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The Significant Growth of GIS

The “Encyclopedia of GIS First Edition” has been well received by a broad audience in
industry, government and academia. By 2016, the cumulative downloads via Springer have
exceeded 160,534 not counting additional downloads via other web-sites such as Google Books.
Furthermore, it has received numerous recognitions such as the CHOICE outstanding title award.
During this period of time, we have witnessed numerous significant advances in mobile
technology and disruptive development in business that are transforming the world: the
widespread use of smartphones, the increasing popularity of mobile apps, the wide deployment
of location-based services (LBSs), the fast-growing taxi-hailing services like Uber, the evolution of
mobile social networks, and more recently, the global interests in big data, unmanned aerial
vehicles, and self-driving vehicles to improve people’s lives. Nowadays, there are over one billion
GPS users, exceeding the number of Microsoft Windows users. While various disciplines have
been contributing to these new advances, spatial computing and GIS techniques no doubt are
playing a key role here. For instance, localization is a fundamental issue for smartphones,
connected and self-driving vehicles, unmanned aerial vehicles, taxi-hailing services, etc. Location
information and location privacy are the essentials of LBSs. Check-in recommendation is a key
function of mobile social networks. The study of spatial big data, such as Global Positioning
Systems (GPS) traces of vehicles and global climate data, help people better understand human
mobility patterns as well as Earth climate change. Consequently, an influential 2011 report on
big data from McKinsey included a chapter on location-based big data.

To acknowledge the growth, the Association of Computing Machinery (ACM) formed a special interest group namely, SIG-Spatial, and its
annual meeting attracts over 300 attendees. In addition, the Computing Research Association’s Computing Community Consortium
organized a multi-sector multi-disciplinary workshop titled “From GPS and Virtual Globes to Spatial Computing 2020” at national academies
in 2012 to assess the state of the art and catalyze new research visions. A summary of the workshop report appeared in the Communications
of the ACM in January 2016 as the cover article titled “Spatial Computing”. In summary, experts in GIS related fields and researchers from
other disciplines have shown strong interests in understanding these new spatial technologies and developments. Therefore, we believe it is
the time to develop the second edition of the encyclopedia and include entries on the new emerging topics.

The Second Edition of Encyclopedia of GIS

The second edition of Encyclopedia of GIS provides us an opportunity to
enhance topic coverage and content timeliness of the first edition. While
over 200 entries across 50 different fields were included in the first edition,
there are still a few important topics left out, such as basic concepts in GIS
and GPS. As suggested by GIS colleagues, we have included some of these
topics in the second edition. Moreover, new research advances on some
existing fields of the first edition are also updated either by adding new
entries or through the revision of existing entries. The contributors of this
book come from 31 counties in all the continents except Antarctica.

The second edition inherited all the key features from the previous

edition. Typical entries are 3,000 words with sections such as definition, v
scientific fundamentals, application domains, and future trends. Regular
entries include key citations and a list of recommended reading materials

regarding the literature. The encyclopedia is also simultaneously available as
an HTML online reference with hyperlinked citations, cross-references, four-

The contributors come from 31 countries of 6 continents
(All except Antarctica).

color art, links to Web-based maps, and other interactive features.

Free Online Access in 7,700 Institutions and via Google Books

Print Edition
2nd ed. 2017. LIV, 2507 p. 1054

Encyclopedia of GIS is included in the Springer package available in over 7,700 institutions world-  j|lus., 507 illus. in color.
wide as well as on third-party websites such as Google Books. At the University of Minnesota, the ISBN: 978-3-319-17884-4
Encyclopedia of GIS has been used as teaching materials in spatial computing and spatial database
courses at no cost to students. Its articles were used for the Fall 2014 Coursera’s massively open
online course titled “From GPS and Google Maps to Spatial Computing,” with over 21,800 students eReference

from 182 countries. We hope that the second edition could continue serving the research community

ISBN: 978-3-319-17885-1

and the general public as a helpful introductory material to GIS, a resourceful research reference, and

an illustrative GIS textbook.



New Fields and Topics

The second edition includes 25 additional fields that are
either previously absent from the first edition or recently
emerged as new research topics. Each field has typically 3—-10
articles. These fields include spatial computing infrastructure,
spatial cognitive assistance, volunteering geographic
information (VGI), GPS-denied environment, statistically
significant spatiotemporal pattern mining, mobile economy,
mobile recommender systems, spatial network routing,
spatial optimization, web-based GIS (industry perspective),
location- based recommendation systems, linear anomaly
window detection, intelligent transportation, GPU-based
spatial computing, spatiotemporal analysis of climate data,
geospatial weather and climate nexus, spatial statistics,
concepts in spatial statistics, data science for GIS applications,
3D modeling and analysis, geometric nearest-neighbor
queries, modeling of spatial relations, concepts in statistics
for spatial and spatiotemporal data, high-performance
computing in GIS, and trends. Furthermore, there are two
fields, road network databases and constraint databases and
data mining, which have been updated by the original editors
with new concepts added or existing articles revised to
accommodate more recent research results and technical
advances.
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Praise For The First Edition

"The focus here, however, is on the mathematical and
computational aspects of GIS ... . This is very welcome to
those practitioners who have been less exposed to some of
the mathematical and computational aspects of GIS. This is
also very welcome to the researcher or graduate student
within any of the interdisciplinary areas that use GIS. ... |
highly recommend it.”

(Pascal V. Calarco, ACM Computing Reviews, November,
2008)

"This single-volume reference work is a highly welcome ...
addition to the rapidly advancing field of geographic
information systems. Peer-reviewed entries from over 300
contributors cover 41 topical subfields, with an overall
emphasis on computational aspects of GIS. The volume is
adequately illustrated with 723 figures and 90 tables in black
and white. A full bibliography and concise list of entry terms
are provided at the back of the work. ... Summing Up: Highly
recommended. Upper-division geography students through
professionals.”

(C. E. Smith, CHOICE, Vol. 45 (11), 2008)

"The encyclopedia is divided into 41 fields, each one an
important sub-area within GIS. ... the editors’ organization of
the material and comprehensive and systematic approach are
superb and shall give students, eager readers as well as
researchers an understanding of the topics in quite full depth
and breadth. ... is lavishly illustrated with figures, graphs and
tables, the design and execution of which are as perfect as the
material they illustrate. ... it is sturdy and opens out nicely for
study and reference." (Current Engineering Practice, 2008).

CSci 5715: Spatial Computing

Selected Articles
2011 congression report

| Selected Articles from Encyclopedia of GiS: |
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omena of interest are spa-  As explained above, the first siep is to create
wolving points and regions;  discrete, qualitative representations of continuous

In GSNs, however, node positions are often inex-
act or not available, and links between nodes can
be asymmetric or might be intermittent, posing
new challenges for formal approaches to GSN.

In: PODC 03: proceedings of the 22nd annual sympo-
um on principles of distributed computing, Boston,
13-16 July 2003

Kk L Tarin B Uner M (2007, in prss) Effint sta

gical relations; and spatial

enomena of interest change

information. Discretizing the values of the field
itself starts to reduce complexity. Often, natural
and salient categories may already exist for

collection and selective queries in sensor networks.
N . Librinidis &, Stctanidis A (o) Advances n
eosensor networks. Springer, New York
©'Renuke ] (1989 Compuiainal gecmety i C. Ca
idge University Press, New
st P (2005) Topology control in i wircess ad o and
sensor networks. ACM Comput Surv 37:164—
tefanidis A, Nitel S (2004) GeoSensor o CRC,
Boca Raton

Of this change is spatiotem-
2ovement and events, such
arging of regions within the

an application domain, such as a classification
into “cold,” “cool,” “warm,” and “hot” water.
Using less detailed, qualitative representations
can immediately increase robustness to imperfec-
‘The phenomena of interest  tion into the system. For example, miscalibrated
dependent, and phenomena  or inaceurate temperature sensors are much less
spatial scale may be differ- likely to affect qualitative information about the
ervable at a different scale.  temperature (e.g.. “warm” versus “hot”) than
Jge: Our knowledge of ge- quantitative information (e.g.. 35.2°C versus
fon is always in some way 34.9°C)

ular, the spatial distribution  Discretization of the space itself further
1poral frequency of sensing  reduces complexity. The sensor nodes themselves

concerns the relationships [ltween groups of
spatially and temporally nflrby records. For
example, an environmentalfinanager may be
interested in the whether Jllhigh temperature
“hotspot” has grown or move

Generating qualitative infd@mation about dy-  The literature contains many studies of different
namic spatial fields within a GN presents anum-  qualitative aspects of space, including relative
ber of challenges. The most iflbortant challenge  distance (Herndndez et al. 1995; Worboys 2001)
is to achieve qualitative monffring using only and direction (Frank 1992; Freksa 1992), and
on local communication betwflkn nearby nodes.  in particular topological relationships between
Resource limitations in GSN flhean that global  spatial entities (Egenhofer and Franzosa 1991;

plications, the qualitative boundary between

“warm™ and “hot” may be set to correspond
to the quantitative temperature at which coral
reefs are in danger of coral bleaching,
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Synonyms

Ambient spatial intelligence; Combinatorial map;
Discretization of quantitative aributes; Qualita-
tive spatial reasoning; Qualitative spatial repr
sentations

Definition

Environmental phenomena that vary contin-
uously across regions of space and periods
of time, such as changing sea temperature,
concentrations of gas pollutant in the air, or
levels of soil moisture, are called dynamic
spatial  fields. Information about ~ dynamic
spatial fields is important o a wide range of
environmental applications. One of the goals
of using a geosensor network (GSN) is to
enable improved, more detailed monitoring
of dynamic spatial fields. Individual sensor
nodes in a GSN usually generate quantitative
information. For example, a node might recor
4 temperature of 23°C located at coordinates
18045, 146,49 at time 20:51:06 on January
Tth 2007. However, the information needed by
decision makers is typically qualitative, and

Clear problem definition

communication, where any n
cate with any other, is not sc;
ies of qualitative monitoring
fields usually assume that at 4
vidual node in the network doe|
10 global knowledge about the.

can communi-
bble. Thus, stud-
lynamic spatial
time an indi-
ot have access
te of the entire

Randell et al. 1992).

Scientific Fundamentals

¥, the existence of grains or

GSN are a type of highly
computing, where individ-
etwork typically only have
tion about their immediate
ange is to construct systems

already provide a discrete framework for the
space under  inves One approach to
structuring this framework adopted by previous
work Duckham et al. (2005) and Worboys and
Duckham (2006) is to use a combinatorial map.
Figure 1 illustrates the idea behind a combina-
torial map, where each node has a number of

network, only to local knowleddll about the state
of its immediate neighbors.

Historical Background

Qualitative spatial reasoning is concerned with
discrete, non-numerical properties of space.
There are three main reasons for being interested
in the qualitative (as opposed to the quantitative)
aspects of geographic space (Galton 2000):

« Qualitative properties form a small, discrete
domain; quantitative properties form a large,
continuous domain, often modeled by real
numbers. For example, temperatures in
degrees Kelvin are modeled using the set
of non-negative real numbers. Yet for some
applications, temperature may be adequately
‘modeled as an element from the set {hot, cold,
warm)

Qualitative properties are supervenient on, and
derivable from, quantitative properties. For
example, in a particular application the nu-
merical temperature 35°C may be described
qualitatively as “hot.

The boundaries between qualities normally
correspond to salient discontinuities in human
conceptualization of quantitative properties.
For example, in coral reef monitoring ap-

With respect to GSN, the three general reasons
for being interested in qualitative aspects of ge-
ographic space lead directly to three potential
advantages of using qualitative monitoring of
dynamic spatial fields in GSN.

+ Because qualitative properties form a smaller
diserete domain than quantitative properties
of space, processing and communication of
qualitative information in GSNs can poten-
tally be achieved more efficiently, using less
resources, than for quantitative information.

+ Any quantitative information generated by
sensors nodes can always be converted into
a less detailed qualitative representation,
although the converse is not true. Further,
the inherent imprecision of qualitative
information can help make sensor networks
more robust to imprecision and other forms of
uncertainty in sensor readings.

Using qualitative  representations ~enables

salient entities to be derived from complex

dynamic fields, reducing system complexity
and resulting in GSN that are easier to design,
construct, and query.

Looking at the problem from the application
perspective, it is possible to identify at least five
distinet issues facing any GSN for monitoring
dynamic spatial fields in the environment.

Extensive

Geosensor Networks,

Monitoring of Dynamic Fields

Geosensor itati itori y

such as splitting and merging

information about the relative direction of it’s
immediate neighbors. Further, the  inherent
spatial imprecision in combinatorial maps, and
related qualitative spatial structures, means that
the resulting system can be more tolerant to
imperfect information (e.2., the cyclic ordering of
neighbors around a node is much less likely to be
subject to inaccuracy that, for example, location

, Fig. 2 Local tracking of salient spatial

Because the combinatorial maps is I
constructed, it can be efficiently and dynam
reconfigured. The concept of a georespc
sensor network aims to activate and deac
sensors in response to changes in the dyi
field. Figure 3 illustrates the idea, where sc
in the vicinity of the boundary of the 1
of high temperature are activated to inc

illustrations

Geosensor Networks, Qualitative Monitoring of Dynamic

increased node activation in vicinity of the boundary of large region

elds, Fig. 3 Georesponsive sensor networh

sbal properties using only  defined neighbors and stores the cyclic ordering

nd local behaviors.

of those neighbors. Using a combinatorial map

allows a variety of qualitative planar structures,
‘e five issues has a history of such as triangulations, to be built without

and in some combinations,
1 five of these issues makes
e spatial fields especially
exity is fundamental to the
»presentation and reasoning
ling continuous dynamic in-
‘et sets of salient symbols
ing complexity. The second
ormal techniques for local
rete, salient symbols.

inted Georesponsive

agine designing a sensor
h monitoring 2 dynamic
network for monitoring sea
e coral reef environments.
ation and reasoning can be
high levels of complexity in
ains.

.
o

requiring any quantitative location information,
such as geodetic or local coordinates. The
structure is purely local: each node only knows

12654810 %
6)
& s
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Dynamic
i g ighborhoods, includin (counercockvise)
cyelic ordering for n

1 Combinatorial map of sensor
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Synonyms

Friendships: Implicit social connections; Social
strength

Definition

The ubiquity of mobile devices has enabled
Location-Based Social Networks (LBSN), such
as Foursquare and Twitter, to collect large
datasets of people’s locations, which tell who
as been where and when. Such a collection of
people’s locations over time (aka spatiotemporal
data) is a rich source of information for studying
various social behaviors. One particular behavior
that has gained considerable attention in research
and has numerous online applications s whether
social relationships among people can be inferred
from spatiotemporal data and how to estimate
the strength of each relauonshlp quanitatively

(aka social strength). The intuition is that if two
people have been o the same places a the same
. there is.a

systems that rely on exact coordinate locations or  spatial resolution in those areas. Elsev
bearings from one sensor to another). sensors are deactivated to increase sensor
Having created appropriate qualitative repre- lifetimes. Qualitative rules for achieving
sentations, the second step is to develop local behavior can be constructed based pure
techniques for reasoning about these qualitative qualitative ~spatial ~representations, ~like
representations. In Fig. 2a region of dynamic spa-  combinatorial map (see Duckham et al. (
tial field (such as a high temperature “hot-spot”) for further information).
is being tracked through a GSN structured as a

Worboys ME, Duckham M (2006) Monitoring qualitative
spatiotemporal change for geosensor networks. Int 1
Geogr Inf Sci 20(10):1087-1108

that Ih:y are socially related. Thus, the goal is to
derive the implicit social network of people and
the social strength from their real-world location
data as opposed to or in addition to their online
activities.

Social strength is a quantitative measure be-
tween 0 and 1, which shows the extent two people.
are socially related. The 0 value indicates the

broad categories. One category of use can be + Sensor mobility: Although regions of
characterized as natural resource management,  namic spatial field may be regarded as m
where decision makers use information gathered  currently sensor nodes within the GSI
by GSN to manage scarce or fragile natural re-  typically assumed to be static. Sensor mc
sources. Qualitative monitoring can help pro-  adds another layer of complexity to de
vide salient information to decision makers ina  ing geosensor networks, which qualitati
form that is more understandable and compatible  proaches are ideally suited to dealing wi

Geosimulation

» High-Performance Agent-Based Geo-Spatial

triangulation (using a combinatorial map). As-
suming the region moves continuously, a vari-
ety of qualitative spatial events can be locally
detected. In order for regions to split or merge,
for instance, they must first go through an inter-
mediate stage where a single node connects two
distinet parts (Fig.2, center). As a consequence
of the combinatorial map structure, this node can
Tocally detect that a split/merge event is taking
place (see Worboys and Duckham (2006) for
more information).

Key Applications

Dynamic spatial fields are of interest acrc
enormous variety of environmental applica
including meteorology, land cover change
rine science, waler resources managemen
fense, and emergency management and res
In general, applications of qualitative mc
ing of dynamic spatial fields can fall int

with human conceptualization of dynamic spa-
tial processes. Ultimately, such information can
contribute to improved decision making. A sec-
ond category of use can be characterized as sci-
entific investigation of natural resources, where
GSN are used by scientists to gather more de-
tailed information about the environment than
possible with conventional data logging tech-
iques. In such cases, qualitative monitoring can
assist in filtering data, sereening out irrelevant
data and highlighting high-level events of inter-
est that can subsequently be investigated more
closely.

Future Directions

As a relatively young area of study, qualitative
monitoring of dynamic spatial fields has many
important directions for future study, including:

Heterogeneity and multi-tasking: C
GSN usually comprise one type of <
node engaged in a single task. Future
need to enable different types of nc
interoperate on a variety of tasks, req
y to integrate multiple quali
across multiple different node ty
Vagueness: Vagueness concerns the exis
of boundary cases in information
qualitative concepts can be treated as vague
and lacking precise boundaries (for example a
“hot" region might be regarded as a vague
spatial concept, if the boundary between
“hot” and "ot hot” is not precisely defined),
Qualitative reasoning in the presence of
vagueness remains an important challenge.
Ubiquity: The goal of GSN is ultimately to
embed spatial intelligence within the envi-
ronment. Making GSN' ubiquitous, unseen
helpers that blend seamlessly requires the

Modeling and Simulation
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