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ABSTRACT

The integration of data along a common spatial component re-
mains an obstacle in many problem spaces. One promising method
for integrating data in such a way is through the use of a com-
mon, underlying spatial reference system, such as a Discrete Global
Grid (e.g., the S2 Grid System), and pre-computing spatial rela-
tions between features and the constituent components at a spatial
resolution appropriate for the data and use case. That is, by em-
phasizing the notion of the cell, we can examine what is in a cell,
predict contents of its parent and child cells, and quickly get an
overview of spatially co-located features and regions of interest
without having to directly compute spatial interactions. This paper
provides an ontology design pattern, to be used as a structural tem-
plate, for modeling how features or regions map onto a hierarchical
grid system and addresses how the attributes of these features may
be inherited upwards or downwards through the hierarchy. We
furthermore provide a motivating example and implementation.

CCS CONCEPTS

» Information systems — Geographic information systems;
Semantic web description languages; Ontologies.
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1 INTRODUCTION

Integrating data along a common spatial component remains an
obstacle in many problem spaces, especially when using a knowl-
edge graph (KG). In traditional linked data approaches, such data
is represented as geometries directly on the Earth’s surface (e.g.,
using GeoSPARQL [2]). However, this can result in complex queries
to the KG with high execution times as the number of overlapping
geometries grows. This is due to necessarily computing the spatial
relations between the geometries in the query result on the fly.
Another challenge is integrating geospatial vector and raster
data into a common schema. Many approaches focus on modeling
discrete geographic features (e.g., cities, countries, and lakes), and
thus do not readily support modeling raster data (e.g., remote sens-
ing images, interpolated temperature or precipitation observations,
or gridded model weather outputs). Prior work, such as RDF Data
Cube [4] attempts to model raster data as a set of cells, but may
result in exponential growth of the graph. Moreover, since differ-
ent raster datasets have various spatial (and temporal) resolution,
spatial reference systems, and other sensor metadata, the triplified
raster cell information is actually less useful, difficult to reuse, and
not easily integrated with other datasets. In this work, we mainly
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focus on answering the following core question: What is a com-
mon geospatial representation framework for both geospatial vector
and raster data that can facilitate easy geospatial data integration,
meaningful regional summaries, and can be queried efficiently?

We propose to use a Discrete Global Grid (DGG) [3] as the com-
mon spatial data frame to achieve a compromise between data
precision (i.e., the fidelity of the geometries underlying geospatial
phenomena), access speed, and ease of data integration among
multiple vector and raster data sets, all while supporting globally
unique identifiers.

A Discrete Global Grid is a hierarchical partitioning of the surface
of the Earth. That is, the Earth is partitioned into some number of
“top level” cells, which are further partitioned into child cells, and
so on until the desired level of spatial resolution is achieved. The
core motivation for this work was the S2 Grid Systeml, but other
DGGs will also hold (e.g., Uber’s H3?).

A DGG allows for a common underlying spatial reference system
for both geospatial vector and raster datasets, for which we may
pre-compute spatial relations between different features or regions
for vector data and pre-compute summary statistics for a given cell
at a certain level from different raster datasets. By emphasizing the
notion of a cell, we can examine what exactly is in a cell, predict
or infer contents of its parent and child cells, and quickly get an
overview of spatially co-located features and regions of interest
without having to directly compute spatial relations.

As such, we have developed an ontology design pattern for
quickly and intuitively adapting new data for the DGG paradigm.

The pattern is meant to be used as a “structural template” which
can be easily adapted to novel use cases through template-based
instantiation [7]. An in-depth discussion of each of the classes and
our modeling decisions is provided in the next section. We also
provide an alternate version of the pattern which has been extended
with semantic shortcuts, and is provided in Section 2.1.

To our knowledge, there is no other pattern that models a DGG
alongside features and regions.> While there are several common
ontologies for modeling features and regions, we are aiming for an
abstract generalization. Indeed, in Section 3, we provide an example
instantiation of the pattern, also called a module, where we have
used existing standards or vocabularies, where possible, as well
as an example population of said module. Finally, in Section 4, we
conclude with next steps.

2 THE HIERARCHICAL CELL FEATURE
PATTERN

The purpose of this pattern is to model how features and regions
interact with an underlying Discrete Global Grid. Further, it clarifies
for how the attributes of these features and regions may be inherited
through the hierarchy of cells.

Our pattern was developed using the Modular Ontology Model-
ing workflow [19], but scoped only to a single pattern. This means
that our approach was data driven and use case driven. The axiom-
atization was done in two steps. First, we followed the systematic

!https://s2geometry.io/

Zhttps://eng.uber.com/h3/

30ne existing ontology that provides an OWL version of the abstract specs for DGG
is https://github.com/surroundaustralia/dggs-as-ont.
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hasGeometry

hasAttribute
hasValue

isAdjacentTo,

n spatialRelations
eontains

Geometry

hasGeometry
hasAttribute

|Prnvenance|

Figure 1: Schema diagram for the Cell Feature Pattern. Yel-
low boxes are classes; blue dashed boxes are also classes, but
are an acknowledgement of some external dependency or
complexity (i.e., they are left un-modeled in the pattern);
edges with filled arrows are object properties; and edges
with open arrow heads represent subclass relations.

! o hasAttribute
hasAttribute  spatiallyRelated  hasGeometry
;

Attributel Lrt)ua nt\ty]l

hasValue

I 5pa[\a|ReIanns—)[Geometry]

spatiallyRelated  hasGeometry

isAdjacentTo,

[Attrmute]
contains

hasAttribute

lPrnvenan:el

Figure 2: Schema diagram for the Cell Features Pattern in-
cluding shortcuts. This uses the same graphical syntax as
Figure 1. Red dashed arrows indicate the presence of a short-
cut, which are characterized by a role chain, are shown in
Section 2.1.

axiomatization process as outlined in the MOMo workflow. This
means for each node-edge-node construct in the schema diagram,
we measured the applicability of each of 17 axiom patterns [5],
retaining those that do apply. Secondly, we examined available data
and discussed with domain experts to generate additional axioms
that may involve more than one predicate.

As previously stated, we have developed two patterns: the base
pattern, and an extended version with semantic shortcuts. Figure
1 shows the schema diagram for our base pattern. Figure 2 shows
the shortcuts that we have added to the base pattern, which are
displayed using a red dashed arrow. The purpose of these is to
allow an easier mapping between published data and an ontology
utilizing the pattern. These are further discussed in Section 2.1.

The resources for this pattern can be found in our online reposi-
tory.* The pattern has been annotated with the Ontology Design
Pattern Representation Language (OPLa) [9] and its extension [8]
for documenting its use cases using the OPLaTool [20] for Pro-
tégé®. Documentation has been generated for the pattern using
[22] according to community guidelines for documenting patterns
[15].

4https://github.com/KnowWhereGraph/hierarchical-cell-features
Shttps://protege.stanford.edu/
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The rest of this section describes each of the classes present in
the pattern. Where applicable, we provide any considerations for
each class regarding the modeling decisions behind related aspects
of the pattern, which we believe will help prospective users of the
pattern to modify the pattern to suit their needs.

We only list each axiom exactly once in Description Logic [1],
under the class where it is first applicable, followed by a natural
language description. In Section 2.1, we discuss the shortcuts that
have been added to the base pattern.

Cell

Cell € Geometry (1)

Cell C VspatialRelations.Geometry (2)

Cell E >0spatialRelations.Cell 3)

Cell £ >0isAdjacentTo.Cell (4)

Cell C VisAdjacentTo.Cell (5)
JisAdjacentTo.Cell C Cell (6)
Cell £ >0contains.Cell (7)

Cell C Vcontains.Cell 8)
dcontains.Cell £ Cell 9)
isFullyContainedIn E contains™ (10)

contains o contains C contains (11)

isFullyContainedIn o isFullyContainedlIn E isFullyContainedIn

(12)

Description. A Cell is the primary component that comprises a hier-
archical grid system. They are spatially related to other geometries,
including other cells. Axiom 1 states that every Cell is a Geome-
try. Axiom 2, 5, and 8 are scoped range axioms, while axioms 3
and 9 are scoped domain axioms. Notably, we do not restrict the
domain of our spatial relations to Cell. Axioms 3, 4 and 7 are struc-
tural tautologies, which are meaningless in the context of logic, but
should be used instead to guide the usage of the predicate. This
is similar to Schema.org’s predicates, schema:domainincludes and
schema:rangelncludes. Axiom 10 defines the inverse of contains as
isFullyContainedIn. Axioms 11 and 12 state that both properties
are transitive.

Considerations.

o The spatialRelations property is a placeholder for any num-
ber of spatial or topological relational systems (e.g., RCC5
[14], RCC8 [17], or DE-9IM [24]).

o Note that a Cell is a Geometry. This means that it wholly
exists as an abstraction, it does not technically exist in the
real world, but is really a projection of a boundary onto
a surface. Indeed, this is the reason why the shortcuts (as
further explained in Section 2.1), do not appear in the base
pattern. The Cell, itself, does not have, for example, any
non-abstract attributes.

e We do not explicitly model the number of subcells that a cell
may have. For example, in the S2 Grid System, each Cell has
four children, whereas H3° has six children. This axiom can

Shttps://eng.uber.com/h3/
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be specified using an exact cardinality constraint, such as
the following.

Cell C =4hasSubcell.Cell

However, this would not hold for the lowest level of spatial
resolution.

e We do not provide a mechanism by which to model the
level of the cell. That is, “how many parents does the cell
have?” If desired, however, it can be added in a few different
ways. First, one can add in a datatype property with filler:
hasLevel.xsd:nonNegativelnteger. Secondly, one may utilize
an axiom to specify the maximum and minimum level (i.e.,
the cells with no parents or with no children), but this does
not model any intermediate level. Finally, one can leave the
information implicit in the minted URI for the cell.

Feature

Feature C JhasGeometry.Geometry (13)
Feature C JhasAttribute.Attribute (14)

Description. A Feature encapsulates the notion of a feature, charac-
teristic, or aspect of the surface upon which the hierarchical grid
system has been applied. A Feature is constituted by Attributes,
which can be viewed as the more particular data about the feature.
For example, a wildfire may be considered to be a Feature, but there
are many different attributes that it may have beyond its geometry,
such as the date of fire ignition or the amount of damage it has
caused, to date. Axioms 13 and 14 state that every Feature has at
least one Geometry and Attribute.

Considerations. The existential axioms are strong ontological com-
mitment. However, we believe a Feature without a Geometry or
any Attributes would not very interesting from the perspective of
the pattern. In case it is too strong a commitment, we recommend
replacing the axioms with structural tautologies instead. Note that
(due to the Open World Assumption) having a geometry differs
from knowing the geometry or whether such geometry is crisp or
fuzzy.

Feature C >0hasGeometry.Geometry
Feature C >0hasAttribute. Attribute

Region

Region C JhasGeometry.Geometry (15)
Region C >0hasAttribute.Attribute (16)

Description. A Region is a socioculturally or geopolitically signifi-
cant area. For example, Kansas is a state (administrative region) in
the United States. It can also be regarded as a Feature. However,
we leave it distinct at this abstract level.

Axiom 15 states that a Region must have a Geometry. Axiom
16 is a structural tautology that indicates Regions should have
Attributes.

Considerations.

e As noted above, a Region is typically considered to be a
Feature. For example, we could model it as a Feature with an
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Attribute that states its sociocultural importance, or simply
the name of the region.

e The existentiality in Axiom 15 can lead to problems when
dealing with fuzzy regions. For example, what is the exact
geometry of Southern California? In the event that these are
the regions of interest, we would suggest using a structural
tautology in its place.

Attribute
Attribute E Provenance (17)
Attribute C VhasValue.Quantity (18)
Attribute C 3hasValue.Quantity (19)

Description. An Attribute is a generic term for a characteristic of the
Feature. Axiom 17 states that every Attribute is also a Provenance
node. Axiom 18 constrains the range to Quantity and Axiom 19
states that every Attribute must have at least Quantity filler for
hasValue.

Quantity

Description. A Quantity acts as a placeholder for an arbitrary con-
ceptualization of a quantity. This “external hook” node is included
here as a prompt for consideration during the knowledge graph de-
velopment process. We provide a possible instantiation for Quantity
in Section 3.2.

Considerations.

e Depending on the nature of the data, we may simply want to
replace the Attribute-hasQuantity-Quantity construct with a
simple data property reflecting the captured Attribute. This,
however, does preempt the ability record provenance di-
rectly.

o Additionally, we may also replace Quantity with a typed
literal, such as cdt:ucum([16], which uses a controlled syntax
to represent values and units together in a string.

Provenance

Description. The Provenance acts as a placeholder for an arbitrary
conceptualization of the provenance of the Attribute. This “external
hook” node is included here as a prompt for consideration during
the knowledge graph development process. We provide a possible
instantiation for the Provenance in Section 3.2.

Considerations.

o This style of provenance may not suit all use cases, especially
as the number of Attributes grows in the knowledge graph.

e One possible instantiation for the Provenance class may be
the EntityWithProvenance pattern from the Modular Ontol-
ogy Design Library [21], which is representative of the core
of the Provenance Ontology [18].

2.1 Semantic Shortcuts
We define the semantic shortcuts using role chains, as follows.
spatialRelations o hasGeometry™ L spatiallyRelated (20)
spatiallyRelated o hasAttribute C hasAttribute (21)

Shimizu, et al.

Notably, it would be useful to have also the converse of Axioms 20
and 21, but unfortunately these can not be expressed in OWL [10],
as it does not allow for right hand side role chains.

Cell C >0hasAttribute.Attribute (22)
Cell C >0spatiallyRelated.Feature (23)
Cell C >0spatiallyRelated.Region (24)
Cell E VhasAttribute.Attribute (25)
Cell C VspatiallyRelated.Feature (26)
Cell C VspatiallyRelated.Region (27)

Axioms 22-24 are structural tautologies for guiding how the short-
cuts should be used. Axioms 25-27 restrict the ranges, as shown in
the schema diagram.

2.2 Spatial Considerations

Of particular interest are how spatial relations between Cells and
Features and Regions can be inherited. The exact nature of this
inheritance depends on the type of spatial relation. For example, we
know that if Cell is spatiallyRelated to a Feature, then the parent of
that Cell is also spatiallyRelated. We specify this with the following
axiom.

contains o spatiallyRelated C spatiallyRelated (28)

This axiom also covers the notion of a Cell that is fully contained
by a Feature or Region, then all subcells are fully contained in the
Feature or Region. This is important for semantically compressing
the graph.

3 UTILIZING THE PATTERN

3.1 Scenario

The underlying motivation of this work is driven by our project,
KnowWhereGraph” [11, 13]. It provides a densely connected, cross-
domain knowledge graph to support applications in environmental
intelligence via on-demand access to area briefings at a high spatial
and temporal resolution for any location on the Earth’s surface. To
do so, data about extreme events, administrative boundaries, soils,
crops, climate, and so on, is incorporated into a knowledge graph
and pre-integrated so as to to provide answers to questions such
as ‘What is here?’, ‘What happened here before?’, ‘How does this
region compare to other regions?’, and so on.

In the agricultural sector, KnowWhereGraph is used to enhance
assessment and strategic planning during real-time hazard events
affecting the food supply chain by providing online analysis, fore-
casting, and alerts that are enriched with location and context-
specific intelligence, to ensure key stakeholders throughout the
supply chain are ready with backup strategies to keep products
moving. It also allows farmers and growers to identify how they
can be better prepared to mitigate and build resilience in the face
of such events.

In the next sections, we describe our modularization of the pat-
tern, as relating to our use case scenario, and, as an example, a
(curated) instance graph that is returned from a series of queries
intended to assess the impact of ongoing wildfires, smoke plumes,

https://knowwheregraph.org/
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sosa:FeatureOfinterest l

geo:hasGeometry |

geo:sfEquals, sosa:isFeatureOfinterestOf

geo:sfWithin,
geo:sfContains,
geo:sfTouches,
geo:sfOverlaps

hef:Cell

hef:isAdjacentTo,|
hcf:contains

sosa:Observation

sosa:hasResult

qudtnumericValue  qdt-unit

Figure 3: The schema diagram for the instantiation, or mod-
ularization, of the Hierarchical Cell Features Pattern. The
rectangular cells are color coded according to their names-
paces. We use geo: for the GeoSPARQL standard; sosa: for
the Sensors, Observations, Samples, and Actuators ontology;
and qudt for the Quantity, Units, Dimensions, and Types on-
tology. The yellow ellipse indicates a datatype.

and ash fall on crop supply chains. The results may answer such
competency questions as:

CQ1. What S2 cells are under a particular smoke plume, that
have a certain crop type?
CQ2. What crop types are under a particular smoke plume?

Additionally, we provide some example queries that can be used to
answer these questions.

3.2 Modularization

Prefix ‘ Name ‘ URI

hcf: This pattern | https://knowwheregraph.org/ontology/hct/

sosa: | SOSA/SSN http://w3.org/ns/sosa/

geo: GeoSPARQL | http://opengis.net/ont/geosparql/

qudt: | QUDT http://qudt.org/schema/qudt/

xsd: XML Schema | http://www.w3.0rg/2001/XMLSchema#
Table 1: The namespaces used in our example instantiation
of the Hierarchical Cell Features pattern shown in Figure 3.

Figure 3 shows an example instantiation, or modularization,
of the Hierarchical Cell Features pattern. To accomplish this, we
have followed the process of template-based instantiation [7]. This
means that the new concepts listed here have not been subclassed
to the concepts in the pattern. Furthermore, where possible, we
have utilized existing standards or ontologies for this module. In
particular, we are using SOSA/SSN, the Sensors, Observations, Sam-
ples, Actuators Ontology [12] and the Semantic Sensor Network [6],
respectively; GeoSPARQL, a standard for representing geospatial

1JCKG’21, December 6-8, 2021, Virtual Event, Thailand

information from the Open Geospatial Consortium;® and QUDT(),
the Quantities, Units, Dimensions, and data Types ontology. The
namespaces and the prefixes that we use for them can be found in
Table 1.

The classes in the pattern map, as follows.

Geometry — geo:Geometry
Feature — sosa:FeatureOflnterest
Attribute — sosa:Observation
Quantity — qudt:QuantityValue
Note also that there are two new nodes, xsd:double and qudt:Unit.
These “come with” the qudt:QuantityValue node. For more details
see the SSN standard.'? The placeholder property, spatialRelations,
expands to a subset of the RCCS8 relations, as follows.
spatiallyRelations —geo:sfEquals
geo:sfWithin
geo:sfContains
geo:sfTouches

geo:sfOverlaps
The properties in the pattern map, as follows

hasGeometry — geo:hasGeometry
hasAttribute — sosa:isFeatureOflnterestOf

hasValue — sosa:hasResult

Finally, Cell and the associated properties, isAdjacentTo and con-
tains remain in the pattern namespace, but these would be changed
to the namespace of the knowledge graph.

3.3 Example Triples

The below is an example population of the pattern, using the mod-
ularization and namespaces in Section 3.2.

# Cells and Spatial Relations
kwgr:cell.L13.0 a hcf:Cell .
kwgr:cell.L14.0 a hcf:Cell .
kwgr:cell.L14.1 a hcf:Cell .
kwgr:cell.L14.2 a hcf:Cell .
kwgr:cell.L14.3 a hcf:Cell .

kwgr:cell.L13.0 hcf:contains kwgr:cell.L14.0 ,
kwgr:cell.L14.1 ,
kwgr:cell.L14.2 ,
kwgr:cell.L14.3 .

kgr:cell.level14.0 hcf:isAdjacentTo kwgr:cell.L14.1 ,
kwgr:cell.L14.2 .

# Crop Land

# Note:

# kwg-ont:CropLandType rdfs:subclassOf
# sosa:FeatureOfInterest

kwgr:geo.@ a geo:Geometry .
8https://www.ogc.org/standards/geospargl

http://qudt.org/

WOhttps://www.w3.0rg/TR/vocab-ssn/#quantity-values-and-unit-of-measures
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kwgr:obs.® a kwg-ont:TomatoObservation .
kwgr:qv.@ a qudt:QuantityValue ;
qudt:numericValue "9.9e+03"**xsd:double ;
qudt:unit unit:M2
kwgr:obs.@ sosa:hasResult kwgr.qv.o .
kwgr:foi.@ a kwg-ont:CropLandType ;
geo:hasGeometry kwgr:geo.o ;
sosa:isFeatureOfInterestOf kwgr:obs.o .

# Smoke Plume

# Note:

# kwg-ont:SmokePlume rdfs:subclass

# sosa:FeatureOfInterest

kwgr:geo.1 a geo:Geometry .

kwgr:obs.1 a kwg-ont:SmokePlumeExtentObservation

kwgr:foi.1 a kwg-ont:SmokePlume ;
geo:hasGeometry kwgr:1 ;
sosa:isFeatureOfInterestOf kwgr:obs.1

kwgr:cell.L14.0 geo:sfWithin kwgr:geo.o ;
hcf:spatiallyRelated kwgr:foi.o ,
kwgr:foi.1l
kwgr:cell.L13.0 hcf:spatiallyRelated kwgr:foi.@

The representative queries that can be used to closely generate this
worked example are as follows.
The SPARQL query that can answer CQ1.
select = as ?cell_wkt) where {
?cell a kwg-ont:KWGCelllLevell4 ;
rdfs:label ?label;
sosa:isFeatureOfInterestOf ?cell_obs_collection ;
geo:hasGeometry ?cell_geom .

?cell_geom geo:asWKT ?cell_wkt .
?cell_obs_collection sosa:hasMember ?cell_obs .

?cell_obs a ?cell_obs_type ;
sosa:hasResult ?cell_obs_result .

?cell_obs_type rdfs:label ?cell_obs_type_label .

?cell_obs_result qudt:value ?cell_obs_result_val ;
qudt:unit ?cell_obs_result_unit .

?cell_geom geo:sfWithin 'ex-geo'”*geo:wktLiteral .

FILTER(
?cell_obs_type_label = 'Tomatoes Observation' ||
?cell_obs_type_label =
'Fallow/Idle Cropland Observation' ||
?cell_obs_type_label = 'Grapes Observation'
)
3
The SPARQL Query that can be used to answer CQ2.

SELECT * WHERE {}{

?cell a kwg-ont:KWGCelllLevell4 ;
sosa:isFeatureOfInterestOf ?cell_obs_collection ;
rdfs:label ?cell_id;

Shimizu, et al.

geo:hasGeometry ?cell_geom .
?cell_geom geo:asWKT ?cell_wkt .
?cell_obs_collection sosa:hasMember ?cell_obs .

?cell_obs a ?cell_obs_type ;
sosa:hasResult ?cell_obs_result .

?cell_obs_type rdfs:label ?cell_obs_type_label .

?cell_obs_result qudt:value ?cell_obs_result_val ;
qudt:unit ?cell_obs_result_unit .

?cell_geom geo:sfWithin 'ex-geo'“*geo:wktLiteral .

FILTER(?cell_obs_type_label != 'Background Observation')

4 CONCLUSION

In this paper, we introduced an ontology design pattern for modeling fea-
tures and regions and their interactions with an underlying discrete global
grid, as well as provided an example instantiation and population of the
pattern via our motivating scenario.

We believe that the use of a DGG for the purposes of integrating spatial
data within a knowledge graph is a promising method, and furthermore
believe that this pattern will help future knowledge graphs perform this
integration easily and more quickly.

In fact, we are using S2 and the presented work heavily for the 600M
triples that currently comprise the KnowWhereGraph. While we mostly
looked at S2 cells here in our isolated example, it is interesting to note that
these cells can also replace classical vector geometries in the sense that
each polygon can be represented by a set of cells at different levels. As each
cell has an unique IRI, we can directly associate other triples with it and
thereby describe any region on earth together with direct inferences about
the properties of its super- and subcells.

Future Work

There is plenty of adjacent work to be accomplished with both this pattern
and the surrounding paradigm. In particular, we wish to

(1) define a SHACL!! shape for the pattern, to be used in validating the
data mapped using this pattern;

(2) incorporate temporality, as it may not be the case that a feature
always is spatially related to a Cell;

(3) incorporate the notion of an Event, which will greatly improve its
applicability and usefulness, as well as immediately incorporate how
persons may interact with the DGG; and, finally,

(4) connect this pattern to the Causal Events Pattern [23], so as to enrich
the relationship between where something may occur and how it
affects that place, using the DGG as a medium.

(5) provide a human-centered evaluation of the robustness of the pat-
tern, as the pattern is currently used in prototype applications, the
evaluation itself is still ongoing.
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