
www.manaraa.com

Development and implementation of a dynamic and 4D GIS based on
semantic location model
Xinyan Zhu a,b, Tao Hu a,c, Xinyue Yed, Wei Guoa,b, Liang Huang e, Hanjiang Xionga,b, Haojun Aia,
Bing She f, Qing Xiong a and Lian Duan g,h

aState Key Laboratory of Information Engineering in Surveying, Mapping and Remote Sensing, Wuhan University, Wuhan, China;
bCollaborative Innovation Center of Geospatial Technology, Wuhan University, Wuhan, China; cCenter for Geographic Analysis, Harvard
University, Cambridge, MA, USA; dDepartment of Informatics, New Jersey Institute of Technology, Newark, NJ, USA; eIntelligent
Transportation System Research Center, Wuhan University of Technology, Wuhan, China; fUniversity of Michigan, Ann Arbor, USA;
gGeography Science and Planning School, Guangxi Normal University, Nanning, China; hKey Laboratory of Environment Change and
Resources Use in Beibu Gulf, Guangxi Teachers Education University, Nanning, China

ABSTRACT
In the big data era, robust solutions are obliged to be proposed to integrate and represent
data from different formats and with different contents to assist the decision-making. Current
cartographic and geographic information systems have limited capabilities for solving these
problems. This paper describes an automatic and comprehensive system that conducts data
fusion from all potentially related sources. In this system, a new Semantic Location Model
(SemLM) is established to present the semantic concepts and location feature and demon-
strate how locations are interrelated. In the SemLM, various types of location descriptors in
different application scenarios can be analyzed and understood. Additionally, considering the
challenges involved in data-intensive computation and visualization, this paper implements
a Place-based Pan-Information System (P2S) as an innovative 4D system that dynamically
associates and visualizes place-based information, using public security as the case study.
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1. Introduction

Maps are essential in communicating spatial informa-
tion that cannot be adequately conveyed by text or
numbers. Maps can also show how people and places
are related. Beyond mapping the absolute locations of
people and places, we often utilize additional commu-
nication tools to describe many different types of rela-
tionships among people and places. This need has
become more intense because the Internet has prolifer-
ated and the vast amount of digital information has
been generated and disseminated. In response, numer-
ous tools such as Cybermap (Jiang and Ormeling 1997),
Cybercartography (Taylor and Lauriault 2013), and
Google/Bing/Yahoo Maps have been developed to
visualize and convey information about people and
places. However, three significant challenges emerge:
(1) a large amount of useful information remains unde-
tected and invisible on maps; (2) indoor mapping tools
are scarce; (3) real-time and dynamic information is not
well visualized. In the report entitled “Looking Forward:
Five Thoughts on the Future of GIS”, “indoor and out-
door integration”, “location understanding”, “dynamic
information representation”, and “user-oriented
demand” were identified as the major GIS frontiers in
the future (Goodchild 2011). The purpose of this paper
is to present a new system called Place-based Pan

Information System (P2S) that can address some of
the challenges described above.

The growing multi-source heterogeneous big data
over the Internet reflects human-environment inter-
action across scales. International Data Corporation
(IDC) estimated that approximately 0.8 ZB (a trillion
GB) of digital information was generated in 2009
around the world and that this number will increase
dramatically to 40 ZB by 2020. In light of this trend,
new robust solutions must be developed to make
better use of the data. As argued by (Williams
1987), approximately 80% of the information is
related to geographical locations. Hence, location
can be a critical link in integrating data from different
sources and with different place attributes. Using
location as the key, any location-related description,
from the coordinates to the informal textual descrip-
tions of places, can be associated. Therefore, P2S
contains a location-understanding module that
extends the semantic location model to include both
indoor and outdoor locations. Based on this model,
P2S can convert locations described by various types
of text (natural language) into geographical locations.
Based on the location, various types of data are linked
using spatio-temporal methods, and we can discover
new patterns to gain more insights from the data.
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Beyond associating many data sets by linking their
locations, visualizing such a wide range of informa-
tion remains a challenge. Dynamic 3D visualizations
have been shown to have considerable advantages
over conventional 2D approaches in conveying spa-
tial content (Jobst and Germanchis 2007). By adding
the temporal dimension, 4D maps are a more robust
platform for visualizing spatio-temporal processes,
and they are also suitable for indoor/outdoor and
underground views (Li and Lee 2008). Moreover,
P2S integrates a variety of visualization tools to
demonstrate real and virtual environments, including
videos, panoramas, 3D models, and so on.
Furthermore, Goodchild (2011) mentioned that
most technologies are built for outdoors. Thus, P2S
integrates both indoor and outdoor positioning tech-
nology and seamlessly locates users’ positions.
Additionally, it provides seamless two-way visual
transitions: outside-to-inside and inside-to-outside.

In summary, this paper suggests a solution for
using and visualizing a wide range of big data
through the implementation of P2S. This paper
defines P2S as follows: in a ubiquitous network envir-
onment, P2S is an intelligent platform service that
dynamically associates multi-temporal, multi-
thematic, multi-granular, and hierarchical informa-
tion for objects and events based on their locations,
and dynamically provides a personalized location and
location-related intelligent information services.

In the following sections, this paper first discusses
the unique characteristics of place-based big data. Next,
it presents the conceptual framework of a dynamic 4D
GIS using a semantic location model. To demonstrate
the feasibility of this new approach, this paper finally
implements P2S to support police operations.

2. Related works

Maps tend to obscure rather than reveal the complex-
ity of social and spatial processes (Goodchild and
Glennon 2008). Maps are central to GIS, both as
a source of input data and as a means of demonstrat-
ing the output. Currently, the mapping is burdened
with a bewildering number of names, including the
geospatial web or Geoweb (Haklay, Singleton, and
Parker 2008; Goodchild 2007), neogeography
(Turner 2006), locative media (Farman 2013),
DigiPlace (Zook and Graham 2007), and spatial
crowdsourcing or geo-collaboration (Crampton
2009). The research most related to this paper is
“Cybercartography”, a term coined by Taylor and
Lauriault (Taylor and Lauriault 2013), which is “the
organization, presentation, analysis and communica-
tion of spatially referenced information on a wide
variety of topics of interest to society in an interac-
tive, dynamic, multisensory format with the use of
multimedia and multimodal interfaces”.

However, Cybercartography has several shortcom-
ings, as discussed below.

(1) Data collection. Cybercartography is multisen-
sory. It uses vision, hearing, and touch and even-
tually add smell and taste. However, as new
communication and sensor technologies develop,
data may be in new formats, originating from
more sources and becoming ubiquitous. These
sources and formats range from man-made to
machine-generated, from indoors to outdoors,
and from subterranean areas to outer space.
Therefore, the volume and variety of data will
become much more extensive. In addition,
Cybercartography focuses on outdoor informa-
tion. However, outdoor information needs to be
integrated with indoors, where people spend 80–
90% of their time, generating over 80% of
information.

(2) Data association. Cybercartography supports data
in the formats of images, videos, and sounds.
Although cybercartography may be integrated
into a location-based model, it needs to be
expanded into a semantic location model to
include indoor applications (Anagnostopoulos
et al. 2005; Jiang and Steenkiste 2002a; Liang
et al. 2011; Worboys 2011). In addition, semantic
location models are context-aware systems show-
ing how users interact with the environment.

(3) Data visualization. Cybercartography maps
information using multimedia formats.
However, in a semantic location model, there
is a need for new methods of data visualization
that not only display a large amount of data
but also convey comprehensive information
with a temporal dimension.

In the big data era, all types of related and asso-
ciated information will change as the data volume
increases – including methods for capturing data,
processing data, and visualizing data. Therefore, this
paper proposes the concept of a P2S as a new way of
visualizing a large amount of wide-ranging data.
Place-based information resource integration and
the interdisciplinary approaches for representing
that information are fundamental for spatial thinking
because they support multi-dimensional uses of spa-
tial data. Spatial thinking has become a common
interest in a growing research community. Spatial
thinking aims to analyze the spatial patterns of struc-
tures, and the trends and dynamics of geographical
phenomena. Spatial thinking analysis often harnesses
large volumes of digital social and environmental
data to improve human well-being. The place-based
public policy may be useful, but location-based infor-
mation that supports the decision-making processes
can be challenging to assemble and expensive to
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retrieve. Simultaneously, researchers have recognized
that the spatial and temporal components of geo-
graphic events should be addressed jointly instead
of being treated separately. Thus, researchers must
consider both the spatial and temporal aspects of
the data they use. Even with this awareness, the rich
details of spatio-temporal complexity remain largely
unexplored because of constraints in computation
capacity from the challenges of large data volumes
and the intensive demand for the computing
resources involved.

Traditional cartographic methods and legacy spa-
tial analysis tools must be improved to be capable of
mapping large amounts of event data, such as all
reported cases in police work. This type of informa-
tion always contains place-related information (e.g.
“There is a fire at No. 129 Luoyu Road.”). Thus, it is
necessary to translate the natural language descrip-
tions of location information into mapping coordi-
nates. Mapping and analyzing event data requires an
innovative design for data visualization and spatial
analysis algorithms that go beyond the traditional
approaches. These research challenges may invoke
a paradigm shift in the field of geography because
geographers and cartographers are facing a crisis
about how to represent these new forms of informa-
tion. Throughout P2S development, the focus has
been on building its capabilities by considering both
the computational intensity and intelligent data
mining. P2S was designed to empower multiple com-
munities, including researchers and participants from
the broader domains of science, governmental and
non-profit agencies. P2S enables a shared common
interest in visualizing big data for geographic events.

Meanwhile, spatio-temporal dynamics has become
a central theme for Geographical Information (GI)
scientists. The location is the key to centrally organiz-
ing all types of information, and it is the principal
element that defines new mapping concepts and
approaches. Also, location is increasingly seen as
attributable to the availability of spatio-temporal
datasets (Stevenson et al. 2010).

3. Framework and methodology

3.1. P2S framework

When a user remains at a place modeled in P2S,
information related to that user or that is of inter-
est to that user will be pushed to the P2S based on
the user’s location. The information is collected
from resources such as the Internet, industries
(data providers), and sensors that possess informa-
tion about the user’s location. P2S offers unique
advantages over conventional 2D or 3D mapping
approaches. In general, the P2S owns the features,
such as:

● P2S accepts real-time data from earth observa-
tion systems, the Internet, mobile communica-
tion networks, and sensor webs. It provides
unified interfaces to access a variety of informa-
tion from different fields.

● P2S associates various types of information with
location semantics, including spatial coordinates
and other notions of locations. Information
associations can be spatial using coordinates or
by using semantic notions.

● P2S generates 4Dmaps (including 2D and 3Dmaps
with temporal information) using cross-
disciplinary knowledge and technologies to support
multi-purpose uses of integrated information.

● P2S can serve individuals, governments, civil
groups, and the private sectors to aid in the
integration of scientific and artistic expression.

● P2S supports indoor and outdoor scenarios, as
well as surface and underground spaces with
a uniform data structure and organization.

● P2S is highly adaptive to user requirements and
devices because of its flexible user interface.
Users’ inputs and preferences are maintained
and used for recommendations

● P2S can be applied to a variety of domains such
as indoor and outdoor navigation or tracking,
queries based on natural language, emergency
rescue operations, and security monitoring.

Simplifying the description of P2S, this paper
decomposes it into three key closely related elements.
Ubiquitous information is acquired for locations in
P2S from the Internet, sensor networks, data provi-
ders, and other sources. A semantic location is
a location that has a meaningful interpretation to
applications in a scenario (i.e. on campus, classroom
buildings and meeting rooms can be semantic loca-
tions; in an airport, the location of a tilt-tray sorter or
inquiry desk can be semantic locations). Applications
are generally linked to the notion of a semantic loca-
tion rather than using geographical coordinates
directly. For data management, the P2S associates ubi-
quitous information with other location-based infor-
mation based on semantic locations. These
associations are described in detail in the next section.

Using captured information, 4D map is established
to represent that information, showing not only 3D
space but also representing how data changes over
time. In essence, “Ubiquitous Information,” “Semantic
Location,” and “4D Map” are the three key elements
that comprise the P2S. The following sections provide
detailed descriptions of each component.

3.2. Acquiring ubiquitous information

The flow of digital information has grown exponentially
in recent years. Based on varieties of resources,
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ubiquitous information can be captured from anywhere
at any time, including social networks (such as
Facebook, microblogs, and other social media outlets),
Places of Interest (POIs) (such as banks, shopping
malls, gas stations, and parks) and Volunteered
Geographic Information (VGI) (Goodchild 2007).
Industrial information resources provide data for
weather, transportation, public security, surveying and
mapping, and many others. Sensor networks collect
data using various types of sensors, including traffic
sensors, Radio Frequency Identification (RFID) posi-
tioning sensors (Cangialosi, Monaly, and Yang 2007),
temperature sensors, humidity sensors, and so forth.
Using Application Program Interfaces (APIs), it is pos-
sible to acquire a wide range of information such as user
information, comments, relationships, favorites, etc.
Some of these data are publicly accessible through
Web Services (e.g. http://www.36wu.com/Service.aspx)
and include weather reports, ID queries, train schedule
queries, and others. However, access to industrial data
may be limited because of security concerns except with
prior approval from the data producers or owners. For
sensor networks, similar to industrial data, some of the
information are freely collected by the public but other
data sources may be controlled. The availability of large
data sets of georeferenced events in concert with high-
performance computing technology has not only raised
fundamental challenges for researchers and analysts but
also provided new opportunities for collecting thematic
data to help researchers better understand the socio-
economic dynamics.

When ubiquitous information is collected in large
volumes and with high diversity, place-based strategies
can be used to sort the collected data and associate them
with different locations. RecallingWilliams’ estimate that
approximately 80% of data from the Internet include
some location elements, associating different datasets
by using location as a critical link among these data
would be a practical and useful approach. Based on this
estimate, the P2S classify data into location description
data and location-based data. In short, location descrip-
tion data include descriptive information about places,
including place names, addresses, IP addresses, POIs, zip
codes, etc. Meanwhile, location-based data include social
data, traffic data, and user preferences data, etc.

3.3. Semantic location model (SemLM)

A location model plays a vital role in location-awareness
applications. Location can represent the position, dis-
tance, topology, and direction of static objects (e.g. build-
ings, rooms) or dynamic objects (e.g. people, vehicles) in
the real world (Couclelis 2010; MacEachren 2017). Its
semantics can be studied from thematic, spatial, and
temporal perspectives (Hu 2017). Thus, geographic-
oriented ontologies are proposed. For example,
(Worboys and Hornsby 2004) introduced the

Geospatial Event Model (GEM) which extends the tradi-
tional object model with events to capture dynamic
geospatial processes. Multi-layer ontologies, which dis-
tinguish the entities in the physical world and their
representations in human cognition, were developed
for spatiotemporal databases (Frank 2001; 2003) and
geographic information (Couclelis 2010). In recent
years, Ontology Design Patterns (ODPs) are developing
rapidly in the geospatial domain, such as semantic tra-
jectories (Hu et al. 2013) and space-time prisms (Keßler
and Farmer 2015).Meanwhile, some researchers have
criticized the use of ontologies to address semantic issues
by arguing that ontologies as priori agreements cannot
capture the meaning of concepts that change dynami-
cally (Di Donato 2010; Gärdenfors 2004).

Becker and Dürr (2005) identified three types of loca-
tion models, including the Geometry Location Model
(GLM), Symbol Location Model (SymLM) and
a combination of both, named the Hybrid Location
Model (HLM) (Jiang and Steenkiste 2002a). GLM allows
accurate position expressions and inquiries. However, it
is limited to what is supported by the semantic relations
between locations (Anagnostopoulos et al. 2005). SymLM
accommodates various ways of expressing unknown spa-
tial relations. However, it lacks geometric calculations
and consumes many computational resources.
Therefore, considering the limitations of GLM and
SymLM, (Liang et al. 2011) proposed a Semantic
Location Model (SemLM) to meet the demands of both
location awareness and computational resources.

Although SLM is capable to describe the semantics
and properties of a location, and its spatial relation to
other locations, it still not include comprehensive
information to fully support the expression of dis-
tances as measured in different forms (i.e. Euclidean
distance, distance in time, distance within social net-
works, etc.) or different reasoning schemes for loca-
tion knowledge. For example, the description, “the
southeast corner of the 3rd floor in the Wangfujing
Department Store” includes a combination of indoor
and outdoor locations. Existing location models can-
not describe and express all these locations. However,
such location descriptions will be common in loca-
tion-based pan-information systems; thus, we pro-
pose a new semantic location model, SemLM.

The semantic location describes the features and
meaningful implications of a spatial location in specific
scenarios. For example, geographical coordinates repre-
sent a location of a point in a specific coordinate system;
a room number represents a specific spatial range in
a building; a postal code indicates an administrative
region. The newly proposed SemLM forms the concep-
tual backbone of P2S. SemLM integrates locations and
their trajectories of static and dynamic objects, as well as
related spatial semantics, geographic semantics, scale
semantics, property semantics, source semantics, and
mobile semantics.
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SemLM consists of a location description model and
a location feature model (as shown in Figure 1).
A location description model describes both indoor
and outdoor locations, enabling P2S to integrate and
parse location information with different spatial refer-
ences, representations, and semantics. A location fea-
ture model depicts the semantic features of a location at
different levels, allowing P2S to implement both loca-
tion calculations and to analyze location-related infor-
mation based on SemLM characteristics.

3.3.1. Location description model
A location description model consists of three elements:
a reference location, a Primary Location (PL), and the
relationships between the two locations.A location canbe
the primary location in a model. A location can also be
a reference location that acts as an indicator to determine
other positions (Graham and Shelton 2013). The rela-
tionship among locations explicitly depicts the spatial
relations between the primary location and the reference
locations. For example, in the description “China is adja-
cent to Mongolia”, Mongolia acts as a reference location
for locating China, while China is the primary location.
The location relation between them is adjacency. Note
that sometimes the primary location might not be expli-
citly expressed, for example, “next toWuhanUniversity.”
In such cases, a semantic approach helps to solve the
problem.

A location description model is composed of both
a geometric location description and a semantic

location description, as shown in Figure 1. The geo-
metric location description describes location informa-
tion precisely based on a coordinate system. A typical
example would be (114.12°, 30.21°) in the geodetic
coordinate system. Geometric location descriptions
consist of two elements, a geometric location, and geo-
metric spatial relations. The former acts as a reference
location that can be described with either raster coordi-
nates (e.g. cell A (1, 1)) or vector coordinates (e.g. vector
point B (112.32°, 32.42°)). The latter describe geometric
offsets between the reference location and the primary
location. A geometric offset can be a distance offset (e.g.
500 m) or a directional offset (N2E15°). A distance off-
set represents a quantitative distance from the reference
location to a primary location. A directional offset
depicts the angle between a reference direction and
the direct line from the reference location to the pri-
mary location. A combination of distance and direc-
tional offsets can often be used to refine the position of
a location, for example, Location = (114.2323°E,
32.2341°N, 5 km, and N20°E).

Geometric location descriptions have been widely
used in GIS because they are convenient for storage
and computational procedures. However, geometric
locations are not friendly for human beings trying to
cognize and comprehend real features and events
from pairs of cryptic coordinates. Thus, a semantic
location description can be integrated by incorporat-
ing qualitative descriptions of a location expressed in
natural language. As described earlier, a semantic

Figure 1. Unified location description.
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location gives human beings a meaningful locality
through a semantic description of the location,
which can be a place name, a postal address, a zip
code, a named entity, a URL, an IP address,
a telephone number, an indoor location, a velocity,
the name of a geo-event, etc. The relations between
semantic locations, which are called semantic spatial
relations, can be defined in spatial terms. Three bin-
ary relations are primarily used in semantic location
descriptions: qualitative distance relations, qualitative
directional relations, and topological relations.

Qualitative distance relations are those that quali-
tatively describes the distance between semantic loca-
tions (i.e. how different the two locations are to
human beings). Qualitative directional relations
represent the results of spatial cognition from sorting
through the semantic locations, which were derived
from absolute directions (such as North, East, South
and West) or relative directions (such as left, right,
front and back). Topological relations represent con-
tainment, adjacency and intersection relations
between semantic locations. For example, relations
such as “located in,” “next to,” or “the intersection
of,” can all be topological relations.

Moreover, the three relations can be either indivi-
dual or compound relations for describing location
relations. Note that special spatial relations may exist
(such as “along” and “between”) that requires special
handling in the model. The diversity of semantic
spatial relations allows various means of associating
spatially different semantic locations.

3.3.2. Location feature
A location feature model depicts semantic features of
a location at different levels, allowing P2S to imple-
ment location calculations and location-related infor-
mation analysis based on semantic characteristics.
(Zhao, Lue, and Zhang 2007) suggested that location
semantics include location names, relationships,
properties, and time. In a location feature model,
four semantics are defined: spatial features, scale fea-
tures, source features, and mobile features. Figure 2
describes how four semantics help to represent loca-
tion features.

A location is described using the concept of a five-
tuple structure that includes conception, characteris-
tics, axioms, spatial relations, and semantic relations,
as shown by the following formula.

Location ¼ Conceptionf g; Characteristicsf g; Axiomsf g;f
Spatial Relationsf g; Semantic Relationsf gg

In the above formula, “Conception” denotes
a detailed location. “Characteristics” describes the
notion semantics of the location in a scenario, includ-
ing spatial, geographic, scale, source, property and
mobile semantics. “Axioms” depicts a series of beha-
vioral rules within the location. “Spatial Relations”

defines both local spatial relations and global spatial
patterns between the location and other locations.
Finally, “Semantic Relations” represents non-spatial
relations between the location and other locations.

Spatial features, as the underlying semantic of
a location, include a footprint and an attribute of
data uncertainty. The footprint of a location is its
geographic extent. It is depicted by geometry with
coordinates such as a point, a polyline, a polygon,
a substantial volume, or their combination. When
a location cannot be defined with certainty by geo-
metry, an uncertainty attribute field is used to repre-
sent the probability distribution of the location in and
around its footprint. Spatial features are used primar-
ily to position and represent locations. The scale
feature is the scale semantic of location.

The scale is an abstract concept that is difficult to
measure quantitatively. We define a variety of scale
reference concepts to describe the scale semantic of
a location, such as map scales (e.g. 1:500), adminis-
trative hierarchies (e.g. a certain level within a city),
and spatial resolutions (e.g. 500 m). In the process of
georeferencing locality descriptions, a scale feature is
needed. The source feature refers to the means by
which the location information was acquired.
A location may be a discrete point or a continuous
area whose position is measured by some devices
with a time stamp or over a while. The source feature
of a location may also be formulated from verbal
descriptions by human beings. Using location source
features, a more precise location can be derived. For
example, integrating positioning results from both
Wi-Fi and RFID is popular for locating certain
objects. A mobile feature uses the characteristics of
a trajectory location to describe a dynamic object,
such as an object’s velocity and orientation. This
feature is helpful for mining interesting places from
trajectories and in analyzing human behavior pat-
terns. All the location semantics above are considered
mainly during the processes of positioning location
descriptions and calculating location relations.
However, they can also be used to analyze and exca-
vate located-related ubiquitous information.

3.3.3. Applying SemLM
Because the location is the key element in linking
data, it is necessary to provide methods that can
understand locations. Currently, GPS is the most
widely used way to obtain users’ positions outdoors.
Besides, this paper presents two other applications
that can understand locations. One is to locate indoor
positions using the Wi-Fi fingerprinting location
method, which provides geographical coordinates
directly. The other is to convert locations described
by natural language into geographical coordinates
suitable for both indoor and outdoor positions.
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(1) Understanding locations by Wi-Fi fingerprint-
ing positioning technology

The positioning has become a hot research topic
recently, especially for indoor applications (He and
Chan 2016; Jiang et al. 2012). However, indoor posi-
tioning is still a challenging topic because of complex
spatial structures and high positioning precision
demand. Therefore, the P2S studied indoor position
technologies to extract locations using Wi-Fi finger-
printing and Inertial Measurement Unit (IMU). The
main task involved in positioning is deploying Access
Points (APs), which provides location information.
With known APs, target locations can be calculated
using wireless signal strength. Figure 3 demonstrates
how APs are deployed in a test area over two floors.
IMU sensors and barometer sensors were used to
improve the result. The barometer is sensitive to differ-
ent floor levels. The IMU data can be used to track the
movement of a mobile phone. Figure 4 presents the
procedures for obtaining accurate locations. The col-
lected Received Signal Strength Indication (RSSI) values
are processed by comparing them with the data in
a fingerprinting database. The system then estimates
discrete and continuous locations.

Additionally, we propose an architecture of loca-
tion-based sensors that work to process positioning

data as shown in Figure 5. The first layer is the sensor
layer, in which all kinds of sensors are connected to
the location sensor network. The second layer is the
data processing layer, including location field man-
agement, the database for the location field and the
local location model. The third layer is the location
service engine. Real-time information from the sen-
sors is processed in real time. Then, the locations of
targets are calculated. This layer fulfills the require-
ments of Location-based Service (LBS). The fourth
layer is a service layer, which can process all location
requirements depending on HTTP rules.

Based on the developed algorithm, we have
a performance test with 270 training samples, including
110 indoor samples and 160 outdoor samples, and 1620
testing samples, including 660 indoor samples and 960
outdoor samples. It is calculated that the average accu-
racy is 0.8981. Figure 6 demonstrates the indoor and
outdoor test points with their positioning accuracy.
According to the illustration, the points near the door
have lower accuracy than indoor and outdoor area.

(2) Understanding locations by natural language
analysis

Many methods exist for describing locations; how-
ever, one of the most important is natural-language

Figure 2. Location features.
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location descriptions, such as “the main entrance to
Wuhan University is near the intersection of Bayi
Road and South Luoshi Road”. Using this example,
for a computer to understand the location as
described, it must understand how to acquire the
location of Bayi Road and South Luoshi Road and
translate “intersection” into a spatial correlation
where the two roads cross. However, in Chinese,
natural language location descriptions are complex
and the available research is limited. Two other
major problems exist in current natural language

location descriptions: first, the accuracy of extracted
words is insufficient, making the extracted set
incomplete; second, location semantic models are
not used to calculate and disambiguate the words,
making the description of a conceptual location inac-
curate. In other words, the existing techniques cannot
match people’s cognition or their descriptions.
Natural language description of a location is one
kind of semantic location description. Therefore,
this paper extended the Semantic Location Model
mentioned above and established a location

Figure 3. AP deployment in the test area.
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description model to better understand natural lan-
guage locations. A natural language location descrip-
tion is composed of a generalized place name and
spatial correlation of objects. The generalized place
name consists of a POI, an address name or a place
name. The spatial relationships enrich the content in

the semantic location model based on the features of
the described locations. The details of the model are
illustrated in Figure 7.

Based on the Natural Language Location
Description (NLLD) model, the P2S defines the
Location Concept Ontology (LCO), which includes
the Basic Location Concept Ontology (BLCO) and
the Location Entity Concept Ontology (LECO). The
BLCO specifies the atomic words in a semantic loca-
tion description, while the LECO indicates the loca-
tion’s spatial entity or its correlation with other
locations. For example, the location description
“Hubei Province” is a spatial entity, and it consists
of two BLCOs (Hubei and Province). After establish-
ing the LCO, further work needs to be done to
complete the NLLD, such as extraction, matching,
disambiguation, and spatial computation.

Figure 8 illustrates the processes of analyzing and
understanding a natural language description of
a location. For a given location description statement,
first, a Trie structure is built using the Chinese pho-
netic alphabet and features while traversing the cur-
rent statement. The purpose of this step is to gather
all the basic geographical vocabularies, which are
used in the next step. Thus, this method not only
consists of efficient extraction but also supports the
specific location conceptions using fuzzy syllables and
missing words. Next, these results are matched to
seek an optimal matching position concept collection
of objects based on a hierarchical matching graph.
Then, the closest description data records based on
fuzzy queries of the database are obtained, and the
optimal position is calculated based on the spatial
relationship between the spatial and semantic disam-
biguation position and co-occurrence. Co-occurrence
is the process by which GIS semantic descriptions of
words are obtained to calculate the final expression
according to people’s habits of cognition and descrip-
tion(Rheingold 2007; Turner 2006). After analyzing
the semantics of a location, the position of the
described location can be obtained and visualized
on a map.

3.4. Semantic location association

The First Law of Geography states that “everything is
related to everything else, but near things are more
related than distant things” (Tobler 1970). Ignoring
the spatial relationship in any data analysis may lead
to overlooking many possible interactions and spatio-
temporal dependencies among locations in decision-
making processes. Spatio-temporal differentiation is
inevitably non-stationary when the same policy has
been implemented or perceived differently across
space and over time, by different persons, or by
different socioeconomic or partisan groups.
Through a feature analysis of multi-source ubiquitous

Figure 4. Positioning algorithms based on Wi-Fi fingerprinting.

Figure 5. Structure of sensor networks.

Figure 6. Results of positioning experiment.
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information on spatio-temporal benchmarks, spatio-
temporal semantics, express models, and qualities, it
is possible to summarize the internal spatio-temporal
relations of ubiquitous information to build formal
descriptions and expressions.

By adopting the spatio-temporal relation analysis of
ubiquitous information and exploring it with qualitative
reasoning, it is also possible to extract the spatio-
temporal relations for spatial positions (addresses and
geocoding), spatial forms, spatial relations, spatial asso-
ciations, spatial contrasts, spatial trends, spatial motions,
time series, and time cycles of locations. Furthermore, it
is possible to obtain in-depth knowledge of these rela-
tions between locations. Such knowledge and relations
include spatio-temporal distributions, clustering pat-
terns, spatio-temporal anomalies, trend predictions, spa-
tial co-location patterns, sequential patterns, and cycles.
All these can offer comprehensive ubiquitous informa-
tion concerning all aspects of locations. To help in
describing these, the location-based association model
is presented in Figure 9.

As Figure 9 shows, the location-based association
model provides us the possibility of finding the internal
spatio-temporal relations of ubiquitous information,
and building the knowledge of these relations between
locations. However, the issue of how to build these
connections between locations and users remains to
be discussed. Appropriate information is required to
be able to provide filtered information to appropriate
users. For this, links among users and the context, as
well as the related information, are necessary.

Note that users’ identities would change based on the
function of the places they find themselves. For exam-
ple, the same user may be a student at the school, but
become a patient when entering a hospital a customer at
the shoppingmall, or simply a pedestrian on a sidewalk.
Based on the function of the location of a P2S user,
a unified description of the users is necessary. P2S users
can be divided into the administrative staff, service
providers, service acceptors, and other personnel. The
location-related contexts include the user context, time
context, location context, and task context.

Figure 7. Natural language location description model.
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Accordingly, a location-relatedcontext model can be
built as shown in Figure 10. A trifold relation between
a user and the context information is presented instead
of binary relation in traditional recommender systems.

The model is context-aware and is adaptive to dynamic
changes in users’ preferences. It can be used both
indoors and outdoors. In addition, ubiquitous informa-
tion for all aspects of locations as well as POIs can be
recommended to the appropriate users based on a set of
a priori defined rules.

A location-based information recommendation
system was proposed in which the test area was
the “State Key Laboratory of Information
Engineering in Surveying, Mapping and Remote
Sensing (LIESMARS)”. Figure 11(a) shows that
when a visitor arrives at the front door of
“LIESMARS,” the system pushes information
important for “LIESMARS”, such as the spatial
layout of the floor, as well as the office locations
of important people (Figure 11(a)). When the
visitor enters the hall of “LIESMARS,” based on
an analysis of the visitor’s location and the orien-
tation of the visitor’s movements, the system auto-
matically find and associate all interesting
information for this visitor and push it to the
visitor. For example, the head sculpture of
Professor Wang Zhizhuo that stands in the
entrance hallway, and the layout of the first-floor
landing as well as the graduate management office,
and so on (See Figure 11(b)). When a visitor
climbs the stairs to the third floor, the recom-
mended information pushed to the user might
include academician Li’s office, student class-
rooms, and published papers hang on the wall.
Users can explore this information if they are
interested in finding out more.

Figure 8. Processes of location analysis and understanding.

Figure 9. Location-based association model.
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3.5. 4D map visualization

Different types of data from different sources and asso-
ciated information can be linked or connected based on
semantic location models and location-based associa-
tion models. However, the issue of how to visualize
them on maps had not been developed until P2S.
Research shows that users assimilate information
derived from spatio-temporal trends faster using ani-
mated maps than using static maps (Lee 1995). Similar
discussions can be found in a growing list of studies
concerning animation techniques and visualization cri-
teria. As Goodchild mentioned (Engin, Bozkaya, and
Balcisoy 2009), most GIS technologies focus on outdoor
settings, but humans spend 87% of their time indoors.
Therefore, the 4Dmap designed in P2S aims to establish
a transitional model to integrate indoor and outdoor
environments. This is implemented by incorporating
a set of existing technologies that range from 3Dmodels
to panoramic views of locations. Figure 12 shows multi-
ple visualization methods used in the 4D maps, includ-
ing the outdoor 3Dmodel and indoor panoramic views.
The 3D model data is available via accessing the web
address http://datadryad.org/review?doi=doi:10.5061/
dryad.4d9s3.

4. Results and discussion

P2S focuses on locations by integrating information
from all sources related to the locations of users in
the system. P2S has been designed to support appli-
cations that (1) require information from multiple
sources over time, (2) involve multiple locations,
and (3) depend on real-time dynamic visualization
of information. P2S provides an example for a 4D

GIS (i.e. 3D space plus time) and for how such a GIS
can support decision-making processes and applica-
tions that rely on real-time and complex sets of
information.

To illustrate the structure and composition of a P2S,
the next several sub-sections describe a dynamic GIS
that supports police and law-enforcement activities and
policy-making processes. This example system inte-
grates human resource, police intelligence, and location
attribute information. This P2S is a user-centric system
that uses 4D dynamic visualization of integrated infor-
mation. Of special note is its ability to integrate indoor
and outdoor information as well as above and under-
ground information. It provides a seamless environ-
ment that can support applications such as all-inclusive
surveillance, emergency management, and comprehen-
sive planning. The P2S described here was designed for
police work to support data and intelligence manage-
ment, intelligence analysis for crime investigation and
prevention, policing task assignments, and communi-
cation among police and law-enforcement agencies.

4.1. Data management

Depending on different police needs, different data layers
could be added into the P2S. The basic layers in this
example include boundaries, streets and street addresses,
water hydrants, the locations of surveillance video cam-
eras, and so forth. Figure 13 shows some additional data
layers, including hotels, bars, pawn shops, public recrea-
tional spaces and facilities, banks, schools, daycare cen-
ters, hospitals, warehouses, parking lots, garages and so
forth. In addition to data associated with geographical
coordinates, many types of data stem from the text where

Figure 10. Location-related context model.
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the geographical coordinates are not recorded. For
example, if a policeman gets a call in which someone
tells him there is a robbery in progress at No. 71 on
Sanyang Road in Jiangan District, P2S would be able to
instantly push relevant information to the closest police-
man, making nearby streets, shops, bus routes, traffic
conditions and so on available. This would be convenient
not only for generating fast responses to the crime but
also in mining the spatio-temporal patterns of crime
patterns in the city for the future.

The method for translating from natural language
location descriptions to map locations is presented in
Section 3.3. Figure 14 demonstrates the address man-
agement system, providing geolocation query, input
and edit function for natural language location
descriptions. The query function allows users to
search place names in a certain category such as

address and POI. The query results will be displayed
as a table on the top of the map, and users can
interactively select and highlight them on the map.
The import function allows users to upload data into
the database from the pre-defined tabular format. The
edit function allows users to select a query result from
the database and edit the components of the place.

4.2. Command center

As shown in Figure 15(a), police commands can be
issued with the support of an integrated spatio-
temporal decision support system such as the police
P2S presented here. For any location where certain
events occur that require police commands, (1) the loca-
tion can be identified, (2) all attribute information related

Figure 11. (a) Location-based information visualization, and (b) location-based information recommendation.

GEO-SPATIAL INFORMATION SCIENCE 205



www.manaraa.com

to the location is readily available or can be easily
extracted for reference, (3) real-time information can be
generated and provided to dispatched patrols or other
police units, and (4) updates or edits of related informa-
tion to reflect the occurrence of any incident can be
performed in real time. Please note that a set of tools
are also available on the upper right corner of the display
(as shown in Figure 15(a)) that supports police tasks. For
example, 911 calls and other alerts are reported in real-
time to allow timely decisions and actions.

Another example illustrating how police P2S sup-
ports police tasks can be seen in Figure 15(b). After
a robbery has occurred and is reported, the P2S quickly
analyzes system data such as the street networks, police
resources near the site, and potential obstacles nearby.

It then suggests possible escape routes from the loca-
tion that criminals are likely to take in 3, 5 and 10 min-
utes. The command center then provides quick access
for communicating with or dispatching police to inter-
cept the escaping criminals.

4.3. Patrol system

Three levels of patrolling assignments were implemen-
ted in the example police P2S, including the major
artillery patrols, main street patrols, and community
street patrols. P2S supports the management and mon-
itoring of patrol activities with integrated maps and
attribute data. The three-level hierarchy allows police
patrols be carried out by specific task forces with specific

Figure 12. (a) 3D models visualization, and (b) 3D models and panoramic integration visualization.
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functions assigned at each level. The police response
time drastically improved after implementing the P2S.

4.4. Intelligence analysis

Analysis of police intelligence depends on the severity of
the crime, available police resources, and the urgency of
police intervention. In areas with urgent needs or emer-
gencies, P2S provides integrated and comprehensive data
at the fingertips of commanding officers that assist in
making timely decisions. The example police P2S ana-
lyzes previous (and existing) crime records related to the
crime being investigated to provide a crime reoccurrence
risk estimate, which can suggest a reasonable allocation
of police resources in response to the crime and its

location. The P2S visualizes all these in a 4D environ-
ment with real-time data inputand highlights routes to
which police resources can be dispatched.

Beyond planning and implementation crime
responses, the police P2S also supports analysis of
past crime records. It can calculate various crime
statistics by day, week, or month using a time series
exponential smoothing method. This allows the
detection of temporal trends for a variety of crime
types. Figure 16(b,c) provide examples of such
a function in the P2S. The P2S shows the calculated
temporal trends of crime activities in a given location,
and estimates the risks of crime reoccurrences at
a site and in nearby locations, revealing the locations
of high-value and high-risk crimes.

Figure 13. Layers visualization.

Figure 14. Address management system.
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4.5. Location analysis

Last but not least is the function in P2S that supports
location analysis. Based on real-time police intelli-
gence, historical records of similar crimes and past
criminal records, P2S allows police personnel to
query, summarize, and simulate crimes to reveal
potential suspects and potential locations to focus
on. These queries and simulations are supported by
maps and other visualization methods using both
current and historical records. For example, after
a reported (recorded) crime site is selected, the police
P2S reports (1) potential suspects, providing informa-
tion about their current and historical records, (2)
similar crimes in the past, and (3) other locations
where similar crimes occurred. This function proves
to be highly useful for assisting the detectives inves-
tigating crimes. As shown in Figure 17, such inte-
grated visualization is critical in allowing detectives to

quickly access information that they need and to
assess possible suspects and locations.

For public security, timely and effective crowd evacua-
tion under emergency situation is one of themost impor-
tant issues. Thus, the P2S provides navigation function
for users in a seamless environment, frommaps showing
outdoor environments to indoor settings, showing what
locations look like both aboveground and underground
when needed. In this research, one of the university
building is considered as the test area to verify the effec-
tiveness of proposed method and it will be applied in
other public places. For outdoor positioning, the system
uses GPS for locations. For indoor positioning, the sys-
tem uses the Wi-Fi fingerprinting technology described
in Section 3.3. Figure 18 shows the indoor/outdoor seam-
less navigation system. In Figure 18(a), a user selects
a start point and an end point; both locations can be
described in either indoor or outdoor place. Then, the

Figure 15. (a) Location attribution representation, and (b) location based interception analysis.
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navigation system first shows the outdoor route as
demonstrated in Figure 18(b). When the user arrives at
a transition point between indoors and outdoors, the

navigation map shows the route from outside to inside
the target as presented in Figure 18(c,d), accurately coor-
dinating 3D spatial location (2D Geographical

Figure 16. (a) Temporal trends of crime activities, and (b) spatio-temporal analysis of crime activities.

Figure 17. Location-based integrated visualization assessing possible suspects.
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Figure 18. (a) Start point and end point selection, (b) outdoor navigation, (c) indoor navigation from outside to the 2nd floor,
(d) indoor navigation from the 2nd floor to the 1st floor.
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coordinates and floor information) of the user. For the
indoor display, the system visualizes detailed information
of eachfloor including functional zones, corridors, and so
forth.

5. Conclusions

Big data analytics has gained considerable momentum
in recent years through advances in computation and
visualization technologies, and from the arrival of new
data sources such as social media sites. However, how
to correlate and present the data is a challenging
problem. The capabilities of current geographical
information systems are limited. “Cartography” does
not seem to be one of the options even though all
these activities revolve around and are dependent on
mapping. “Cybercartography”, a term coined by
Taylor and Lauriault, is the most related to this paper’s
research. However, it considers less about big data
association but more about traditional cartography
methods.

This paper proposed a P2S that demonstrated the
feasibility of handling large and complex data appropri-
ately. There are several merits of the P2S. (1) A new
Semantic Location Model (SemLM) is established to
present the semantic concepts and location features and
describe how locations are interrelated. (2) Extending the
Semantic Location Model mentioned above, this paper
also established a location description model and Trie
structure-based location analysis method to understand
complex natural language locations better. (3) Indoor
and outdoor seamless positioning and visualization
methods are implemented, providing effective represen-
tation to indoor-outdoor navigation and other applica-
tions. (4) The P2S takes public security as background
and is used to improve the efficiency of police work and
provide helpful information to decision makers. Overall,
the P2S address Hellmi’s call of “We will redefine map-
making through computation cartography. This means
maps are created on demand to meet a specific purpose,
to help govern an individual action, to help answer
a personal question” (Huang et al. 2016).

In the near future, an increasing amount of data will
be collected and accessible (Chong, Qin, and Ye 2016).
This data will be sourced from the Internet, industry,
social networks, and sensor networks. Thus, the P2S
needs to develop the capability to process large volumes
of data in an affordable time frames to advance research
in various fields. In addition, this paper proposes
a semantic location model and successfully applies it to
understand the descriptions of locations in the Chinese
language. In the next step, the model will be used and
tested with locations described in the English language.
Furthermore, in future case studies, building new and
essential capabilities for scalable visualizations and ana-
lytics on the dynamics of geographical patterns and
processes using cyber-infrastructure will be critical to

all research communities affiliated with the social, beha-
vioral, economic, and environmental sciences. Thus,
additional research areas such as socioeconomic and
environmental sciences will also be considered beyond
the public security field described in this paper.
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