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Abstract: For visually impaired people, orientation and mobility are challenging and require a great
deal of concentration. Especially unfamiliar routes are difficult to follow. This paper presents a
navigation algorithm based on a geographic information system that can be optimally adapted to the
needs of this user group. A three-stage process is being developed for this purpose. The first step is to
check the map against ISO 19157, followed by map augmentation and the generation of a navigable
graph. Finally, a new cost function for an A* algorithm is developed to make the best use of the
modified map data and adapt it to the user’s needs. It is shown that map data from the geographic
information system OpenStreetMap is well suited to the task, although the map data needs to be
verified and augmented with additional information before being used. Finally, we compare the
presented solution with a standard A* algorithm.
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1. Introduction

In recent years, a strong increase in commercial and near-commercial autonomous
vehicles, that operate on the sidewalk in urban environments, are seen (for example [1-4]) .
Intuitively, the performance of those autonomously navigating vehicles depends on the
quality of the map data as strongly as on the quality of the position-sensing equipment.
The Shared Guide Dog 4.0 (SGD4.0) (see Figure 1) is an autonomous vehicle under devel-
opment in cooperation with a non-profit foundation (Blinden- und Sehbehindertenverein
Hamburg e.V. [5]) aiming at the guidance of visually impaired persons. It is beneficial to
provide that sort of solution because orientation in unknown environments still poses a
substantial challenge to visually impaired persons. Statistics show [6], that visual imparity
strongly coincides with disabilities of the musculoskeletal system. Therefore, the Shared
Guide Dog 4.0 resembles a rollator-walker, which can also be used to sit down and rest
on it. The awareness of the demands of visually impaired persons in society and the
economy has risen, and digital aides become available. Examples are OrCam, a small
device capable of reading text, recognizing people, and identifying products [7] or Routago,
a specialized smartphone navigation application that incorporates additional features to
ease the orientation of disabled persons [8].

Even though geodata are available from various sources, such as the commercial
map distributors Google, Microsoft, Nokia HERE [9], and TomTom [10], a generalized
representation of the environment is still missing, and publicly available survey data are
not represented with navigation in mind in the first place. High-precision survey data exists
from various projects [11] but focuses on road traffic environment data, including traffic
signs, parking lots, and electric vehicle charging points. Geodata collected specifically
aiming at benefits for impaired persons are missing so far.
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The OpenStreetMap project aims to create and maintain an open-source map of
the world [12] and by March 2023 about 10 million registered users were contributing
to it [13]. A guidance application for disabled persons can benefit substantially from a
community of volunteers that adds, maintains, and complements features accordingly in
a logically consistent way. OpenStreetMap’s data have already proven useful in various
research projects and is also used by commercial transportation companies such as Uber
and Grab [14].

Figure 1. The Shared Guide Dog 4.0, an autonomous guidance vehicle resembling a rollator-walker.

With the advancing development of autonomous driving vehicles, the combination of
local sensor data and a global environment representation by a given map is increasingly
becoming the focus of research. A common method for recording an environment represen-
tation is to manually drive the mobile robot through an unknown environment and have
the sensors record the environment. This approach has the disadvantage that the initial
recording and processing of the map takes a lot of time and has to be repeated every time
there is a change in the environment.

In this paper, we will present an approach that uses the OpenStreetMap as the database
for creating a global environment map and computing an optimal global path for the mobile
robot. We will look at the entire process from analyzing the data to using it on the Shared
Guide Dog 4.0.

The focus is on the data model of the OpenStreetMap project and it is shown how
features for disabled people have already been incorporated. Typical data inconsistencies
are discussed, that impede the creation of a navigable graph required for the operation of
an autonomous vehicle. An instruction set to augment the geodata and an algorithm to
preprocess the results are derived to overcome those problems. Sidewalks and pedestrian
zones, which are usually represented as polyhedral objects and are not navigable per se,
are given special consideration and processing.

Based on the results of the preprocessor, a path planning algorithm is introduced that
allows a trade-off between the pavement quality, a keep-right policy, and the distance to be
covered. The results will be discussed to evaluate the suitability of the OpenStreetMap as a
basis for sidewalk path planning and the applicability of the navigation algorithm.

The entire code of the Shared Guide Dog 4.0 can be found at https://github.com/
PStahr-HAW /r0s2-sgd4.0 (accessed on 17 July 2023), the later used JOSM plugin can be
found at https:/ /github.com/PStahr-HAW /JOSM-o0sm2x (accessed on 17 July 2023).

1.1. Related Work

In recent years, several projects investigated route finding for mobility-impaired
people based on Volunteered Geographic Information (VGI). A major challenge is the
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completeness and accuracy of the data used, which has been studied in many articles.
The focus is on the suitability of OpenStreetMap as a database and the navigation on
the sidewalk.

1.1.1. OpenStreetMap

All of the studies examined conclude that OpenStreetMap provides the most com-
plete map among the open-source maps, but before any use, the test area should be
carefully checked.

In one paper|[15], special focus is put on the completeness of sidewalk information
based on three types: object, attribute, and value. The result is that the completeness in
the presented German cities is mostly well below 20%. Before each use, the sidewalks
have to be enriched with further attributes, especially because in many cases the sidewalk
information is assigned to the streets and thus no conclusions can be drawn about the
geometry and exact position. Ding et al. [16] studied the attributes for wheelchair users
in England and concluded that about 98% of the nodes do not have wheelchair attributes.
Although there is a specialized OpenStreetMap for wheelchair users (Wheelmap) the
completeness is very low. Therefore, it is recommended to use additional data sources to
provide greater coverage.

Despite the limitations in data quality, ref. [17] concludes that Open Data sources
will be of great relevance in the future. OpenStreetMap is of particular interest as the most
promising candidate due to its large and active community. Prior to use, it is recommended
to compare the map data with ground truth information or at least to perform an intrinsic
verification where only a logical estimation of the attributes takes place.

1.1.2. Sidewalk Navigation

In recent years, there have been several projects that studied route finding on sidewalks
for user groups with different needs.

In one paper [18], a system was developed that uses OpenStreetMap for pedestrian
navigation. In addition, a crowd sourcing system is implemented to collect obstacles
and add them to the map. The pedestrian path generation is performed using an offset
from the road. Based on this data, an optimal path, measured by a ‘difficulty criterion’, is
then calculated.

In another paper [19], a service-oriented algorithm for a routing algorithm is presented.
The map is transformed into a graph-like structure and a multicriterial algorithm is intro-
duced for cost calculation. Attributes are assigned to nodes, which are weighted differently
based on policies that users are free to choose. A graph wayfinding algorithm for cost
minimization is then used to compute a suitable path according to the user preferences.

In one paper [20], a wayfinding tool for computing optimal paths for blind people
is developed. The OpenStreetMap data are used to generate a weighted network graph
and compute a path based on the criteria length, complexity, landmarks, and path type.
The facts that preprocessing of the map is not considered and third-party software is used
for path computation, which is why this solution is not suitable for the Shared Guide
Dog 4.0.

Opach et al. [21] conducted a study on user behavior when selecting different routes
to avoid potential flooding areas. Different routes were suggested to the users to reach the
destination. These always include the shortest route and a route that avoids any flooding
area. The study concludes that, on average, users are willing to take a route that is up to
10% longer if it avoids hazardous areas.

The project described in [1] focuses on processing OpenStreetMap data to prepare it for
a delivery robot. The presented toolchain does not handle mapping errors and focuses on
streets. Ways with a width of less than 3 m are not considered. In the presented approaches,
the adaptations to the map are not sufficient for allowing a mobile robot to safely drive
on footways.
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According to our research, there is currently no fully comprehensive routing solution
for mobility-impaired users on the sidewalk that allows for customization.

1.2. Paper Organization

The rest of the paper is organized as follows. The next section introduces the software
architecture for navigation and then the OpenStreetMap data model. In Chapter 2, the steps
needed to prepare the dataset to create a navigable dataset are covered. This is followed
by developing a cost function for a path planning algorithm on the Shared Guide Dog 4.0.
The paper concludes with an example and a comparison of the calculated route with a
route calculated using a standard A* algorithm.

1.3. Architecture of the Shared Guide Dog 4.0

The control architecture of the Shared Guide Dog 4.0 is based on a layer model with
three layers.

The top layer consists of the Global Planner, which calculates a path between the
selected destination and the current position. At the start of navigation, the Global Planner
calculates a route and then passes this route to the second layer, the Local Planner. The Local
Planner calculates local avoidance strategies if the global path is blocked by obstacles and
reacts to objects that are in the close-up range around the Shared Guide Dog 4.0. A LiDAR
scanner is used to scan the environment and the local planner generates an alternative route
if an obstacle is detected. If there are no obstacles in the vicinity of the Shared Guide Dog 4.0,
the local path equals the global path. On the Shared Guide Dog 4.0, an implementation of
the time elastic band planner (TEB Planner [22]) is used for local path planning. The bottom
layer consists of the controller, which controls the movements to stay on the planned path.
This paper discusses an adaptation and implementation of the global planner as a basis for
the other layers as well as the example application on the Shared Guide Dog 4.0.

1.4. OpenStreetMap Data Model

In the OpenStreetMap project, a free and open-source map of the world is created
that is accessible to everyone. The map is created by the community. In addition to the
world map, many software solutions to edit or use the map have been created as part of
the project.

The map data are stored in the XML file format and are built from nodes, ways,
and relations [23]. A node represents a point on the Earth’s surface which is defined
through latitude and longitude. Nodes are the core element of OpenStreetMap and are
referenced by every other element. The minimum requirements for a node are thus a
unique ID uy and the specification of the longitude A and latitude ¢. The longitude and
latitude are specified as decimal numbers with seven digits of decimal precision. This
ensures a positional accuracy of less than +5.6 mm. In addition, nodes N can be provided
with tags that can store further information.

N = {MN/(PI)\} (1)

The connection between nodes is established by ways W. They are defined as a
collection of nodes and stored as a list of node IDs. An area is a way where the start node
equals the end node.

W = {uw, un ili=1. x} )

If paths and nodes are to be connected to form more complex structures, relations are
used. A relation can contain nodes, ways, and other relations.

R = {ug, unli=1. k UwW,ili=1..1, URi|i=1..m } 3)

Tags are used to describe properties of map elements represented by key-value pairs
and can be added to nodes, paths, and relations. Both the key and value are free text
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fields but there are recommendations for which tags describe which objects. Examples of
commonly used tags are highway = secondary or amenity =bench.

The following Listing 1 shows the definition of a node, a way, and a relation in
OpenStreetMap data format. Each element has an additional tag to specify its type in
the map.

Listing 1. Example of node, way, and relation represented in OpenStreetMap’s XML data format:
Ways and relations are formed by lists of references to IDs.

<node id = 253416079’ lat = ‘53.5571377’ lon = “10.0197035">
<tag k = ‘amenity’ vs. = ‘bench’ />
</node>
<way id = '5229522">
<nd ref = 253416079 />
<nd ref = '7156477920" />
<tag k = ‘highway’ vs. = ‘residential’ />
</way>
<relation id = "2872789">
<member type = ‘node’ ref = ‘6055658161 />
<member type = ‘way’ ref = '466451524" />
<member type = ‘way’ ref = '383422087" />
</relation>

2. Path Planning

Path planning is divided into three steps: preprocessing of OpenStreetMap data,
creation of a navigable graph, and route computation. While the preprocessing and graph
generation is performed offline, the route computation is performed online on the Shared
Guide Dog 4.0.

The presented toolchain is based on the JavaOSM (JOSM) editor [24]. It is an open-
source editor for various OpenStreetMap data, which can be used to download the map,
edit it with various tools, and export it in different formats. In addition, JOSM is extensible
through a variety of plugins and user-specific plugins can be integrated.

2.1. Preparing OpenStreetMap Data

The quality of the OpenStreetMap varies widely around the world, depending on the
activity of the OpenStreetMap community. But there is no metric to describe the mapping
quality. The OpenStreetMap community claims that the “OpenStreetMap is often more
up-to-date and of a higher quality than other commercial maps when dealing with New
and Changed Ways” [25]. However, since the OpenStreetMap data is created by volunteers,
it can be assumed that the population density leads to a higher data quality in urban
areas in comparison with rural areas. Furthermore, the OpenStreetMap project states “Our
aim is to be the best world map for accessibility” [26]. There are several projects, such as
OpenStreetMap for the blind [27], which incorporate tactile pavings, acoustic signals at
traffic lights, points of interest (POI) especially for blind people, accessibility by wheelchair,
etc. by attributes. However, the coverage varies strongly and there is no all-in-one solution
with global coverage.

In order to assess the accuracy and completeness of the OpenStreetMap, an analysis
according to ISO 19157 [28] is performed. The map is evaluated according to the criteria
completeness, thematic accuracy, logical consistency, temporal quality, positional accuracy,
and usability. The results are presented in Table 1. The analysis is first performed by com-
paring the OpenStreetMap data with aerial photographs from the Land Registry of the City
of Hamburg. This allows the positional accuracy to be determined. After the comparison
of the aerial images, the locations are inspected in reality. Thus, the completeness, temporal
quality and thematic accuracy can be evaluated.
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The criteria of positional accuracy and completeness are evaluated again in detail in
the following two sections. These two criteria are crucial for the use of the map and the
quality of the routing solution.

Table 1. Evaluation of the OpenStreetMap data against ISO 19157.

Criterion Description Rating
Completeness Completeness of features, attributes, and relations good
Logical consistency Rules of the data set were observed good
Positional accuracy Deviation from the real geographical position very good
Thematic accuracy ~ Correctness of attributes and classification of features good
Temporal quality Representation of the current status very good
Usability Applicability for the project very good

2.1.1. Positional Accuracy

On the left side of Figure 2 a city map with the scale 1:500 is used as the background,
on the right side is an aerial photo with a resolution of 20 cm. Both images are published
and georeferenced by the Land Registry of the City of Hamburg. Overlaid on the images
are the OpenStreetMap data, which are shown in red. The alignment is based on the corner
points of the basketball court in the middle of the images.

Figure 2. Evaluation of the positional accuracy of the OpenStreetMap data based on the data from
the cadastral office of the city of Hamburg. The data from OpenStreetMap is shown in red.

The accuracy of the paths can be rated as very good based on the comparison, even
though some paths are not exactly centered. The accuracy of objects such as benches,
trees, and walls can also be rated as very good. No deviations can be found here. Only
the observation of the buildings results in larger deviations. On the one hand, these are
positional deviations, as in the case of the building at the top right. On the other hand,
there are inaccuracies due to a too-coarse representation of the buildings, as can be seen
below and in the center on the left.

2.1.2. Completeness/Temporal Quality /Thematic Accuracy

Completeness, temporal quality, and thematic accuracy are evaluated by walking the
test area in reality. It turns out that trees, benches, barriers, and walls are almost completely
drawn in. On the other hand, trash cans and boundary stones used to border the path
are not drawn in at all. To ensure safety on any path, all these objects should be included
in the route calculation. Some common errors in the OpenStreetMap data are shown in
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Figure 3. In conclusion, the completeness analysis shows that many objects are already
present, but verification and post-processing are required.
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Figure 3. Completeness errors like missing and too many objects in the OpenStreetMap data in the
test area.

2.2. Augmentation

In the previous section, it was shown that a review and augmentation of the data is
necessary. As part of the OpenStreetMap project, quality assurance tools were developed,
which allow both an automatic check of the map and manual reporting of mapping errors
to be re-evaluated. In the quality assurance process for the Shared Guide Dog 4.0 project,
the JOSM validator, a core functionality of the JOSM editor, is used. It is capable of finding
mapping errors, such as intersecting paths without a common node, closely spaced nodes,
and suspicious tag combinations. These errors, also referred to as logical inconsistencies
of the data set, can be found and corrected very well by automated tools. However,
the errors caused by logical inconsistency only make up a small part of the overall errors
in OpenStreetMap.

The most common errors in the OpenStreetMap data processed for the Shared Guide
Dog 4.0 project are missing ways, footways not separated from streets, missing barriers,
and missing or wrong attributes. Since the OpenStreetMap is primarily created for street
vehicles, completely missing separate footways are prevalent. In many cases, there is no
distinction between a street and its sidewalk. The sidewalk is either added to the road as an
attribute with no additional information about its properties or there may be not even any
information about the sidewalk at all. These errors are classified as errors in completeness
and errors in thematic accuracy. They cannot be detected by the JOSM validator and
therefore manual processing must be performed.
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In order to enable a standardized procedure, the following instruction set was devel-
oped. When processing the individual steps, the Shared-Guide-Dog-Plugin for the JOSM
Editor can be helpful and is freely available at https:/ /github.com /PStahr-HAW /JOSM-
osm2x (accessed on 13 March 2023). The entire process of meshing and creating an obstacle
map is supported. For example, the interpolation and generation of new nodes during
meshing are simplified by a visualization tool for detecting errors.

1.  Check whether the dataset is fully connected (every node is reachable from every
other node)

Search for ways with unnamed dead ends

Add separate footways

Convert areas into ways

Check if all objects are presented in the map

Add the relevant tags to all ways

oG LN

1: The first step is to check whether the data set in question is connected as one
complete net or if there are multiple disconnected nets in the dataset. This step aims to
have only one connected net in which every node is reachable from every other node.

2: Paths that end in a dead end should be given an address in order to make them
navigable. Otherwise, the path cannot be traversed.

3: As mentioned before, the footways in OpenStreetMap are often added as attributes
to streets. Therefore it needs to be verified that every street containing the tag footway
has its own footway. Furthermore, it must be checked that all footpaths are present on the
map. Figure 4 shows the necessary preparation of the data: Additional paths are added
to represent the sidewalks including an attribute for the width of the sidewalk. Note, that
the nodes next to the pedestrian crossing are members of 3 ways each and therefore are
navigable. The old ways describing the streets are kept for reference but are not connected
to the sidewalks.

4: Pedestrian areas are often represented as polygons, containing no navigable ways.
Existing navigation algorithms based on the OpenStreetMap data route along the borders of
the polygons result in an undesirable path as shown in Figure 5. Due to the complex struc-
ture and obstacles that can be found inside the pedestrian area, the polygon is augmented
by manually inserting new ways and adding a suitable width attribute.

5: The second to last step is to check whether all existing obstacles are represented on
the map. In particular, these obstacles include posts and barriers which may block the way
for the Shared Guide Dog 4.0.

6: After step 5, the preparation of the path network for the Shared Guide Dog 4.0 is
completed. The last step is to check if all paths feature the required attributes. The pathfind-
ing algorithm presented in Section Path Planning requires the tags highway, surface and
sgd_width. Other attributes, such as hazard, are optional and can be added as needed.
The OpenStreetMap data model has an official attribute for the width, but its use is optional.
Due to missing information on the measurement method, for example whether curbs were
taken into account or not, the value should not be used without verification. To avoid
misidentification with the width attribute, a new attribute sgd_width is introduced. This
attribute represents the drivable width of the way.

Currently, these preparations must be performed manually since they require knowl-
edge of the traffic situation. However, it is conceivable that such verification could be
carried out by machine learning algorithms in the near future.
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e node
ways

— way with
width attribute

Figure 4. Typical sparse way information (top) and the result from the augmentation: A connected
graph with width attributes (bottom).
e node
ways
() pathplanning
solution

® ®

— way with
width attribute

Figure 5. Pedestrian area represented by a polygonal way ((top), red) resulting in an inappropriate
path planning solution and the same area after augmentation of the geodata (bottom).

2.3. Path Generation

The OpenStreetMap data cannot be used directly for navigation in its native data
format. Nodes are connected by ways, but only connections along the current way are
visible. Ways to further neighboring nodes cannot be accessed for navigation. In order
to create a navigable graph, additional further processing must be carried out. These
operations are divided into the three steps of interpolation, creation of a path network, and
connection of the nodes, as shown in Figure 6.
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The goal of meshing nodes is to create a navigable connected network of ways that
span across all drivable surfaces. We chose to augment each prepared way by two additional
ways which are connected in a mesh pattern to each other. These three lanes represent one
lane per direction and one lane for passing. With this method, it is possible to significantly
increase safety using a right-hand walking rule. Even though there is no requirement to
walk on the right side in the test area, it is natural for people to do so because they know
it from road traffic. Another advantage is that paths that are partially blocked can still be
considered during path planning and a path around the obstacle can already be planned at
the start. It leaves less work to the Local Planner which would detect an obstacle by vehicle
sensors at a later stage. For example, a long-term construction site blocking only half of the
path can already be considered in an easy way during path planning so that the Shared
Guide Dog 4.0 can be navigated to the free side of the path.

Interpolation

v

Creation of parallel paths

v

Connection of nodes

Figure 6. The meshing algorithm is divided into three steps: interpolation, creation of parallel paths,
and connection of nodes.

Figure 7 shows three original OpenStreetMap ways with a width attribute as an
example input data set to showcase the meshing algorithm’s mode of operation.

L e—e way with width attribute
. e

L

Figure 7. Example paths from the OpenStreetMap dataset with an augmented width attribute.

2.4. Interpolation

To allow changing the path in short intervals within the navigable connected network,
ways with a length greater than a threshold a are linearly interpolated. During some tests
with blind people, a distance of 5m has been found to be a suitable interpolation distance.
This allows the lane change for short distances, but at the same time does not form large
angles during the lane change.

For each point, the latitude ¢ and longitude A are specified. The presented calculations
are based on a Mercator projection with WGS84 as the reference system. To take into
account the declining projection length of the longitudes toward the poles, a scale factor
@192 = cos((@1 + @2) - 35 ) is defined. The approximate distance d between two points x
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and y is calculated as the Euclidian distance by the following equation. R is the rounded
median earth radius as defined by the WGS84 reference system as R = 6,371,000 m.

d=\/x2+1>2 4)

7T
x:(/\l—AO)'R'W'@Oq)l ®)

s
y:(q01—<p0)~R~@ (6)

The distance between the two nodes is then divided by the threshold value for the
interpolation a to calculate the number of new nodes.

d
= [3] v

The number of nodes to insert is then used to create new nodes

A CAA
N{uN,i,goJrz.f,AJrz-n} ®)

withi =1...(n — 1). To complete the interpolation, the created nodes are inserted into the
existing ways and connected to each other as shown in Figure 8.

e—e way with width attribute

created nodes

—_——— e - ——— A

Figure 8. Interpolated ways and newly added nodes before meshing.

2.5. Creating the Set of Parallel Paths

The calculation of new nodes for parallel paths is based on the paths to the neighboring
nodes. A direction of and a distance to the original node are required for determining the
position of a new node. The bisector between the paths is used to calculate the direction.
Figure 9 shows the naming convention used for the calculation of new points.
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Figure 9. Nomenclature of the angles when calculating new points for path meshing.

New nodes are inserted based on the following equations equation with Ny {un 1, @1, A1}
being the predecessor node, Na{1x 2, ¢2, A2} being the current node and N3{up 3, ¢3, A3}
being the next node on the way.

. d - 180°
Pnew = @2 +sin(D) - Rom )
d-180°
A = Ay +cos(b) ———— 10
new 2 ( ) R-71- P2 Prew ( )

b is the direction in which to insert the new node and d is the distance to the new
node. To calculate the direction to the newly added node, the bisector is calculated using
Equation (11). The second node is added in the opposite direction. The signum function is
used in order to ensure that an angle is within the interval [, 77].

byt = P21 er P23 (1)
byp =by1 —b1p- 7 (12)

Y1 and P 3 are the angles of the paths from Nj to Nj and from N, to N3.
1P2,1 = arctanZ((Al — )\2) CP192, 91 — (Pz) (13)

o3 = arctan2((Az3 — A2) - @392, 93 — @2) (14)

The width is based on the width of the two paths between which the node is to be
inserted. The distance between the original node and a newly added path is calculated
according to Equation (15). w; and w, are the width of the two adjacent paths and wg,
is the width of the Shared Guide Dog 4.0. The additional parameter € is an estimation of
the positioning accuracy. With a width of the SGD of 0.7 m and an estimated positioning
accuracy of 0.3 m, this results in a constant distance to the edge of the way of 0.5 m.

w1t w; B wsgp +€ w1+ wy B

d i = 0.5m (15)

The two new nodes are added to the node set with a reference to the original node.

2.6. Meshing the Grid

Once the new paths left and right of the original path have been created, these three
parallel paths must be connected. Therefore additional paths shall connect each node of
one path with other nodes of the neighboring path. It resembles a set of railroad switches
on a shunting yard. An algorithm shall achieve the described interconnection by inserting
additional paths according to the following rules:
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Nodes shall not be connected with those nodes from which they were generated
Nodes at the end of ways (e.g., entrances) do not generate new nodes
3. Ways with a width less than a threshold are not represented by three ways

N

The algorithm following these rules shall mesh the grid of nodes. The result is shown
in Figure 10. After meshing, the path network is exported as a navigable graph and can be
used by the path planning algorithm. The navigable graph requires that all neighboring
nodes are connected and that the cost of navigating a connection between two nodes is
also known.

The following Listing 2 shows an example of two nodes with their neighbors. Each neigh-
bor node is specified by the unique ID and the path to it is defined by the included attributes.

e—e way with width attribute

created nodes and ways

Figure 10. Result of path meshing: A fully connected set of ways.

Listing 2. Ouput data format.

<nodelist name = ‘lohmuehlenpark’ version = ‘0.1">
<node id = ‘8596122144’ lat = ‘53.5571622’ lon="10.0207811">
<curb>0.1</curb>
<nd ref = '8596122143">
<highway>footway</highway>
<surface>paving_stones</surface>
<sgd_width>3.0</sgd_width>
</nd>
<nd ref = '8596122145">
<highway>footway</highway>
<surface>paving_stones</surface>
<sgd_width>2.5</sgd_width>
</nd>
</node>
<node id = ‘8596122143 lat = ‘53.5570256" lon = “10.0207442">
<barrier>bollard</barrier>
<nd ref = ‘8596122144">
<highway>footway</highway>
<surface>paving_stones</surface>
<sgd_width>3.0</sgd_width>
</nd>
</node>
</nodelist>
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3. Path Planning on the Autonomous Vehicle

Graph-based algorithms aim at minimizing the cost of a route. Often the length is
used as a criterion. In this section, a multi-criteria cost function is introduced, which is
used to optimize the routing solution.

The A* algorithm is a widely used algorithm, for example in mobile robots and
unmanned vehicles as well as in video games. In its original form, it is used to calculate
a cost-optimal path. It is based on Djikstra’s algorithm and extends it with a term that
estimates the cost from the current node to the destination node, the so-called heuristic.
The algorithm consists of three different terms, a cost function that takes into account the
cost up to the current node g(N;), the cost from the current to the next node c¢(N;, Nj;1),
and the estimated cost from the next node to the destination 1(N; 1, N;). These costs are
summed up to calculate the cost of the current node.

f(N;) = g(N;) +¢(N;, Niy1) + h(Nitq) (16)

Besides the original form, there are many approaches to how the A* algorithm can
be improved; for example, regarding the computation time and the computed path. This
adaptability of the algorithm will be used in the following to optimize the computed path
for sidewalk navigation.

3.1. Cost to Current Node and Heuristic
The costs to the current node are the summed-up costs of all preceeding nodes up to
the current node, where p denotes the current position.

i

8(Np) =} c(Ni, Nis1) (17)

Il
<

Il
o

The heuristic is calculated as the Euclidan distance d to the destination node. This
function was introduced in Section 2.4.

d=/x2+y?>=h(Nys1) (18)

7T

x=(Ag—Ap41)-R- Tgos * Pr+194 (19)
7T
y=(¢a—¢p+1) - R- 180° (20)

3.2. Development of a Cost Function

To meet the requirements of the Shared Guide Dog 4.0, a new function is developed
for calculating costs from the current node to the subsequent node ¢(Nj, Nj1).

The function should satisfy the requirements that the path characteristics are taken
into account and the Shared Guide Dog 4.0 is kept on the right side of the road. This results
in a function consisting of two terms. One term takes into account the characteristics of
the path. This means that a path with an unfavorable surface will have a higher cost and
the Shared Guide Dog 4.0 will more likely choose an alternative path. Only if the detour is
unreasonably long, the expensive and potentially problematic path is used.
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The other term keeps the Shared Guide Dog 4.0 on the right side of the path. With-
out the second term, the algorithm would calculate the shortest path and cross the footway
multiple times or drive on the left side of the footway. This would pose a safety risk in
right-hand traffic and should be avoided. The first term is referred to as the user function
cy and the second term is called the direction function ¢,. The total cost is calculated by
multiplying both individual costs with the path length.

¢(N;,Nij1)=d-cy-cr (21)

To incorporate different user profiles, a default user is defined first, which serves as
the basis for all other user profiles. Then, further users can be created that overwrite some
or all parameters of the standard user. If a parameter is not overwritten, the cost function
reverts to the standard user. If the path has an attribute that is not specified in the cost table,
a value of 10° is used and thus the path is avoided if possible.

All parameters are multiplied to calculate the path function.

'

cu(Ni, Nip1) = Hvi (22)
i=1

To determine the user profile parameters, the OpenStreetMap data must be enriched
with information. This information is then used to assign costs to the paths and calculate an
optimal path. In the unprocessed OpenStreetMap data, some attributes to ways often are
already present, such as the type of road and the surface. In addition to these two attributes,
further attributes are added for gradients/slopes and for general hazards. For nodes,
however, only the barrier attribute is permitted. It represents various barriers, such as lift
gates and bollards.

For the development of the path function, the road surface (asphalt, gravel, sand, ...),
the type of road (footway, residential road, highway, ...), and other hazards are considered.
Based on the attributes, an evaluation takes place. The result is a table that maps the
non-numerical characteristics to factors that can be used in the cost function as shown
in Listing 3. For numeric values, no mapping takes place. Instead, the absolute value is
calculated to obtain non-negative values and these are used. In addition to the attributes,
each path is assigned a direction value of 0.9, 1.0, or 1.1 when the network is generated.
Paths in the middle always receive the value 1.0, paths on the right side the value 0.9, and
paths on the left side the value 1.1. Depending on the direction of movement, a path can
therefore assume different direction values. This value is used to make a movement on the
right side more favorable and to support the direction function.

In right-hand traffic, the direction function must meet the requirement that a path
on the right side of the way has a lower cost than a path on the left side. In addition,
the function must not become zero or less than zero and the function should not unduly
penalize left turns, which is defined as changing direction by more than 30 °. The coordinate
system is defined so that counter-clockwise is the positive direction of rotation.

In order to fulfill the requirement for the cost increase of small angles, an exponential
function with an angle-dependent exponent is chosen. In addition, it has been shown that
the displacement function must not be the same for angles larger than 30 ° and angles
smaller than —30°, since otherwise small angles to the right are preferred until a large
angle to the left can be driven. This behavior is undesirable and is prevented by a tangent
hyperbolic function. This function ensures that even with large angles, turning to the left
has a slightly higher cost than turning to the right.
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Listing 3. Mapping of OpenStreetMap attributes to costs.

<users>
<user name = ‘default’>

<surface>
<asphalt>1</asphalt>
<paving_stones>1.2</p<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>