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We are now living in a mobile information era, which is fundamen- Received 4 April 2018
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which deliver information depending on the location of the (mobile) KEYWORDS

device and user, play a key role in this mobile information era. This Location based services;

article first reviews the ongoing evolution and research trends of the research trends; research
scientific field of LBS in the past years. To motivate further LBS agenda; mobile devices;

research and stimulate collective efforts, this article then presents a context-aware computing
series of key research challenges that are essential to advance the

development of LBS, setting a research agenda for LBS to ‘positively’

shape the future of our mobile information society. These research

challenges cover issues related to the core of LBS development (e.g.

positioning, modelling, and communication), evaluation, and analysis

of LBS-generated data, as well as social, ethical, and behavioural

issues that rise as LBS enter into people’s daily lives.

1. Introduction

While the first location based services (LBS) appeared in the early 1990s (e.g. ActiveBadge),
LBS became a fast-developing research field only in the early 2000s, mainly due to the
discontinuation of the selective availability’ of Global Positioning System (GPS) by the U.S.
President Bill Clinton in May 2000. This discontinuation has made GPS more responsive to
civil and commercial users worldwide. Since that time, more and more GPS-based applica-
tions have appeared, resulting in a strong interest in LBS from both academics and
industry. LBS can be defined as computer applications (especially mobile computing
applications) that deliver information tailored to the location and context of the device
and the user (Raper et al. 2007a; Brimicombe and Chao 2009). In 2007, Raper et al. (2007a,
2007b) provided a state-of-the-art review of the research field of LBS, and outlined several
research challenges. Since then, there have been many changes in the field. First, recent
years have witnessed rapid advances in its enabling technology, such as mobile devices
and telecommunication. Second, there has been an increasing demand in expanding LBS
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from outdoors to indoors, and from navigation systems and mobile guides to more
diverse applications (e.g. healthcare, transportation, and gaming). Third, new interface
technologies (e.g. more powerful smartphones, smartwatches, digital glasses, and aug-
mented reality (AR) devices) have emerged. Fourth, there has been an increasing smart-
ness of our environments and cities (e.g. with different kinds of sensors) (Ratti and Claudel
2016). And, finally, we have seen more and more LBS entering into the general public’s
daily lives, which greatly influence how people interact with each other and their beha-
viours in different environments. It also brings many opportunities (e.g. for traffic manage-
ment and urban planning) and challenges (e.g. privacy, ethical, and legal issues) to our
environment and human society. These changes open up a lot of basic and applied
research questions to the LBS research community.

In this article, we review the ongoing evolution in LBS and suggest a new research
agenda for the domain of LBS, with the aim of motivating further LBS research and stimulate
collective efforts. Besides the persistent challenges in LBS that were already outlined in
previous LBS research agendas (Raper et al. 2007a; Jiang and Yao 2006), we focus here on
new challenges raised in recent years. To identify the key research questions and challenges
that are essential for the further development in LBS, we followed a multi-phase collabora-
tive process. The majority of the LBS research community (especially members of the
International Cartographic Association (ICA) Commission on LBS) was invited to write a
one-paragraph proposal to describe what they believed were the ‘big challenges’ that
should be addressed in order to bring LBS to a higher level, and why. In total, 31 proposals
from experts in various disciplines, such as GlScience, cartography, geomatics, surveying,
computer science, and social sciences were received covering different aspects of LBS
research. These proposals were then compiled and grouped into a first list of ‘key chal-
lenges’, which was circulated to get comments and feedback. A workshop at the LBS 2016
conference (http://lbs2016.lbsconference.org/) and a dedicated session at the ICC 2017
conference (http://icc2017.org/) were organised to iteratively refine and elaborate these
‘key challenges’. Feedback and results of these meetings were carefully considered and
integrated, which led to the open questions and opportunities described in this agenda.

LBS is a field which currently attracts a lot of commercial interest in parallel, typically
having a different focus than in academics. This research agenda does not aim to cover
these, but rather focuses on the academic perspectives. As Raper et al. (2007a, 6) mentioned,
in broad terms researchers can ‘envisage and embody “blue sky” innovations; explore user
experiences and social implications outside commercial implementation; tackle technical
problems that lead to system developments without an early return’. In this article, we focus
on fundamental issues (either technical or non-technical) that make LBS smarter and more
acceptable by the users, as well as on the social implications brought by LBS.

Our research agenda contributes to the research efforts to ‘positively’ shape the
future of the mobile information society, into which our society is evolving. With the
integration of information and communication technologies (ICT), especially mobile ICT
in every aspect of our daily lives, 4A (anytime, anywhere, for anyone and anything)
‘services’ are being developed to benefit our human society and environment. This new
generation of 4A technologies brings convenience and improves our quality of life, but
also leads to surveillance, privacy and ethical issues, unknown, and unimagined before. It
is therefore important to investigate how these technologies influence the way we grow,
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interact, socialise, and learn. This research agenda also aims to contribute to advancing
the use of geospatial information and technologies in our society.

In the following, we begin by reviewing the ongoing evaluation of LBS research in
recent years (Section 2). In Section 3, the research agenda is elaborated, highlighting the
challenges and potential opportunities that help to address these challenges. In Section 4,
we summarise the scientific domain of LBS, as well as question about whether there exists
a Location Based Science (LBScience). Finally, in Section 5, we conclude this article and
explore how the research community can work together to bring LBS to a higher level.

2. Ongoing evolution of LBS research

In the first two issues of the Journal of Location Based Services, Raper et al. (2007a, 2007b)
provided a critical review of the research field of LBS. Recent years have witnessed rapid
advances in LBS with the continuous evolvement of mobile devices and communication
technologies. Research on LBS has been approached from different disciplines and different
perspectives. In the following, we review the key trends in the LBS domain over the last 10
years, mainly on the aspects of application domains, application environments (outdoor and
indoor), context-awareness, user interfaces, evaluation, and analysis of LBS data.

2.1. More diverse applications

In 2007, Raper et al. (2007b) provided a comprehensive review on the application fields of
LBS. They showed that mobile guides and navigation systems (e.g. car navigation systems
and pedestrian navigation systems) were the largest groups of LBS applications. Mobile
guides can be considered as ‘portable, location-sensitive and information-rich digital guides
to the user’s surroundings’. They often provide functionalities, such as mobile search, ‘you-
are-here’ maps, and tour guides for tourism and recreational purposes. Navigation systems
(e.g. for car drivers or pedestrians) are designed to assist in people’s wayfinding tasks in
unfamiliar environments. While mobile guides and navigation systems continue to be some
of the main LBS applications and are still being improved (e.g. landmark-based navigation
and inclusion of real-time traffic information) (Krisp and Keler 2015), more diverse LBS
applications have been emerging and becoming more mature in recent years (Figure 1).
In the following we introduce some of the main ones:

¢ Location based social networks (LBSN). The increasing availability of location-aware
technology (e.g. GPS) enables people to add a location dimension to existing online
social networks in various ways, e.g. uploading geotagged contents (e.g. photos,
videos, and recorded routes), sharing the present location (e.g. ‘check-in’ at
Foursquare), commenting on an event at the place where it is happening (e.g. via
Twitter), or leaving ratings/tips/reviews for a location (e.g. a restaurant) (Zheng 2011).
Examples of mobile LBSN applications include Foursquare, Facebook, Google+,
Twitter, and Instagram. These applications allow end users to share information with
friends, connect with friends and get alerted when they are nearby, explore places and
events in the real world, and receive location based advertisements. While these
applications are mostly developed by companies, many research studies utilise the
user-generated contents of these applications for making (location) recommendations
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Figure 1. Example application domains of LBS.

(Huang 2016; Bao et al. 2015), modelling individual and crowd mobility, understanding
the dynamics and semantics of cities (Gao, Janowicz, and Couclelis 2017) and detecting
and managing real-time events (e.g. disasters) (Atefeh and Khreich 2015).

¢ Location based gaming (LBG). Typically, LBG maps real world environments into a
virtual world, where players must move themselves in real life to explore the virtual
world and accomplish tasks related to the game itself (Maia et al. 2017). The maps,
tasks, and other contents presented on the mobile devices are adapted to the
location of the player. According to the game objectives, players may collect virtual
objects, such as weapons, ammunition, or treasures. These objects can be used to
achieve benefits in the virtual world, or even in the real world. Examples of popular
LBG include Geocaching, Ingress, and Pokémon Go.

¢ Location based fitness monitoring and healthcare. Another rapidly growing
group of LBS applications focuses on healthcare, particularly on outdoor exercise
and fitness monitoring (e.g. Running app, Moves, and Runkeeper), remote health
monitoring supporting dementia patients and their caregivers in wandering
events (Herrera 2017), and emergency situation detecting and reporting (e.g.
fall detection) (Horta, Lopes, and Rodrigues 2015). For the first type of application
(i.e. fitness monitoring), gamification techniques and social networking aspects
are often used to motivate and promote physical activities and healthy living
styles. In addition to location-tracking technologies, these applications often
make use of other sensors available on smartphones, such as accelerometers
and pedometers. In recent years, there has been a trend on combining LBS with
other wearable sensors (e.g. for sensing heart rate, blood pressure, EEG signal,
and body temperature) for health monitoring, and providing personalised health-
care information and services (Adibi 2015).
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¢ Transport LBS. By tradition, transport has been one of the main application fields of
LBS. Applications include those for driver assistance, passenger information, and
vehicle management (Raper et al. 2007b). Car navigation systems are probably the
most popular LBS applications, which provide wayfinding assistance for drivers, and are
still being improved with new features, such as real-time traffic information. For
example, Waze (https://www.waze.com/) crowdsources traffic and road information
to provide drivers with real-time navigation supports. LBS and tracking techniques have
now been extensively used for vehicle management and logistic tracking. In recent
years, applications beyond car navigation and vehicle management have been emer-
ging. For example, for driver assistance and passenger guidance, applications for
finding available on-street parking spaces (e.g. Parkbob http://www.parkbob.com/),
safety warning (Y. Li, Wang, and Zhang 2015), multimodal routing (Bucher, Jonietz, and
Raubal 2017) have appeared. There are also studies using LBS to promote more healthy,
greener (lower CO, emission), and more active mobility behaviours (Bucher et al. 2016).

¢ Location based assistive technology. LBS are also being used as assistive tech-
nology to enable visually impaired people, and disabled and elderly people to
perform their daily living activities independently and to experience an improved
quality of life (Hakobyan et al. 2013). These assistive systems provide assisted-living
functions, such as personalised navigation and wayfinding (Stepnowski, Kaminski,
and Demkowicz 2011), obstacle detection (Peng et al. 2010), space perception
(Shen et al. 2008), and independent shopping (Eduardo et al. 2017). With the
increasingly aging population, one can expect that more and more location
based assistive systems will be developed and employed in the future.

Recent years have also seen the application domains of LBS being expanded into disaster
and emergency (Choy et al. 2016), supporting citizens' involvements in society (e.g. for crime
mapping, reporting urban problems), education (learning in the field) (Sailer et al. 2016),
entertainment (e.g. music) (Aman, Liikkanen, and Hinkka 2015), insurance (Pham et al. 2016),
billing (Kozlovsky, Dvorak, and Krejcar 2016), and supporting production processes in
factories (Jo et al. 2017). While most LBS applications are developed primarily for supporting
individual users, some researchers have started to develop LBS applications to support
groups of users for collaborative task solving (Espeter and Raubal 2009), such as wayfinding
and museum visiting (Reilly et al. 2009; Lanir et al. 2016).

2.2. From outdoor to indoor and mixed outdoor/indoor environments

In the early 2000s, research on LBS had been mainly focused on outdoor environments,
also due to the lack of reliable indoor positioning methods, as well as the lack of indoor
GIS data (Raper et al. 2007a, 2007b). In recent years, LBS have become more and more
popular not only in outdoor environments, but also in shopping malls, museums,
airports, many other indoor environments, and even mixed outdoor/indoor environ-
ments. This is mainly due to the advancements in indoor positioning and indoor spatial
data modelling and the increasing availability of indoor GIS data in the last decade.
Different location sensor technologies have been developed and tested for estimating
the location of a smartphone in indoor environments (Davidson and Piche 2017), such as
WiFi (Retscher and Roth 2017), RFID (Bai 2016), Bluetooth (Huang et al. 2009), NFC
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(Ozdenizci, Coskun, and Kerem 2015), and UWB (Alarifi et al. 2016). Positioning methods,
such as proximity sensing, lateration, dead reckoning, and pattern matching (e.g. finger-
printing) were employed. Among them, WiFi-based fingerprinting has attracted a lot of
research interest, and likely represents the “state-of-the-art” in indoor positioning (Davidson
and Piche 2017). Bluetooth Low Energy (BLE) beacons, such as Apple’s iBeacon, Google’s
URIBeacon and Eddystone, and Radius Networks’ AltBeacon, are also often employed for
indoor positioning, using their ‘proximity’ mode (Davidson and Piche 2017). To improve
position accuracy, map-matching using building floor plans, as well as signal fusion with
other sensors (e.g. accelerometer, gyroscope, and magnetometer) have been proposed
(Lam, Tang, and Grundy 2016).

As mentioned before, recent years have also seen rapid advances in indoor spatial data
modelling, as well as the increasing availability of indoor GIS data. A number of indoor space
models have been developed (Afyouni, Ray, and Claramunt 2017), from 3D building models,
such as cityGML (Groger and Lutz 2012) and Building Information Modelling BIM (Isikdag
and Zlatanova 2009), over polygonal approaches (Slingsby and Raper 2008) to network
solutions like Geometric Network Model (GNM) (Lee 2004), corridor derivation, cell-decom-
posed networks (Lorenz, Ohlbach, and Stoffel 2006), and visibility-based models. Recently,
the Open Geospatial Consortium (OGC) approved a new standard IndoorGML for the
representation and exchange of geoinformation for indoor applications (Lee et al. 2014),
with GNM as the underlying network. OpenStreetMap also introduced an indoor tagging
schema for indoor mapping (https://wiki.openstreetmap.org/wiki/Proposed_features/
IndoorOSM), which can be used to model different floor levels, different indoor elements
(e.g. rooms, areas, walls, and corridors), and connections between different elements. In
recent years, research has also paid attention to connecting outdoor and indoor environ-
ments (Vanclooster, Van de Weghe, and Philippe 2016; Yang and Worboys 2011).

These rapid advances in indoor positioning and indoor data modelling have triggered
many innovative indoor LBS applications, such as indoor navigation/wayfinding (Fellner,
Huang, and Gartner 2017), guides at museums/exhibitions (Kaulich, Heine, and Kirsch
2017), emergency response (Zhao, Winter, and Tomko 2017), shopping guides (Eduardo
et al. 2017), and location based advertisement (Mathew et al. 2017). Typical venues of
indoor LBS applications include universities/schools, museums, complex transport hubs
(e.g. airports and train/subway stations), and shopping malls.

2.3. Towards context-awareness

As the term suggests, location plays an essential role in LBS as it determines the services and
information the user might expect. However, there is more to context than location
(Schmidt, Beigl, and Gellersen 1999). Relying only on the location sometimes may lead to
irrelevant results, as two persons using an LBS at the same location, or even the same person
at the same location but within a different context (e.g. time of the day, seasons, with
whom), might expect different answers (Grifoni, D'Ulizia, and Ferri 2018). For effectively
supporting the user, LBS should provide information and services adapted not only to the
user’s location, but also her/his other context information (Raper et al. 2007a). In the past
years, a lot of research advances have been made to enabling context-awareness in LBS,
particularly on the aspects of context acquisition, context representation, and context
adaptation (Grifoni, D'Ulizia, and Ferri 2018; Yurur et al. 2016).
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Various studies have attempted to identify the different kinds of context factors that are
potentially relevant to an LBS user, and proposed some classifications of context factors
(Tiina and Nivala 2005; Hervas, Bravo, and Fontecha 2010). An example (see Figure 2) of a
classification of context factors consists of users (e.g. their user profiles, preferences, and
emotion status), location, time (e.g. time of the day and seasons), orientation/heading,
navigation history, purpose of use, social aspects, physical surrounding (e.g. weather,
light, and noise level), and technical aspects (e.g. device and network connectivity) (Tiina
and Nivala 2005). This kind of classifications provides some structure for the potential list of
context factors, while which factors to be considered and modelled depends on the specific
LBS applications. Different methods have been proposed to help LBS developers identify
relevant context factors (Huang and Gartner 2012; Kessler 2010). The acquisition of context
information can be done using various sources (Grifoni, D'Ulizia, and Ferri 2018), such as
sensors that are available on smartphones (e.g. GPS, accelerometer, and gyroscope), wear-
able sensors (e.g. physiological sensors, such as the ones for sensing emotion and heart
rate), or sensors present in the environment (static sensors), as well as monitoring or
querying Web applications and services or obtained from users’ explicit inputs when
using the application. Several studies focus on deriving high-level context information
(e.g. ‘driving’) from low-level raw data, especially numeric sensor outputs (Yurur et al. 2016).

The collected contextual data need to be represented through a context model to
allow efficient structuring and retrieval of these data (Strang and Linnhoff-Popien 2004).
Bettini et al. (2010) identify five context model categories: key-value, markup-based,
object-role-based, spatial, and ontology based. Grifoni, D'Ulizia, and Ferri (2018) sur-
veyed many LBS applications and found that the key-value model and the ontology-
based model are the most used ones. They further proposed a set of requirements that
ensure good performance of the context model: mobility, heterogeneity, relationships
and dependencies, timeliness, reasoning, scalability, privacy, and human collaboration.

Several studies have investigated how context data can be utilised to adapt services for
the user (Grifoni, D’Ulizia, and Ferri 2018; Mokbel et al. 2011). Grifoni, D'Ulizia, and Ferri

purpose of use

physical .
4 ° system properties
sourroundings - }S‘
." ;
: social and
time
63 cultural
situation

- =
\\’ =
navigation history ————

Figure 2. Different types of context factors that might be relevant to LBS (Source: steiniger, neun,
and edwardes (2006) at cartouche http://www.e-cartouche.ch/, under CC BY 2.0).
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(2018) categorised techniques used in context-aware adaptation into four types: similarity-
based reasoning (Guessoum, Miraoui, and Tadj 2015), collaborative filtering (Huang 2016),
machine learning, and rule-based reasoning (Raubal and Panov 2009). These different
techniques vary in the flexibility they allow, as well as the adaptation quality (e.g. precision
and recall) they offer. In terms of the automation of the adaptation process, Schou (2008)
differentiates between self-adaptation (the system adapts without any interaction with the
user) and controlled adaptation (the user needs to initiate the process). Huang and Gao
(2018) argue that adaptive services (self-adaptation) rather than adaptable ones (controlled
adaptation) should be introduced for LBS applications, considering the fact that LBS users
are often involved in many tasks and activities while using mobile devices. Additionally, the
small screen sizes restrict interaction functionalities on these mobile devices.

These rapid advances in context acquisition, representation and adaptation have
triggered many context-aware LBS, such as for navigation and wayfinding (Raubal and
Panov 2009), location recommendations and mobile guides (Huang 2016), mobile
learning (i.e. learning experiences delivered via mobile devices) (Gémez et al. 2014),
healthcare (Ham, Dirin, and Laine 2017), and entertainment (Lee et al. 2017).

2.4. Towards non-intrusive user interfaces

As shown in Raper et al. (2007b), early LBS applications mainly communicated information to
the users via visual (e.g. maps) and auditory (e.g. verbal instructions) interfaces on smart-
phones. Recent years have seen rapid advances towards more ‘natural’ and non-intrusive
user interfaces for LBS, particularly on the aspects of representation forms (e.g. visual,
auditory, and tactile), interface technologies and devices (e.g. smartphones and smart-
watches), interaction modality (e.g. touch, gesture, and gaze based), and context awareness.

Visual interfaces, particularly mobile maps, are still the main communication form in LBS
(Hirtle and Raubal 2013). However, new types of visual interfaces, such as 3D (Santana et al.
2017), virtual reality (VR), and AR (Huang, Schmidt, and Gartner 2012; Tsai et al. 2017), are
being developed. Tactile interfaces, such as vibration on smartphones and wearable sen-
sors, are also used in LBS (Pielot et al. 2011). There is also a trend of combining multiple
presentation forms (e.g. maps and voices) to achieve better user experience in LBS. Research
attention has also been drawn to compare the effectiveness of different interfaces in LBS
(Huang, Schmidt, and Gartner 2012; Gkonos, Giannopoulos, and Raubal 2017). In terms of
interface technologies and devices, smartphones are not the only mobile client in LBS. More
and more mobile and wearable devices are introduced for LBS applications (Figure 3), such
as smartwatches (Wenig et al. 2017), digital glasses (e.g. Google Glasses and Epson Moverio
BT-200) (Rehman and Cao 2017), mobile projectors (e.g. smartphones with in-built projec-
tor) (Wolf et al. 2016), head-mounted displays (HMDs), haptic devices (Pielot et al. 2011), as
well as public displays (Coenen, Wouters, and Moere 2016). In addition to conventional
interaction methods, such as touch, voice-based (B. Lee et al. 2015), gesture-based (Rautaray
and Agrawal 2015), and gaze-based methods (i.e. use eye movement to control interaction)
(Anagnostopoulos et al. 2017) have been introduced for LBS applications as well.

More and more people are carrying different mobile devices (e.g. smartphones, smart-
watches, digital glasses, and other wearable sensors) at the same time. Therefore, several
studies have started to explore cross-device interaction in LBS (Kubo et al. 2017; Kim et al.
2016). For example, Kubo et al. (2017) explore context-aware cross-device interactions
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Figure 3. Emerging interface technologies in LBS.

between a smartphone and a smartwatch. There are studies combining smartphones with
other devices in the environment, for example, with digital signage (Ogi, Ito, and Ukegawa
2018) and public displays (Rukzio, Miiller, and Hardy 2009).

Another rapid advance can be observed in context-aware user interfaces in LBS (Tiina and
Nivala 2005; Raubal and Panov 2009; Griffin et al. 2017). Context information has been used
to adapt the contents to be presented, as well as the ways how these contents are
presented. For example, Tiina and Nivala (2005) adapt mobile tourist maps to the current
season, as well as to the users and usage situations. Raubal and Panov (2009) use location,
time (e.g. daytime vs. night-time), velocity, and direction for adapting mobile maps for
pedestrian navigation. Anagnostopoulos et al. (2017) propose the concept of gaze-informed
LBS, which can provide information according to what a user is looking at. Recently, Griffin
et al. (2017) have presented a research agenda in designing context-aware maps, and
highlight several key open research questions, such as on modelling of map users and
map use context, as well as on the reliability and validity of the context model to make a
design transferrable.

2.5. Usability, privacy, and social aspects of LBS

In the early 2000s, the LBS research community had mainly focused on the technical
challenges, and relatively little attention was paid to non-technical issues (Raper et al.
2007b). Recent years have seen an increasing interest in adopting interdisciplinary research
in LBS. Usability evaluation with intended users has become a ‘default action” when devel-
oping LBS (Meng, Zipf., and Stephan 2007). There is also a body of research focusing on
understanding motivations for and acceptance of LBS applications (Yoon, Kim, and Connolly
2017). Beyond usability and user motivation, many studies have started to investigate the
social, ethical, and legal aspects brought by LBS (Abbas, Michael, and Michael 2014;
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Brimicombe 2012). For example, Abbas, Michael, and Michael (2014, 11) provide a state-of-
the-art review, and argue that the two prominent ethical dilemmas in LBS are ‘the risk of
privacy breaches’ and ‘the possibility of increased monitoring leading to unwarranted
surveillance by institutions and individuals'. Different technical solutions, as well as regula-
tory considerations/actions have been proposed to tackle these ethical challenges (Kerski
2016). For example, different so-called privacy enhancing methods have been developed to
address users’ privacy concerns in LBS, such as privacy-by-design, and anonymisation (e.g.
spatial cloaking, space transformation, and geomasking) (Duckham, Mokbel, and Nittel
2007; Zhang et al. 2017), which however does not seem to be widely adopted by compa-
nies yet. In terms of regulatory actions, recently a new European Union (EU) law ‘General
Data Protection Regulation (GDPR)' has come into force, which focuses on data protection
and privacy of all individuals within the EU. In addition to these social, ethical, and legal
issues, researchers have also explored the business issues in LBS (Dhar and Varshney 2011).

Research interests have also been drawn to study the impact of LBS on both individuals
and society in the mobile information era (Raubal 2011). For example, several studies have
focused on the impact of LBS on users’ spatial awareness, spatial memory, and sense of
place, in the context of navigation systems (Huang, Schmidt, and Gartner 2012; Parush,
Ahuvia, and Erev 2007), and location based games (Colley et al. 2017). Researchers have also
investigated how LBS influence consumers’ choice behaviour (Gazley, Hunt, and Lachlan
2015), and the changes to healthier mobility behaviour (Jing, Freeman, and Mu 2016).

As more and more LBS are entering into the general public’s daily lives, we expect
that research on these aspects will become more prominent, which will enable us to
better understand the impact of LBS on our mobile lives and vice versa.

2.6. Mining big spatial data to better understand our society

The increasing use of LBS, as well as the growing ubiquity of location/activity sensing
technologies have led to an increasing availability of location based tracking data (e.g.
floating car data and georeferenced mobile phone data), social media data (e.g. Twitter
data), and crowdsourced geographic information (Capineri et al. 2016). These data have
created unprecedented opportunities for researchers from various disciplines. Mining these
data (e.g. via data mining or visual analytics) enables people to better understand and
model human mobility (Shaw, Tsou, and Xinyue 2016; Yuan, Raubal, and Liu 2012), geosocial
networks (Scellato et al. 2011), city dynamics, and semantics (Gao, Janowicz, and Couclelis
2017), as well as to monitor and optimise traffic (Keler 2017), detect real-time events, and
manage disasters (De Albuquerque et al. 2016). This research is part of an emerging trans-
disciplinary field named ‘urban informatics’, which investigates the ‘acquisition, integration,
and analysis of big and heterogeneous data generated by diverse sources in urban spaces,
such as sensors, devices, vehicles, buildings, and humans, to tackle the major issues that
cities face (e.g. air pollution, increased energy consumption, and traffic congestion)’ (Zheng
et al. 2014, 3), and thus improve the quality of life (Ratti and Claudel 2016).

2.7. Summary and discussion

As discussed in the above sections, by comparing the state-of-the-art in 2007 as presented
in Raper et al. (2007a, 2007b) and the current state, several key trends can be observed from
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the research and industrial development in the LBS domain over the last 10 years: from
mobile guide and navigation systems to more diverse applications, from outdoor environ-
ments to indoor and mixed outdoor/indoor environments, from location-awareness to
context-awareness, from smartphone-based mobile maps and audio only to more diverse
and ‘natural’ user devices and interfaces, from technology-driven to more holistic research
considering both technical and non-technical issues (e.g. social and ethical aspects), as well
as the rise of analysis of (big) LBS-generated data. It is important to note that while rapid
advances have been made on these aspects, many open issues still exist, especially con-
cerning ubiquitous positioning, context modelling and context-aware LBS, social, ethical
and behavioural implications.

As mobile devices and communication technologies seem to continuously be
improved at a very fast speed, as well as the increasing smartness of our environments
and cities (e.g. with different kinds of sensors), we expect the demand of LBS in different
aspects of our daily life will continue to be very strong, which will push LBS towards the
4A vision (anytime, anywhere, for anyone and anything). This will open up a lot of
additional research questions, both basic and applied, to the LBS research community in
the coming years.

3. Scientific research agenda

To motivate further LBS research and stimulate collective efforts in our rapidly evolving mobile
information society, we believe that it is important to develop a cross-cutting research agenda,
identifying the key research questions and challenges that are essential to meet the increasing
societal demands of LBS. The development of this research agenda was designed as a joint
activity of the LBS research community, which mainly consists of experts from GlScience,
cartography, geomatics, surveying, computer science, and social sciences. Based on the 31
one-paragraph proposals, and the feedback and results of the workshop and conference
session, we identified a list of ‘key research challenges’ that should be addressed to bring
LBS to a higher level to better benefit our human society and environment.

These research challenges can be classified into seven broad areas (Figure 4):
Positioning, Modelling, Communication, Evaluation, Applications, Analysis of LBS-gener-
ated data, and Social and Behavioural Implications of LBS. The first three areas (the inner
groups) represent the core of LBS (‘How to make it work’), as every LBS application needs
to handle the main tasks of positioning, data modelling, and information communication.
‘Evaluation’ is important to ensure that a developed LBS meets users’ needs. Sufficiently
addressing these four aspects would prepare LBS to be ready for different kinds of
applications, such as navigation, mobile guides, transportation, healthcare, and entertain-
ment. These LBS applications not only help to facilitate people’s daily activities and
decision-making in space, but also generate a lot of data about how people use, travel,
and interact with each other in the environment. ‘Analysis of LBS-generated data’ (e.g.
location based tracking data, social media data, and crowdsourced geographic informa-
tion) helps to better understand people’s behaviours in different environments, which
enables various innovative applications (e.g. transport, urban planning, and smart city), as
well as provides insights to further improve these LBS applications. Beyond these, ‘social
and behavioural implications of LBS' raise as LBS enter into people’s daily lives.
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Figure 4. The ‘key research challenges’ organised into seven broad areas: positioning, modelling,
communication, evaluation, applications, analysis of LBS-generated data, social and behavioural
implications of LBS.

In the following, we introduce each of these identified research challenges, mainly
focusing on their importance, extent, open questions, existing research efforts (if any),
and potential opportunities. We don't particularly focus on specific types of LBS
‘Applications’, as sufficiently addressing the other identified challenges would prepare
LBS to be ready for different kinds of applications.

3.1. Ubiquitous positioning

To provide services and content relevant to the location, LBS need to determine where
the user is. Therefore, positioning or location determination is a crucial technology for
LBS (Raper et al. 2007a). As LBS become increasingly important and pervasive in our
daily life, ubiquitous positioning is needed to provide an accurate and timely estimate of
a user's or an object’s location at all times and in all environments (Chen 2012). While
GPS (as well as some other similar systems, such as GLONASS, Galileo, and BeiDou) is
available in outdoor environments, its positioning accuracy varies, and often gets worse
in dense urban environments (due to urban canyon effects). For indoor environments,
while other positioning methods and technologies start to appear, such as WiFi-based
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fingerprinting and Bluetooth beacons, achieving accurate and reliable positioning is still
a long way to go. In this section, we present challenges that refer to these issues in the
context of LBS.

3.1.1. Challenge 1.1: How can we determine an object’s position in indoor
environments and other adverse GNSS conditions? Can sensor fusion help?

In many cases in outdoor environments, Global Navigation Satellite Systems (GNSS), such
as GPS have made location determination a trivial problem. In others, such as indoors,
dense urban environments and the underground, accurate positioning nowadays is still a
considerable technical challenge, despite the recent advances in indoor positioning. This is
due to many reasons caused by the complexity of the environments, such as blockage of
signals, severe multipath, etc. The current proposed positioning methods have specific
advantages and disadvantages. A stringent requirement is that high performance must be
achieved using low-cost technologies and sensors. Thus, smart hybrid positioning where
different absolute and relative location technologies are integrated is a major research
topic. In this context, main challenges are the development and improvement of existing
and emerging positioning technologies and their sensor fusion where more than one type
of algorithm at the same time has to be employed.

3.1.2. Challenge 1.2: How can we ‘standardise’ the service interface of indoor
positioning solutions?

Currently, different indoor positioning solutions have been proposed, which rely on differ-
ent sensors, infrastructures, and positioning techniques, and yield different levels of accu-
racy and reliability. A universal solution, such as GPS for outdoor environments is still
missing, and seems unrealistic to estimate a user’'s or an object’s location in indoor
environments. This hinders the development of indoor LBS, as users will always need to
switch to indoor positioning methods when entering a new indoor environment. If we can
‘standardise’ the service interface of different indoor positioning solutions (such as GPS for
outdoor environments, or OGC's Web Map Service WMS, Web Feature Service WFS, and web
processing service WPS, which standardise the input/output of geospatial data and proces-
sing services), then an indoor LBS application would work smoothly across different indoor
environments despite the different positioning solutions that are deployed. As a step further
towards this ‘standardisation’, research should be done to study what metadata are needed
to characterise and specify the service interface of different indoor positioning solutions.
Existing standards on geospatial metadata provide some hints on these aspects.

3.1.3. Challenge 1.3: Can guidelines on the levels of positioning accuracy and
reliability required for various LBS application domains be developed?

The application domains of LBS are continually expanding. To provide useful information,
different LBS applications have different location accuracy requirements, particularly in
terms of positional accuracy (vertical and horizontal), frequency of access (allowing higher
sampling rates), reliability (overall consistency of a measure in different conditions), and
latency (e.g. time-to-first-fix). For example, the level of positioning accuracy required for
navigation systems is much higher than when providing weather information for a user
location. While from the service provider's perspective, more accurate location information
is generally more useful, this often results in higher cost and might not be necessary or
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allowed (e.g. due to the nature of the applications, as well as privacy considerations). This
challenges the research community to determine minimum local accuracy requirements for
various LBS application domains. Several early studies have investigated GPS sample rates
for developing pedestrian assistant systems (e.g. Schneider et al. (2016)) and animal home
range analysis in movement ecology (e.g. Kie et al. (2010)), but little research attention has
been paid to other aspects and domains mentioned above.

3.2. Modelling

For effectively supporting users, LBS should provide information and services relevant to the
location, characteristics, needs, and context of a mobile user. These kinds of information
about the users and their context are important considerations in the course of designing
LBS. They determine what contents should be provided, and have a significant impact on
the way systems and user interfaces should be designed. While this issue has attracted
significant interest, its research is still at an early stage. Modelling and using these kinds of
information to provide personalised and context-aware services in LBS is still challenging.

3.2.1. Challenge 2.1: How can indoor environments be modelled to effectively
support LBS applications?

To support various queries, the space which the user is in should be effectively modelled for
LBS. While spatial modelling of outdoor environments has been standardised to some
extent, research on modelling indoor environments for LBS is only emerging. A number
of indoor space models have been proposed from different disciplines and perspectives
(Afyouni, Ray, and Claramunt 2017), such as cityGML, BIM, and network models, without
explicitly addressing the geometrical and semantical requirements introduced by indoor
LBS. Compared to other applications (such as architectural or visualisation applications),
indoor LBS (e.g. finding the ‘LBS 2018 conference’ room) often require more semantic than
purely geometrical information. Research efforts should be made to evaluate whether the
existing models can effectively support different indoor LBS applications, such as indoor
wayfinding, emergency evacuation, mobile guide (shopping or exhibition), gaming, and
advertisement. The dynamic nature of many indoor environments also poses challenges in
modelling the semantics of indoor space. Addressing these aspects requires a better under-
standing of different indoor LBS applications, as well as the diversity of indoor environ-
ments. Research attention should also be paid on combining outdoor and indoor data
models to provide mixed outdoor/indoor LBS. Another issue is related to privacy. Indoor
environments often consist of personally sensitive places. How to effectively represent
indoor environments while preserving privacy is still an open question.

3.2.2. Challenge 2.2: How can context of a mobile user, as well as its dynamics be
modelled in LBS?

Context is ‘any information that can be used to characterise the situation of an entity. An
entity is a person, place, object that can be considered relevant to the interaction between a
user and an application’ (Dey 2001, 5). In this sense, location is part of context, however, there
is more to context than location, such as the user (e.g. his/her preferences, skills, cognition,
and goals), physical environment (e.g. weather, temperature, surrounding landscape, and
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events), social aspects (e.g. who is with the user, and social relationships), and technical
aspects (e.g. device and network connectivity). Four main questions need to be addressed:

(1) What kinds of context information should be considered and modelled in LBS?
While the answer depends on the specific LBS application, methods to identify
relevant context information to be modelled in a specific LBS application should
be developed.

(2) How can context information be acquired and inferred? Different sources are
potentially available, such as sensors (smartphone sensors, wearable sensors, sen-
sors in the environment), web applications and services (e.g. online social media),
and also users’ explicit inputs. This challenges researchers to develop methods to
integrate these different sources, as well as to derive high-level context information
(e.g. sightseeing) from low-level raw data. Moreover, during this context acquisition
process, uncertainty regarding the acquired context should be modelled.

(3) How should the acquired context information be structured and modelled to allow
efficient retrieval and update? A main challenge here is the interdependency among
different context dimensions. The principles of linked data might play a role here.

(4) How can the dynamics of context be modelled in LBS? LBS are often used in
dynamic and mobile environments, which implies that the dynamic nature should
be considered when addressing the above three questions. Solutions should also
be developed to manage the incoming context data streams.

3.2.3. Challenge 2.3: How can personalisation and context-aware adaptation be
provided in LBS? Which level of automation should the adaptation process have?
After acquisition and modelling, the context data can be used in LBS to adapt the
services and contents for the user. Context-aware adaptation is the process of tailoring
the observable behaviour, functionalities, contents and/or the appearance of the service
in reaction to a change of the user’s context, with the aims to provide a better user
experience. While research on this has been emerging in the past years, several key
questions still need extensive research efforts, especially concerning the following
aspects: (1) What: which features of LBS can be adapted? (2) How: which techniques
are needed to make the adaptation? (3) When: when should the adaptation process
happen? The dynamics and uncertainty nature of context bring further challenges to
these questions.

Another important question is ‘which level of automation should the adaptation process
have'. While a high level of automation (e.g. self-adaptation) requires no interaction of the
user with the system, the user might get a feeling of losing control over the system. This
challenges researchers to find a balance between level of automation and level of user
interaction.

The context data that are used in the adaptation process often consist of the
user’s personal information or travel histories, which may raise privacy concerns.
The more available the context data is, the better services the user will receive.
There is a trade-off between the quality of the adaptation and the amount of
private sensing data. Further efforts are necessary to find a balance between
these aspects.
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3.2.4. Challenge 2.4: How can LBS be designed to support collective actions, tasks,
and activities (LBS for group users)?

Currently, LBS are mostly developed to facilitate single users’ activities and decision-making
in space. In the real world, many of our activities and decision-making processes involve
other individuals. We might navigate in an unfamiliar environment with friends to find a
particular destination, explore a city or museum together, or plan a meeting place while
each individual is on the move. It is still rather unclear how LBS should be designed to
support this kind of collective actions, tasks, and activities. While research on location
based social networks, location based gaming and mobile crowdsourcing has generated
some insights on this, there are still many types of group-based interactions to be
considered for LBS, regarding whether the users are together or distributed at different
places (same place vs. different places), whether the interaction happens synchronously or
asynchronously (same time/real-time vs. different time), and how many mobile devices are
used (one shared device vs. one device per user). Designing LBS to support collective tasks
and activities also needs to consider all involved users’ preferences, needs and context, and
develop mechanisms to resolve conflicts and enable collaboration. Methods on preserving
privacy in this kind of applications also need to be developed.

3.3. Communication (interface and interaction)

From a user’s perspective, LBS provide relevant information via mobile devices to support
their decision-making and activities in space. This can be considered as a communication
process, in which relevant (spatio-temporal) information is conveyed from LBS to the users.
While much research progress has been made regarding this aspect, significant attention
should still be paid to develop more ‘natural’ and non-intrusive user interfaces for LBS.

3.3.1. Challenge 3.1: How can relevant information be communicated to LBS users
in an optimal way to facilitate their decision-making and activities in space?

Maps are generally considered as the most important presentation form when commu-
nicating georeferenced information. This also seems to hold for LBS, as many of the
questions LBS try to answer are geo-related. In addition to maps, other communication
forms, such as speech and text are also employed in LBS. While early research efforts in LBS
focused on designing maps adapting to small screens of mobile devices and specific user
tasks (e.g. wayfinding) (Dillemuth 2008), there are more aspects to consider, especially
regarding the diversity of LBS users, tasks, and use contexts. In other words, context-
aware adaptation should be introduced when communicating information in LBS. To
achieve this, several essential issues should be addressed. First, a systematic framework to
study users and their contexts, as well as their information needs should be developed.
Second, techniques to provide context-aware interfaces in LBS to effectively communicate
information (e.g. via maps or other communication forms) are needed. For this, it is
important to understand ‘which contents and presentation styles are relevant for which
communication goals and which contexts’ (Huang 2015, 2). Answering these questions will
need empirical studies with computational methods.
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3.3.2. Challenge 3.2: How can we employ newly emerging mobile devices (e.g.
smart watches and smart glasses) for LBS applications?

Recent years have seen a range of new interface technologies and devices being introduced
for communication of spatial information in LBS (Oviatt et al. 2017), such as wearable devices
like smartwatches and digital glasses, and haptic devices. These kinds of devices often have
their own characteristics, interaction modalities (e.g. voice, gesture, and gaze-based interac-
tion), and technical constraints. To make use of these new technologies, conventional inter-
face design principles, techniques, rules and their relative priority should be improved,
updated and even re-defined if needed. Moreover, development in interface technologies
and mobile devices is continually at a fast speed. This will challenge researchers from the LBS
domain and other domains, such as mobile human-computer interaction (HCI) to explore
what design patterns/principles are still valid, and work for future emerging devices.

3.3.3. Challenge 3.3: How can visual, sound, and tactile methods be meaningfully
integrated to effectively communicate spatial information in LBS?

While maps seem to be a very popular communication form in LBS, recent research
attention has also been paid to explore the possibilities of using other human senses, e.g.
hearing and touch (haptic). Furthermore, new forms of visualisation beyond maps, such as
3D, VR, and augmented reality, are being developed. However, a systematic understanding
of strengths and weaknesses of these visual, auditory, and tactile forms, as well as when they
might be suitable to apply is still missing. Since they all have strengths and weaknesses, it is
also essential to study which and how they can be meaningfully integrated to communicate
(spatial) information in LBS.

3.4. Evaluation methodology

While research has contributed to enabling LBS and keeps pushing the limits of LBS, the
evaluation of such services regarding usability and usefulness is still not well understood.
The lack of understanding in this particular area of LBS has a significant impact on the
development of the field as a whole. For example, in order to ensure reliable progress (both
in research and in practice), evaluation methods are required that facilitate comparison of
different services and approaches.

3.4.1. Challenge 4.1: How can a comprehensive framework for evaluating LBS
applications be developed, considering user interfaces, user properties and skills,
cognition, device and service properties, environmental factors, and social aspects?
As mentioned before, evaluation is important to ensure that a developed LBS meets users’
needs, and it is also essential for the further development of the field as a whole. There is a
strong need to systematically investigate test environments (Li and Longley 2006) and
evaluation methods for LBS: properties of existing environments and methods must be
assessed, and new test environments and methods (e.g. mobile eye tracking) explored. In
order to further improve the usefulness and acceptance of LBS, it is essential to thoroughly
evaluate them and to determine which method and environment to use when (Delikostidis
et al. 2015). Due to the complex nature of LBS and their strong dependency on contextual
factors, there is also a clear need to investigate how to best combine methods when
evaluating different types of LBS. One of the key challenges in this context relates to the
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fact that LBS are often used while people are on the move, and therefore dynamic aspects of
mobile decision-making must be considered (Hirtle and Raubal 2013). While usability is still
one of the main concerns for the evaluation of mobile applications (Harrison, Flood, and
Duce 2013), a comprehensive framework for LBS evaluation must also account explicitly for
the following characteristics: user interface, user properties and skills, cognition, device and
service properties, environmental factors, and social aspects.

Such a comprehensive framework for evaluating LBS applications must systematically
investigate all components and relationships within the User — Technology - Environment
triangle. User issues relate not only to the usability and user experience (Paay and Kjeldskov
2008) of the particular LBS applications, but also to their potential adaptation to user
context (Raubal and Panov 2009), optimal ways of communicating information to the
user, and taking into account aspects of spatial cognition (Montello and Raubal 2013),
learning, and behaviour change (Bucher et al. 2016). A user-centric model, as proposed in
(Richter, Dara-Abrams, and Raubal 2010), supports the evaluation of these aspects by
distinguishing different degrees of user involvement and highlighting the effects that
differences in interaction have for the users. When evaluating LBS technology, one must
take into account the often complex computing architectures that LBS are embedded in,
including multiple servers and clients, running on different platforms, and having different
performance issues. For the evaluation it is mandatory to first specify the various require-
ments, which must be met by the LBS. Such requirements relate to system performance,
scalability, and device properties. In addition, security and privacy (Bettini, Mascetti, and
Sean Wang 2008) must be taken into account. Environmental context plays a large role
when evaluating LBS applications. Questions, such as ‘which environmental factors impact
the use of LBS and how’ must be asked. Such factors could be complexity of the environ-
ment (indoors and outdoors), weather, crowdedness, or air quality. In addition, the relation
between the movement of the user (self-propelled or via a means of transportation) and the
use of LBS needs to be considered explicitly.

3.4.2. Challenge 4.2: How can lab-based and field-based evaluation be effectively
combined in LBS research?

LBS evaluation can be performed in the lab or in the field. Lab studies have the advantage of
being under controlled conditions and being done faster and cheaper than studies in real
world environments. This comes at the price of losing ecological validity because the real
environments where LBS applications will eventually be employed, are more complex,
dynamic, and unpredictable. Researchers have also argued that people behave differently
in the lab compared to the real world (Kaikkonen et al. 2008). More research needs to be
done to investigate the strengths and weaknesses of employing lab-based and field-based
methods in evaluating LBS, as well as how to best combine them.

Furthermore, through advancements in areas, such as VR, it is nowadays possible to
utilise hybrid approaches, which bridge the gap between lab and real world studies. There
are several initial studies heading into this direction. For example, Delikostidis et al. (2015)
used an Immersive Video Environment to evaluate mobile navigation systems and demon-
strated that nearly the same number of major usability problems could be identified as in a
field test. However, a systematic understanding of the potentials and limitations of virtual
environments for LBS research is still missing.
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3.5. Analysis of LBS-generated data (e.g. tracking data and social media data)

The increasing ubiquity of LBS and location sensing devices have led to a huge amount of
data, such as location based tracking data, social media data and crowdsourced geographic
information. On the one hand, these data can be used to better understand LBS users and
their contexts, which can be used to further improve LBS applications. On the other hand,
these data provide insights on how people move and behave in different environments and
socialise with others. Therefore, analysis of these kinds of LBS-generated data has attracted
significant interest from different fields and disciplines.

3.5.1. Challenge 5.1: Data models of LBS-generated data

To support efficient data analysis and knowledge discovery, LBS-generated data should
be modelled and stored appropriately. The classic geospatial data representation models
may not be able to capture all important aspects of the large volume of enriched LBS-
generated data and relationships among them. Currently, lots of LBS-generated data are
still simply modelled and stored in relational databases and even comma-separated
values (CSV) files, which leaves the complexity to the data analysis process, and makes it
difficult to scale up when the data amount increases significantly. Compared to con-
ventional geospatial data, LBS-generated data often show most (if not all) of the typical
characteristics of big data: volume, variety, velocity, and veracity.” A key question here is:
How can we represent and store LBS-generated data to allow efficient retrieval (and
update), considering the characteristics of the data? A unique data model for all kinds of
LBS-generated data might not be feasible, and therefore, as a first step, it would make
sense to identify the types of these data (e.g. sensor data vs. human reported data vs.
hybrid one), and develop data models for each of these different types. One of the
essential requirements of these kinds of data models are their abilities to support further
integration of other data sources, as recent years have seen that more and more data
sources are available for a single phenomenon, event, or area. Metadata regarding the
quality and other characteristics (e.g. representativeness) of the data should also be
considered and modelled together with the data. Furthermore, as LBS-generated data
often consist of user’s personal information or travel histories, methods to deal with
privacy during modelling and storing these data should be developed.

3.5.2. Challenge 5.2: Analysis of LBS-generated data

The increasing amount and complexity of LBS-generated data has also imposed tre-
mendous challenges on the approaches to the analysis and use of them. Analysis of
these data has attracted various research interests in the domains of Knowledge
Discovery and Data Mining (KDD) and visual analytics. Li et al. (2016) and Robinson
et al. (2017) provide research agendas from geospatial perspectives, and identify a list of
key research questions related to the different aspects of geospatial big data. In addition
to the research questions they identified, several further questions should be high-
lighted, especially for LBS-generated data. First, as LBS-generated data often contain
some personal information (e.g. travel histories) of the users, there is a strong need to
develop privacy-preserving analytical approaches for processing these data. Second, as
mentioned before, more and more LBS-generated data, as well as other data are
generated which potentially offer different perspectives for a same study area,
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phenomenon, and event. It is therefore necessary to develop analytical approaches
which can integrate these different data sources to offer a more comprehensive picture
of the phenomenon. Third, analytical approaches should also be developed to consider
the quality (e.g. representativeness, bias, and uncertainty) of the data, and model the
impact of these quality issues on the analysis results. For example, one of the most
intensively studied LBS-generated data is location based social media data (e.g. data
from Twitter and Flickr), which have issues related to how representative their contri-
butors are as well as some other systematic and non-systematic biases (Olteanu et al.
2016). Modelling these biases in the analysis process would allow to better interpret the
results, as well as to generalise the findings to a larger extent.

3.6. Social and behavioural implications of LBS

Privacy issues have been a long-standing challenge for LBS. In recent years, the increas-
ing use of LBS, as well as the growing ubiquity of location/activity sensing technologies
in our daily life are significantly changing the way people interact with each other and
their behaviour in different environments. They also bring further privacy challenges, as
well as some other social, legal, ethical issues.

3.6.1. Challenge 6.1: How do LBS influence people’s spatial abilities? How can we
design LBS that facilitate people’s activities and decision-making without harming
their spatial abilities?

While LBS (e.g. navigation systems) can facilitate people’s daily activities and decision-
making, they potentially bring some side effects. As mentioned by Montello Daniel (2009,
1835), ‘technologies change how we think, often by reducing our ability to reason effec-
tively without the technology’. Therefore, there is a strong need to understand the potential
side effects of over-reliance on LBS in our daily life. Several initial studies have started to
investigate these issues, and found that over-reliance on navigation systems actually harms
our spatial knowledge acquisition and spatial ability (Huang, Schmidt, and Gartner 2012;
Parush, Ahuvia, and Erev 2007). However, until now, a systematic understanding of these
issues and their relationship to other individual differences is still missing, and very challen-
ging, as it requires longitudinal empirical research (Griffin et al. 2017). Furthermore, as these
potential side effects seem to exist, it is important to direct research to explore how LBS can
be designed to facilitate people’s activities and decision-making without harming their
spatial abilities.

3.6.2. Challenge 6.2: How do LBS influence the way people interact with each other
and their behaviours in different environments?

With the rapid advances in mobile information technologies, LBS are entering into the
general public’s daily life. Recent years have seen an increasing number of people using LBS
to facilitate their daily activities and decision-making, such as finding their ways in unfamiliar
environments, exploring a new city, networking with friends, and entertaining. As LBS and
more broadly mobile information technologies have become an integral part of our daily
life, it is necessary to study their impact on both individuals and our society, particularly on
how these technologies influence the way we interact and socialise with each other, and our
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behaviours in different environments. Research on this aspect would also require interdisci-
plinary and longitudinal efforts.

3.6.3. Challenge 6.3: What are privacy and ethical issues in LBS? How can we best
address users’ privacy and ethical concerns in LBS? How do LBS influence/change
our understanding of privacy and ethics, as well as our responses to them?
LBS in nature provide relevant information to users by making use of their current
location and preferences, as well as the context they are in. This information might be
private and thus very sensitive, and therefore, often raises privacy concerns. In connec-
tion to this, ‘the possibility of increased monitoring leading to unwarranted surveillance
by institutions and individuals’ (Abbas, Michael, and Michael 2014, 11) has led to many
social and ethical issues beyond purely privacy. While research on privacy and LBS has
been emerging in recent years and several technical solutions have been proposed,
significant research attention should still be paid to the following questions: ‘what are
privacy and ethical issues in LBS?’, and more importantly, ‘how can we best address
users’ privacy and ethical concerns while ensuring the service quality of LBS?'. Answering
these questions requires research efforts from both technical and non-technical (e.g.
regulatory considerations) perspectives. What makes them even more challenging is that
concern about privacy and ethical issues seems to be perceived differently in different
cultures, in different countries, by different people, and in different contexts.

Another important aspect is that while LBS raise many privacy and ethical concerns, they
also influence/change our understanding of privacy and ethics, as well as our responses
towards them. It is therefore necessary to gain a better understanding of this aspect.

3.6.4. Challenge 6.4: What are the business models of LBS?

Recent years have seen that LBS and location tracking technologies are becoming disruptive
and transformative, as they are bringing radical changes to many business and social
sectors, such as healthcare and well-being, finance (e.g. vehicle insurance), transportation,
advertisement, and public administration. While LBS have been gaining significant com-
mercial interests, there are still few substantial studies on LBS business models. Furthermore,
it is also important to understand the impacts of LBS on these business sectors, and how
these sectors provide further inputs for advancing the development of LBS.

4. Towards location based science (LBscience)?

While the early development of LBS seems to be mainly driven by applications and
technology, researchers in the LBS community actually have been trying to focus on the
foundational research issues that are independent of applications and technology. As an
example, the above research agenda aims to contribute an updated perspective on the
future of LBS research. To motivate further research, it might be necessary to recognise
and develop the role of science in LBS.

In general, the scientific domain that many LBS researchers have been working on, as
well as the above research agenda aims to contribute to can be defined as a field that
studies computational techniques, and social and ethical issues of deriving, modelling,
communicating, and analysing of location based information, i.e. information relevant to
users’ or intelligent agents’ locations. It concerns scientific knowledge on which LBS
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applications are based. Firstly, it considers both computational techniques that enable the
implementation of LBS applications, and social and ethical issues that rise as LBS applica-
tions enter into everyday life. Secondly, it deals with deriving, modelling, communicating,
and analysing of location based information, in which ‘deriving’ is based on ubiquitous
positioning and context acquisition, ‘modelling’ concerns computationally representing
location based information, ‘communicating’ is about conveying location-based informa-
tion to a user or intelligent agent, ‘analysing’ focuses on the analysis of LBS-generated
data. All above issues are inline with the research agenda outlined in Section 3.

This raises a series of interesting and important questions: Can we call this scientific
domain Location Based Science (LBScience)? In other words, is there a LBScience for LBS,
like Geographic Information Science (GlScience) (Michael F. Goodchild 1992; 2010) for
geographic information systems (GIS)? If yes, what is its study subject? What are the
generic (rather than specific to particular fields of applications or particular technologies)
questions that make up LBScience? What are the boundaries of LBScience and its
cognate scientific disciplines, such as GIScience?

This paper does not aim to answer these questions, but rather encourages the LBS
community to think about them. We believe that by thinking about science rather than
software systems, and by identifying the key scientific questions of the field, we can
better ensure a long-term prosperous future of the LBS domain.

5. Conclusions

In this article, we first reviewed the state-of-the-art in LBS research, and identified several
research trends in recent years. These range from mobile guides and navigation systems to
more diverse applications, from outdoor to indoor and mixed outdoor/indoor environ-
ments, from location based to context-aware, from maps and audio to more diverse and
‘natural’ interfaces, from technology-oriented to interdisciplinary research, and analysis of
big spatial data. We then presented a series of key research challenges that are essential for
further development of LBS (Table 1), setting a research agenda for LBS to ‘positively’ shape
the future of our mobile information society. These research challenges cover issues related
to the core of LBS development (e.g. positioning, modelling, and communication), evalua-
tion, and analysis of LBS-generated data, as well as social, ethical and behavioural issues that
rise as LBS enter into people’s daily lives.

As can be seen in Table 1, many of these challenges often include interdisciplinary
characteristics. Therefore, more cross-disciplinary endeavours are anticipated in the
future particularly at the intersection of geospatial science (e.g. GIScience, cartography,
and geodesy), information and communication technology (ICT, e.g. ubiquitous comput-
ing, HCl, and data science), and the social sciences.

While we believe that the research agenda presented in this paper covers the most
essential and fundamental open questions that are needed to bring LBS to a higher
level, it should be noted that this list of challenges is not meant to be exclusive.
Meanwhile, it should also be realised that the content of the research agenda represents
a snapshot in time, and will change over time with the new technological and metho-
dological developments, such as those relating to autonomous cars and artificial intelli-
gence. Two general research questions on this aspect: How will LBS look like in the era
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Table 1. Research challenges in LBS.
Research challenges in Location Based Services

Ubiquitous Positioning ® How can we determine an object’s position in indoor environments and adverse
GNSS conditions? Can sensor fusion help?
® How can we ‘standardise’ the service interface of indoor positioning solutions?
® (an guidelines on the levels of positioning accuracy and reliability required for
various LBS application domains be developed?

Modelling ® How can indoor environments be modelled to support effective LBS applications?
® How can context of a mobile user, as well as its dynamics be modelled in LBS?
® How can personalisation and context-aware adaptation be provided in LBS?

Which level of automation should the adaptation process have?
® How can LBS be designed to support collective actions, tasks, and activities (LBS
for group users)?

Communication ® How can relevant information be communicated to LBS users in an optimal way
to facilitate their decision-making and activities in space?
® How can we employ newly emerging mobile devices (e.g. smart watches, smart
glasses) for LBS applications?
® How can visual, sound, and tactile methods be meaningfully integrated to
effectively communicate spatial information in LBS?

Evaluation ® How can a comprehensive framework for evaluating LBS applications be devel-
oped, considering Ul, user properties and skills, cognition, device and service
properties, environmental factors, and social aspects?

® How can lab-based and field-based evaluation be effectively combined in LBS

research?
Analysis of LBS-generated ® Data models of LBS-generated data
data ® Analysis of LBS-generated data
Social and behavioural ® How do LBS influence people’s spatial abilities? How can we design LBS that
implications of LBS facilitate people’s activities and decision-making without harming their spatial
abilities?

® How do LBS influence the way people interact with each other and their
behaviours in different environments?

® What are privacy and ethical issues in LBS? How can we best address users’
privacy and ethical concerns in LBS? How do LBS influence/change our under-
standing of privacy and ethics, as well as our responses to them?

® What are the business models of LBS?

of autonomous cars and artificial intelligence? What are their enabling scientific basis
and technologies?

Through our work in the ICA Commission on LBS (http://Ibs.icaci.org/) and the
Journal of LBS (http://www.tandfonline.com/tlbs20), we hope to organise future
activities (conferences, workshops, and special issues) that can bring together the
broader community in answering these open research questions and shaping the
future of our mobile information society in which LBS play a major role. It is only
through collaboration and cooperation within our community and across cognate
communities that we will achieve these goals.

Notes

1. Selective availability was an intentional degradation of public GPS signals implemented by
the U.S. Govenment for national security reasons.
2. https://en.wikipedia.org/wiki/Big_data.
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