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Abstract: Data from OpenStreetMap can be a valuable tool in route optimization of
many kinds. With GPS data, analyses of trips can be made. In this paper, we discuss
how to extract such data and transform it into forms that are useful for optimization
purposes. We also discuss obtaining coordinates from such data. Sets of test problems,
for future use, are presented and extracted.

1 Introduction

When discussing possibilities for optimization of urban snow removal with a local mu-
nicipality, data was found to be a problem. Indata for a snow removal problem is of
course the city network. Some parts had been put into data bases, but other parts had
not, and the process of manually inserting the city network into databases is a very
time consuming task.

Then the idea of using OpenStreetMap (OSM) occurred. At that time, we were unsure
of the quality of the maps in OSM. Since then, we have found that the quality of the
OSM data is excellent for the parts that we are interested in. Maybe it is not so good
for desolate areas, but for the cities we are interested in, almost everything seems to be
there, and seems to be correct.

This paper gives a description and discussion of how to use OpenStreetMap for opti-
mization purposes.

We also find GPS-data to be quite useful for analyzing trips made by vehicles and for
several other purposes. Therefore we also discuss how to handle such data.

Many facts in this paper are taken from various web pages, such as Wikipedia, and the
purpose is simply to collect the information in one place. We believe that it will be
clear when this is the case, and will not repeatedly state this. Especially sections 3 and
5 contain only such material.
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2 Optimization problems in city networks

There exists many optimization problems in city networks that need to be solved. Rout-
ing and planning tasks of various types often require finding tours or paths satisfying
different constraints and requirements in cities. Solution structures are paths, cycles,
trees, etc.

Examples of relevant applications are snow removal (including sand and salt spreading
as well as removal of sand), waste collection, goods delivery, home assistance, and other
routing tasks for companies, as well as design of bus routes and other municipal services,
but also round trips for individual vehicles with various purposes.

In the past, maps were only available as printed products, which limited the usage of
optimization very much, as input of data was quite laborious. Nowadays maps are
available in digital form, from for example OpenStreetMap, NVDB and Google maps.
This opens up new possibilities for obtaining data for interesting optimization problems.

One should note that we are talking about large amounts of data, so manual input of it is
not a good possibility. There are probably many large and important real optimization
problems that were never solved because indata was not available. (In research reports,
real data can for this reason have been replaced by randomly generated data.)

Another type of data often needed is the time or cost for a certain type of vehicle for
doing a certain task or traveling a certain street. In the past, data was collected by
physical measurements on the roads, which was expensive and never complete.

Nowadays very much data can be obtained by GPS traces, either by industrial vehicles
with special GPS units or by private vehicles via their mobile phones. Thus very much
data is now easily available in digital form. The question now is how to use the data in
a meaningful way in order to obtain the results one is looking for.

There is a whole chain of obtaining the data, extracting the useful information, setting
up the optimization problem, solve it, and extract the solution is a usable form.

Necessary steps are:

1. Extracting the relevant data and information from the digital maps.

2. Extracting the relevant data and information from the GPS traces.

3. Transforming the network to solvable form.

4. Solve the optimization problem.

5. Transforming the solution back to the original maps and make it understandable
to the users.

Important issues related to be steps above are the following.
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• The amount of data in the digital maps is huge. Selections have to be made. Data
may be in the wrong form (paths vs. links).

• GPS traces are simply coordinates. What do they mean? What was the vehicle
really doing? Where was it traveling?

• The initial selection is often not enough to make the problem solvable. The
remaining network needs to be reduced further in an intelligent way.

• How to make the information of the solution usable depends very much on who
the users are and in which context the information is used.

One may note that there may be a contradiction between simplification of the network
and the issue of map matching for the GPS traces, see Holmberg (2015b), in the sense
that the simplifications made to make the route optimization easier will make the map
matching harder.

3 OpenStreetMap

Let us now describe what OpenStreetMap (OSM) is and what it contains. (Here all
information, except for the survey, is taken from OpenStreetMap web pages.)

3.1 What is OSM?

From Wikipedia: “OpenStreetMap (OSM) is a collaborative project to create a free
editable map of the world.”

Before this, most map information was proprietary, and use and availability was re-
stricted. OSM was inspired by the success of Wikipedia. It now has over 1 million
registered users, who collect data using GPS devices and other free sources. Pricing of
Google Maps has led several websites to switch to OpenStreetMap.

OpenStreetMap is built by a community of mappers that contribute and maintain data
about roads, trails, cafes, railway stations, and much more, all over the world. It is
open data, and can be used for any purpose.

One main point is that the underlying data is available, not just the picture (the map).
It can be used to construct a map, but also for other purposes, for example extracting
information for optimization.

OpenStreetMap represents physical features on the ground (especially roads) using tags
attached to its basic data structures (its nodes, ways, and relations). Each object has
geometry and tags. Tags are simply a list of key/value pairs. Geometry definition
differs for different types. Data types are nodes, which are geometric points or points
of interest, ways, which are collection of points, and relations, which are collections of
objects of any type.
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3.2 Where is OSM?

OSM exists on the Internet. The main homepage is http://www.openstreetmap.org.
Much work is being done around OSM, as the homepage above will show, and its usabil-
ity will grow. Another interesting homepage is http://www.openstreetbrowser.org/.

3.3 What does OSM contain?

The current list of tags is given here.

1 Primary features

1.1 Aerialway

1.2 Aeroway

1.3 Amenity

1.3.1 Sustenance

1.3.2 Education

1.3.3 Transportation

1.3.4 Financial

1.3.5 Healthcare

1.3.6 Entertainment, Arts \& Culture

1.3.7 Others

1.4 Barrier

1.5 Boundary

1.6 Building

1.7 Craft

1.8 Emergency

1.9 Geological

1.10 Highway

1.10.1 Roads

1.10.2 Paths

1.10.3 Lifecycle

1.10.4 Attributes

1.10.5 Other features

1.11 Historic

1.12 Landuse

1.13 Leisure

1.14 Man Made

1.15 Military

1.16 Natural

1.17 Office

1.18 Places

1.19 Power

1.20 Public Transport

1.21 Railway

1.22 Route

1.23 Shop
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1.23.1 Food, Beverages

1.23.2 General store, department store, mall

1.23.3 Clothing, shoes, accessories

1.23.4 Discount store, charity

1.23.5 Health and Beauty

1.23.6 Do-it-yourself, household goods, building materials, etc

1.23.7 Furniture and Interior

1.23.8 Electronics

1.23.9 Outdoors and Sport, Vehicles

1.23.10 Art, music, hobbies

1.23.11 Stationery, gifts, books, newspapers

1.23.12 Others

1.24 Sport

1.25 Tourism

1.26 Waterway

2 Additional properties

2.1 Addresses

2.2 Annotation

2.3 Name

2.4 Properties

2.5 References

2.6 Restrictions

Below we give some more information about the primary features that might be of
interest.

• Amenity: Used to map facilities for visitors and residents: toilets, telephones,
banks, pharmacies (to buy medicines), schools.

• Barrier: Used to describe barriers and obstacles to travel.

• Boundary: Used to describe administrative and other boundaries.

• Emergency: Used to describe the location of emergency facilities and equipment.

• Highway: Used to describe roads and footpaths. Described more below.

• Landuse: Used to describe the purpose for which and area of land is being used.

• Natural: Used to describes natural physical land features, including ones that
have been modified by humans.

• Railway: Includes all kind of railway from heavy used mainline railway down to
an abandoned line.

’Highway’ is the most interesting primary feature, and below we describe some of what
is included there.

• Roads:
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– Highway: Motorway: A restricted access major divided highway, normally
with 2 or more running lanes plus emergency hard shoulder. Equivalent to
Freeway, Autobahn, etc.

– Highway: Trunk: The most important roads in a country’s system that aren’t
motorways. (Not necessarily a divided highway.)

– Highway: Primary: The next most important roads in a country’s system.
(Often link larger towns.)

– Highway: Secondary: The next most important roads in a country’s system.
(Often link smaller towns and villages.)

– Highway: Tertiary: The next most important roads in a country’s system.

– Highway: Unclassified: The least most important through roads in a coun-
try’s system - i.e. minor roads of a lower classification than tertiary, but
which serve a purpose other than access to properties.

– Highway: Residential: Roads which are primarily lined with and serve as an
access to housing.

– Highway: Service: For access roads to, or within an industrial estate, camp
site, business park, car park etc.

• Link roads:

– Highway: Motorway_link: The link roads (sliproads/ramps) leading to/from
a motorway from/to a motorway or lower class highway. Normally with the
same motorway restrictions.

– Highway: Trunk_link: The link roads (sliproads/ramps) leading to/from a
trunk road from/to a trunk road or lower class highway.

– Highway: Primary_link: The link roads (sliproads/ramps) leading to/from
a primary road from/to a primary road or lower class highway.

– Highway: Secondary_link: The link roads (sliproads/ramps) leading to/from
a secondary road from/to a secondary road or lower class highway.

– Highway: Tertiary_link: The link roads (sliproads/ramps) leading to/from
a tertiary road from/to a tertiary road or lower class highway.

• Special road types:

– Highway: Living_street: For living streets, which are residential streets
where pedestrians have legal priority over cars, speeds are kept very low
and where children are allowed to play on the street.

– Highway: Pedestrian: For roads used mainly/exclusively for pedestrians in
shopping and some residential areas which may allow access by motorized
vehicles only for very limited periods of the day.

– Highway: Track: Roads for agricultural or forestry uses etc, often rough with
unpaved/unsealed surfaces.

– Highway: Bus_guideway: A busway where the vehicle guided by the way
(though not a railway) and is not suitable for other traffic.

– Highway: Raceway: A course or track for (motor) racing.
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• Paths:

– Highway: Footway: For designated footpaths; i.e., mainly/exclusively for
pedestrians. This includes walking tracks and gravel paths.

– Highway: Bridleway: For horses.

– Highway: Steps: For flights of steps (stairs) on footways.

– Highway: Path: A non-specific or shared-use path.

– Highway: Cycleway: For designated cycleways.

– Cycleway: Lane: A lane is a route that lies within the roadway.

– Cycleway: Track: A track is a route that is separate from the road.

3.4 Data format

OpenStreetMap uses a topological data structure:

Nodes are points with a geographic position, stored as coordinates (pairs of a latitude
and a longitude) according to WGS 84, see section 5.

Ways are ordered lists of nodes, representing a polyline, or a polygon if they form a
closed loop. They are used both for representing linear features such as streets and
rivers, and areas, like forests, parks, parking areas and lakes.

Relations are ordered lists of nodes, ways and relations. Relations are used for represent-
ing the relationship of existing nodes and ways. Examples include turn restrictions on
roads, routes that span several existing ways (for instance, a long-distance motorway),
and areas with holes.

Tags are key-value pairs (both arbitrary strings). They are used to store metadata
about the map objects (such as their type, their name and their physical properties).
Tags are not free-standing, but are always attached to an object: to a node, a way, a
relation, or to a member of a relation. A recommended ontology of map features (the
meaning of tags) is maintained on a wiki.

3.5 Survey

Publications about OSM include the early Edelkamp and Schrödl (2003) and Batty
(2007), while most other publications come from 2009 and later. Other introductory
texts are Haklay and Weber (2008), Jacob and Winstanley (2010), Mooney, Ciepłuch,
Jacob, and Corcoran (2010), and Mooney, Ciepłuch, Jacob, and Corcoran (2011). There
are comparisons to other sources, Ciepłuch, Jacob, Mooney, and Winstanley (2010a),
Haklay (2010), and Zielstra (2012).

There are many examples how OSM data can be used, Ciepłuch, Mooney, Jacob, and
Winstanley (2009a), Ciepluch, Mooney, Jacob, and Winstanley (2009b), Jacob, Zheng,
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Blazej, Mooney, and Winstanley (2009), Ciepłuch, Mooney, Jacob, Corcoran, and Win-
stanley (2010b), Zheng, Chen, Ciepłuch, Winstanley, Mooney, and Jacob (2010a),
Zheng, Zhang, Ciepłuch, Mooney, Winstanley, and Jacob (2010b), and Dallmeyer, Lat-
tner, and Timm (2013). Some reports deal especially with using OSM in Haiti, Turner
(2010), and Watkins (2013).

How to use GPS to improve OSM maps is considered in Cao and Krumm (2009), Fathi
and Krumm (2010), Niu, Li, and Pousaeid (2011), and Zhang, Thiemann, and Sester
(2010). Other publications are Moody (2011), Castro, Zhang, Chen, Li, and Pan (2013),
and a book, Ramm, Topf, and Chilton (2010).

4 Networks of different types

Digital networks, such as the ones obtained from OpenStreetMap and other data bases,
usually have nodes and paths (also called ways or shapes). We might define the graph as
GO(NO, PO), where NO is the set of nodes and PO is the set of paths. A path is defined
by a sequence of nodes. Usually the path formulation is not suitable for optimization.

The paths have to be divided into links (arcs and/or edges). However, an important
question is what the nodes signify in the initial graph. Sometimes a node is put there
only to show exactly how a street is placed. On the other hand, it could mean the end
of one type of street, and the beginning of another. After the first transformation, we
get what we call the basic network, GB(NB , LB), where NB is the set of nodes and LB

is the set of links. Usually NB ⊆ NO, and the links are node pairs from PO.

The basic network usually have a large number of nodes, often used for illustrating the
curvature of the roads. We therefore need a simplified network, GS(NS , LS), where NS

is the set of nodes and LS is the set of links. The graph GS will be used for optimization
purposes, and is intended to be equivalent to GB when it comes to optimal solutions to
the specific optimization problem treated, but not in other aspects. Usually NS ⊆ NB.
Links in LS may correspond to sequences of links in LB .

Known optimization problems that are of interest are the traveling salesman problem,
the Chinese postman problem, the rural postman problem, shortest path problems,
and generalizations of these (with for example k postmen or traveling salesmen). Most
of these problems are NP-hard. When a meaningful computational complexity can
be calculated for the best methods, it is usually based on the number of nodes (and
sometimes on the number of edges/arcs). Here we note that |NB | is usually much larger
than |NS |, so often the restriction to GS is crucial for the solvability of the optimization
problem.

We need algorithms for transforming GB to GS . Examples of how to do this depends
on what optimization problem we are dealing with. As an example, parallel edges can
be eliminated, by only keeping the minimal cost one, for a traveling salesman problem,
but this can not be done for a Chinese postman problem.

Sometimes, but not always, nodes with degree two can eliminated. The two edges are

8



combined into one, with distance (or cost) equal to the sum of the two, and the middle
node is removed. However, then the curvature of the street is lost. If a street has a
significant curvature, there will be several nodes and edges along it in the basic network,
but they will be replaced by one single edge in the simplified network, seemingly going
directly from the starting node to the ending node of the street.

We also have the question of observations, and associating these with items in the graph.
One usual type of observation is GPS traces, i.e. a sequence of recorded positions, op-
tionally with times (and other information). Such observations are becoming more and
more frequent. They can be made with various GPS equipment in the traveling vehi-
cles, but also by simple cell phones. (Often mobile phone users more or less involuntary
allow their GPS traces to be used by various companies, such as Google, TomTom,
Apple etc.)

Mostly these positions are used as “dots on a map”, the map being simply a picture, with
no inherent information other that what the eye sees. However, that picture is usually
based on a map, with information about streets, crossing etc. There is an increasing
demand for associating the observations with the underlying network, something which
can be called map matching.

The observations are not only made at crossings, but more frequently along streets.
Furthermore there are inaccuracies in the GPS positions, and there may also be inaccu-
racy in the map information. Therefore the map matching problem is not easy. There
are many publications about the problem, but they are almost always rather simple and
quick heuristics, mostly constructed for on-line usage. A new approach is presented in
Holmberg (2015b).

When optimizing routes for snow removal, the problem of map matching appears when
evaluating GPS-tracks recorded by vehicles, and utilizing GPS-information in graphs
suitable for route optimization. The task is to associate sequences of GPS-points to
links in a graph, and thereby obtain paths or tours in the graph. The goal is to evaluate
GPS-tracks recorded by snow removal vehicles, in order to find out times for different
tasks, which is an important input to a snow removal routing optimization model. A
general task is to import GPS-information into graphs suitable for route optimization.
Difficulties are errors in the GPS-coordinates and approximations of the street net-
work. Another difficulty is that there may not be any GPS-registrations on short street
segments.

4.1 Snow removal optimization

In urban snow removal problems, see Holmberg (2014), the amount of work that is
needed on a street depends on the type and size of the street, which also decides which
vehicles that can be used. We can for example define these different types of links:

• 1: Pedestrian path (no tractor, no lorry).

• 2: Cycle path (no tractor, no lorry).
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• 3: Cycle path (OK for tractor, no lorry).

• 4: Small ordinary road (2 sweeps, no lorry).

• 5: Normal ordinary road (3 sweeps, no lorry).

• 6: Larger ordinary road (3 sweeps, OK for lorry).

• 7: Wide road (4 sweeps, OK for lorry).

• 8: Snow removal is done by someone else.

The link types can be derived from OSM-data as follows.

OSM tags Link type
highway motorway 8
highway motorway_link 8
highway trunk 8
highway trunk_link 8
highway primary 7
highway primary_link 7
highway secondary 6
highway secondary_link 6
highway tertiary 5
highway tertiary_link 5
highway living_streets 4
highway residential 4
highway unclassified 4
highway service 4
highway road 5
highway cycleway 2
highway footway 1
highway pedestrian 1

When the OSM data is read, the OSM tags are used to first decide if the way is to be
included at all, and then to find the appropriate type for the links, when the way is
split up.

5 Coordinates

In this section we describe the coordinates used in the network. (All information comes
from different web pages.)

5.1 Latitude and longitude of the earth

A geographic coordinate system enables every location on the Earth to be specified by
a set of numbers or letters, namely latitude, longitude and elevation.
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The "latitude" (abbreviation: Lat., or φ) of a point on the Earth’s surface is the angle
between the equatorial plane and the straight line that passes through that point and
is normal to the surface of a reference ellipsoid which approximates the shape of the
Earth. Lines joining points of the same latitude trace circles on the surface of the Earth
called parallels, as they are parallel to the equator and to each other. The north pole
is 90 N; the south pole is 90 S. The 0 parallel of latitude is designated the equator.

The "longitude" (abbreviation: Long., or λ) of a point on the Earth’s surface is the
angle east or west from a reference meridian to another meridian that passes through
that point. All meridians are halves of great ellipses, which converge at the north and
south poles.

A line through the Royal Observatory, Greenwich, UK, was chosen as the international
zero-longitude reference line, the Prime Meridian. Places to the east are in the eastern
hemisphere, and places to the west are in the western hemisphere. The antipodal
meridian of Greenwich is both 180W and 180E. The zero/zero point is located in the
Gulf of Guinea about 625 km south of Tema, Ghana.

Latitude and longitude values can be based on different geodetic systems or datums,
the most common being WGS 84, a global datum used by all GPS equipment. Other
datums were chosen by a national cartographical organization as the best method for
representing their region, and these are the datums used on printed maps. The lati-
tude and longitude on a map may not be the same as on a GPS receiver. Coordinates
from the mapping system can sometimes be roughly changed into another datum us-
ing a simple translation. More generally one datum is changed into any other datum
using a process called Helmert transformations. This involves converting the spherical
coordinates into Cartesian coordinates and applying a seven parameter transformation
(translation, three-dimensional rotation), and converting back.

On the globe, one degree of latitude equals approximately 70 miles. One minute is just
over a mile, and one second is around 100 feet. Length of a degree of longitude varies,
from 69 miles at the equator to 0 at the poles. Because meridians converge at the poles,
degrees of longitude tend to 0.

The Universal Transverse Mercator (UTM) coordinate system use a metric-based Carte-
sian grid laid out on a conformally projected surface to locate positions on the surface
of the Earth. The UTM system is not a single map projection but a series of map
projections, one for each of sixty 6-degree bands of longitude.

Every point that is expressed in ellipsoidal coordinates can be expressed as an xyz

(Cartesian) coordinate. The origin is usually the center of mass of the earth, a point
close to the Earth’s center. With the origin at the center of the ellipsoid, the conven-
tional setup is (the expected) right-hand: Z-axis along the axis of the ellipsoid, positive
northward. X- and Y-axis in the plane of the equator, X-axis positive toward 0 degrees
longitude and Y-axis positive toward 90 degrees east longitude.

On the GRS 80 or WGS 84 spheroid at sea level at the equator, one latitudinal second
measures 30.715 metres, one latitudinal minute is 1843 metres and one latitudinal de-
gree is 110.6 kilometers. The circles of longitude, meridians, meet at the geographical
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poles, with the west-east width of a second naturally decreasing as latitude increases.
On the equator at sea level, one longitudinal second measures 30.92 metres, a longi-
tudinal minute is 1855 metres and a longitudinal degree is 111.3 kilometers. At 30◦ a
longitudinal second is 26.76 metres, at Greenwich (51◦ 28’ 38" N) 19.22 metres, and at
60◦ it is 15.42 metres.

5.2 Swedish coordinates

SWEREF 99 (Swedish reference frame 1999) is used in Sweden. SWEREF 99 and WGS
84 coincide within a couple of decimeters. (A GPS-receiver may have a precision of ca
10 m.)

The coordinate system SWEREF 99 TM is used for the whole of Sweden. However,
there are 12 local coordinate systems that are more precise locally. They are denoted by
SWEREF 99 gg mm, where gg and mm are the degrees and minutes east of Greenwich.
In Linköping, SWEREF_99_15_00 is best suited.

To do a map projection to SWEREF 99, Gauss’ conformal projection (or transver-
sal Mercator-projection) can be used. A two-dimensional coordinate system is used,
where the N-coordinate (Northing) is counted from the Equator, and the E-coordinate
(Easting) is counted from the average meridian, positive towards east.

6 Data extraction

The main task of our code is to read the data in available format, modify it according
to certain rules, and write it in a format suitable for further optimization. Below we
describe how we do it for OSM-data and for GPS-data.

6.1 Network extraction

Our code mainly does the following. It reads the data from an OSM file, constructs the
network according to certain rules and writes the network in Vineopt-format. Let us
now go through some more details.

The rules of making the network depends on which link types to include, and also on
how elimination of nodes with degree two is done. First the desired network types are
read from a file, see the table in section 4.1. Then the OSM data is read and parsed
with OSMparser. This results in a number of nodes, and a number of paths/ways using
these nodes. Nodes not used by any path will be removed. The paths are then divided
into links as described below.

When reading the nodes from the OSM data, each node has a name, longitude and
latitude. Nodes outside of a predetermined window are dismissed.
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Then each way/path is treated. First its type is checked against the list of types to
include. The way is dismissed if its type is not in the list.

Typical sets of types are:
1. All tagged with highway: Types 1-8.
2. All usable by car: Types 4-8.
3. All not usable by car: Types 1-3.

Then the set of nodes associated with the way is put in a list. At this stage, some
uninformative tags can be sorted out.

Then the nodes in each way are associated with the nodes given in the initial node list.
Also each node is marked with the associated path number. Nodes not in the list are
dismissed, as this concerns parts that are outside of our area of interest. Here some
ways may be dismissed as all the nodes are dismissed.

Then the ways/paths are divided into links. Basically each adjacent pair of nodes in a
list is made into a link. The cost of the link is set to the Euclidean distance between
the two nodes. However, if the node is not the first or the last in the path, it may be
eliminated, depending on the settings. Since each node is marked with associated paths,
we can easily count the number of paths using the node. If this number is one, we have
a node which will get degree two, and for some settings such a node is eliminated. Then
the distance is added to an accumulated distance, which will be put on the aggregated
link. Each link is given the same type as the way had. (After this, we will not use the
ways/paths anymore.) In the process, the degree of each node is calculated.

6.2 GPS data extraction

Our code can also read GPS data. There are however a couple of different formats that
we need to be able to handle. In general, the GPS data (often from a shape file) is read,
using the shapefile library, and then the coordinates are calculated, by projecting the
latitude and longitude. The following variations are implemented.

The first was the format used by local snow removal vehicles. For each record, the
following was read: start longitude, start latitude, start time, start speed, stop longi-
tude, stop latitude, stop time, stop speed, and calculated speed. Then the time data
was converted to decimal form and the difference between start and stop time was
calculated.

The projection was made with the Proj.4-library in command line mode. Files with
latitude/longitude data were created, proj was run, the result was read from file (and
temporary files deleted). The command used was:

proj +proj=utm +ellps=GRS80 +lon_0=15E +k=1.

The second case was tracks made for a salting and sweeping machine for bicycle paths.
Here only latitude and longitude was given for each node. In order to project to the
same coordinates as above, two projections were needed, namely

13



invproj +proj=tmerc +lat_0=0 +lon_0=15 +k=1 +x_0=150000 +y_0=0 +ellps=GRS80
+units=m +no_defs

followed by

proj +proj=utm +ellps=GRS80 +lon_0=15E +k=1.

The third was a manual construction for marking the boundaries of the contractor areas
in the city. It was similar to the second, but the projection was

invproj +proj=tmerc +lat_0=0 +lon_0=15.80315 +k=1.00000481 +x_0=118467.0782
+y_0=-6366205.4097 +ellps=GRS80 +units=m +no_defs,

followed by

proj +proj=utm +ellps=GRS80 +lon_0=15E +k=1.

The fourth is for reading the output of the free cell phone app GPS-logger. Text-format
for the output was chosen. The data contains date, time, latitude, longitude, elevation,
acceleration, bearing and speed. The projection was made with the command

proj +proj=utm +ellps=GRS80 +lon_0=15E +k=1.

In the first and fourth cases, the GPS positions come in correct order, i.e. we see it as
proper sequences of points. However, in the second and third cases, the GPS positions
were not recorded by an actual vehicle traveling on the network, but are given by other
means. This means that the sequence might not be correct.

There are different things one could do with this data. One could for example make
a network, by including links between two subsequent positions. However, this is not
meaningful if the points are not in correct order. Another thing to do is map matching,
where the points are associated with a known underlying network. This problem and
efficient solution methods are described in detail in Holmberg (2015b), and we will not
go into those details here.

One may note that the GPS files in general contains much less data than the OSM files,
so the time needed for reading the GPS data is negligible.

7 Computational tests

7.1 Computational details

The code is implemented in Python, using Numpy and Scipy. We also use imposm.parser,
a Python library that parses OpenStreetMap data in XML and PBF format. We use
the shapefile-library for Python, which reads ESRI Shapefiles, i.e shp, shx, and dbf files
with all types of geometry.

The library Proj.4 was used for performing conversions between cartographic projec-
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tions. It was run by issuing command line commands to the operating system from the
Python code.

The tests were run on an Acer Aspire X3 X3995 3.4GHz, running Linux, Fedora Core
21. The machine has four CPUs, but only one was used in the test runs, except for
imposm.parser, which can take advantage of several CPUs.

7.2 Vineopt

Our own code Vineopt, www.vineopt.com, is an academic code for visualization of net-
works and solutions. It has some optimization solvers built in that might be used for
subproblems in more intricate solution procedures for more complex problems. How-
ever, at present we think that the largest advantage is the possibility to visually study
solutions of test runs. We have recently added the possibility of showing OpenStreetMap
as a background image to the optimization networks, which significantly helps the un-
derstanding of the location of nodes and arcs.

7.3 Test problems

We have downloaded a number of OSM instances from various sources. Small local
cities were obtained by the extract tool on

http://www.openstreetmap.org/.

Larger areas cannot be obtained from that source, so we used
http://download.geofabrik.de/europe.html,

which offers data for whole countries. We also downloaded a number of regions from
web pages that are no longer available.

When reading and treating a file, it is important to have boundaries for the area, so
that a smaller region can be obtained from the data file of the whole of Sweden.

The first tables, 1 - 5, show the sizes of the instances, i.e. the number of nodes and
ways, and the time (in seconds) needed for simply reading the data file and extracting
the data. No conversion to links was made. All highway types mentioned in section 4.1
are included.

Table 1 contains a number of smaller cities around Linköping. Here we also give the
proper name of the city and the number of inhabitants in the area (as of 2010). The
numbers of inhabitants are approximate, as often there are parts in the data file that
lie slightly outside of the city borders. (The selection windows are rectangular.)

Table 2 contains areas that are parts of larger cities and other areas. Here no numbers
of inhabitants are available, but we note that the city of Linköping has in total 104 232
inhabitants, Uppsala has 140 454 and Ljungsbro has 6 620.

Table 3 contains regions of Sweden (“län”), table 4 some larger cities and table 5 some
European countries of various sizes.
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Name Nodes Ways Time Inhab Proper name
askeby 1 890 357 0.08 518 Askeby
atvid 1 521 144 0.04 6 859 Åtvidaberg
bankekind 1 956 311 0.05 405 Bankekind
borensberg 3 184 270 0.07 2 886 Borensberg
boxholm 4 224 235 0.08 3 194 Boxholm
brokind 1 896 44 0.05 502 Brokind
ekangen 1 584 107 0.04 2 037 Ekängen
finspong 6 123 381 0.09 12 440 Finspång
grebo 219 27 0.02 970 Grebo
kisa 5 033 669 0.09 3 687 Kisa
linghem 12 790 2 389 0.18 2 804 Linghem
ljungsbro 4 964 568 0.18 6 620 Ljungsbro
malmslatt 9 376 1 418 0.16 5 214 Malmslätt
mantorp 1 001 141 0.06 3 671 Mantorp
mjolby 3 984 312 0.08 12 245 Mjölby
motala 16 757 2 505 0.22 29 823 Motala
norsholm 5 120 230 0.09 615 Norsholm
rimforsa 4 652 270 0.07 2 238 Rimforsa
skeninge 1 496 126 0.05 3 140 Skänninge
soderkoping 3 911 521 0.10 6 992 Söderköping
sturefors 2 913 189 0.07 2 229 Sturefors
svartm 1 917 95 0.05 116 Svartmåla
tranas 3 499 431 0.08 14 197 Tranås
vadstena 4 816 604 0.10 5 613 Vadstena
vastervik 7 634 1 079 0.15 21 140 Västervik
vikingstad 1 077 149 0.04 2 096 Vikingstad

Table 1: Problem set 1, local cities.

For instances whose names end in “hi”, the data file includes only items tagged with
“highway”, while other data files also include other types of information. Most of this
additional information will later be sorted out and removed, as it does not affect the
optimization, so the main difference is the size of the initial data file.

The instances in the tables 3 - 5 cover areas that are too large for the applications we
have in mind (no single contractor does snow removal for such large areas, for example),
but could be interesting for other applications. We have included them to investigate
the limits of our code, and for possible future use.

Note, however, that our goal is not simple tasks, such as finding a shortest path between
two points, but rather more complicated optimization problems that requires access to
the whole network. (Finding a shortest path can be done by keeping only parts of the
network in core at a time. This would require other implementations, and this is not
our goal.)
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Name Nodes Ways Time What
brokinda 5 426 231 0.12 Extended area around Brokind
ekholmen 3 875 663 0.17 Part of Linköping
hjulsb 1 693 267 0.05 Part of Linköping
hjulsbro 22 328 3 289 0.29 Part of Linköping
hjulsbro-bestorp-1310 42 608 3 277 0.37 Part of Linköping extended to the south
link-mid 6 637 1 166 0.14 Part of Linköping
linkoping-c-1310 40 616 7 438 0.43 Part of Linköping
linkoping-n-1310 33 132 5 914 0.35 Part of Linköping
linkoping-so-1310 48 834 7 795 0.45 Part of Linköping
linkoping-v-1310 43 247 6 487 0.44 Part of Linköping
link-mid 6 637 1 166 0.13 Part of Linköping
li-south 50 486 4 534 0.42 Part of Linköping
liu 1 589 245 0.06 Part of Linköping, with the university
ljungsb1a 4 562 519 0.10 Part of Ljungsbro
ljungsb1b 2 614 254 0.06 Part of Ljungsbro
ljungsb1c 1 408 126 0.05 Part of Ljungsbro
ljungsb1d 1 328 124 0.05 Part of Ljungsbro
ljungsbroB 1 792 192 0.05 Part of Ljungsbro
map 278 49 0.03 Part of Linköping
miniliu 121 15 0.04 Part of the university area
pmo 1 015 133 0.10 Part of Linköping
ryd 9 537 1 500 0.15 Part of Linköping
studryd 2 787 452 0.07 Part of Linköping
toliu1 25 559 3 539 0.30 Part of Linköping
toliu2 15 658 2 304 0.21 Part of Linköping
ullst 1 369 172 0.06 Part of Linköping
uppsala-c-1310 51 908 8 511 0.48 Part of Uppsala
valla 3 128 536 0.10 Part of Linköping

Table 2: Problem set 2, areas, parts of cities.
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Name Nodes Ways Time Inhab Proper name
blekingehi 91 972 7 942 0.86 152 757 Blekinge
dalarnahi 308 110 22 947 2.68 277 354 Dalarna
gavleborghi 207 671 18 104 1.91 280 394 Gävleborg
gotlandhi 29 950 2 377 0.34 57 161 Gotland
gotland 83 049 3 391 0.79 57 161 Gotland
hallandhi 217 253 21 616 1.81 314 212 Halland
jamtlandhi 171 292 12 751 1.49 112 997 Jämtland
kronoberghi 177 188 12 616 1.52 189 667 Kronoberg
norrbottenhi 181 170 14 414 1.57 193 384 Norrbotten
ostergotlandhi 227 380 23 968 2.00 435 219 Östergötland
ostergotland 480 735 40 881 3.94 435 219 Östergötland
skanehi 553 457 75 069 5.25 1 271 779 Skåne
sodermanlandhi 114 676 10 636 1.05 1 267 950 Södermanland
varmlandhi 182 106 16 398 1.70 312 110 Värmland
vasterbottenhi 129 105 10 713 1.22 214 894 Västerbotten
vasternorrlandhi 215 818 18 541 1.79 243 165 Västernorrland
vastmanlandhi 145 319 12 639 1.34 296 574 Västmanland
vastra_gotalandhi 823 099 78 403 6.97 1 635 156 Västra Götaland

Table 3: Problem set 3, regions.

Name Nodes Ways Time Inhab Proper name
arhushi 423 468 62 642 4.16 249 709 Århus, Denmark
berlinhi 438 709 109 815 5.68 3 375 222 Berlin, Germany
borlange 40 892 5 727 0.53 41 734 Borlänge, Sweden
gothenburg_sweden 1 431 643 181 900 12.73 549 839 Gothenburg, Sweden
jonkopinghi 202 601 15 612 1.85 89 396 Jönköping, Sweden
jonkoping 297 795 17 330 2.35 89 396 Jönköping, Sweden
kalmarhi 122 370 11 315 1.16 36 392 Kalmar, Sweden
lisboahi 249 143 33 647 2.41 564 657 Lisbon, Portugal
malmo_sweden 496 069 85 282 4.57 270 214 Malmö, Sweden
orebrohi 103 043 8 597 1.02 107 038 Örebro, Sweden
stockholm_sweden 5 100 863 568 027 44.04 1 372 565 Stockholm, Sweden
stockholmhi 543 728 75 433 5.78 1 372 565 Stockholm, Sweden
uppsalahi 206 545 20 095 2.10 140 454 Uppsala

Table 4: Problem set 4, larger cities.
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Name Nodes Ways Time Inhab Proper name
alandhi 15 425 1 688 0.39 28 007 Åland
belgiumhi 3 642 252 64 0961 36.09 10 584 534 Belgium
denmarkhi 2 667 290 421 613 25.57 5 639 719 Denmark
denmark 9 528 451 850 704 111.74 5 639 719 Denmark
finlandhi 3 381 126 393 518 428.00 5 470 820 Finland
finland 13 129 334 1 087 207 173.23 5 470 820 Finland
icelandhi 355 631 32 547 3.60 320 060 Iceland
iceland 864 117 76 422 6.88 320 060 Iceland
irelandhi 1 695 456 142 063 13.71 4 459 300 Ireland
ireland 3 025 563 267 638 23.66 4 459 300 Ireland
italyhi 16 781 867 1 338 426 133.76 61 680 122 Italy
maltahi 46 378 10 575 0.72 417 608 Malta
netherlandshi 5 084 090 1 516 065 81.34 16 788 119 Netherlands
norwayhi 2 764 243 228 414 26.49 5 109 056 Norway
norway 8 649 376 614 973 64.12 5 109 056 Norway
polandhi 4 501 266 671 030 44.18 38 485 779 Poland
portugalhi 2 336 650 212 116 21.94 10 605 870 Portugal
portugal 4 407 808 416 529 32.95 10 605 870 Portugal
swedenhi 4 388 849 467 248 37.78 9 767 357 Sweden
sweden 13 854 771 1 119 258 161.46 9 767 357 Sweden
sweden-latest 29 694 658 2 663 976 1806.26 9 767 357 Sweden

Table 5: Problem set 5, countries.

7.4 Computational results

In the tables 6 - 10, we show the results when the ways are split into links, and isolated
nodes are removed. No other elimination was done, especially no coordinate bounds
were applied. Again all highway types mentioned in section 4.1 are included.

The tables give name of the datafile (which resembles the name of the area/city), the
number of nodes in the data file (nodes1), the number of nodes left after elimination
of isolated nodes (nodes2), the number of ways given, the number of links obtained by
splitting up the ways, and the time needed by the code.

We see that in all instances, the number of nodes is greatly reduced, so it is important
to remove isolated nodes. For the smallest instances, no significant difference in compu-
tation time can be observed, but for larger instances, more time is needed to split the
ways into links and find which nodes are isolated. The larger instances, see for example
table 8, are quite time consuming, so we have not included the largest instances in these
runs.

In the next tests, see tables 11 - 13, nodes with degree two are eliminated by simply
adding the two adjacent links into one. Therefore the curvature of the link will not be
visible, but the distance is correct. The additional time for doing the node elimination is
usually not very large, but the effect on the number of nodes is dramatic. Taking askeby
as an example, it had originally 1890 nodes, of which 234 remained after elimination of
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Name nodes1 nodes2 ways links time inhab
askeby 1 890 234 357 255 0.06 518
atvid 1 521 971 144 1 043 0.07 6 859
bankekind 1 956 266 311 271 0.06 405
borensberg 3 184 851 270 899 0.11 2 886
boxholm 4 224 974 235 1 025 0.13 3 194
brokind 1 896 224 44 235 0.06 502
ekangen 1 584 624 107 662 0.08 2 037
finspong 6 123 2 008 381 2 114 0.31 12 440
grebo 219 217 27 220 0.03 970
kisa 5 033 1 638 669 1 700 0.22 3 687
linghem 12 790 1 824 2 389 2 136 0.57 2 804
ljungsbro 4 964 3 559 568 3 799 0.53 6 620
malmslatt 9 376 1 907 1 418 2 053 0.33 5 214
mantorp 1 001 805 141 849 0.07 3 671
mjolby 3 984 1 623 312 1 742 0.18 12 245
motala 16 757 8 932 2 505 10 087 3.41 29 823
norsholm 5 120 468 230 481 0.12 615
rimforsa 4 652 690 270 737 0.13 2 238
skeninge 1 496 713 126 756 0.10 3 140
soderkoping 3 911 1 840 521 2 096 0.24 6 992
sturefors 2 913 1 205 189 1 249 0.12 2 229
svartm 1 917 262 95 264 0.05 116
tranas 3 499 2 349 431 2 525 0.25 14 197
vadstena 4 816 1 455 604 1 669 0.26 5 613
vastervik 7 634 4 273 1 079 4 884 0.66 21 140
vikingstad 1 077 747 149 790 0.07 2 096

Table 6: Problem set 1, network extraction.
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Name nodes1 nodes2 ways links time
brokinda 5 426 798 231 832 0.16
ekholmen 3 875 1 888 663 2 139 0.23
hjulsb 1 693 862 267 928 0.08
hjulsbro 22 328 11 478 3 289 12 675 4.19
hjulsbro-bestorp-1310 42 608 11 489 3 277 12 056 8.12
linkoping-c-1310 40 616 13 716 7 438 16 015 10.79
linkoping-n-1310 33 132 11 350 5 914 13 323 7.98
linkoping-so-1310 48 834 17 299 7 795 19 663 15.17
linkoping-v-1310 43 247 11 519 6 487 13 122 9.70
link-mid 6 637 2 266 1 166 2 674 0.42
li-south 50 486 14 897 4 534 15 584 12.87
liu 1 589 748 245 861 0.08
ljungsb1a 4 562 3 273 519 3 465 0.39
ljungsb1b 2 614 1 656 254 1 739 0.18
ljungsb1c 1 408 902 126 946 0.09
ljungsb1d 1 328 796 124 817 0.06
ljungsbrob 1 792 1 191 192 1 278 0.10
map 278 241 49 244 0.03
miniliu 121 40 15 43 0.03
pmo 1 015 696 133 755 0.05
ryd 9 537 3 026 1 500 3 428 0.71
studryd 2 787 929 452 1 069 0.14
toliu1 25 559 8 672 3 539 9 757 3.26
toliu2 15 658 4 575 2 304 5 170 1.20
ullst 1 369 641 172 693 0.07
uppsala-c-1310 51 908 13 211 8 511 15 059 15.47
valla 3 128 1 491 536 1 682 0.20

Table 7: Problem set 2, network extraction.

Name nodes1 nodes2 ways links time inhab
blekingehi 91 972 74 706 7 942 77 381 129.34 152 757
dalarnahi 308 110 228 198 22 947 236 428 1388.21 277 354
gavleborghi 207 671 179 547 18 104 187 850 715.09 280 394
gotlandhi 29 950 25 471 2 377 26 757 13.12 57 161
gotland 83 049 25 376 3 391 26 657 20.61 57 161
hallandhi 217 253 183 707 21 616 191 003 765.77 314 212
jamtlandhi 171 292 119 956 12 751 123 901 400.27 112 997
kronoberghi 177 188 138 285 12 616 143 366 459.96 189 667
norrbottenhi 181 170 130 683 14 414 136 757 430.59 193 384
ostergotlandhi 227 380 194 520 23 968 206 069 867.02 435 219
sodermanlandhi 114 676 98 099 10 636 101 849 213.83 1267 950
varmlandhi 182 106 151 985 16 398 158 763 544.18 312 110
vasterbottenhi 129 105 104 887 10 713 110 478 255.07 214 894
vasternorrlandhi 215 818 173 192 18 541 180 969 734.82 243 165
vastmanlandhi 145 319 129 540 12 639 135 307 367.47 296 574

Table 8: Problem set 3, network extraction.
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Name nodes1 nodes2 ways links time inhab
borlange 40 892 149 64 5 727 16 765 10.03 41 734
jonkopinghi 202 601 165 695 15 612 172 267 624.50 89 396
kalmarhi 122 370 101 164 11 315 105 858 239.16 36 392
uppsalahi 206 545 166 768 20 095 174 833 673.63 140 454
orebrohi 103 043 84 791 8 597 88 245 160.02 107 038

Table 9: Problem set 4, network extraction.

Name nodes1 nodes2 ways links time inhab
alandhi 15 425 12 895 1 688 13 380 3.96 28 007
maltahi 46 378 40 767 10 575 47 282 40.00 417 608

Table 10: Problem set 5, network extraction

isolated nodes, and only 77 after elimination of nodes with degree two, so this certainly
makes any optimization problem easier to solve.

In the following test, see tables 14 - 15, only roads suitable for cars were kept. This gave
a small decrease in computation time, and the number of nodes were further reduced,
depending on how many nodes that had been added for structures for pedestrians and
bicycles. Often the optimization problems we aim at only concern motor vehicles. For
the example askeby, only 55 nodes remains.

In the next tests, we used selective elimination of nodes with degree two. Consider a
node i connected only to nodes j1 and j2. As parameter, we use the direct distance
between nodes j1 and j2 divided by the distance between j1 and i plus the distance
between i and j2. If this values is greater than 0.98, we consider the curvature in the
node to be unimportant, and node i is eliminated. This corresponds approximately to
an angle between the two links close to 180 degrees (within plus minus 20 degrees).
Details of this is described in section 6.1 in the paper Holmberg (2015b). Furthermore
only roads suitable for cars were kept. The results are found in tables 16 - 17. The
number of nodes is obviously increased, for askeby up to 159, compared to when all
nodes with degree two were eliminated.

7.5 Tests on Linköping

We have made some further tests on a rather large single instance, namely the city of
Linköping. The base OSM data has been taken from the instance ostergotlandhi, with
227 380 nodes and 194 520 ways. A window with latitude between 58.352 and 58.448
and longitude between 15.487 and 15.745 was used, giving a rectangle covering the city
of Linköping. (Note that the whole data file is read, and parts outside of this window
can be removed only when the data is analyzed.)

In table 18 these results are presented. We see that simply reading the data, without
analyzing it, takes very little time. Making links and removing isolated nodes, brings
the number of nodes down from 42 020 to 34 696, and takes more than 160 seconds.
Doing selective two degree node elimination with angle factor 0.99 reduces the number
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Name nodes1 nodes2 ways links time
askeby 1 890 77 357 97 0.23
atvid 1 521 237 144 309 0.08
bankekind 1 956 34 311 39 0.10
borensberg 3 184 228 270 273 0.11
boxholm 4 224 218 235 267 0.13
brokind 1 896 48 44 59 0.06
ekangen 1 584 157 107 195 0.07
finspong 6 123 422 381 523 0.30
grebo 219 57 27 59 0.02
kisa 5 033 392 669 452 0.19
linghem 12 790 945 2 389 1 255 0.58
ljungsbro 4 964 849 568 1 081 0.46
malmslatt 9 376 566 1 418 712 0.35
mantorp 1 001 215 141 258 0.08
mjolby 3 984 426 312 542 0.19
motala 16 757 2 766 2 505 3 900 3.53
norsholm 5 120 83 230 96 0.13
rimforsa 4 652 237 270 274 0.12
skeninge 1 496 167 126 210 0.07
soderkoping 3 911 684 521 936 0.24
sturefors 2 913 216 189 255 0.12
svartm 1 917 43 95 44 0.07
tranas 3 499 644 431 817 0.26
vadstena 4 816 606 604 813 0.27
vastervik 7 634 1 580 1 079 2 183 0.66
vikingstad 1 077 202 149 243 0.07

Table 11: Problem set 1, network extraction and degree 2 elimination.
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Name nodes1 nodes2 ways links time
brokinda 5 426 188 231 213 0.17
ekholmen 3 875 750 663 998 0.26
hjulsb 1 693 318 267 384 0.08
hjulsbro 22 328 3 650 3 289 4 824 4.26
hjulsbro-bestorp-1310 42 608 2 229 3 277 2 765 8.57
link-mid 6 637 903 1 166 1 306 0.44
linkoping-c-1310 40 616 5 698 7 438 7 969 11.12
linkoping-n-1310 33 132 4 877 5 914 6 833 8.20
linkoping-so-1310 48 834 6 372 7 795 8 706 15.52
linkoping-v-1310 43 247 4 271 6 487 5 861 9.41
link-mid 6 637 903 1 166 1 306 0.43
li-south 50 486 2 693 4 534 3 352 13.45
liu 1 589 300 245 412 0.09
ljungsb1a 4 562 766 519 949 0.40
ljungsb1b 2 614 360 254 442 0.15
ljungsb1c 1 408 199 126 242 0.08
ljungsb1d 1 328 156 124 176 0.06
ljungsbroB 1 792 304 192 389 0.11
map 278 63 49 66 0.03
miniliu 121 17 15 20 0.04
pmo 1 015 173 133 228 0.07
ryd 9 537 1 165 1 500 1 567 0.74
studryd 2 787 397 452 536 0.14
toliu1 25 559 2 967 3 539 4 041 3.47
toliu2 15 658 1 634 2 304 2 215 1.24
ullst 1 369 182 172 233 0.08
uppsala-c-1310 51 908 4 739 8 511 6 552 16.02
valla 3 128 546 536 735 0.19

Table 12: Problem set 2, network extraction and degree 2 elimination.

Name nodes1 nodes2 ways links time
blekingehi 91 972 10 386 7 942 12 976 128.71
gotlandhi 29 950 3 668 2 377 4 928 13.64
gotland 83 049 3 666 3 391 4 921 21.81
sodermanlandhi 114 676 14 833 10 636 18 488 215.40
vasterbottenhi 129 105 15 313 10 713 20 764 254.59
vastmanlandhi 145 319 18 662 12 639 24 198 360.26
borlange 40 892 4 692 5 727 6 475 10.32
jonkopinghi 202 601 22 331 15 612 28 712 648.71
jonkoping 297 795 15 643 17 330 20 222 592.29
kalmarhi 122 370 16 043 11 315 20 609 246.04
orebrohi 103 043 11 666 8 597 15 002 170.70
alandhi 15 425 1 985 1 688 2 459 4.03
maltahi 46 378 15 669 10 575 22 141 41.39

Table 13: Problem sets 3-5, network extraction and degree 2 elimination.

24



Name nodes1 nodes2 ways links time
askeby 1 890 55 357 59 0.07
atvid 1 521 229 144 296 0.07
bankekind 1 956 34 311 39 0.05
borensberg 3 184 203 270 242 0.10
boxholm 4 224 195 235 239 0.11
brokind 1 896 45 44 54 0.05
ekangen 1 584 131 107 150 0.05
finspong 6 123 371 381 445 0.27
grebo 219 57 27 59 0.02
kisa 5 033 300 669 342 0.16
linghem 12 790 466 2 389 517 0.38
ljungsbro 4 964 628 568 718 0.33
malmslatt 9 376 396 1 418 439 0.21
mantorp 1 001 191 141 219 0.06
mjolby 3 984 395 312 499 0.18
motala 16 757 1 766 2 505 2 217 2.30
norsholm 5 120 74 230 85 0.10
rimforsa 4 652 201 270 229 0.11
skeninge 1 496 162 126 204 0.06
soderkoping 3 911 434 521 507 0.18
sturefors 2 913 178 189 193 0.10
svartm 1 917 43 95 44 0.06
tranas 3 499 568 431 713 0.21
vadstena 4 816 428 604 518 0.21
vastervik 7 634 1 057 1 079 1 335 0.50
vikingstad 1 077 184 149 225 0.06

Table 14: Problem set 1, network extraction, degree 2 elimination, only cars.
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Name nodes1 nodes2 ways links time
brokinda 5 426 172 231 189 0.14
ekholmen 3 875 277 663 307 0.14
hjulsb 1 693 128 267 133 0.06
hjulsbro 22 328 2 023 3 289 2 303 2.06
hjulsbro-bestorp-1310 42 608 1 439 3 277 1 574 6.52
link-mid 6 637 354 1 166 419 0.25
linkoping-c-1310 40 616 2 703 7 438 3 300 5.72
linkoping-n-1310 33 132 2 595 5 914 3 174 4.33
linkoping-so-1310 48 834 3 229 7 795 3 780 7.89
linkoping-v-1310 43 247 2 101 6 487 2 468 4.34
link-mid 6 637 354 1166 419 0.24
li-south 50 486 1 652 4 534 1 803 9.40
liu 1 589 144 245 181 0.06
ljungsb1a 4 562 552 519 620 0.27
ljungsb1b 2 614 277 254 320 0.12
ljungsb1c 1 408 147 126 177 0.06
ljungsb1d 1 328 128 124 132 0.05
ljungsbroB 1 792 212 192 256 0.08
map 278 14 49 13 0.02
miniliu 121 8 15 7 0.02
pmo 1 015 59 133 58 0.04
ryd 9 537 536 1 500 580 0.36
studryd 2 787 129 452 133 0.08
toliu1 25 559 1 319 3 539 1 459 1.42
toliu2 15 658 758 2304 911 0.65
ullst 1 369 109 172 117 0.05
uppsala-c-1310 51 908 2 091 8 511 2 673 7.69
valla 3 128 268 536 319 0.12

Table 15: Problem set 2, network extraction, degree 2 elimination, only cars.
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Name nodes1 nodes2 ways links time
askeby 1 890 159 357 163 0.05
atvid 1 521 961 144 1028 0.08
bankekind 1 956 266 311 271 0.06
borensberg 3 184 810 270 851 0.11
boxholm 4 224 918 235 964 0.12
brokind 1 896 220 44 229 0.05
ekangen 1 584 433 107 452 0.06
finspong 6 123 1 654 381 1 734 0.27
grebo 219 217 27 220 0.02
kisa 5 033 1 400 669 1 444 0.17
linghem 12 790 1 182 2 389 1 236 0.36
ljungsbro 4 964 2 513 568 2 613 0.35
malmslatt 9 376 1 168 1 418 1 211 0.21
mantorp 1 001 661 141 691 0.06
mjolby 3 984 1 539 312 1 646 0.18
motala 16 757 6 171 2 505 6 664 2.31
norsholm 5 120 394 230 405 0.10
rimforsa 4 652 584 270 619 0.11
skeninge 1 496 705 126 747 0.06
soderkoping 3 911 1 393 521 1 475 0.19
sturefors 2 913 934 189 954 0.11
svartm 1 917 262 95 264 0.06
tranas 3 499 1 872 431 2 021 0.22
vadstena 4 816 1 171 604 1 268 0.23
vastervik 7 634 3 071 1 079 3 368 0.52
vikingstad 1 077 702 149 746 0.06

Table 16: Problem set 1, network extraction, selective degree 2 eliminination, only cars.
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Name nodes1 nodes2 ways links time
brokinda 5 426 732 231 755 0.14
ekholmen 3 875 832 663 866 0.14
hjulsb 1 693 449 267 454 0.06
hjulsbro 22 328 6 329 3 289 6 633 2.06
hjulsbro-bestorp-1310 42 608 8 489 3 277 8 654 6.57
link-mid 6 637 931 1 166 1 000 0.25
linkoping-c-1310 40 616 7 298 7 438 7 927 5.69
linkoping-n-1310 33 132 6 600 5 914 7 199 4.41
linkoping-so-1310 48 834 9 286 7 795 9 871 7.86
linkoping-v-1310 43 247 6 021 6 487 6 404 4.37
link-mid 6 637 931 1 166 1 000 0.25
li-south 50 486 10 523 4 534 10 705 9.51
liu 1 589 389 245 427 0.06
ljungsb1a 4 562 2 200 519 2 279 0.29
ljungsb1b 2 614 1 257 254 1 301 0.13
ljungsb1c 1 408 638 126 669 0.06
ljungsb1d 1 328 667 124 672 0.06
ljungsbroB 1 792 739 192 785 0.08
map 278 85 49 84 0.03
miniliu 121 23 15 22 0.02
pmo 1 015 218 133 219 0.04
ryd 9 537 1 376 1 500 1 424 0.35
studryd 2 787 374 452 384 0.08
toliu1 25 559 4 057 3 539 4 214 1.45
toliu2 15 658 2 356 2 304 2 524 0.65
ullst 1 369 330 172 339 0.06
uppsala-c-1310 51 908 6 874 8 511 7 487 7.68
valla 3 128 770 536 825 0.13

Table 17: Problem set 2, network extraction, selective degree 2 eliminination, only cars.
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Action nodes ways links time
Read data file 42 020 23 968 - 1.93
Read data, make links, no node elim 34 696 - 39 536 166.43
Read data, make links, sel 2 deg elim, 0.99 18 849 - 23 689 920.20
Read data, make links, sel 2 deg elim, 0.98 16 711 - 21 551 949.53
Read data, make links, all 2 deg elim 12 840 - 17 624 181.27
Read data, make links, all 2 deg elim, only cars 7 032 - 8 381 131.51

Table 18: Tests on Linköping, based on OSM file ostergotlanhi.

of nodes to 18 849, but takes a long time, 920 seconds. Doing selective two degree node
elimination with angle factor 0.98 reduces the number of nodes to 16 711, and takes
950 seconds. It is thus clear that selective node elimination can be expensive when it
comes to computational time, since it requires much calculations.

Eliminating all nodes with degree two is much quicker. It reduces the number of nodes
to 12 840, and takes only 180 seconds. Finally, keeping only links usable by car, the
number of nodes is reduced to 7 032, and takes 131 seconds.

In figure 1, the networks without two degree node elimination and will full two degree
node elimination are shown. One can see in the lower picture that the links do not
follow the streets exactly. (In the pictures, unconnected parts of the network have been
removed manually in Vineopt. This appears mainly in the corners of the window.)

7.6 Other tests

When it comes to reading GPS data, the files are not very large, so the time for reading
is very short. Here more time is needed for the map matching. In Holmberg (2015b)
we give all details of how to solve the map matching problem. The instances used in
that paper are taken from those presented here.

We also use some of these instances in the paper Holmberg (2015a), where we solve the
k -Chinese/rural postman problem, with applications to snow removal.

7.7 Summary

Let us sum up the whole procedure to be used. First we download digital map data (for
example from OSM). Then the paths are divided into links, so as to keep the curvature
of the streets. Some information about crossings may be kept.

Then we import the GPS positions, for example from a shape file, and solve the map
matching problem. We then evaluate the information from the result of the map match-
ing, which may give costs for tasks, time for travel and/or paths and tours used by
vehicles.

Then we transform the basic network to the simplified network, suitable for optimiza-
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Figure 1: Linköping, above no node elimination, below all 2-deg node elimination, only
cars.
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tion. Here we need to keep the information from the map matching.

After this, we do the optimization, i.e. solve the relevant combinatorial optimization
problem. This yields a solution in the simplified network, which then shall be trans-
formed back to the basic one. Since the simplifications in this paper only concern
removing parts of the network or eliminating nodes with degree two, this last step will
not be difficult.

8 Conclusions and future research

We have described how we extract data from OpenStreetMap, and from various GPS-
formats, and how that data can be made useful for route optimization. The main
conclusion is that with these tools, indata is easily obtainable for many important
optimization problems. Previously such indata was extremely laborious to obtain. Each
instance may have required hours or days of manual work. As a result of this, we expect
route optimization in cities to become a much more useful tool, for the benefit of many.

The main future research direction is evident, namely to use the tools and data presented
in this paper for various route optimization tasks. Further improvement of the efficiency
of the extraction routines is also considered.
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