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Abstract: This article delves into the advancements in indoor navigation in metro stations and de-
scribes the development and implementation of algorithms for the automatic generation of navigation
guidance. The LIFT project at the Warsaw University of Technology serves as a practical example,
showcasing a system designed to cater to people with special needs. This article presents a rule-based
algorithm that generates navigation directions based on a trade-off between landmark references and
spatial references in relation to the user’s location. The research uses a spatial data model consisting of
three interconnected layers: the transport network, the room topology, and the building topography.
The algorithm uses these data in subsequent stages. A defined set of rules generates redundant
navigation directions for all potential decision points and then, subsequent rules filter and generalise
them. To discuss the details of how the algorithm works, an example route is described in this study
and the consequences of applying the selected rules are analysed. Next, a few problems that arose
during the testing of the algorithm at Warsaw Metro stations are presented with proposed solutions.
The results of the study made it possible to develop a mobile application, which is planned to be
available to users by the end of 2024.

Keywords: indoor navigation; indoor guidance; landmarks; turn-by-turn directions; people with
special needs; metro

1. Introduction

In recent decades, there has been significant development in technologies supporting
indoor navigation, reflected in the growing interest of both researchers and engineers.
Newly built indoor navigation systems must meet the increasing demands of users moving
not only in buildings with well-defined systems of rooms and corridors, but also in complex
spaces such as large shopping malls, airports, public transport terminals, and metro stations.
In such environments, traditional navigation guidance based on turn-by-turn directions
is ineffective. This is the reason why researchers have investigated the possibility of
navigation guidance based on landmarks.

A landmark is an easily recognisable point in space that is used in navigation. It can be
a natural point, such as hills, floodplains, or rivers, or a man-made point, e.g., architectural
structures such as churches or towers. The use of landmarks in guidance significantly
improves the understanding of the route course in many types of navigation [1,2]. The term
is used in indoor navigation to refer to objects that are architectural elements or permanent
fixtures of a building that are easy to notice, such as a corridor that diverges to the side,
an unusual door decoration, or a hanging painting. In the literature, we can find studies
that use landmarks at different stages of indoor navigation, starting with localisation [3].
A more common use of landmarks is to describe the building interior to improve indoor
guidance [4,5]. The modelling of the interior space can be based on an ontology that
defines object categories as well as their semantical relationships and topology [6,7]. The
full ontology supports the issue of how to effectively construct an indoor navigation
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direction. As [8] discusses, the key challenge of landmark-based guidance is to select the
right landmarks and describe topological relationships to the user’s manoeuvres. In later
research, a more popular approach was to use hierarchical systems of landmarks and relate
them to calculated routes instead of describing all elements of indoor topography [9-11].

Metro stations are key places of public transportation in many metropolises. The
effective navigation of passengers to the relevant platforms is essential for ensuring the
smooth flow of people and reducing possible confluence. The complex architecture of
these facilities, combined with the lack of access to natural light and limited visibility,
presents numerous challenges. In these conditions, technology based on landmarks gains
particular significance, enabling intuitive guidance by referencing distinctive elements of
the environment.

Another challenge to consider is adapting navigation systems to the needs of people
with special needs. Modern standards for designing public infrastructure increasingly
emphasize accessibility and inclusivity, requiring that navigation instructions be not only
precise but also understandable and easily accessible to all users, regardless of their abilities.
This does not just come down to designing systems that account for diverse needs, such
as voice navigation for the visually impaired or avoiding stairs for people in wheelchairs.
Many solutions focus on navigating people with disabilities via reliable voice directions
without displaying a map [12,13]. The key point is to understand the actual expectations
of users and to consider them in all phases of the navigation system’s implementation,
starting with analysis, modelling the spatial database, and designing the user interface and
user experience.

Despite interesting research results, the landmark-based approach has not become
widespread. Fully basing navigation guidance on landmarks is an expensive process that
requires data acquisition, data maintenance with frequent updates, and building complex
algorithms. A more common approach involves wayfinding with standard graph-based
algorithms and automatically generated directions using navigation graphs and calculated
routes [14,15].

This approach was implemented in the project ‘Development of a prototype system to
support the movement of people with special needs inside architectural structures related
to rail transport—LIFT’, conducted at the Warsaw University of Technology in 2022-2024.
The research was funded by the National Centre for Research and Development in Poland
and conducted by an interdisciplinary team of researchers, architects, cartographers, and
software engineers. The system analysis was preceded by visits to several European cities,
such as Barcelona, Brussels, Amsterdam, and Berlin, to gather best practices of passenger
information systems and local applications. The requirements of the system were deter-
mined following consultation with experts from foundations working with people with
disabilities, who understand the real problems and can evaluate the proposed solutions.
Preliminary results of the research were presented at the CSUN Assistive Technology Con-
ference [16] and received a positive response. The project will result in a mobile application
being made available to Warsaw Metro users by the end of 2024.

This article starts with a comprehensive analysis of the issue of generating navigation
guidance in the context of metro stations and other underground spaces. It focuses on dis-
cussing contemporary trends in indoor navigation, the challenges of underground navigation,
and how modern technologies can contribute to improving the accessibility and efficiency of
navigation systems. The analysis is followed by discussion of its outcomes, including the
presentation of the algorithm implemented and tested under real-life conditions.

2. Related Work

Indoor navigation systems have been developed for many years now. In the early days
of technology, developers focused on positioning technology. Nowadays, an increasing
amount of research is being conducted on indoor navigation guidance—how to create
appropriate navigation directions that intuitively guide users to their destinations.
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The aim of the LIFT project was to create an indoor navigation system for people with
special needs. The system was designed to work in buildings at rail transport stations,
with particular emphasis on metro stations. In order to build the system, a number of
problems had to be addressed in various areas: the development of urban commuter
planners, navigation guidance in indoor navigation systems in general, indoor navigation
systems for buildings with irregular architecture, and indoor navigation systems for people
with special needs.

2.1. Urban Commuter Planners

Commonly used map applications provide routing functions based on public transport.
This type of route can be found in Google Maps, Bing Maps, Here Maps, and applications
specifically developed for public transport, such as Citymapper. Algorithms have been
developed to support multi-modal routing [17,18], and today’s systems allow routes to be
calculated with transfers both between one type of transport, e.g., between different bus
lines, and between different types of transport, e.g., buses and trams. The advantage of
these systems is that they work in many cities around the world, and a user accustomed
to the application can use them in another city. On the other hand, many cities provide
applications for mobile devices that take into account specific conditions and improve the
performance of generic systems. While generic systems usually do not consider users with
special needs, city-specific apps are built with different assumptions. Some studies, e.g., for
Paris [19] or Madrid [20], lay the foundations for commute planners for different types of
users, including people with disabilities.

The urban commuter planners focus on planning the optimal route in terms of choos-
ing suitable buses, trams, trains, or underground. However, the issue of pedestrian nav-
igation in areas of terminals or stations is beyond the scope of this study. While some
applications include exit names, the challenge remains in finding the right one and present-
ing information consistent with the physical signs at the station. Due to the lack of a proper
description of station exits and the lack of consideration of areas inaccessible to some people,
these apps can often provide routes that confuse disabled users in complex buildings.

2.2. Indoor Navigation in Bus Terminals, Railway Stations, and Airports

A critical part of navigating users of public transport is the transfer to another vehicle.
The process might be straightforward if it requires a short walk between outdoor stops, but
it becomes challenging if it takes place inside a building. In that case, it incorporates indoor
navigation. Examples of public transport routes provided by popular applications show a
tendency to generate turn-by-turn directions. This type of guidance is often impractical
indoors because many people have difficulty orienting themselves with reference to the
map. Even applications that include positioning components fail to provide valuable
real-time directions due to the low accuracy of determining the user’s position.

Research on airport navigation applications [21-23] concludes that one of the most
important assumptions to be taken into account at the initial stage of designing the system
is that airports are not navigation destinations but rather transitional spaces. The building
is accessed from the outside by selecting the appropriate entrance from a number of,
sometimes distant, entrances. Once inside the building, the user performs standard tasks
such as baggage check-in, going through security, and finding the departure gate. Similar
problems are encountered in pedestrian navigation at railway stations [24,25]. In such
cases, users go to the ticket office and find the correct platform.

2.3. Indoor Navigation for People with Special Needs

The seemingly simple tasks described in the previous section can pose problems for
people who have poorer spatial orientation. Specific conditions inside transit buildings,
such as limited visibility, distracting ambient noise, and crowds of people, make it difficult
for some users to move efficiently. Reaching a building through the most convenient
entrance and then navigating around to proceed to a platform at a station or a gate at
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an airport is particularly difficult for people with disabilities. Typical problems faced by
visually impaired people at metro stations and approaches to solving them are presented
in the literature [26,27]. In recent years, artificial intelligence methods have been used to
aid indoor navigation. In addition to improving position accuracy [28-30], deep learning
and reinforcement learning methods can facilitate the movement of visually impaired
people through obstacle detection and landmark identification [31,32] or spatial analysis
for localisation [33].

Indoor navigation systems for wheelchair users have been the subject of research on
requirements and general conditions of navigation [34-36]. Similarly to the research on the
navigation of visually impaired people, deep learning and reinforcement learning methods
can be used for the identification and avoidance of obstacles [37] and for recognising
landmarks [38].

The conclusions of these studies clearly indicate that systems should be designed
with the specific type of user in mind, and paying attention to the specific limitations they
have. User expectations must be considered not only during the creation of the navigation
guidance but also at earlier stages of building the system, starting with the modelling of
the spatial data.

3. Materials and Methods
3.1. The Key Assumptions of the System

Current indoor positioning algorithms that can be implemented in public buildings or
metro stations have poor accuracy. The most popular systems based on Bluetooth or Wi-Fi
positioning have accuracies of a few meters in real-world conditions [39,40]. The accuracy
of 1 m, as declared by some researchers, has not been confirmed by the observations of
real users testing applications on their own mobile phones. Given that, firstly, it is difficult
to obtain an accurate position indoors, especially in complex transportation hubs, and
secondly, that the system is built for people with special needs, the authors decided to focus
on the research on algorithms that generate navigation guidance. By design, the system can
be used without a positioning system. The user finds a route, as in a typical urban commuter
planner, and receives directions to follow. The developed algorithms can be used alone or
integrated into a system with a positioning module, providing additional improvement.

The analysis confirmed by tests with people with disabilities showed that without a
positioning system, a kind of spatial reference is necessary anyway, without which the user
may accidentally leave the route and not be able to return to it. This need is addressed in
the LIFT system by appropriately designed navigation guidance. In addition to a schematic
presentation of the route on a building plan, each direction displays a photo taken at the
decision point. Such pictures facilitate the identification of route points and reassure the
user that they are following the route.

3.2. Space Topology Modelling

The problem of describing indoor space as a graph was analysed in a document pub-
lished by the OGC (Open Geospatial Consortium) in 2010 [41] and, based on the findings,
the open standard IndoorGML was proposed in 2014 [42]. It defines general principles
for describing the interior of a building as a graph, in terms of modelling spatial data for
navigation. The basis of the model is a graph describing geometrical and topological rela-
tionships between rooms and/ or structural elements, providing more complex information,
e.g., to move between rooms, one needs to use specific doors. Multilayer representation
of the space can model different types of relationships, such as adjacency of objects or
‘navigability’, i.e., the physical connections that allow movement between rooms [43].

As shown in studies [44,45], room topology graphs can be directly used for routing in
buildings, and the route can be represented as a list of rooms. In addition, it was shown [46]
that such a graph can be combined with a transport network outside the building to
determine routes between buildings.
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3.3. Route Geometry

The description of the route as a list of consecutive rooms is easy to implement.
However, it may not be sufficient to convey a clear message to the user as to how the route
goes. A person is accustomed to the presentation of a mapped route as a linear trajectory
along which they should navigate. In order to obtain such a trajectory, it is necessary to
model the geometries of the paths of movement through the building. This problem was
the focus of a study [47] in which the authors analysed the positioning of various objects
in rooms that represented obstacles during movement and, on that basis, determined
the geometries of potential paths. A different approach to automatically determine the
geometries of paths was used in another study [48]; the space was divided into logical parts
and the geometry determined automatically by triangulating polygons representing the
surfaces of the rooms and smoothing the resulting lines.

Once the route has been calculated, the system should present it to the user, usually as
a line on the map that represents the expected trajectory of the user’s movement. To create
this geometry, the algorithms use a transport network to represent the possible paths of
movement of objects. The route is calculated with a graph related to the transport network,
and the final route geometry is obtained by connecting the geometries associated with the
edges of the graph.

In car navigation systems, which users are familiar with, there is a road network that
gives a good indication of the possible positions of the vehicle. Cars travel along streets and,
except in exceptional situations, change direction when they can turn into another street.
The road network can be modelled as a graph such that the edges represent road segments
and the vertices represent intersections. In the case of indoor navigation, it is not possible
to indicate an analogous road network. If the building consisted only of corridors, their
axes could be used. However, determining the geometry in a natural transport network is
problematic if the route runs through other rooms, open spaces, halls, etc.

The creation of a path network in a building can be partly automated, but even then,
it is good practice to analyse the routing of potential path trajectories and possibly modify
the geometry manually. A previous article [49] presented typical cases of path geometry
modelling based on the assumption that paths connect characteristic points of a room by
straight lines, each with the other. A more comprehensive approach can be found in [50],
where the author provides complete guidance on how to model navigation graphs. An
analogous approach, supplemented with additional conditions, was used in [51].

3.4. Landmarks and Turn-by-Turn Directions

As studies [4,52,53] show, turn-by-turn navigation does not work well indoors. Pedes-
trians describe the route differently—they do not use manoeuvres to be executed at decision
points but use more general cues specifying directions of movement. In addition, a direc-
tion such as “turn left/right” can be difficult to interpret due to the inaccuracy of position
and the ease with which the body can be reoriented in space.

A more intuitive approach is based on the use of landmarks [54-56]. Such landmarks
are defined as easily recognisable objects, e.g., mountain peaks or characteristic buildings.
In indoor navigation, these can be unchanging, easily identifiable elements of the building
facade, e.g., ornaments, or also paintings hanging on the wall. The guidance provided
during navigation refers to such points so that the information message is unambiguous,
and the user understands how to perform subsequent manoeuvres. The main problem
with landmark-based guidance is the cost of acquiring and updating data. Some landmarks
are permanent fixtures in buildings, such as a fire extinguisher; others are slightly more
variable, such as a painting that can be taken down or rehung in another location; and
others are dynamic, such as tables or chairs.

3.5. Multilayer Data Model

An effective algorithm framework based on two graphs, one representing the room
topology and the other the transport network, and maintaining links between them is
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discussed in [57]. In the LIFT project, the spatial data model consists of three connected
layers: the transport network, the room topology, and the building topography. The
meaning of the layers in the algorithm is summarised in Table 1.

Table 1. Data layers used in the algorithm for the automatic generation of indoor guidance.

Layer Data Structure Objects Use of the Algorithms
This graph is primarily used to calculate the route and
Transport Graph Edges represent segments of pedestrian paths; create the route geometry.
network P nodes represent connections between path segments. In the user tracking process during navigation, the
geometries are used in map-matching.
Once the route is calculated, these data allow the
Room Graph Nodes represent rooms; nrichment of directions by adding the overall
topology rap edges represent connectivity between rooms. | enmichiment of cirections by adding the ove
information about the building, i.e., room changes.
Provide additional information that can be used in
Floors, rooms, stairs, lifts, etc., represent parts of creating comprehensive directions, such as room
Topography Spatial the building; numbers, names, accessibility, etc.
objects landmarks represent any objects Landmarks are used to add spatial reference to
intentionally selected. navigation directions.

Points of interest are used in the search function.

This model defines the responsibilities of each layer and simplifies the process of
generating complex navigation directions. The process starts with finding the optimal
route with the Dijkstra algorithm. At this stage, the transport network is used. The path
network is represented as a graph with associated geometries of path segments. Such a
graph is often referred to in the literature as a navigation graph. Some authors, like [50],
define the navigation graph as a graph whose edges represent paths and whose nodes
represent decision points, landmarks, or locations where information must be transmitted
or presented by the system. This definition would cover all data used in the navigation
process. To avoid confusion, the authors avoid using the term ‘navigation graph” and refer
to the specific layers of the data model.

Once the route is calculated and its geometry is created with path segment polylines,
the system generates navigation guidance. In this process, the topology graph is used. This
makes it easy to determine at which point a change in room, an exit to a corridor, the ascent
of a staircase, or other events occur that are easily interpreted by a user. The geometry of
the route trajectory is useful for creating turn-by-turn directions, which in general are not
optimal but in some cases, when the position of the user is known, can be helpful.

To create comprehensive navigation guidance, additional information should be added.
Typical information covers names or numbers of rooms, some distinctive features of the in-
terior, as well as landmark descriptions. These data are retrieved from the topography layer.

3.6. Characteristics of Metro Station Interiors

Metro stations have a unique construction that sets them apart from other buildings.
Understanding the characteristic structure of the Warsaw Metro station is important for
modelling the data.

Stations typically feature multiple entrances located on various sides of a street, with-
out the possibility of assigning a single address representing the station in a search engine.
The shape of stations is generally linear, consisting primarily of corridors. Some stations
feature an intermediate level called a mezzanine floor, situated between the platform and
the ground surface. The mezzanine can be simple and located on one side of the station, or
it can be extensive, connecting to major transfer stations and incorporating small galleries
and service points. Some metro stations have connected platforms with a single access,
while others have two separate platforms for trains travelling in opposite directions. Metro
stations typically feature numerous points of interest, including turnstiles, platforms, and
ticket machines. A 3D view based on the LIDAR point cloud for one of the Warsaw Metro
stations is presented in Figure 1.
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Topology Transport

Topography

Figure 1. LIDAR point cloud of the southern part of metro station ‘Politechnika’.

3.7. Spatial Data Model

The model of spatial data used in the LIFT project, with clear division into three layers,
was based on earlier work of the research team [57-59] with modifications specific to metro
stations. The classes of the model are presented in Figure 2.

PathNode — PathEdge
«| ]«
1 1
1 1
1] InteriorSpace —SpaceConnection |1
1 1
* * 1 0.1 0.1 0.1
PointOfInterest Landmark Room Door IndoorInstallation AnchorConnection
Floor BuildingSector Building

Figure 2. Class diagram for spatial data model used in the LIFT project (only the key classes and
important associations are presented). Numbers define a multiplicity of classes in associations; *’ is
equivalent to ‘0..*” and means “zero or more instances’.

The graph representing the path network in the building consists of objects of Path Node
and Path Edge classes. Geometries corresponding to Path Edges represent users’ movement
path fragments. They are modelled in accordance with natural pedestrian movement
flow and should have geometries that support the creation of unequivocal navigational
directions. Path Nodes model the connectivity of Path Edges and represent nodes in the
graph. The principles of modelling the indoor path network and creating geometries to
obtain the natural trajectory of the route were studied in [51].

The building topology graph Is modelled with the Interior Space and Space Connection
classes. In regular buildings, Interior Space represents rooms, corridors, or other well-
defined parts of the building. At metro stations, most Interior Spaces are logical parts of
the floor that are not necessarily separated by walls. However, some spaces can also be
marked out by visible borders like turnstiles or dissimilar characteristics like differences
between platforms turning into corridors. Interior Spaces in metro stations usually do not
have names like rooms in regular buildings, but there are other features like ticket zones,
which are restricted to ticket holders. Passages between Interior Spaces are represented by
Space Connections. These can represent logical connections between logical spaces as well as
physical connections like doors, gates, or turnstiles. Connections are also located between
Interior Spaces on different levels or between exits from stations.

Attributes of Space Connections model the rules of traffic flow. Some connections have
a limited time of crossing—doors and turnstiles are related to the metro operating times.
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Others preclude some groups of people with special needs—small steps or turnstiles are a
real barrier for people in wheelchairs. Based on the type, if necessary, some costs can be
added to avoid situations when the route with the shortest distance crosses the ticket zone.

The classes from the topology layer of the model provide information on the location of
other spatial objects. Associations with Path Nodes and Path Edges divide path networks by
logical sub-spaces. This allows the algorithm to detect change in a room and supports the
generation of a navigational direction. Change in a room is the most important direction for
a user who expects the system to provide information about events such as passing through
a door/gate or moving to another space with different characteristics. The topography
layer classes can enrich guidance with spatial information about a room or a door or
provide complex information involving descriptions of landmarks or Pols and spatial
relations. Although the system does not implement a hierarchical landmark system, simple
information about the presence of landmarks is included in the indoor guidance.

The next two classes, Indoor Installation and Anchor Connection, are also important.
The Indoor Installation class represents connections between levels, such as stairs, elevators,
escalators, or ramps. Such objects are modelled with three nodes—the entrance, the middle,
and the exit. This type of modelling enables the connection of many floors and maintains
the direction of the installation. The Anchor Connection class represents exits from the
building. For metro stations, it represents exits to the ground level and connections to
external transport systems, but also points on platforms that allow users to board the train
and leave the station. The specific role of metro stations determines the fact that the usual
route calculated by a user starts and ends in Anchor Connections.

The topography layer also consists of classes defining the building construction, such
as Building, Building Sector, and Floor. They help to organise and validate the data and
provide generic information for high-level descriptions of the calculated route. Figure 3
presents spatial data on the levels of the model and illustrates the information conveyed by
classes within these levels.

\‘\—o‘——o——f—!\w

\
| | -
i
Turnstiles
|} Elevator g
O 0
ATM 1
ol Ticket %]
Machines‘
Doors
| . . ‘
[l F *
(b) (0)

Figure 3. Data layers used in the system: (a) transport network—Path Node as a green circle and
Path Edge as a green line; (b) room topology—Interior Space as a blue circle and Space Connection as a
blue diamond; (c) building topography—Indoor Installation as a purple rectangle, Furniture as a red
rectangle, Point of Interest and Landmark as red stars, and Space Connection as a red diamond.

3.8. A Framework of the Algorithm for Automatic Generation of Navigation Directions

The process of generating navigational directions has been divided into five stages,
making the whole process transparent as well as easy to design, analyse, and maintain.
Such an approach eases modifications of each stage independently after analysis of the
outcomes of the tests following initial implementation; see Figure 4.
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Stage 1.
Route calculation

1

Stage 2. Stage 3. Stage 4. Stage 5.
List all potential Create an extensive Generalize directions Add topographic
decision points list of directions reference

Figure 4. Stages of the algorithm for automatic generation of navigational directions.

The algorithm starts with route calculation (stage 1) and identification of all potential
decision points (stage 2), which, in most cases, involves listing all nodes in the transport
graph belonging to the route. The generation of navigation guidance is divided into
two steps—the creation of an extensive list of directions for all decision points (stage 3) and
the generalisation of the list (stage 4) to obtain the description of the route. In this stage,
some directions are joined, useless directions are removed, and some other directions are
left unchanged. The final step of the algorithm is to add topographic information to the
direction (stage 5) to provide a comprehensive description of manoeuvres.

Stage 3 and stage 4 are implemented using a well-known design pattern, ‘chain of
responsibility’. The algorithm is represented by a set of independent rules. In stage 3, for
each decision point, the framework checks whether each rule can be applied and whether
the application of a particular rule should complete the direction generation process for
the decision point; see Figure 5. With this approach, different rules can be applied inde-
pendently to create various types of directions and in addition, a given direction can be
built following several rules that supplement it with new elements, e.g., making it more
specific. An analogous rule-based process is used in stage 4. The consecutive rules try to
apply different generalisations to the output of stage 3.

For each decision point DPi
For each rule R;
If rule Rj can be applied

If the direction is not created after the application of all rules
Generate an empty navigation direction

Generate a navigation direction for DPi
If the navigation direction is complete
Go to the next decision point
Else
Continue proceeding with the rule set

Figure 5. Rule-based algorithm—implementation of the pattern ‘chain of responsibility’.

3.9. Route Calculation Algorithm

The route is calculated with the Dijkstra algorithm finding the shortest path in the
graph of transport network. In car navigation systems, more robust algorithms are used;
for example, the A* algorithm or further optimisations that usually visit fewer graph nodes
than the Dijkstra algorithm [60]. In the project, the performance of the Dijkstra algorithm is
enough because navigation graphs for metro stations do not exceed 300 nodes.

The costs for edges are modelled based on the length of the edge and a factor depen-
dent on the type of Interior Space or type of user. For example, it is recommended to go
through the platform rather than the mezzanine if the route length is equal. There are
different costs for Indoor Installation—usually, the escalator is faster than the stairs and the
stairs are faster than the elevator. It is expected that routes should avoid excessive curves
on the path and avoid passing through unnecessary objects like turnstiles, so the shape of
path segments impacts the costs for the route calculation algorithm.

3.10. Considerations for Implementations of Rules

Implementation of the algorithm relies on creating the proper set of rules. When de-
signing them, it is important to consider the following points discussed in previous sections:
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uses

Navigation guidance provided for indoor environments, particularly metro stations,
must take into account the specific conditions of confined spaces;

The system creates navigation guidance to be consulted by users manually, not to
be played automatically by a system based on a position obtained from an indoor
positioning system;

Metro stations are not the destination points of the route. Users go through stations to
find a platform and board a train in a particular direction or exit the station.

The navigation guidance should be usable for people with disabilities. The algorithm
proposes a route considering the type of disability; then, the way the route directions
are described should also take this disability into account;

Turn-by-turn directions are not optimal. However, in some situations, they are acceptable;
The full list of directions should be available for users to study for more time if needed;
All directions should have spatial references to provide the option to see decision
points on the map. They should also have pictures that allow users to find decision
points in the neighbourhood.

For subsequent combination and generalisation of directions in stage 4, the algorithm
rules of varying granularity. After testing and final adjustments, the number of rules in

stage 3 of the algorithm was about 40, and in stage 4, about 30. It is expected that once the
application is made available to users, the rules will be modified based on users’ feedback.

The aim of this article is not to analyse the completeness of the rule set but to present

some issues that are of interest in relation to the operation of the system. For this reason,

only

selected rules and their impact on the navigation guidance are presented in this article,

while simple or obvious rules are omitted; see Table 2.

Table 2. Selected rules of the algorithm for automatic generation of navigational directions; rules 3-1

to 3-4 are used in stage 3, and rules 4-1 to 4-5 in stage 4.

Rule Id Rule Description
31 Change in the floor Add a direction if floor Char.1ge is detected. Provide ‘detalled information using
attributes of Indoor Installation.
39 Change in the room Add a direction based on Space Connection appearance. The direction is also
(logical space) added for two different consecutive Interior Spaces.

If an angle between two consecutive Path Edges in route trajectory is close to

3-3 Go straight 180 degrees, generate the ‘Go straight” direction. Based on the tests, a tolerance
of 30 degrees calculated at 15 m from the decision point was determined.
. If an angle between two consecutive Path Edges in route trajectory is close to
3-4 Turn left/right more than 50 degrees, generate the “Turn left/right” direction.
a1 Combine multiple floor changes If the route goes through many levels by one Indoor Installation combine it as a
single floor change.
Remove consecutive ‘Go straight” directions unless some of them are created
Remove useless . . . N , P
4-2 ‘Go straight’ for decision points marked as ‘Need direction here’, which indicates the
& important point that requires a navigation direction.
Change two turns into Two consecutive turns are changed into one turnaround. Additional
4-3 & conditions must be fulfilled; for instance, the distance between turns does not
one turnaround
exceed 10 m.
Replace ‘turn left/right’ with E?c'h Turn left/ r;ght <'11rect10n is attemp'ted tq be changed. Thé algorithm
4-4 o verifies if (1) the orientation of a user body is defined—the preceding edges led
landmark-based direction . . - . .
through a corridor, etc.; (2) a landmark is available for the decision point.

4-5 Delete directions with Remove consecutive directions based on the same landmark.

repeating landmark
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3.11. Implementation of Selected Rules for Generating Navigation Directions

In the previous section, selected rules are presented in the context of the creation of an
extensive list of directions and the generalisation of this list. Two rules from each group
were chosen to provide detailed implementation.

3.11.1. Implementation of Rule 3-1—Change in the Floor

Every change in the level triggers a direction providing detailed information related to
this event. The input for this rule is two consecutive nodes with the attributes as follows: id
as an ordinal number; vertical order as the order of levels in the building; indoor installation
type indicating whether a transition is an escalator, elevator, stairs, or ramp; and floor
needed for the name in the real world, displayed to the user. Finally, the outcome contains
the movement direction (up or down), the type of Indoor Installation, and the name of the
target floor. The pseudocode for this rule is provided in Figure 6.

If DPo.verticalorder != DP1.verticalorder
If DPo.verticalorder - DP1.verticalorder < 0:
Movement_direction = ‘up’
Elif DPo.verticalorder - DPi.verticalorder > 0:
Movement_direction = ‘down’

If DPo has attribute indoorinstallation:
Type_of_indoor_installation = DPo.indoorinstallation

If DPo.floorname != DP1.floorname
Target_floor = DP1.floorname
Else

Target_floor = ‘no floor name change’

Figure 6. Implementation of rule 3-1, change in the floor.

The last condition attracts attention. There may be a situation where there are clear
visible stairs that connect levels with the same name. In such a case, the direction should
be generated. Information about changing a floor to the same one may be misleading, so it
is worth mentioning the type and direction of movement while omitting information about
the name of the floor.

3.11.2. Implementation of Rule 3-4—Turn Left/Right

Rule 3-4 determines the angle between two consecutive Path Edges based on the
geometry. For calculations, three consecutive nodes are used with the id as an ordinal
number, point geometry, and number of neighbours expressed in an integer. The output
is an angle and, consequently, the left/right direction. The pseudocode for this rule is
provided in Figure 7.

If DPo.numberofneighbours > 2

angle = get_angle (DP-1.geom, DPo.geom, DP1.geom)
If angle > 50

movement angle = right’
Elif angle <-50

movement angle = ‘left’

Figure 7. Implementation of Rule 3-4, turn left/right.

The condition with the number of neighbours was introduced to avoid directions
where the corridor naturally turns, and there are no alternative paths. The argument for
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this approach is to reduce the final number of directions and increase the readability of the
entire route.

3.11.3. Implementation of Rule 4-2—Remove Useless ‘Go Straight’

The main goal of this rule is to reduce repeating directions. Directions from two con-
secutive decision points are compared and finally, some directions are filtered out. The
pseudocode for this rule is provided in Figure 8.

If DPo.directions has ‘go straight” and DP1.directions has ‘go straight’
If not (DP1.directions has ‘left” or DP1.directions has ‘right’):

delete “go straight’ from DP1.directions

Figure 8. Implementation of Rule 4-2, remove useless ‘go straight’.

In the metro station, long and straight corridors are common, so the rule eliminates
multiple redundant directions that are not separated by a Space Connection like a door or
stairs or are not detached by turns. This organises and increases the readability of the
entire guidance.

3.11.4. Implementation of Rule 4-4—Replace “Turn Left/Right” with a
Landmark-Based Direction

This rule attempts to replace a “Turn left/right” direction with a landmark or supple-
ment it with additional information. The rule analyses are three nodes: current, previous,
and following. The outcome is direction enriched with relation to some object. The pseu-
docode for this rule is provided in Figure 9.

If DPo.id >0
If DPo.directions has ‘left/right’

If DPo.id < len (DP)-1
If DPo.directions has ‘left/right’

DP-1 has spaceconnection
DPo.directions add “after -spaceconnection-’

DP1 has spaceconnection
DPo.directions add ‘before -spaceconnection-’

Figure 9. Implementation of Rule 4-4, replace “turn left/right’ with a landmark-based direction.

This generalisation handles adding relationships to relative turn information in most
cases. The presented approach prefers the first landmark. Hence, in the given sequence:
elevator, turn left, and door, the result will be “after exiting the elevator, turn left’ and ‘go
through the door’ instead of ‘exit the elevator’ and “pass through the door on your left’.

4. Results

In this chapter, four routes are presented to demonstrate the operation of the algorithm
in real-life cases. The first example, a typical route for a user in a wheelchair, allows us to
trace the mechanism of the algorithm. The full route is presented to analyse the output of
stage 3 and stage 4. The subsequent routes show typical problems that arose during rule
design. In these cases, the descriptions focus on parts of the routes and selected directions
only. For two cases, a universal solution was found, while the final problem required a
compromise, resulting in the proposed solution not always producing optimal results.

4.1. Route 1—A Typical Route for a User in a Wheelchair

Route 1 is a common scenario for creating navigation guidance for a wheelchair
passenger. The route starts at ground level, goes through a mezzanine, and ends on the
platform and entrance to a metro train. The challenge of this route is the lack of an elevator
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connecting the ground floor with the platform, and a user must change elevators on the
interim floor. This requires crossing the entire floor and finding an elevator that goes to the
platform (Figure 10).

Elévator | |

Elevator &

Figure 10. An example of a route for a wheelchair user that goes through (a) floor —1 (interim) and
(b) floor —2 (platform); the maps present Interior Spaces (grey), Indoor Installations (purple), Path Edges
(green and red for parts of the route), and Path Nodes (circles); decision points are labelled and marked
in red.

Table 3 shows the navigation directions generated for the route. The route consists of
19 Path Nodes that produce 20 interim directions in stage 3. In decision point 6, the algorithm
creates two directions: ‘turn right’ followed by ‘go straight’. At this stage, it makes sense to
keep both directions due to the considerable long straight line to be passed after the turn.
These directions are generalised in stage 4, and the final number of directions is reduced to
8. It is worth noting that in decision points 6 and 15, turns have been omitted due to the
lack of Path Edge crossing. Thus, the movement to another direction is expected, and the
direction is not needed. In decision point 8, the ‘turn left’ direction before a landmark is
reduced to information that supplements the final direction: ‘on the left-hand side’.

Table 3. The output of the algorithm for Route 1.

Decision Point

Interim Directions
(Output of Stage 3)

Final Directions After Generalisation in Stage 4

Change in the floor [down]

Change in the floor [elevator] Go down with the elevator to the —1 level

Change in the floor [—1]

Turn left _

Turn right After exiting the elevator turn right

Go straight

Go straight and turn right
Turn right

Go straight

Go straight

Go straight and pass through the doors on the left-hand side
Turn left

O X | I |G| G| k=W IN|~—

Pass the door
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Table 3. Cont.

Decision Point

Interim Directions

Final Directions After Generalisation in Stage 4

(Output of Stage 3)
11 Change in the floor [down]
12 Change in the floor [elevator] Go down with the elevator to the —2 level
13 Change in the floor [-2]
14 Turn right After exiting the elevator turn right
15 Turn left -
1 Go straight Go straight into the platform
17 Change in the room [platform]
18 Turn right Get into the last car of a train on the right-hand side
19 Go into train [last car] (direction: “Mtociny’)

4.2. Route 2—"Turn Left/Right’ Direction

As discussed earlier, navigation directions such as ‘turn left/right’ are generally not
optimal as the interpretation of the heading can be ambiguous. However, in some cases,
this type of direction can be helpful in finding the correct way. An example of such a
situation is presented in Figure 11. A user approaching the ticket zone in the metro station
notes three passages—the gate on the left for wheelchairs and two turnstiles—one in front
of them and one more on the right. Moreover, there is no landmark that can be used for
indication of the passage to be taken. The only solution is to base the direction on a ‘turn
left/right’ message.

Figure 11. Entrance to the ticket zone in the Politechnika metro station.

In order to solve this issue, it was required to identify conditions that trigger a specific
rule. In this case, the route leads through an Interior Space to a Space Connection of type
‘ticket zone’, and there are more Space Connections of the same type nearby. The algorithm
should attempt to distinguish them, preferably by indicating a landmark, and if there is no
landmark, a “turn left/right” direction should be provided.

The other problem observed while testing the implementation of such a rule was the
accurate determination of turns when the geometry of the path network was analysed.
While the geometric properties of Path Edges typically suffice to determine the angle of
a turn, special consideration is needed when aligning with turnstiles or doors. This is
because spatial connections for stairs or elevators tend to be more linear, whereas doors and
turnstiles are represented as points. In Figure 12, at a point located at wide turnstiles on the
left, the angle of the consecutive Path Edges is less than 30 degrees. However, the expected
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direction after going through the turnstiles is ‘turn right’. This problem was solved so that
the Indoor Installation stores information about its azimuth and, on this basis, an additional
turn direction can be created.

W LHMH

L turnstiles turnstiles

{0
|

turnsti
ticket
zone

Figure 12. Map with the path network for the ticket zone of the Politechnika metro station; the map

presents Interior Spaces (grey), Path Edges (green and red for parts of the route), and Path Nodes (circle);

the red arrow indicates the decision point where the ‘turn right” direction should be added.

4.3. Route 3—Moving to Another Floor

When a route requires changing floor, a user expects a single direction indicating

the final floor for the manoeuvre, for example, ‘Go down with the elevator/stairs to the
—2 level’. If the route requires a change of more than one floor, the directions in stage 3 of
the algorithm are generated for each floor separately. There are a few cases to consider:

Elevators: These are represented on each floor separately and connected in one graph.
A route that uses an elevator to traverse a few floors contains a series of Path Nodes
for each floor. Such a sequence is easy to detect and is replaced with a single naviga-
tion direction;

Well-defined staircase with stairs connecting consecutive floors: There are a few
possible configurations of stairs. In Figure 13a, the stairs reach the next floor (or
mezzanine) after two turns, but all these manoeuvres are irrelevant from a navigational
point of view. The algorithm generalises the navigational direction using the attributes
of the Interior Space, indicating whether they are parts of the staircase and analysing
distances between consecutive stairs;

A different situation is presented in Figure 13b. The possible connections between
the ground floor and floor —2 fork to opposite sides of the stairs. When the user goes
down, there is no alternative path, so directions should be generalised. However, in
the case of going up, it is important to take the correct exit from the station. Hence, the
information on whether to take a left or right turn is essential;

Subsequent stairs: Although some stairs are connected to a single navigational direc-
tion, in some cases, the algorithm should consider the consecutive stairs to be separate
objects, which is an expected outcome when they are of different types (stairs, escala-
tors, moving walkways) or if the distance between them is big enough. An example of
such a situation is shown in Figure 14. The tests led to the decision to implement the
rules to generalise the directions if the distance is less than 12 m, regardless of whether
they are of the same type or not.
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Figure 13. Examples of floor connections: (a) staircase with separated escalators, (b) staircase with
subsequent escalators; the maps present Interior Spaces (grey), Indoor Installations (purple), Path Edges
(green and red for parts of the route), and Path Nodes (circles); decision points are marked in red.

|
+ 3 ®
\l - escalators - stairs
° ®
+ ® ®
floor -2 floor -1 floor 0

Figure 14. Examples of floor connections: subsequent stairs of a different type; the maps present
Interior Spaces (grey), Indoor Installations (purple), Path Edges (green and red for parts of the route),
and Path Nodes (circles); decision points are marked in red.

4.4. Route 4—The First Direction After Exiting the Train

A typical use case of navigation in a metro station is exiting the train on the platform
and finding a way out on the ground level. Empirical tests have shown that the critical
moment of the process is the first decision of users. They leave a train and, to perform
the first manoeuvre correctly, must orient themselves in a space that is new to them. The
problem is even more complicated since the users’ location on the platform is not known. A
user can enter the train at the beginning, middle, or end and then move to a different part
of the train during the journey. This causes the user to start navigating from an unknown
position on the platform.

The problem becomes even more complex if we consider the different configurations
of stairs to exit the platform. If the stairs are located at the end of the platform, as in
Figure 15, no matter where the passenger gets off the train, they are supposed to turn
right. If, however, the stairs are located on the platform between the platform ends, as in
Figure 16, then the user should turn right or left depending on where they get off the train.
In addition, if the user gets off at the end of the train, the indication to go left towards the
stairs is ambiguous because they pass other stairs beforehand.

The adopted solution to the problem was based on moving away from specifying the
direction in which the passenger should turn after exiting the train. Instead, the direction
contains an absolute indication of the position of the stairs on the platform relative to the
train. The tests showed that it was sufficient to describe the position of the stairs with one
of five terms: ‘the start of the platform’, ‘the second carriage’, ‘the middle of the platform’,
‘the penultimate carriage’, and ‘the end of the platform’. Thus, the full guideline is as
follows: “proceed to the stairs at the second carriage’ or ‘proceed to the stairs at the end of
the platform’. It is worth noting that, where possible, it is useful to refer to the platform, not
the train, as it may have left in the meantime. During the tests, users intuitively understood
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that the start and end of the platform referred to the direction of the train. The tests also
showed that users were able to identify the position of the second and penultimate carriage
at the station without much effort, whereas references to other carriages required counting
and discouraged users from trying to understand the message. Hence, the authors decided
to use a reference to one of the five staircase positions.

r~ 54 r o]

il

(500 oo0o|(oool|looollocoo ooo]

Figure 15. A metro station with stairs at a platform end—a passenger should go right to the stairs
regardless of their position after leaving a train; the map presents Path Edges (green), and Path Nodes
(circles); red arrows indicate decision points where the ‘turn right” directions should be generated
depending on the route course; the red dotted line represents the exit Path Edge common for all routes.

)
éoo @ 0oo0|[ocoo| (600 ooo]

Figure 16. A metro station with stairs between platform ends—the direction of the first turn depends

on the passenger’s initial position after leaving a train; the map presents Path Edges (green) and Path
Nodes (circles); the red dotted line represents the exit Path Edge for routes for passengers travelling
near the red carriage, the orange dotted line — near the orange carriage.

As the first navigation direction is independent of the user’s starting position, the
route is not drawn from the train exit but from the stairs. In Figures 11 and 12, the start of
the route is marked with a red dot.

The second problem related to the start of the route on the platform is the choice of the
appropriate stairs. If there are several stairs on the platform leading to different parts of the
station, then the situation is simplified, as it is optimal to choose particular stairs in order
to exit the station at the right point on the ground level. However, there are stations where
the choice of stairs on the platform is irrelevant, and passengers in this situation choose
the stairs closest to them and would expect the algorithm to work the same. Since it is not
known from which part of the train the user has disembarked, without a precise positioning
system it is not possible to solve this problem perfectly. The system, however, estimates the
user’s position at the station considering the navigation guidance at the station where the
metro journey commenced.

The proposed solutions to both problems do not always work. Determining the
platform position in relation to the train depends on the length of the carriages and can be
cumbersome once the train has departed. In contrast, the estimation of the user’s position
assumes that they do not walk too far on the starting platform or within the train. Despite
the significant drawbacks of the approach taken, it has improved navigation performance
and users’” understanding of navigational directions.
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5. Discussion

Urban commuter planners provide comprehensive information on all modes of trans-
port in a city, but they are usually limited to routing functions. At the same time, an
increasing number of public buildings are providing indoor navigation systems. Such
applications use positioning engines, which, despite research over the past decade, still
provide poor positioning accuracy when run on smartphones—widely available devices. A
large proportion of indoor navigation systems use turn-by-turn guidance due to the much
higher cost of basing navigation guidance on landmarks. This approach, together with a
positioning system with poor accuracy, limits the ability to popularise indoor navigation
systems in public buildings.

The application, which is the result of the research, focuses on pedestrian navigation
in metro stations and takes into account the expectations of people with special needs. By
design, the application will be used without a positioning engine, and users will determine
their location based on the map and landmarks, aided by photographs attached to the route
decision points. The authors focused on implementing algorithms to generate navigational
directions automatically, and through the support of people with disabilities, it was possible
to create an application that works acceptably for the target group. It is still necessary to
collect and maintain the spatial database of landmarks, in addition to taking photos and
updating them periodically. However, the idea is that automated algorithms help to reduce
this cost, as a limited number of landmarks are needed to generate guidance.

A natural direction for further development of the system is integration with a posi-
tioning system. The lack of presentation of the user’s position in the current application can
be seen as a drawback because users accustomed to other systems may cease trying to use
this application because of this missing function. On the other hand, current positioning
algorithms using Wi-Fi networks or Bluetooth beacons offer position detection with low
accuracy. A system generating navigation guidance should take into account the accuracy
and the characteristics of a calculated position. Hence, integration of the positioning system
with the navigation system is not a straightforward task and requires additional research
and testing. Navigation guidance must be built in such a way that potential position error
does not prevent its interpretation. The system was built with the assumption that the user
recognises his surroundings based on the description of the direction and the photo. This
should help in the potential integration of the solution; however, the system has not been
tested with the positioning engine, which makes it difficult to estimate the work needed.

During the development of the algorithm, various rule modifications were considered,
and their impact on the final indoor guidance was analysed. In some cases, satisfactory
solutions have been developed; in others, specific approaches have been adopted with
the expectation that end users will assess their usefulness. When the system is made
available, a number of comments from users are expected. The feedback will be analysed
and influence the modification of the rule set.

Each time a developer decides to provide a change in the spatial data or change in the
algorithm’s rules, they must consider side effects—how the change impacts other routes.
The authors came to the conclusion that predefined navigational directions can improve
the system maintenance process. This feature allows one to define a direction explicitly and
link it to a decision point. Whenever the algorithm encounters a predefined direction, it
breaks the rule-based inference and adopts the direction designed by the operator.

This system was intended to be built for stations of the Warsaw Metro, and the authors
were focused on creating the best possible solution operating within this scope. This limits
the solution to metro stations of a specific architectural construction style and limited
complexity. However, the authors will endeavour to obtain further funding for research
into navigation at other rail transport stations. Navigation at railway stations and terminals
with complex structures—multi-storey and connecting multiple railways, subways, and
other modes of transport—is a planned direction of further development.
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6. Conclusions

This study acknowledges the unique challenges posed by metro stations, such as their
complex architecture, lack of natural light, and limited visibility. These factors make tradi-
tional navigation methods less effective, thereby highlighting the importance of innovative
solutions like the landmark-based approach. This research also points out the need for
inclusivity in navigation systems, ensuring that they cater to the diverse needs of all users,
including those with disabilities.

The analysis of the performance of the implemented algorithm for different cases
leads to the conclusion that attention should be paid not only to the construction of the
rules that create the navigational directions but also to the data model. Establishing correct
relationships between the layers of the data model, setting appropriate attribute values,
and proper preparation of the geometry enable the optimal operation of the algorithm. This
relationship is evident in the examples discussed. Correctly modelled paths make it easier
to determine whether there is a left turn, a right turn, or a straight run. Such a determination
may depend on the subjective feeling of the user at a given point indoors, so it is up to the
cartographer to prepare the data model to anticipate the user’s expectations and delineate
the geometry accordingly. Similarly, when generalising staircases, it is possible to force the
algorithm to work in a specific way by setting appropriate attributes for topographic objects.

The algorithm presented in this paper has been implemented and tested on mobile
devices for different routes at different metro stations in Warsaw. After several testing
iterations, the project team developed a quality algorithm, allowing the mobile application
to be made available on Android Play and the AppStore. The system launch is planned for
the end of 2024. Making the application available to customers will enable the collection of
broader feedback necessary for maintaining and further developing the technology. The
unique experience gained during this research will be used to design solutions for other
cities with more extensive underground urban transport infrastructure.
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