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Abstract—This paper proposes a novel framework and system
for a mobile navigation assistant fit for the purpose of moving
within a complex built space. Notable features include: annotation
of accessibility information in the crowd-sourced OpenStreetMap
(OSM) cartography; semantic description of Location-Based Ser-
vices (LBSs) and Points Of Interest (POIs); a mobile Augmented
Reality (AR) user interface; a built-in routing engine with support
for both outdoor and indoor positioning and navigation in multi-
level buildings. A functional prototype was developed for Android
mobile devices specifically devoted to assist users with physical
disabilities. Its effectiveness in POI discovery and accessibility-
conscious navigation were tested in a case study in the campus
of the Technical University of Bari.

Index Terms—Location-based resource discovery, Semantic-
based matchmaking, Navigation systems, OpenStreetMap

I. INTRODUCTION AND MOTIVATION

Mobile Augmented Reality (MAR) enhances the way users
perceive and interact with the world, by making it a part of the
user interface, so that accessing and understanding location-
based information and services becomes easier. Geospatial
MAR could revolutionize the way we discover Points Of
Interest (POIs) and experience our surroundings, but this
vision is still far from fulfilled, because the information
contents supporting location-based resource discovery and
route planning are usually shallow. Most solutions model POIs
just with name and category labels, so supporting only exact
discovery. A possible retrieval cannot exploit more detailed
POI descriptions to filter out and rank resources according
to relevance. The problem is exacerbated when dealing with
accessibility information, in order to provide personal naviga-
tion to users with disabilities. Typical cartographic corpuses
—both commercial and open ones like OpenStreetMap (OSM,
http://www.openstreetmap.org/)— lack systematic information
about accessibility Points Of Attention (POAs) [1] such as
entrances, stairs/elevators, sidewalks, curbs, obstacles and road
signs (with the exception of one-way signals), which are
fundamental for barrier-free route planning for people with
mobility impairments.

Semantic-based technologies can allow more articulated
descriptions of locations, POAs and POlIs. The use of metadata
(annotations) endowed with formal machine-understandable
meaning enables advanced location-based resource discovery
through proper inferences. This paper proposes a smartphone
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framework and prototypical system integrating a semantic-
based MAR discovery tool with a novel indoor/outdoor nav-
igation solution for people with motion disabilities, such
as wheelchair users. The proposal leverages Semantic Web
technologies and crowd-sourced OSM cartography to tag POIs
with semantic annotations and POAs with accessibility infor-
mation. Starting from an annotated user profile, the system
executes a matchmaking with semantic-enhanced OSM POIs
in a reference region around users location. Outcomes are
displayed as color-coded markers on the display adopted as
device camera viewfinder; they correspond to the real direction
and distance of each POI from the user. By touching a marker,
the user can see a logic-based explanation for the result, in
terms of missing and/or conflicting characteristics between
her profile and the POI. After selecting a POI as destination,
the routing engine computes the best path from the user’s
current position. The open source OsmAnd (http://osmand.net/)
navigation tool for the Android platform on locally stored
maps was enhanced by taking into account accessibility fea-
tures as well as multi-floor path planning within buildings.
By combining trilateration of Wi-Fi access points with the
IndoorAtlas (https://www.indooratlas.com/) technology based
on Earth Magnetic Field (EMF), real-time indoor positioning
is attained automatically, without user actions or environment
modifications.

The remainder of the paper is structured as follows. Section
II discusses relevant related work, while Section III describes
in detail the overall discovery and navigation framework. In
order to clarify the benefits of the proposal, Section IV reports
illustrative examples from a case study in the campus of
Techincal University of Bari in Italy. The paper is closed by
Section V.

II. RELATED WORK

Ontology-based approaches can foster interoperability and
flexibility in location-aware discovery, but usability and per-
formance are still open problems. In [2], a route planning
framework was proposed, based on an ontology that describes
road segments, modeling both user preferences and context.
The framework presented in [3] allows the translation and
publication of OpenStreetMap (OSM) data into a queriable
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Linked Open Data (LOD) repository in RDF'. Nevertheless,
the above approaches cannot support advanced LBSs such as
semantic matchmaking for POI discovery.

The survey in [4] presents augmended reality technologies,
systems and applications. Wikitude* and Layar® are among
the first commercial MAR browsers, which display third-party
digital content created via proprietary APIs. The Augmented
Reality Markup Language (ARML)* standard of the Open
Geospatial Consortium aims to solve the technical fragmenta-
tion problem among asset and solution providers in this field.
The iPhone MAR client in [5] was able to retrieve an RDF
data set relevant to locations and objects in the direction of
the user. The proposed framework integrated LOD sources
of cultural heritage collections, but the problem of creating
and maintaining them was not considered. Crowd-sourced
maps can help overcome this issue. The MAR system in [6]
exploited an ontology devised to model the evolution of a
POI from temporal, geometrical (i.e., building structure) and
thematic (i.e., POI function) viewpoints, linking information
sources from the LOD cloud. Nevertheless, POI discovery was
based only on the thematic class; more refined queries were
not possible to filter and rank POIs based on specific features.

Accessibility for personal navigation is a very useful and
challenging scenario for the above technologies. GPS is the
most versatile technology in outdoor contexts, but it does not
work in closed spaces. Other technologies include [7]: Dif-
ferential GPS (DGPS) and Inertial Measurement Unit (IMU)
[1], useful for increasing GPS precision; wireless beacons and
trilateration, implemented either with infrared, ultrasound, Wi-
Fi or Bluetooth signals; manual positioning by the user, as
a fallback mechanism [8]. The framework proposed in this
paper complements GPS with Wi-Fi trilateration and the recent
IndoorAtlas technology. All systems also need maps annotated
with accessibility information. Recent proposals emphasize
crowd-sourcing, either explicit [8], [9] or implicit by track-
ing user trajectories [10]. Works exploiting OpenStreetMap
[1], [9] reported two main limitations: the small number of
accessibility POAs and the low detail in POI description. This
paper aims to show how to improve both aspects.

III. FRAMEWORK

The proposed framework integrates a Mobile Augmented
Reality (MAR) user interface for semantic-enhanced POI
discovery. The approach is grounded on a general method
for annotating OSM maps [11]. The overall architecture is
depicted in Figure 1. It consists of:

A) The OpenStreetMap server working as cartography
provider. OSM map entities are annotated to provide further
location-based resource discovery, as well as indoor and ac-
cessibility information management.

B) An editor [11] for annotating maps with the Semantic Web

Resource Description Framework 1.1 Concepts and Abstract Syntax, W3C
Recommendation 25 February 2014, www.w3.org/TR/rdf-primer/

2http://www.wikitude.com/

3https://www.layar.com/

“https://portal.opengeospatial.org/files/?artifact_id=62131
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Fig. 1: System framework and architecture

OWL 2 Web Ontology Language® standard.

C) A MAR client providing: (i) discovery of most relevant
POIs w.r.t. user’s profile via logic-based matchmaking; (ii)
viewing of POI annotations and exploring of discovery results
through a fully visual AR interface; (iii) alert of accessibility
barriers.

D) An embedded routing engine to take advantage of the OSM
annotated maps, combining multi-floor indoor navigation and
an indoor positioning sub-system.

The MAR client includes: a GUI displaying POI markers on
the smartphone screen, exploiting GPS, compass, accelerom-
eter and gyroscope to determine position and heading; a
lightweight reasoner [12] for semantic-based matchmaking
and ranking, useful for POI discovery (the reader is referred
to [13] for an introduction to theory and practice of semantic
matchmaking in mobile systems); an OSM data parser extract-
ing information from map data files, which are locally cached
to avoid requiring connection to the OSM server during normal
operation.

A. Semantic enrichment of OSM indoor maps

OpenStreetMap data adhere to a simple XML schema
with three basic elements: (i) nodes, i.e., single geospatial
points; (ii) ways, intended as ordered sequences of nodes;
(iii) relations, grouping multiple nodes and/or ways. Each
element includes a unique identification code, latitude and
longitude coordinates, versioning information and optional
general-purpose informative fags. A tag is a key-value pair
of Unicode strings of up to 255 characters. Currently the most
advanced proposal for mapping indoor information in Open-
StreetMap is the Simple Indoor Tagging® schema, adopted
hereafter. A building is modeled as a hierarchically structured
object, as shown in Figure 2a. In OSM, a building is a relation
among components representing the different floors, each one
modeled in turn as a relation. The individual parts of a floor
are OSM elements, e.g., a closed way for representing the

SOWL 2 Web Ontology Language Document Overview (Second Edition),
W3C Recommendation 11 December 2012, http://www.w3.org/TR/ow]2-
overview/

Ohttp://wiki.openstreetmap.org/wiki/Simple_Indoor_Tagging
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geometry of a space. Furthermore, information about doors or
elevators can be mapped by adding a node to the corresponding
building part way. The composition of a detailed floor plan
for a building level with rooms, corridors, doors is depicted in
Figure 2a. Vertical passages —such as stairways or elevators—
are represented as ways connecting nodes at different levels.

In order to store semantic annotations in each OSM building
element, retaining backward compatibility, new tags were
introduced in [11] complying with the basic key-value pair
structure of OSM element tags:
<tag k="semantic:n:key" v="value"/>.

The semantic prefix is used to distinguish semantic
annotations from other tags. The index n identifies different
annotations —possibly referring to different ontologies— asso-
ciated to the same map element.

Figure 2b shows details of accessibility issues annotation.
The following tags have been used:
<tag k="wheelchair" v="yes|no"/> denoting
whether the element is accessible to people in wheelchairs;
<tag k="access" v="yes|no|permissive"/>
denoting whether people with disabilities can pass through
a barrier, ie., a door, an elevator or a stairway. The
permissive value indicates the need for assistance from a
companion: this is the case e.g., of firewall doors.

B. Semantic-based POI discovery for indoor environments

A user mobility profile contains the routing parameters
weighted w.r.t. the user’s disabilities. A small example is
shown in Figure 3. Each element includes tag and value
attributes to be matched with those of OSM elements. Road
defines an acceptable route segment, specifying the corre-
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<routingProfile name="userA” minDefaultSpeed="3"
maxDefaultSpeed="5" >

<road tag="wheelchair” value="yes” speed="3" priority="
1.07 />

<road tag="highway” value="service” speed="3" priority="
0.87 />

<obstacle tag="barrier” value="entrance” penalty="15"
routingPenalty="15"/>
<obstacle tag="wheelchair” value="no” penalty="—1"
routingPenalty="—1"/>
<avoid tag="wheelchair” value="no”/>
</routingProfile>

Fig. 3: Example of routing profile

sponding nominal speed (in km/h) and priority, which
is a preference weight based on road type. Obstacle defines
a barrier and whether it can be passed by the user according
to her disabilities: penalty is modeled as an estimated time
delay (in seconds) due to the barrier, where a value of -1 means
the obstacle cannot be passed at all. Avoid tag specifies
whether a route segment should be completely avoided.

In addition to the mobility profile, each user has an interest
profile modeling her preferences for POI discovery. It is a
semantic annotation in OWL 2 language expressed w.r.t. a
reference ontology useful for exploiting reasoning features
enriching the MAR explorer. Standard inference services for
matchmaking include Subsumption and Satisfiability. Unfor-
tunately, they only give boolean yes/no answers, while one
would like to determine what constraints caused incompatibil-
ity or missed full match between a request and an available
resource. For this purpose, Concept Abduction and Concept
Contraction non-standard inference services were adapted
from their original e-commerce scenarios [13] to POI retrieval.
Given a request R not compatible with an available resource
S, Contraction detects what part G (for Give up) of R is
conflicting with S. If one retracts G from R, K (for Keep) is
obtained, which represents a contracted version of the original
request, such that it is compatible with S. On the other hand,
if R and S are compatible, but S does not fully satisfy R,
Abduction identifies what is missing in S in order to reach a
full match. In other words, Abduction returns what additional
feature set H (for Hypothesis) should be hypothesized in S.
Furthermore, penalty functions can be associated to G and H,
in order to compute a semantic distance [13]. A score is finally
given to each POIL expressing the result of matchmaking
between the user profile and the POI. The overall resource
score is computed using the utility function:
F(U, P) = 100[1 — o0 (1 + G
where s_match(U, P) is the semantic distance between user’s
interest profile U and POI description P; this value is nor-
malized dividing by s_match(U, T), which is the distance
between U and the universal concept (a.k.a. Top or Thing)
and depends only on axioms in the ontology. Route delay is

computed as:
delay(U, P) = dlStaaZ)C;_(;igds(,UID)GPS) + ijgm penalty; - x;

i.e., the sum of expected travel time and computed penalties.
Penalties are extracted from the user-specific mobility profile,
as described above, taking into account the following cases:




(i) user and POI are at different floors; (ii) user and POI
belong to different buildings; (iii) POI has any accessibility
issue. The route delay is normalized by the maximum tolerated
value, obtained when distance(Ugps, Paps) is equal to the
user-specified maximum range and all penalties are present
(z; = 1,Vi). Of course nearer resources are preferred, but in
case of a full match s_match(U, P) = 0 hence f(U, P) = 100
regardless of distance. However, if P is not accessible at all
(e.g., OSM node contains access=no), then f(U, P) = 0.

In the proposed discovery framework, the user profile plays
the role of request. Available resources are the annotated
OSM POIs in the user’s area, referred to the same ontology
as the user profile. They are extracted from OpenStreetMap
server and cached in the MAR client. Once the tool starts,
the OSM Data Parser module extracts from the OSM map file
the list of points of interest, filtering only those endowed with
semantic annotation. The system adopts a modified version
of the Android Augmented Reality framework’. The semantic
description of each POI is stored as an attribute of its marker.
Matchmaking outcomes are represented graphically in three
subsequent levels of detail: (i) color-coding the augmented
reality marker in red for POIs resulting in partial matches with
the request, yellow for potential matches and green for full
ones; (ii) a pie chart in the result list reporting the numerical
score; (iii) a list of missing or conflicting logical elements,
displayed as icons.

C. Indoor positioning and navigation

The framework includes the open-source OsmAnd® tool for
Android platform. OsmAnd provides offline navigation using
the classical A* search algorithm to find routes by minimizing
the path cost. The routing engine was extended to support
new features: (i) indoor navigation in multi-level buildings;
(i) identification of accessible paths in a travel; (iii) accurate
indoor positioning. Global Positioning System (GPS) may not
work inside buildings due to lack of reliable reception of
satellite signal. Wi-Fi access point trilateration is useful in
indoor spaces, but it generally suffers from signal instability
due to multipath propagation. Therefore our tool complements
Wi-Fi with the IndoorAtlas API°, based on Earth’s Magnetic
Field (EMF) for indoor location discovery. Using IndoorAtlas,
the smartphone performs measurements of magnitude and
direction of the EMF affected by the local structures of the
building, via the embedded magnetometer. The measured EMF
vectors are sent to the database server, which returns a location
estimate. Before application deployment, the whole environ-
ment must be surveyed for collecting reference EMF values.
This is a non-negligible effort, although simpler and more
robust than other solutions such as inserting reflective tags
on landmarks throughout a built space. Finally, the navigation
engine exploits the user profile described in Section III-B to
compute the most suitable path from the user position to the
selected POI. The route is automatically recalculated when

7https://github.com/phishman3579/android-augment-reality-framework
8https://github.com/osmandapp/Osmand
9https://www.indooratlas.com/
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Fig. 4: Mobile Augmented Reality tool GUI

the system detects the user is not following the suggested
path. In case of unexpected obstacles, e.g., a locked door or
out-of-order elevator, the user can report it through the GUI:
the system backend infrastructure is alerted and can trigger a
map temporary update as well as a maintenance intervention;
meanwhile, the user’s navigator calculates a new route to
destination.

IV. CASE STUDY: BARRIERS- AND EXCLUSION-FREE
UNIVERSITY CAMPUS

Xavier is a first-year student at Technical University of
Bari. He moves in a wheelchair and downloaded the barrier-
free navigation and discovery app on his smartphone. His
annotated student profile and his mobility profile were loaded
on the smartphone. Now he is at the campus for his first day of
courses and must go to the Physics lesson in room A. He does
not know the campus yet, so he must discover his destination
first.

The user starts the tool and the MAR GUI is displayed, as
in Figure 4. Markers for POIs within the field of sight are
shown upon the real-time device camera view. The embedded
reasoning engine automatically applies matchmaking between
user’s semantic profile and nearby POIs. Their markers appear
color-coded on the screen, in order to provide an intuitive
overview of the most relevant resources. After selecting a POI,
the user can see its relevant features, displayed as icons around
a wheel shape (Figure 4, second panel). By tapping on the POI
again, the user sets it as destination and routing starts.

In order to better understand the following example, a very
short excerpt of the adopted ontology for campus services is
listed hereafter:

— Physics C Subject M = 1 enrollmentY ear
— Public C Destination M —Private

— BorrowBook C Service M —Lesson
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— Researcher C Person M ~Student

In the proposed example, Xavier’s semantic profile requires
places hosting first year lessons, where student presence is
accepted. It is reported in Description Logics notation as:

U = 3 hostsActivity MV hostsActivity.(Lesson T Seminar) I
3 hasSubject M VY  hasSubject.(= 1 enrollmentYear) mn
3 hasDestination MY hasDestination.Private M 3 reservedTo I
V reservedT o.Student; floor: 1

Let us consider the following available POIs:

Library P1 = 3 providesService MV providesService. BorrowBook M
3  reservedTo MV reservedTo.Student M 3  requires m
V requires.StudentCard; floor: 2;

SisInfLab (Information Systems Laboratory): P2 = 3 hostsActivity mn
A4 hostsActivity.Research n 3 hasDestination M

V hasDestination. Private M3 reservedT o MY reservedT o.Researcher;
floor: 0.

Room A: P2 = Classroom 3 hasSubject MY hasSubject. Physics; floor:
2;

In this purposely simplified example, Ps is a full match for
U, meaning that room A is currently a suitable POI for a
first-year student. On the contrary, library P; and laboratory
P, are only partially recommended, the former because it
provides an incompatible kind of service, the latter because
it is not destined to students.

Before his lesson starts, Xavier has to go to the toilet.
Selecting the desired POI on the AR view, he can check
relevant information about accessibility, summarized by three
icons (Figure 5, first panel): (i) floor accessibility; entrance
door accessibility; number of reserved seats for wheelchair
users. The user selects his current location and the chosen
destination, then presses the Toilet button. When navigation
starts, the tool shows the computed route on a 2D map of the
current floor plan. The navigator shows first the best route
to the toilet closest to the classroom, then the path from
there on (Figure 5, last panel). The current user’s position
is automatically located, displayed and updated as the user
moves toward his destination.

V. CONCLUSION AND FUTURE WORK

The paper presented a framework and a mobile tool for
semantic-enhanced POI discovery in AR and accessibility-
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conscious indoor/outdoor navigation. By means of semantic-
enhanced OpenStreetMap cartography and using an embedded
lightweight reasoner, it executes a matchmaking between the
user profile and the annotations of POIs in her surround-
ings. Explanation of outcomes is provided at different levels
of detail through a set of visual cues. Indoor positioning
technologies allow real-time navigation in built spaces. A
case study in the Technical University of Bari campus has
been proposed to clarify the proposal. Future work includes:
integration of reasoning and path calculation features in a
single engine; managing more expressive POI descriptions;
deeper AR integration through computer vision technologies;
speech-to-text support for voice-based semantic queries; full
voice directions during navigation.
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