of all
the parts constituting a surface network must be a
subset of the locations occupied by the surface. The
embeds property is transitive under parthood, imply-
ing that every part of the embedded surface network
must also be embedded in the surface. This is speci-
fied axiomatically using a property chain [15], a
built-in functionality in OWL 2 to allow axiomatic
definition of new properties by a chain of object
properties—in this case embeds and hasPart_directly,
where the latter property is defined in the W3C rec-
ommended best practice SimplePartWhole OWL
pattern.* SNODP uses this small pattern to be able to
model straightforward cases of part-whole mereolog-
ical relations, because they are not natively supported
in RDFS or OWL. Property chain reasoning for the
inverse properties embeddedIn and partOf directly
holds automatically in OWL 2. A limitation of using

*The SurfaceNetwork OWL pattern is available @:
http://purl.org/GeoVoCamp/ontology/SurfaceNetwork

* The Simple Part-Whole OWL pattern is available @:
http://www.w3.0rg/2001/sw/BestPractices/OEP/SimplePartWhole/
part.owl

The documentation of this pattern is available @:
http://www.w3.0rg/2001/sw/BestPractices/OEP/SimplePartWhole/
simple-part-whole-relations-v1.5.html
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Fig. 2. Schematic representation of the Surface Network ontology design pattern.

property chaining is that reasoners must be OWL 2
compliant to infer these axiomatically specified
properties.

Axiom 2 specifies that for every surface there ex-
ists a proper surface data object encoding in (non
RDF format) the complete surface dataset. The sur-
faceData object property supported by the Surface
class merely stores a link to an external resource
hosting the surface dataset in its native format. If
access to the external surface dataset does not need to
be provided, the class can remain uninstantiated to
eliminate the overhead of providing access to surface
data.

Surface = Jembeds.SurfaceNetwork 1)
Surface = FSurfaceData. T 2)

Note that the embeddedIn property should have
been restricted with a qualified cardinality of 1 to
specify that the surface network and its parts are all
embedded in only one surface (which is always the
case). However, if the cardinality is restricted, and
the Surface class is also not instantiated, a substitute
‘dummy’ object would be inferred by OWL reason-
ers to satisfy the cardinality constraint. Every in-
stance would then be asserted to be embedded in that
dummy object, despite such assertions not conveying
any meaningful information. It was preferable to not
specify the cardinality constraint, which preempts the
vacuous assertions and also lets the Surface class
remain uninstantiated.

4.2 Contour

Contours are often used to represent surfaces, in-
dependent of surface network elements. Similarly, it
is possible to extract a surface network without ex-
plicitly creating contour representations of a surface.
Axiom 3 only specifies that contours are directly
embedded in exactly one source surface. But, as
shown in Fig. 1, contours are needed to define basins
and hilltops (see axioms 28 and 31).

Contour = (<lembeddedIn.Surface
1>1embeddedIn.Surface) (3)

4.3 Surface Network

The SurfaceNetwork class is the aggregate class
for all surface network classes and is related to the
Surface class through the embeds and embeddedIn
inverse properties. While axiom 1 specifies that eve-
ry surface embeds at least one surface network, axi-
om 4 restricts every surface network to be embedded
in exactly one source surface.

SurfaceNetwork & (<lembeddedIn.Surface
r1>1embeddedIn.Surface)  (4)

The SurfaceNetwork class has six other classes as
its parts that collectively model the essential seman-
tics of a topological surface network. These classes
are all mutually disjoint from each other (DL axioms
are not presented below for brevity sake). As shown
in Fig. 2, and specified in axioms 5a-c, the Sur-
faceNetwork class has CriticalPoint, District, and



SlopeLine as necessary (direct) parts.® Three other
types of (indirect) parts of a surface network (basins,
hilltops, and territories) may also be extracted to bet-
ter explore surface shape, but their instantiation is not
strictly necessary. The partonomic relationship of
these three classes with the surface network is not
axiomatized because they can be inferred from other
axioms.

SurfaceNetwork E3hasPart_directly.CriticalPoint(5a)
SurfaceNetwork =3hasPart_directly.District  (5b)
SurfaceNetwork =3hasPart_directly.SlopeLine (5€)

The primary purpose of the SurfaceNetwork class
is to help partition the collections of parts of a partic-
ular surface network, when multiple surface networks
are generated and managed as part of the same re-
source (e.g., SPARQL graph, RDF document). With-
out this class, it would not be possible to distinguish
which of the unique parts of a surface comprise
which specific surface network. For this pattern, it is
assumed that surface network parts are unique across
all surface networks by default, since it makes rea-
soning simpler and also prevents some unintended
and incorrect partonomic relationships to be inferred
between parts of different surface networks. Axioms
6-8 specify this important design logic that all critical
points, districts, and slope lines (including course and
ridge lines) are part of exactly one surface network
(and, therefore, embedded in only one surface). Alt-
hough not declared explicitly, basins, hilltops and
territories can be inferred to be part of only one sur-
face network.

CriticalPoint = (<1partOf directly.SurfaceNetwork
11>1partOf directly.SurfaceNetwork) (6)

District = (XIpartOf directly.SurfaceNetwork
1>1partOf directly.SurfaceNetwork) (7)

SlopeLine = (<IpartOf directly.SurfaceNetwork
1>1partOf directly.SurfaceNetwork) (8)

However, note that the most common use cases of
SNODP will probably involve only one surface net-
work extracted from a surface. In such cases, instan-
tiation of the SurfaceNetwork class may be avoided
since it will only lead to a lot of ‘vacuous’ assertions

® As explained in the documentation of the SimplePartWhole
pattern, hasPart is a transitive property useful for identifying all
parts of an entity or its constituting parts, while the non-transitive
hasPart directly is a way of identifying only the “next-level”
breakdown of parts of an entity or its constituting parts.

that every instantiated individual is part of a surface
network, with no additional value gained. In the ab-
sence of other surface networks, such assertions are
unnecessary. On the other hand, not instantiating the
SurfaceNetwork class will also have the side-effect of
disrupting the property chain needed to infer that the
parts of the surface network are also embedded in the
surface, which would sever the link between surface
network parts and the source surface. Hence, if ac-
cess to the original surface is necessary, the Sur-

faceNetwork class should always be instantiated.

4.4 Critical Points

Critical points are the most basic elements of a
surface network and, in many cases, they are the only
elements extracted. Merely having knowledge of
critical points or even a subset of them (e.g., only
peaks or pits) is sufficient in many cases. For exam-
ple, topographic maps generally need to show only
peaks and some passes of strategic importance; find-
ing only the pits for a terrain surface approximated
through a digital elevation model is an important step
in hydrological analysis; and in [53], only peaks and
saddles were needed to guide algorithms for extract-
ing the spatial extents of topographic eminences.

The essential semantics pertaining to critical points
is captured by axioms 9-10 below. The CriticalPoint
class models the mathematical category of critical
points of a surface network. The class has three sub-
classes: Peak, Pit, and SaddlePoint (axioms 9a-c).
These three subclasses model, respectively, local
maxima, local minima, and saddle stationary points
(i.e., non-extrema points where the first derivative
(gradient) in all directions on a surface is zero mak-
ing the tangential plane at that point parallel to the
base plane of the surface). Axioms 9d-g also specify
that the CriticalPoint class is a disjoint union of its
three subclasses, since mathematically, a point on a
surface can be an instance of only one type of critical
point.

All CriticalPoint classes must also support a nu-
meric surfaceValue datatype property (datatype dou-
ble) to record surface heights as measured along an
axis oriented orthogonal to the base plane domain of
the surface (axiom 10). Axioms 11-12 specify that
every peak is always a direct part of exactly one hill
and exactly one hilltop (which is part of the same hill
that the peak is part of). Similarly, axioms 13-14
specify that every pit is always a direct part of exact-
ly one dale and exactly one basin (which is part of
the same dale that the pit is part of).



Peak = CriticalPoint (9a)
Pit = CriticalPoint (9b)
SaddlePoint = CriticalPoint (9¢)
CriticalPoint = Peak L/ Pit LJ SaddlePoint (9d)
Peak 1 Pit = 4 (%)
Peak 1 SaddlePoint = L (9f)
Pit r7SaddlePoint = L (99)

CriticalPoint & (<ISurfaceValue.double
r1>1SurfaceValue.double)  (10)

Peak= (XIpartOf directly.Hill

1>1partOf directly.Hill) (11)
Peak = (<IpartOf directly.Hilltop
11>1partOf directly.Hilltop) (12)
Pit= (<IpartOf directly.Dale
1>1partOf directly.Dale) (13)
Pit = (<IpartOf directly.Basin
r1>1partOf directly.Basin) (14)

The SaddlePoint class is a disjoint union of two
subclasses, Pass and Pale (axioms 15a-d). Authors
have used the term pass in two senses: i) to refer to
any saddle point, and ii) the subset of saddle points
that are the lowest point between two peaks. This
ambiguity is addressed in this pattern, by using Sad-
dlePoint to refer all saddle points. A saddle point is
classified as a Pass if it is the lowest point on a ridge
line connecting two peaks, or as a Pale otherwise,
which implies it must be the highest point on a
course line connecting two pits. Axioms 16a-b speci-
fy additionally that saddle points are the lower end of
exactly two ridge lines, and upper end of exactly two
course lines meeting at the saddle point. The meeting
of more than two ridge lines and two course lines is
generally not a common occurrence and such special
saddle points may be (imperfectly) accommodated in
a traditional surface network as a combination of
multiple ‘normal’ saddle points.

Pass = SaddlePoint (15a)
Pale = SaddlePoint (15b)
SaddlePoint = Pass L Pale (15c)
Pale 17 Pass = L (15d)

SaddlePoint = (<2lowerEndOf.RidgeLine
r1>2lowerEndOf.RidgeLine) (16a)

SaddlePoint = (L2upperEndOf.CourseLine
11>2upperEndOf.CourseLine) (16b)

4.5 Slope Lines

The critical points of a surface network are con-
nected via slope lines, which run up and down slopes
perpendicular to contour lines. Topological connec-
tions between critical points and slope lines are mod-
eled through two properties: upperEnd and lowerEnd,
where up and down directions correspond to the di-
rection of convexities (maxima) and concavities
(minima), respectively, and determined by the basal
plane of the surface. The range of the two properties
must be some CriticalPoint. Axioms 17a-b specify
that a slope line has either one peak or one saddle
point at its upper end, and either one pit or one saddle
point at its lower end, to account for the special cases
of ridge and course lines which do not run from peak
to pit. Axioms 18a-c establish that CourseLine and
RidgeLine are two disjoint subclasses of SlopeLine.
Axioms 19a-b extend the more generalized axioms
17a-b to clarify that course lines are slope lines that
can only have a saddle point at the upper end and
only a pit at the lower end. Similarly, axioms 20a-b
clarify that ridge lines must have a peak at the upper
end and a saddle point at the lower end. Thus, course
lines never extend above saddle points toward peaks,
and ridge lines never extend saddle points toward pits.
Ridge and course lines are critical shape defining
slope lines, whereas other slope lines do not signify
anything unique about surface shape, and are normal-
ly not even extracted—hence, for simplicity there is
no special subclass defined for such slope lines.

SlopeLine = ((<lupperEnd.Peak 7 >lupperEnd.Peak)

L (SlupperEnd.SaddlePoint 1>1upperEnd.SaddlePoint))
(17a)

SlopeLine = ((<llowerEnd.Pit r1>1lowerEnd.Pit)

L/ (Z1lowerEnd.SaddlePoint r1>1lowerEnd.SaddlePoint))

(17b)
Courseline = SlopeLine (18a)
RidgeLine = SlopeLine (18b)
Courseline 7 RidgeLine = L (18c)

CourseLine & (<lupperEnd.SaddlePoint
1>lupperEnd.SaddlePoint)  (19a)

CourseLine = (<llowerEnd.Pit
r1>1lowerEnd. Pit) (19b)



RidgeLine = (<lupperEnd.Peak
r1>1upperEnd.Peak) (20a)

RidgeLine & (<llowerEnd.SaddlePoint
r1>1lowerEnd.SaddlePoint) (20b)

4.6 District

The District class is a superclass created specifi-
cally for SNODP to cover the concepts of both hills
and dales, which are areal partitions of the surface by
the network of course or ridge lines, respectively.
More specifically, Axioms 21a-b specify that a dis-
trict is bound by either only course lines or only ridge
lines, and no other type of surface network entity,
and there must be at least one bounding course or
ridge line for a district to exist. The next set of axi-
oms 22a-d define the District class as a disjoint union
of Hill and Dale subclasses, clarifying that the scope
of the District class is strictly limited to only dales
and hills, and no other type of areal parts of surface
networks features (e.g., basin, hilltop, territory). Axi-
oms 23a-b state that dales are districts bound by only
and at least one (typically more) ridge line, while
axioms 24a-b specify that hills are bound by only and
at least one (typically more) course line. Note that the
complete sets of hill instances or dale instances ex-
haustively partition a surface, independent of each
other; so every hill instance must spatially overlap
with a dale instance and vice versa.

District £ (VboundBy.CourseLine

L/ YboundBy.RidgeLine) (21a)
District £ (FboundBy.CourseLine

L/ FboundBy.RidgeLine) (21b)
Dale = District (22a)
Hill = District (22b)
District = Dale L/ Hill (22¢)
Dale rnHill = L (22d)
Dale =VboundBy.RidgeLine (23a)
Dale = FboundBy.RidgeLine (23b)
Hill £V boundBy.CourseLine (24a)
Hill = FboundBy.CourseLine (24b)

An intuitive interpretation of hills and dales is
necessary to appreciate their importance in describ-
ing the shape of a surface. For a terrain surface, a

dale would correspond to a drainage basin that is of
critical importance in terrain and hydrologic analysis
and. Hills can be imagined as the (often) convex re-
gions surrounding a peak and bound by valleys or
lines with negative curvature (corresponding to
course lines). Another way to conceptualize a hill or
dale is the union of all slope lines converging at the
same peak or pit, respectively, with ridge lines acting
as boundaries of dales and course lines as boundaries
of hills. This leads to axioms 25-28. Every dale has
exactly one pit and one basin, and every hill has ex-
actly one peak and one hilltop as a direct part.

Dale = (Xl hasPart_directly.Pit

r1>1hasPart_directly.Pit) (25)
Dale = (<lhasPart_directly.Basin
r1>1hasPart _directly.Basin) (26)
Hill = (<lhasPart_directly.Peak
r1>1hasPart_directly.Peak) (27)
Hill = (<lhasPart_directly.Hilltop
r1>1hasPart_directly.Hilltop) (28)

4.7 Non-Critical Elements: Basin, Hilltop, and Ter-
ritory

Basin, Hilltop and Territory classes are not abso-
lutely essential to the definition of a surface network,
but are special types of regions on a surface that can
be defined only in reference to a combination of crit-
ical points, slope lines, and districts. These secondary
types of regions are not explicitly defined in the sur-
face network literature, but loose references to simi-
lar features are found occasionally. These features are
defined formally for SNODP because they capture
important surface shape parts that are expected to be
relevant in several types of use cases, as discussed
below.

4.1.1. Basin

Intuitively, a basin is the low lying area around a
pit. More formally, it should be conceptualized as the
area around a pit fully enclosed by the highest con-
tour that meets the lowest pale connected directly to a
pit via a course line. The pale is the highest point
between the pit and another pit, and the bounding
contour separates the low-lying basin from the com-
pletely higher land enclosing it. Basins are useful for
analyzing regions of localized low values in a surface.
The closest analogue of a basin in the real world is a
physical depression in the surface of the earth (or any



other planet), with its upper limit being defined by
the level of the lowest outlet (pour point) through
which water would flow out of the depression (imag-

ine lake or pond flowing over on to surrounding land).

More generally, for any surface, basins serve as ob-
jectively defined areal extensions of critical points.
Extending the concept of the minima critical point to
a minima critical region (the basin) incorporates im-
portant structural information about a surface’s shape
around the pit that would otherwise be unavailable if
one were to look at only the points of minima. For
example, while analyzing density surfaces of person-
al income or industrial production, the basin would
highlight low-performing regions of concern, while
basin shape and orientation could provide a unique
perspective of each low performing region. A basin
thus provides additional “context” to the pit.

Axioms 28-30 formalize only a minimal set of ba-
sin semantics that are appropriate for the purely topo-
logical SNODP. Complete specification of the spatial
semantics of the basin’s relationship to the contour,
pale and the surrounding enclosing area would re-
quire far too many sophisticated spatial concepts, and
must be attempted in an ontology of metric surface
networks. Axiom 28 only specifies that the basin is
bound by exactly one contour. Axiom 29 specifies
that a basin must have exactly one pit as a direct part,
while axiom 30 species that every basin is part of
only one dale. The basin can, therefore, be also con-
ceptualized as the lowest part of a dale between the
pit and the lowest pale within the dale.

Basin £ (>1boundBy.Contour

1>1boundBy.Contour) (28)
Basin = (<lhasPart_directly.Pit

r1>1hasPart_directly.Pit) (29)
Basin £ (<IpartOf directly.Dale

1>1partOf directly.Dale) (30)

4.1.2. Hilltop

The concept of a hilltop is quite similar to that of a
basin, if the perspective of observing the surface is
shifted from ‘looking down’ at the pit to ‘looking up’
to a peak. A hilltop is the area around a peak and
bound by the highest enclosing contour that meets the
highest pass connected to the peak through a ridge
line. Similar to the basin, there are analytical benefits
of extending a peak with an objectively delineated
critical maxima region. For the physical terrain of
the earth, a hilltop would correspond to the area be-
tween a mountain peak and the highest mountain pass

connected to the peak. For economic surfaces as for
income or industrial production, hilltops represent
areas of good performance standing out appreciably
from their surrounding locations. Hilltop shape and
orientation analysis has the potential to explain the
reasons better than mere peak analysis. Axioms 31-
33 formalize the basic topological shape semantics of
the hilltop, mirroring and having similar interpreta-
tions as the axioms for the Basin class.

Hilltop £ (=1boundBy.Contour

1>1boundBy.Contour) (31)
Hilltop = (<lhasPart_directly.Peak
r1>1hasPart_directly.Peak) (32)
Hilltop £ (<lpartOf directly.Hill
11>1partOf directly.Hill) (33)

4.1.3. Territory

Since hills and dales both exhaustively partition
the surface into regions, their instances always must
overlap with each other spatially on the surface. The
semantics of these overlapping areas are formalized
through the Territory class in SNODP. As outlined
by axioms 33a-c, a territory needs to be bound exact-
ly by two course and ridge lines simultaneously, and
axioms 34a-b further specify that a territory can be a
shared area only between one hill and dale exactly,
and no more.

Territory = (FboundBy. CourseLine

7 FboundBy.RidgeLine) (33a)
Territory = (<2boundBy.CourseLine
11>2boundBy.CourseLine) (33b)
Territory = (<2boundBy.RidgeLine
1>2boundBy.RidgeLine) (33c)
Territory= (<IpartOf directly. Hill
1>1partOf directly.Hill) (34a)

Territory = (<IpartOf directly.Dale
r1>1partOf directly.Dale) (34b)

5. Extending SNODP for the geospatial domain

SNODP does not include spatial semantics, which
would have limited the applicability of the pattern,
since different contexts need different formalizations
of spatial semantics. SNODP should be interpreted as
a template ontology pattern that defines only the fun-



damental topology semantics of a surface network,
with no commitment to the additional specification of
spatial semantics for metric surface networks. An
extension of SNODP for the geospatial domain, in
general, is discussed in this section, since most use
cases arise from geospatial analysis and visualization
needs. The same extension pattern is also well suited
for semantic annotation of terrain surface networks.

5.1 Extending SNODP with GeoSPARQL

SNODP already covers almost all the required se-
mantics of surface networks, so the extension for the
geospatial domain only needs to provide a way to
describe the location and a limited set of metric prop-
erties and relationships (e.g., distance, length, area)
of surface network elements. For compatibility with
the Semantic Web, locations semantics should be
defined using an ontology that allows serialization of
all parts’ locations as RDF triples. The Open Geospa-
tial Consortium (OGC) sponsored a standard called
GeoSPARQL, which extends SPARQL, a W3C rec-
ommended RDF query language, with geospatial
information representation and retrieval capabilities
on the Semantic Web [32]. GeoSPARQL is based on
existing OGC standards and also addresses several
limitations with previously proposed geospatial vo-
cabularies (see [1] for an extensive review). Geo-
SPARQL supports a simple ontology for representing
geospatial data semantics, which can be attached to
any other ontology that needs to describe basic geo-
metric properties of spatial entities. GeoSPARQL
ontology is not a formal ontology of the geospatial
domain, but is still robust enough to support repre-
sentation and querying of most common Euclidean
geometric representations of geospatial data and also
simple enough for Linked Data. There are several
properties of spatial entities that GeoSPARQL does
not support yet (including semantics of basic spatial
properties such as length, area or volume). Nonethe-
less, for the modest technical goal of extending
SNODP with geospatial capabilities, it is currently
the best publicly available solution.

5.1.1 GeoSPARQL Classes and Properties

A brief review of the GeoSPARQL ontology is
provided in this section before discussing alignment
with SNODP in the next section. The GeoSPARQL
ontology can be downloaded and examined in an

ontology editor such as Protégé.® The primary class
in GeoSPARQL is geo:SpatialObject which repre-
sents all spatial entities, and subsumes two sub-
classes: geo:Feature and geo.Geometry. These are
declared to be disjoint so that geospatial entities can
be conceptualized independent of their geometric
representations. A geo.Feature is an abstraction of
any entity which can have a real world location. No
further specialization of this class is entailed since
that is left to domain ontologies. The hasGeometry
object property, which has geo:Feature as its domain
and geo:Geometry as its range, links all geo:Features
to their geometric representations. The geo:Geometry
class subsumes all the geometry classes typically
needed for representing the spatial extension of geo-
spatial entities. A geo:Feature can have multiple
geo.:Geometrys to support different reasoning con-
texts, and one of them (usually the most detailed)
may also be declared as the geo.defaultGeometry for
typical use cases.

For RDF compatibility, the spatial location of
geo.:Geometry must be converted from traditional
spatial database storage formats and serialized as a
geometric literal, which can be based either on the
Well-Known Text (WKT) ' or the Geographic
Markup Language (GML)® vector geometry repre-
sentation standards. Unlike many other geospatial
standards, GeoSPARQL supports multiple coordinate
reference systems (CRSs) as defined by the European
Petroleum Survey Group (EPSG) system.® The
geo.:Geometry class further depends on the hasSerial-
ization data property, which has two subproperties:
geo:asWKT and geo:asGML, to link to the appropri-
ate WKT or GML geometric literal representation,
respectively. Values for these properties use the
geo:wktLiteral and geo:gmlLiteral data types respec-
tively.

5.1.2 Geospatial Surface Network ODP

Fig. 3 schematizes the Geospatial Surface Network
ODRP as derived by alignment of SNODP with Geo-
SPARQL ontology. The OWL formalization of Ge-
0SNODP is available online.’® The rationale for de-
ciding how to align SNODP with GeoSPARQL is
discussed below.

¢ http:/Awww.opengis.net/ont/geospargl

"WKT was originally specified in Simple Feature Access (Part
1: Common Architecture), an OGC® and 1SO standard (19125).

8 http://www.opengeospatial.org/standards/gml

° http://Www.epsg-registry.org

0 The GeospatialSurfaceNetwork OWL pattern is available @:
http://purl.org/GeoVoCamp/ontology/GeospatialSurfaceNetwork




Any geospatial entity declared in other ontologies
can be subsumed by geo.Feature to inherit geospatial
properties and its location can be declared using the
geo.:Geometry subclasses. Because surface network
entities are mathematical (points, lines, areas) and not
real world entities, it might seem appropriate to de-
clare them as subclasses of geo:Geometry in Geo-
SPARQL. However, that would limit the representa-
tion of a surface network element to only a particular
geometric representation, precluding its representa-
tion at different levels of detail with multiple geome-
tries, all linked via its hasGeometry property to the
same geo:Feature (and to each other). More im-
portantly, such a choice would also be conceptually
flawed since surface network elements are not mere
geometric shapes; they also have specific spatial and
topological properties, and there are many other rules
that apply to them. Thus, surface network elements
should not be subclasses of geo:Geometry, and must
be subsumed by geo:Feature. Accordingly, as shown
in Fig. 3, the GeoSNODP classes: CriticalPoint,
SlopeLine, District, and Contour are declared sub-
classes of geo:Feature. Their subclasses and parts
automatically inherit geo.Feature properties as well.
All properties from SNODP are retained. The
geo:Geometry classes can be used for instantiating
the location and shape of all surface network ele-
ments in GeoSNODP—an option that is not available
in SNODP. Note that the SurfaceNetwork class
should not be aligned with geo:Feature since only
instances of its contained classes can have spatial
representation, not the network as a whole.

GeoSNODRP supports orthometricHeight as a spe-
cialized sub-property of surfaceValue, primarily to
make users aware of a certain constraint on how ter-
rain surface heights should be measured. For extract-
ing surface network geometry, it is crucial that all
surface heights be measured exactly in the direction
perpendicular to the base plane of the surface—i.e.,
the surface should not be ‘tilted’ from its original
spatial orientation. Enforcing all heights to be ortho-
metric is an indirect method of specifying the correct

vertical orientation of the surface in geographic space.

An orientation change of the surface will cause a
different set of surface network elements to be ex-
tracted. For example, if the terrain surface is not con-
strained to be oriented in the gravitational “up” direc-
tion (by using orthometric elevations), the mathemat-
ically extracted shape elements will not be guaran-
teed to match in type or overlap properly with ob-
served terrain shapes. For example, GPS elevations
are measured with respect to the WGS84 ellipsoid,
and the surface realized from those elevations will

not yield orthometric heights. For terrain surfaces,
elevation must be measured only with respect to a
level surface (e.g., Geoid or mean sea level) perpen-
dicular to the gravity vector [29].

6. Applying GeoSNODP to terrain surfaces
6.1. GeoSNODP as a ‘core’ terrain ontology

GeoSNODP can be used for any type of geospatial
surface network, but the primary use of this pattern
will be for terrain surfaces. When surface network
elements are extracted from a terrain surface and
analyzed in geographic space, they have clear corre-
spondence to observable terrain features. The nature
of these correspondences is outlined below.

Peaks are universally known topographic features,
while many morphologically salient passes are rec-
ognized, at least, by some groups, as part of paths
from one mountain to another. Hilltops may not have
an exact correspondence always, but they often in-
clude the prominent summit area around peaks. Bod-
ies of standing water often occupy the low lying de-
pressions that would be basins in surface networks.
The lowest point within each depression would cor-
respond to a pit in the surface network. If there is a
water body in the depression, and if it is full to have
an outlet, the point of overflow is a “natural” gate-
way from one basin to another—and idealized as a
pale in the surface network. The upper limit or rim of
the depression is the contour line passing through
that pale. Course lines run through the watercourses
which are locations over which water collects and
flows under influence of gravity, often as streams and
rivers. Drainage basins are perceived more for their
function than morphology—they are units of land
that drain water ‘together’ into watercourses that also
lie within the extent of these basins. Drainage basins
are equivalent to surface network dales, and are sepa-
rated by drainage divides, which would correspond to
ridge lines. People also recognize mountain sides and
valley walls as shared areas—these are territories in a
surface network. Hills represent land parcels parti-
tioned by watercourses. Hills do not correspond to
functional spatial units for explaining a spatial pro-
cess, and often not even recognizable as a whole due
to a lack of well-defined morphology. In terrain with
high relief, they may correspond approximately to
areas occupied by mountains and hills.

GeoSNODP s, thus, well-positioned to serve as
the “core’ terrain ontology since it covers most of the



GeoSPARQL
SpatialObject
= CriticalPoint
@ " subClassOf subClassOf
. SlopeLine | & |, e B Geo
g District  )—— & — ——"
8 Q
£

Fig. 3. Schematic representation of the top level classes of Geospatial SNODP.

basic concepts needed for terrain ontology. This real-
ization led to the organization of another SOCoP
organized GeoVoCamp workshop ™ in November
2013 for designing a pattern for surface water feature
types using the surface network pattern. The pattern
ultimately ended up being independently designed,
because surface network feature definitions were
found too restrictive to account for all types of sur-
face water features. Complete details of the Surface
Water pattern and why SNODP classes were found
inadequate are available in another publication [45].
The general understanding currently is that SNODP
and GeoSNODP wiill serve as the default ontology of
terrain that can be used in the absence of or to com-
plement the more targeted topographic ontologies
(e.g., the Surface Water pattern). For example, the
Surface Water pattern classes cannot account for
overland flow not contained in channels, but such
flow semantics might be captured with extensions to
slope lines in SNODP. However, there are obvious
overlaps and complementarity between concepts de-
fined in the two patterns, and, another GeoVVoCamp
is being planned to align and/or integrate the Ge-
0SNODP and Surface Water pattern that would pro-
vide a clear logical framework for using concepts
from both patterns to complement each other, in a
way that would not cause logical inconsitencies.
GeoSNODP will need to be complemented with
other terrain ontologies because some terrain features
and relationships will always remain unaccounted for
in the traditional surface network theory. For exam-
ple, localized spurs and ridge networks often do not
extend between a peak and a pass, or stream channels
or gullies may not extend up to a pass on a ridgeline,
and will fail to be represented in a surface network.
Conversely, many ridges and course lines in a surface
network may have no noticeable terrain expression if
the terrain is near-planar. Watercourses are mostly
monotonically connected terrain features because
their morphology is reinforced over time with sus-

1 http://vocamp.org/wiki/GeoVoCampDC2013

tained hydrological flow action. In comparison,
ridges are more difficult to detect as topologically
continuous ridge lines because no such process rein-
forces their morphology along their length.

6.2. Case Study

In this section, an LTD motivated case study is
presented to show how parts of a surface network,
extracted for a terrain surface, can be annotated using
GeoSNODP classes. Fig. 4 maps the Presidential
Range mountain range in the White Mountains na-
tional forest, in New Hampshire, USA. The famous
peaks of the range are labeled for reference. The 10
meter resolution raster digital elevation model
(DEM) (elevation measured in meters with least
count of 1/10™ meter) for this study area was down-
loaded from the USGS National Map information
system. Custom software developed using the Ter-
ralib®? spatiotemporal library was then used to pro-
cess the elevation dataset and extract surface network
parts.

6.2.1. Extracting terrain surface network features
The original terrain surface had too much short-
ranged “noise”, which caused an excessively high
number and unrealistic critical points and lines to be
extracted. This is a common problem in analyzing
even moderately high resolution DEMs for surface
networks. The DEM was, therefore, smoothed five
times using the simple mean smoothing operator,
since the theory is also intended for smooth surfaces.
Smoothing decreased the total number of critical
points almost four fold but no visually detectable
changes to the surface relief were observable. Next,
peaks, pits, saddle points, ridge lines and course lines
were extracted using simple local morphometric rules
applied to every cell in the DEM. Peaks are cells
which have the highest cell values, whereas pits are
cells with the lowest cell value in a surrounding

12 http://www.terralib.org
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Fig. 4. A map of surface Network features overlaid on a terrain surface with coverage of the Presidential Range in NH, USA.

neighborhood, while saddles are cells with at least
two uplsope and two downslope neighbors. Ridge
and course lines were traced by sequentially connect-
ing the steepest upslope and downslope neighboring
cell, respectively, until a peak or a pit or the study
area edge was encountered (there were no flat cells
with all equal elevation neighbors).

sThe study area is not known to have any notable
lake or pond, and, in any case, digital elevation mod-
els force water filled basins (e.g. lakes) to have a
single elevation, making them effectively flat regions
in the DEM. There are no such regions known to
exist in this area. There were several single cell pits,
but such pits are well known to be spurious artifacts
of data processing, and were, therefore, “filled’. The
filling method used was simple in that involved rais-
ing the pit cell elevation to marginally higher that of
the highest downslope neighbor, so that the cell ad-
mits a downslope path. This and many other sophisti-
cated methods for filing pits and depressions and

extended flat areas are used in hydrologic terrain
analysis. The entire study area was subsequently as-
sumed to have a universal pit surrounding it where all
course lines terminate. Basins and pales cannot be
identified because no pits exist in the study area.

Due to a lack of pits and flat areas, course lines
were topologically terminated only at the edge,
which allowed easy demarcation of hills as topologi-
cally closed polygons. These hill polygons are not
shown explicitly in Fig. 4 but can be inferred as re-
gions enclosed between the (blue) course lines. On
the contrary, ridge lines ridge lines were not as dense
and did not reach the study area edge. Consequently,
dales could not be demarcated due to a lack of closed
polygons. While this limitation is not a serious con-
cern for this illustrative case study, the authors are
exploring more sophisticated surface network extrac-
tion algorithms to improve both ridge and course line
topology so that hills and dales can be demarcated

properly.



For such reasons, Fig. 4 maps only a subset of
possible surface network features for this study area:
peaks, passes, ridge and course line starting from
every pass, and a hill and hilltop for every peak.
There are 73 peaks, hills and hilltops, 72 passes (pass
count must always be one less than peak count), 144
ridge and 144 course lines (two per pass) that approx-
imate the terrain of this study area. As is evident
from the map, all major mountain peaks, mountain
passes, stream channels, and ridge tops of the study
area are mirrored by corresponding features in the
surface network. The ridge lines successfully connect
all of the Presidential Range’s well known mountain
peaks. As expected, minor channels and ridges/spurs
do not have representation in the surface network,
because of the restrictive way ridge and course lines
are defined in the original theory. However, it can
still be said with confidence that this particular sur-
face network abstracts terrain shape quite satisfacto-
rily, keeping in mind certain theoretical limitations.

6.2.2. Using GeoSNODP as domain ontology

In spatial analysis and mapping contexts, a clear
benefit of GeoSNODP is that the pattern serves as a
general domain reference for people to understand
the semantics of the extracted surface network fea-
tures in relation to each other and the underlying sur-
face, since such knowledge is not captured systemat-
ically by database schemas or, least of all, map leg-
ends. The availability of the patterns, with explicit
support for basic spatial semantics, is clearly a useful
contribution to the field of topographic mapping and
geomorphometry. When surface networks are used to
extract higher order landforms, the two surface net-
work patterns will serve to guide the design of meth-
ods of landform detection and delineation.

A major benefit of the GeoSNODP pattern is ad-
vancing the nascent vision of Linked Topographic
Data. It is already clear from the review of surface
network theory, and the case study results mapped in
Fig. 4, that geospatial surface networks can be useful
abstractions of terrain surfaces. All that needs to be
shown through this case study is how surface net-
work features can act as ‘representatives’ of the sur-
face on the Semantic Web. This required the conver-
sion of the entire surface network dataset from the
native binary shapefile format into the text based
RDF triples. A relatively small (< 250 lines of new
code) Java program was written, reusing two external
libraries: Jena®® for creating the RDF model, and Ge-

18 http://jena.apache.org

oTools™ for processing binary shapefiles. Instances
of each surface network feature type were grouped in
a separate shapefile, and assigned a unique ID and
attribute information for semantic annotation. For
every shapefile, every instance was processed se-
quentially by the program to create a unique URI for
the Semantic Web and to convert the associated spa-
tial and attribute information for that instance into a
set of RDF statements based on GeoSNODP seman-
tics. The resulting RDF resource containing all sur-
face network semantics and spatial coordinates of
features (in WGS84 datum latitude/longitude format)
is available online as a Linked Data resource.'® The
original surface dataset is also available online'® as
an ESRI ASCII text file (well-known GIS raster in-
terchange data format). Note that the Surface class
had to be instantiated for this surface network ontol-
ogy, so that its surfaceDataset property can be as-
signed a string literal whose value is the URL of the
ASCII file containing the source surface dataset.

The RDF triples generated can be queried using
GeoSPARQL, since it not only provides the seman-
tics for spatial representation, but also semantic que-
rying of geospatial data on the Semantic Web. A Par-
liament™* triple store was populated with the RDF
triples for testing a few sample GeSPARQL queries.
Listed below are five queries (in compact natural
language form). For illustration purposes, the Geo-
SPARQL query implementation of the first query
listed below is shown in Fig. 5. The complete Geo-
SPARQL syntax of all these five queries and the re-
sults is available online as a text file."®

Q1. Find the peak associated with Hilltop 46 and the
peak’s geometry.

Q2. Find all critical points and their type within the
specified bounding box.

Q3. Find all of the ridge lines which intersect the
specified bounding box.

Q4. Find all of the slope lines that touch CourseLine
1D900258 and their types.

Q5. Find peaks with passes at least 5 km away or at
least 500 m lower than the peak.

14 http://www.geotools.org

5 Surface network dataset in RDF format is available @:
http://purl.org/GeoVoCamp/ontology/GeospatialSurfaceNetwork-
PresRange2014Example.ttl

16 Surface dataset in ESRI ASCII format is available @:
http://purl.org/GeoVoCamp/ontology/Surface-
PresRange2014Example.txt

7 http://parliament.semwebcentral.org

18 http://purl.org/geovocamp/ontology/Geospatial SurfaceNetwo
rk-PresRange2014Example-GeoSPARQL Queries.txt




These queries need not be understood only in the
context of just surface networks. Queries such as
these also help reveal important summary infor-
mation about the landforms of an area, without need-
ing to first develop a specialized ontology of land-
forms. It is obvious from Fig. 4 that the prominent
mountain summits of the Presidential Range are well
represented by surface network peaks, and ridge tops
joining them by ridgelines. Important mountain pass-
es between peaks are abstracted by surface network
passes. The major stream channels correspond well
to course lines. Hence, even without the overhead of
designing other patterns (e.g., the Surface Water pat-
tern), it still is possible to query for the primary
stream channels by querying about their surrogate
course lines instead. Similarly, hill, hilltop geometry,
and peak-pass separation provide important infor-
mation about the topographic eminences in the areas
as discussed in [46]. As shown in [42], watershed and
mountain hierarchies can also be derived from terrain
surface networks. If surface network databases are
combined with gazetteers containing geocoded topo-
nyms, queries about named streams, rivers, basins,
lakes, hills, mountains, ranges, passes can also be-
come possible. However, as noted earlier, surface
networks abstract only the most important shape
parts and their focus on topology and shape alone is
not sufficient to capture all important semantics
about landforms. There will always be a benefit to
designing more specialized terrain ontology patterns
to complement GeoSNODP.

Query: “Find the peak for Hilltop 46 and its geometry.”

SELECT DISTINCT
?peak ?wkt
WHERE {
data:IDHilltop.46 spw:hasPart ?peak .
?peak a sn:Peak;
geo:hasGeometry ?geo .
?geo geo:asWKT ?wkt .

}

Result:
Peak:http://purl.org/GeoVoCamp/ontology/GeospatialSurfac
eNetwork-PresRange2014Example.tti#1D 100045
wkt:"POINT(-71.2432897423211 44.27319857118631)"
M<http://www.opengis.net/ont/geosparql#wktLiteral>

Fig. 5. A sample GeoSPARQL query and returned result. Prefixes
(geo, spw, sn, and data) were defined for the full query, but not
shown here for lack of space.

7. Integration with other ontologies

It is critical to remember that unlike physical road,
river or blood vessel networks, the surface network is
an abstract, mathematical representation just like its
source surface. Surfaces may represent tangible phys-
ical surfaces (e.g., earth’ crustal surface, earth’s grav-
itational (Geoidal) surface, exterior of an animal
body) or abstract surfaces in mathematical space (e.g.,
surfaces of: population density, crime potential, sim-
ulated terrain, and grayscale images). Even in the
case of a physical surface (e.g., the earth’s surface),
surface network features should not be assumed to be
observable features of the real world surface (e.g.,
peaks, passes, ridge tops, valleys). Instead, the cor-
rect interpretation is to always interpret surface net-
work elements as mathematical entities, extracted
from mathematically defined surfaces, which are
simplified 2-D models of the real world physical sur-
face. This will make it easier to understand the se-
mantic gap between real shape features of the physi-
cal surface and those captured by surface networks.

Such an interpretation of a surface network cannot
be specified in an ontology pattern easily. This is an
example of why it is often beneficial to align ontolo-
gy patterns with the philosophically motivated foun-
dational ontologies such as DOLCE [28], BFO [11,
471 or SUMO [31] and restrict, as much as possible,
the possible interpretations of the classes and rela-
tions defined in the pattern. For example, based on
the discussion above, in SUMO, a surface network
element would be declared explicitly as an Abstract
object. In BFO, critical points, lines and areas could
be declared as zero, one, or two dimensional spatial
region entities, respectively, but only if “spatial re-
gion” covers not just the physical space but also ab-
stract mathematical spaces. In DOLCE, surface net-
work elements should probably be defined as A4b-
stract entities, although one might argue that if a par-
ticular surface network’s elements correspond to
physical entities, as for terrain surfaces, the surface
network may be better interpreted as a type of Mental
Objects, which are Non-Physical Endurant, but not
Abstract entities. After much consideration, it was
concluded that none of the upper level can adequate-
ly capture the essential meta-level semantics that are
needed to explain how SNODP and GeoSNODP
should be interpreted in general. Also, a common
limitation of these foundational ontologies is that
their formalization of space and time is quite generic
and not ideal for expanding the scope of GeoSNODP.
Thus, the benefits of aligning the patterns to any



foundational ontology would be minimal and may
even restrict the intended interpretation.

A better solution, again, instead of awaiting an ap-
propriate grand unifying ontology, would be to de-
sign smaller reaching ontology patterns. Recently
Descartes-Core was proposed at one of the Ge-
oVocamps as a community-wide collection of geo-
ontology patterns and vocabularies, best-practice
guides, examples and case studies, software and ser-
vices. * Hopefully, this effort will yield ontology
patterns that can benefit patterns such as those pre-
sented here. There are three foundational spatial pat-
terns that should greatly benefit surface network pat-
terns. The most beneficial would be the availability
of an ontology pattern for 2D fields or surfaces. That
would eliminate the need for the ad-hoc Surface class
in NODP and empower users with semantic reason-
ing with both surfaces and surface networks. SNODP
would also benefit greatly if OWL patterns formaliz-
ing topological networks and mereo-topological se-
mantics can be incorporated, since the semantics of
topological and mereo-topological connections are
not explicitly specified in SNODP. Finally, Ge-
0SNODP will benefit from its alignment with a gen-
eral purpose pattern formalizing the semantics of
networks embedded in metric space.

8. Conclusion

The two goals for designing SNODP and Ge-
0SNODP were to clearly understand and formalize
surface network theory concepts, and create patterns
to serve Linked Topographic Data. If used and
adopted by the LTD community, these patterns will
unlock a wealth of information in terrain surface da-
tasets, currently outside the realm of Semantic Web
technologies. The patterns are also generic enough to
support sharing information about surfaces from any
other domain. The patterns were created over several
months of collaboration between the authors. The
pattern design process was largely driven by existing
theory, with pragmatic concerns about comprehensi-
bility, simplicity, and reusability also providing use-
ful guidance on how to best implement the patterns in
OWL.

The patterns should be relatively comprehensible
to most users since the classes directly correspond to
topographic features that most people are intuitively
familiar with. This paper explains the patterns’ de-
sign clearly, and should help in pattern comprehen-

9 http://vocamp.org/wiki/GeoVoCampSB2013

sion. Since this is the first attempt to formalize sur-
face network theory, and comprehensibility and reus-
ability are paramount, the patterns were designed to
be as simple as possible by using the minimum pos-
sible number of classes and properties. Specificity of
axioms was substantially improved by sidestepping
issues exclusively due to rarely occurring cases. Pat-
tern reuse should also be served well by having ac-
cess to a purely topological pattern, and the flexibil-
ity to extend it with a spatial ontology of choice for
domain applications. GeoSNODP was created as an
example for surfaces from the geospatial domain, but
even its alignment with GeoSPARQL is optional—if
a better or simpler spatial ontology emerges, SNODP
can be alternatively aligned with that ontology.

Surface network patterns are also supposed to
serve as data reduction patterns, since they are rela-
tively sparse representations of surface structure. In
the case study presented in Section 6, a terrain sur-
face of 1.47 million cells, covering 147 square km,
and occupying 13MB storage space (ASCII uncom-
pressed format) was abstracted by less than 500 sur-
face network objects occupying only 3.5 MB (RDF
triple format) of storage space. The number of sur-
face network objects increases at a much lower rate
with the increase in the number of surface cells. This
has great significance for a wide range of applica-
tions needing to process high resolution surfaces with
billions of points (e.g., LIDAR elevation datasets).
Note that SNODP is not compliant with any of the
three primary OWL 2 profiles (EL, QL, or RL)%, so
SNODP RDF triple databases are not guaranteed to
be tractable for reasoners. However, the need for
maintaining pattern expressivity outweighed con-
cerns about any risk of computational intractability
since these are small ontologies and surface network
datasets are relatively compact.

Regardless of design and efficiency related issues,
the adoption of these patterns will really depend on
user communities becoming aware of them. The au-
thors are currently focused on how to make these
patterns known to researchers and professionals who
can benefit from LTD in general, since that provides
the best platform for promoting these patterns. Aside
from increased visibility from this and related publi-
cations in strategic venues, completed and planned
follow up GeoVoCamps, conference presentations,
and involvement of researchers from the United
States Geological Survey are some continuing efforts
to increase the community of users. The authors
themselves will be using these patterns for a diverse

2 http://www.w3.org/TR/owl2-profiles




set of research topics related to landform cognition
and topographic information retrieval. A major bene-
fit should come as the authors promote awareness
about Linked Topographic Data as an important topic
in CyberGIS and Big (Geospatial) Data. The adop-
tion will also be helped by the planned release of a
robust version of the software developed for this
study for extracting surface networks and converting
them to an RDF ontology for the Semantic Web.

While surface network patterns might be adequate
for describing some types of terrain objects, as shown
by the case study discussions, several other topo-
graphic and landscape LTD ontologies will still be
needed for representing both geoscientific and cul-
turally based concepts relating to topographic emi-
nences, hydrological features, maritime features,
vegetation, soil, lithology, settlements, and other
source domains of Linked Topographic Data. There
exist data related to such domains already, but there
is no standardized way to extract objects or describe
the semantics of those objects. This research is only a
first step, but will hopefully encourage others to de-
sign ontology patterns to both support topographic
feature extraction and their semantic annotation de-
scription—and thereby, helping Linked Topographic
Data become less vision and more reality.

Acknowledgements

Any use of trade, product, or firm names is for descriptive pur-
poses only and does not imply endorsement by the U.S. Govern-
ment. The authors appreciate the reviews provided by several
reviewers which substantially improved the conception and revi-
sions of this paper. They are also grateful to the USGS for provid-
ing its Reston, VA office facilities and Gary-Berg Cross and Spa-
tial Ontology Community of Practice (SOCoP) for organizing the
GeoVoCampSOCoP12 workshop.

References

[1] Battle R, and Kolas D, 2012. Enabling the Geospatial Seman-
tic Web with Parliament and GeoSPARQL. Semantic Web,
3(4), 355-370.

[2] Bishr Y, 2006. Geospatial Semantic Web. In: Rana S, and
Sharma J (eds.), Frontiers of Geographic Information Tech-
nology, 139-154, Springer-Verlag, Berlin Heidelberg.

[3] Brodaric B, and Gahegan MF, 2007. Experiments to Examine
the Situated Nature of Geoscientific Concepts. Spatial Cogni-
tion & Computation, 7(1), 61-95.

[4] Cayley A, 1859. On Contour Lines and Slope Lines. London,
Edinburgh, and Dublin Philosophical Magazine and Journal
of Science, 18, 264-268.

[5] Egenhofer MJ, 2002. Toward the Semantic Geospatial Web.
In: Proceedings of the 10th ACM international symposium on

Advances in Geographic Information Systems, GIS '02, ACM,
2002, 1-4.

[6] Gangemi A, 2005. Ontology Design Patterns for Semantic

Web Content. In: Gil Y, Motta E, Benjamins VR, and Musen

MA (eds.), The Semantic Web — ISWC 2005, Lecture Notes in

Computer Science Volume 3729, 262-276, Springer-Verlag,

Berlin Heidelberg,.

Gangemi A, and Presutti V, 2009. Ontology Design Patterns.

In: Staab S and Studer R (eds.), Handbook on Ontologies, In-

ternational Handbooks on Information Systems, 2" Edition,

221-243, Springer, Berlin.

[8] Gangemi A, Presutti V, 2010. Towards a Pattern Science for
the Semantic Web. Semantic Web 1(1-2), 61- 68.

[9] Goodwin J, 2005. What have Ontologies ever done for us —
Potential Applications at a National Mapping Agency. In:
Proceedings of OWL: Experiences and Directions (OWLED)
2005, November 11-12, 2005, Galway, Ireland.

[10]Goodwin J, Dolbear C, and Hart G, 2008. Geographical
Linked Data: The Administrative Geography of Great Britain
on the Semantic Web. Transactions in GIS, 12, 19-30.

[11]Grenon P, 2003. BFO in a Nutshell: A Bi-Categorial Axio-
matization of BFO and Comparison with DOLCE. Technical
report, Universitat Leipzig, Faculty of Medicine, Institute for
Formal Ontology and Medical Information Science (IFOMIS),
June 6, 2003. Last accessed May 15, 2014 @
http://www.ifomis.org/Research/IFOMISReports/IFOMIS%2
OReport%2006_2003.pdf

[12]Gruninger M, and Fox MS, 1994. The Role of Competency
Questions in Enterprise Engineering. In: Proceedings of the
IFIP WGS5.7, Workshop on Benchmarking — Theory and Prac-
tice, 212-221.

[13]Helman JL, and Hesselink L, 1991. Visualizing Vector Field
Topology in Fluid Flows. IEEE Computer Graphics and Ap-
plications, 11(3), 36-46.

[14]Hengl T, and Reuter HI (eds.), 2009. Geomorphometry: Con-
cepts, Software, Applications. Developments in Soil Science,
Vol. 33. Elsevier Science, 772pp.

[15]Hitzler P, Krétzsch M, Parsia B, Patel-Schneider PF, and
Rudolph S, 2012. OWL 2 Web Ontology Language Primer
(Second Edition). Last accessed May 15, 2014 @
http://www.w3.0rg/TR/owl2-primer

[16]Hu Y, Janowicz K, Carral D, Scheider S, Kuhn W, Berg-Cross
G, Hitzler P, Dean M, and Kolas D, 2013. A Geo-Ontology
Design Pattern for Semantic Trajectories. In: Proceedings of
COSIT 2013, Conference on Spatial Information Theory,
Scarborough, UK, September 2-6, 2013.

[17]Janowicz K, 2010. The Role of Space and Time for
Knowledge Organization on the Semantic Web. Semantic
Web, 1(1), 25-32.

[18]Janowicz K, and Hitzler P, 2012. The Digital Earth as a
Knowledge Engine (Editorial), Semantic Web, 3(3), 213-221.

[19]Janowicz K, Scheider SA, Pehle TB, and Hart G, 2012. Geo-
spatial Semantics and Linked Spatiotemporal Data — Past, Pre-
sent, and Future (Editorial), Semantic Web, 3(4), 321-332.

[20]Kuhn W, 2010. Modeling vs. Encoding for the Semantic Web.
Semantic Web, 1(1), 11-15.

[21]Kuhn W, 2009. Semantic Engineering. In: Navratil G (ed.),
Research Trends in Geographic Information Science. Spring-
er-Verlag, Lecture Notes in Geoinformation and Cartography,
63-74.

[22]Kuhn W, 2005. Geospatial Semantics: Why, of What, and
How? Journal on Data Semantics, 3, 1-24.

[23]Mark DM, 1978. Topological Properties of Geographic Sur-
faces: Applications in Computer Cartography. Harvard Pa-
pers on Geographic Information Systems, Laboratory for

[7

—




Computer Graphics and Spatial Analysis, Harvard University,
Cambridge, MA, 5, Mark 1-Mark 11.

[24]Mark DM, and Sinha G, 2006. Ontology of Landforms: De-
limitation and Classification of Topographic Eminences. In:
Raubal M, Miller H, Frank A, and Goodchild M (eds.), Pro-
ceedings (Extended Abstracts) of 4th International Confer-
ence, GlScience 2006, Minster, Germany, September 20 - 23,
2006.

[25]Mark DM, and Smith B, 2004. A Science of Topography:
From Qualitative Ontology to Digital Representations. In:
Bishop MP and Shroder JF (eds.), Geographic Information
Science and Mountain Geomorphology, 75-100, Chichester,
Springer-Praxis, UK.

[26]Mark DM, and Turk AG, 2003. Landscape Categories in
Yindjibarndi: Ontology, Environment, and Language. In:
Kuhn W, Worboys, M, Timpf S, (eds.) Proceedings of COSIT
2003, LNCS 2825, 31-49.

[27]1Marshall CC, and Shipman FM, 2003. Which Semantic Web?
In: Proceedings of the 14" ACM Conference on Hypertext and
Hypermedia HYPERTEXT '03, August 26-30, 2003, Notting-
ham, UK.

[28] Masolo C, Borgo S, Gangemi A, Guarino N, and Oltramari A,
2003. WonderWeb Deliverable D18 Ontology Library (final).
Last accessed May 15, 2014 @
http://wonderweb.semanticweb.org/deliverables/documents/D
18.pdf

[29] Maxwell JC, 1870. On Hills and Dales. The London, Edin-

burgh and Dublin Philosophical Magazine and Journal of

Science, 40, 421-427.

[30]Morse M, 1925. Relations between the Critical Points of a
Real Function on n Independent Variables. Transactions of the
American Mathematical Society, 27, 345-396.

[31]Niles I, Pease A, 2001. Towards a Standard Upper Ontology.
In: Proceedings of the International Conference on Formal
Ontology in Information Systems (FOIS), 2-9, Ogunquit,
Maine, USA.

[32]Open Geospatial Consortium (OGC®), 2012. OGC Geo-
SPARQL - A Geographic Query Language for RDF Data.
OGC® Document No. 11-052r4, Version 1.0. URL:
http://www.opengis.net/doc/1S/geospargl/1.0

[33] Pfaltz J, 2004. Foreword. In: Rana S (Ed.), Topological Data
Structures: An Introduction to Geographical Information Sci-
ence, John Wiley & Sons, Ltd., Chichester, England.

[34]Pfaltz J, 1976. Surface Networks. Geographical Analysis, 8,
77-93.

[35]Presutti V, and Gangemi A, 2010. Content Ontology Design
Patterns as Practical Building Blocks for Web Ontologies. In:
Spaccapietra S et al. (eds.), Proceedings of ER2008, 27" In-
ternational Conference on Conceptual Modeling, Springer-
Verlag Berlin, Heidelberg, 128-141.

[36]Rana, SS (Ed.), 2004. Topological Data Structures: An Intro-
duction to Geographical Information Science, John Wiley &
Sons, Ltd., Chichester, England.

[37]Rana SS, and Morley J, 2002. Surface Networks. UCL Work-
ing Paper Series, Paper 43, Center for Advanced Spatial
Analysis (CASA), University College of London, University
of London, UK. Last accessed May 15 2014 @
http//www.casa.ucl.ac.uk/working_papers/paper43.pdf

[38]Reeb G, 1946. Sur les Points Singuliers d’une Forme de Pfaff
Completement Intergrableou d’une Fonction Numerique.
Computes Rendus Acad. Sciences Paris, 222, 847-849.

[39]Reech M, 1858. Proprieté générale des surfaces fermées.
Ecole. Polytech J., 37, 169-178.

[40]Sadahiro Y, 2001. Analysis of Surface Changes using Primi-
tive Events, International Journal of Geographical Infor-
mation Science, 15(6), 523-538.

[41] Sadahiro Y, and Masui M, 2004. Analysis of Qualitative Simi-
larity between Surfaces, Geographical Analysis, 36 (3), 217-
233.

[42]Schneider B, 2005. Extraction of Hierarchical Surface Net-
works from Bilinear Surface Patches. Geographic Analysis,
37(2), 244-263.

[43]Sinha G, 2014. Linked Topographic Data. Paper presemted in
the special session on Geospatial Ontology, Semantics, and
Metadata at the Annual Meeting of the Association of Ameri-
can Geographers (AAG), Tampa, FL, USA, April 8-12, 2014.

[44]Sinha G, 2008. Delineation, Characterization, and Classifica-
tion of Topographic Eminences. Unpublished PhD Disserta-
tion, Department of Geography, University at Buffalo, Buffa-
lo, NY, USA.

[45]Sinha G, Mark DM, Kolas D, Varanka D, Romero BE, Feng
C-C, Usery LE, Libermann J, and Sorokine A, 2014. An On-
tology Pattern for Surface Water Features. In: Proceedings of
8th International Conference, GIScience 2014, Vienna, Aus-
tria, September 24-26, 2014.

[46]Sinha G, and Mark DM, 2010. Cognition-Based Extraction
and Modelling of Topographic Eminences. Cartographica:
The International Journal for Geographic Information and
Geovisualization, 45(2), 105-112.

[47]1Smith B, 1998. The Basic Tools of Formal Ontology. In:
Formal Ontology in Information Systems Frontiers in Artifi-
cial Intelligence and Applications, 10S Press, Washington,
DC, 19-28.

[48] Svatek V, 2004. Design Patterns for Semantic Web Ontolo-
gies: Motivation and Discussion. In: Proceedings of the 7th
Conference on Business Information Systems, BIS04, Poznan,
Poland, April 21-23, 2004.

[49]Usery EL, and Varanka DE, 2012. Design and Development
of Linked Data for The National Map. The Semantic Web,
3(4),371-384.

[50] Varanka DE, and Usery EL, 2010. Ontological Issues for The
National Map. Cartographica: The International Journal for
Geographic Information and Visualization, 45(2), 103-104.

[51]Varanka DE, 2011. Ontology Design Patterns for Complex
Topographic Feature Types. Cartography and Geographic In-
formation Science, 38(2), 126-136.

[52]Warntz W, 1966. The Topology of a Socio-Economic Terrain
and Spatial Flows. Papers, Regional Science Association, 17,
47-61.

[53]Warntz W, and Woldenberg M, 1967. Concepts and Applica-
tions -- Spatial order. Harvard Papers in Theoretical Geogra-
phy No. 1, Office of Naval Research Technical Report, Project
389-147, Harvard University, Cambridge, MA, USA.

[54]Wiegand N, Kolas D, and Cross GB, 2010. Guest Editorial:
Intersecting Semantic Web and Geospatial Technologies.
Transactions in GIS, 14(2), 93-95.

[55]Wolf GW, 1990. Metric Surface Networks. In: Proceedings of
the 4" International Symposium on Spatial Data Handling,
Zurich, Switzerland, 844-856.

[56]Wood JD, 2000. Construction of Weighted Surface Networks
for the Representation and Analysis of Surface Topology. In:
Proceedings, 5" International Conference on GeoComputa-
tion, 2000, University of Greenwich, UK.



