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Abstract

Computer modeling of road networks requires detailed and up-to-date dataset. This paper
proposes a method of combining authoritative databases with OpenStreetMap (OSM) system.
The complete route is established by finding paths in the graph constructed from partial data
obtained from OSM. In order to correlate data from both sources, a method of coordinate
conversion is proposed. The algorithm queries road data from OSM and provides means of
locating any point on the route in both datasets. A method of calculating the distance of any
route point from the origin, and conversion between the distance and geographic coordinates,
is described. Next, the location of any route point in the authoritative database is converted to
the calculated route distance, which establishes a relation between the two data sources.
Additionally, a method of estimating road curvature is proposed. The algorithm is validated in
series of experiments. The proposed algorithm may be beneficial for researchers who collect
datasets needed for computer simulations, e.g. for evaluation of optimal speed limits, and it

shows usefulness of OSM in transportation related research.
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INTRODUCTION
Computer models of road networks are valuable témisimulation and evaluation of the
road infrastructure. Computer simulations requiretaded, complete and up-to-date
information on all road network elements. Authdit@ databases, maintained by the
authorities administering the road infrastructunea specified region, constitute official
sources of such data. However, these datasets atdersufficient for performing computer
simulations, as they may not have all necessagrnmition (such as speed limits), and they
may not be updated with a sufficient frequency. réfee, additional data may be obtained
from alternative sources in order to supplement dbéhoritative databases. Volunteered
Geographic Information (VGI) systems have beentattyc in the last ten years. The most
popular example of a VGI system is the OpenStreptf@SM) service (OSM Contributors
2018) which is a collaborative, crowdsourced effortcreate an open sourced, worldwide
geographic database. The main strength of the GStWe number of volunteering editors
across the world. Thanks to that, the OSM has otlyyean advantage over commercial
mapping services in terms of coverage and up-te-dfbrmation. Data quality in OSM is an
important issue, as VGI systems are created mdwthamateurs. However, with a large
number of editors and automated maintenance ahgosit most errors are corrected.
Therefore, the OSM database is a valuable sourcafofmation that may be used to
complement authoritative road network databases.ofticial databases contain detailed data
collected with professional equipment, while the MD$rovides up-to-date information
gathered by the community.

Utilizing separate data sources brings the probténcombining information from
distinct databases. The main contribution of thapgy is proposing a solution to two most
important problems related to combining the OSMadaith an authoritative database. The

first one is related to the fact that OSM data dbss only short road sections and there is no
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simple way to obtain ordered data on a completektmoad, including separate lanes. This
problem is addressed by a proposed algorithm thragtoucts a continuous route from partial
OSM data. The second, more difficult problem is Howelate data from both sources with
each other, so that any location in one databageba#ound in another one. For example, an
authoritative database may identify road elementg by their reference position within the
road, while the OSM data is based solely on geducapordinates. The proposed algorithm
provides a method of conversion between these owies. As a result, a combined data
source, suitable e.g. for computer modeling of noatvork, is obtained.

In the literature related to analysis of OSM datany publications concern assessing
and enforcing data quality. For example, compariebrthe OSM database with official
geospatial databases was described in (Haklay 20t0jBrovelli et al 2017), and a
comparison with a commercial system was perfornme{Ciepluch et al 2010). Quality of
OSM data in particular regions was evaluated egFfance (Girres and Touya 2010) and
Germany (Neis et al 2011). Methods of assessingO®l data quality using metrics and
automated frameworks were researched e.g. in (Moenhal 2010), (Barron et al 2014) and
(Jilani et al 2013). Research on the OSM data amalycludes geographic knowledge
extraction and semantic similarity (Ballatore et24l13), analysis of the OSM networks
growth (Corcolara et al 2013), a method of autoohdtighway tag assessment (Jilani et al
2014), a map-reduce system for extracting spata#h dAlarbi et al 2014) and extracting
multi-lane roads data (Li et al 2014). Applicatiohthe OSM data for traffic simulation was
described in (Zilske et al 2011), and for routimgl aravel time calculation in (Huber and Rust
2016). Other road-related research includes impgpunage-based characterization of roads
(Chen et al 2014) and building a multimodal urbatwork model (Gil 2015). There are also
publications on utilizing the OSM data in otheramee.g. for generating a web-based 3D city

model (Over et al 2010), automated identificatiowl @haracterization of parcels (Long and
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Liu 2016), identifying elements at risk in case fdoding (Schelborn et al 2014),
hydrological and hydraulic modeling (Schelleken€4.4) or railway applications (Rahmig
and Simon 2014). There are also numerous publitatielated to sociological aspects of the
OSM system. The only work related to the problemcofmbining the OSM data with
authoritative registers, known to the author, isdashon polygon approach (Fan et al 2016)
which is not applicable to the problem presentaé.he

This paper proposes a novel approach to enhancinguthoritative road network
dataset with information obtained from the OSM Hate. Although the presented examples
are based on the Polish authoritative databaseyrdposed method should be applicable to
any road network worldwide, allowing researchersupplement their road network datasets
with additional data. The remaining parts of th@gradescribe the algorithm that collects
road data from the OSM, constructs a continuougerdtom individual elements, and
establishes a relationship between coordinateseOISM database and the authoritative data
source. Evaluation of the proposed method in sefiexperiments is presented and the paper

ends with Conclusions.

CONSTRUCTING A ROUTE FROM THE OSM DATA

The purpose of the algorithm presented in this i8eds to explore the OSM database in
order to obtain data about continuous routes withimnad network. As a specific example, a
complete trunk road within the administrative boames of a region, will be considered. The
OSM does not provide data in the desired formdidtaset has to be constructed from partial
OSM data. First, all road elements are obtaineah filtke OSM database, then they are ordered

and merged, so that the full route geometry istecka
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There are three main elements that constitute ddtmed in the OSM database
(OpenStreetMap Wiki 2018). Awode nis a single point, described by its geographic

coordinates, an unique identifier and metadatay§™ia

n=(¢.4) @

whereg, is the latitude; is the longitude, is the node identifier.

A way wis an ordered sequence of nodes forming a logtatture, e.g. a road section.

Ways are described with an unique identifier, adisnode identifiers and metadata. A way

connecting nodes, andn; may be denoted as:
W, :<ni,nk,l,nk,2,...,nj> 2
whereng are the intermediate nodes. Ways may be unidimegti(traffic only in the direction
indicated by the order of nodes) or bidirectiortedffic in both directions, i.ew;j = w;;). In
case of dual carriageways, each separated land¢ohbs represented with an individual,
unidirectional way.

A relation Ris a set of ways that form a logical structurg, he complete trunk road.

Each way may belong to multiple relations. A relatis described by its identifier, a set of

ways and metadata:
R :{Wk,llwk,zl""wk,N}' )

An example of a map view of ways and nodes belangmna relation is shown in Fig. 1. It
should be noted that a relation is an unorderel@an ofways, there is no information on
connectivity of the ways. Therefore, such informathas to be established by analyzing the
OSM data. Let's define mute sas an ordered sequence of connected ways, aseapfman

unordered relation:

S :<Wk,1’Wk,2""’Wk,N>’ W OR.  (4)
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This structure represents an actual route, emnk road. Let’s also definea@nnector as a
node which is a junction between two or more ways:

niEc(j,k)«:» n Ow; On Ow,. (5)

If the whole route is composed only of single ageways, the problem of route construction
is trivial and it may be solved by starting wittetfirst way and iteratively finding a way that
has a connector with a previously found way. Howgtgical trunk roads comprise both
single and dual carriageway sections, and roundalsre prevalent, so the connectors often
merge more than two ways. It is convenient to veewoute from one of its terminations, as
two separate routes: farward and abackwardroute (the backward meaning a direction
opposite to the traffic). These two routes altexnbetween single and dual carriageway
sections, with junctions and roundabouts alongwhg, which results in constant splitting
and merging of these two routes.

In the proposed algorithm, the problem of estabighhese routes in an unordered set
of ways was approached by employing the graph yhé&edgewick and Wayne 2011). The
route is represented with a directed graph, in Wwitennectors form the graph vertices and
ways are its edges. Additionally, nodes that teat@rthe relation on both its endn{point$
are also added as vertices. In the next stageyaslé belonging to the relation are examined
one after another. For most ways, the first ngadend the last nodg are the only connectors.
In this case, the edgei{n;) is added to the graph, and if the way is bidicel, the reversed
edge () is added as well. Unidirectional ways may be gmized by presence of the
oneway=yegag in their metadata. If there are more than ¢amnectors in a single way, this
way is divided into parts having two connectors] aach part is added to the graph as above.
After all ways are analyzed, a directed, cyclicpirawithout self-loops and with non-

weighted edges, is obtained (Fig. 2).
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Establishing the forward and the backward routeguires finding simple paths
between the pairs of related endpoints, using #pthdfirst search algorithm. Assuming that
the OSM data is valid and complete, there shoul@sctly one path for each route. The
backward path is then reversed, so that both roaigénate at the same end of the road.
Finally, the route is constructed by iterating otlee graph edges along both paths. Ways
representing single carriageways are present im fmaths, while unidirectional ways are only
found in one path. Therefore, the final route dateomposed of sections representing single
and dual carriageways.

Once the route is established, it is possibleawetrse it and analyze metadata that was
obtained from the OSM database. For example, irdtion on speed limits along the route
may be obtained. Metadata of ways may containtarspeedag describing the speed limit
value, other tags describe limits for specific e#hiclasses or conditions (e.g. day or night).
Additionally, thesource:maxspeetdg explains the reason for imposing a speed,lsuith as
a road signgign) or area typer(ral, urban). As a result, speed limit data for various route

sections may be obtained and added to the auttieeidataset.

ESTABLISHING A RELATION BETWEEN OSM DATA AND THE
AUTHORITATIVE DATASET

In order to relate the constructed route data with authoritative dataset, it is necessary to
provide a method which identifies any point on tbete in both datasets. The main problem
Is that these sources may use different methoddestribing the location of any route
element. The authoritative databases often use latinel distances computed within
reference sections, while the OSM database usegrajuc coordinates. A problem of
converting the coordinates and combining both datarces is solved with the algorithm

presented in this Section.
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Calculating route distances

The first problem is how to describe a locationaol pointp on the route. Let's define a
route distance af any route poinp as the length of the route from its origingoexpressed

in physical units (meters, miles, etc.). In the O8Mabase, each way is represented with a
list of nodes, and each node is described witlgétsgraphic coordinates. Therefore, route
distances may be computed by summing up distaretesgebn pairs of nodes along the route.
There are multiple ways of calculating the distabetween two locations given by their
geographic coordinatepi = (¢1, A1) andpz = (@2, A2). One of the most often used approaches
utilizes the haversine formula (Sinnott 1984) whiddculates the great circle distance

between two points as:
r=2rg mrctanlé\/a,\/l—a), (6)

where:
a=sin (¢2 ¢1j+cos(¢l)m:os(¢2)®n[/] 2/]) 7)

andrg is the Earth radius. The valuergfdepends on the latitude, a mean value of 6371001 m

is typically used in calculations. This value mégoabe estimated as:

; (2 cod)f +(r2sin(p )2
)= J(r codg) + (. sinp))

wherer, = 6378137 mro, = 6356752 m.

The haversine formula may introduce errors up t8%0.A more accurate method of
computing the distance is based on an inverseisnltt the Vincenty's formula (Vincenty
1975), providing accuracy up to 0.5 mm, at the adsincreased computation time. Both

methods are used in the proposed algorithm Othdhade are also possible, such as
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projection of points to the Cartesian coordinatestey, e.g. the Universal Transverse
Mercator (UTM) (Snyder 1987) and computing an Hiedin distance between the points.

The procedure iterates over all nodes along théeyaomputes distances between
each pair of nodes, and stores the accumulateandistof each node from the route origin.
Regional regulations may declare that the distdraseto be measured along the route axis,
and in case of dual carriageways, the axis is teitlbetween the lanes (GDDKIA 2012).
Calculated distances of the final node may be wdiffe for the forward and the backward
route. Therefore, for each route section compogetiial carriageways, the local distance is
calculated from the beginning of the section, fbe tforward and the backward route
separately. For the final node of the section, tigtances andd, are obtained. Then, for

each node on the forward route section, the previously cotegulistancel; is rescaled:

d. :d.M.

=45 ©)

With this approach, differences between the forwemnd the backward route are averaged.
Also, according to this recommendation, the distaslcould be calculated straight through
roundabouts. Therefore, all ways that belong to dabouts (having gunction=roundabout

tag) are found. For each roundabout, all its n@deseplaced with a centroid, calculated as:

n-1

=1 -
b= Ga B+ 0a)B AL -4 ) (10)

n-1

/10 (Ai + Ai+1)(¢i/1i+1 - ¢i+1/1i) (11)

i=0
whereA is the polygon area:

A=ZS (BAa-0uA) (12

i=0
The latitude and longitude values are averagedttirevhich is inaccurate, but sufficient for

this particular purpose, because the error is aajel due to proximity of the nodes, and
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determining the exact centroid of a roundaboutisassential here. The centroid replaces all

nodes in a roundabout and is used in the distamlcalation.

Calculating geographic coor dinates given route distance

Geographical coordinates of the route are obtaired the OSM database and they are only
known for the nodes. The next step is to computeega@, A) for any point on the route,
given its distance from the route origin. A poirn with a known distancd is situated on the
route section between two nodes:

n =maxn |d <d) (13)
n, =min(n |d, >d) (14)

wheren; andn; are the previous and the next node on the rolagve top, respectivelyd is
the route distance of. These two nodes are found with the bisectionrdtya in the ordered
list of node distances. Next, the direction of tbete fromn; to n, is calculated. Aearing §
of a noden; is the angle between the North and the directiothé next node on the route.
The value may be calculated with the haversine fitam
6 = arctangsin(A, - A, ) [©osg,, cosg, [8ing, —sing, [tosp, [codA, - A,)) (15)
A more accurate estimation of bearing may alsodbeutated iteratively with the Vincenty’'s
formula. In the presented algorithm, the distancd bearing between each pair of route
nodes are pre-computed when the route is constltucte

A point with distanced is situated on a straight line connecting nodesnd n,.
Therefore, bearing between these nodes is the aaretweem; andp, and the distance @f
from n; is also known d — d;). As a result, calculation gf may be performed with the

haversine formula again (Sinnott 1984):

6, = arcsir{sin¢l cosd ~% 4 cosg, sin d-d, l]tosﬁlj (16)
r

E E
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~% s r_dl ~sing, Bin¢pj (17)

rE E

. . d
234 A=A+ arctan%sm@ [¢osg, [3in

235 whererg is the Earth radius. It is also possible to catailthese values iteratively using a
236 direct solution to the Vincenty’s formula (Vincerit975).

237

238 Calculating route distance given geographic coordinates

239 The inverse problem of finding the route distadoaf a pointp with known coordinatesg
240 A) is more complex. Assuming thptis situated sufficiently close to the route, threljbem

241 may be solved by finding a point on the route veitminimal distance from:

242 d= rrLinQ p- pd|) (18)

243 wherepq is a point with the route distandeIn the initial experiments, an approach based of
244  minimization of distance betweem and an iteratively foungby, using methods such as
245  Brent's algorithm (Brent 1973), was employed. Hoemr\this method failed when the route
246 took sharp turns, because the minimization algaritbonverged on a local minimum.
247 Therefore, another method, which is a simple iteeatalgorithm of successive
248 approximations, was developed and it proved to weitlably. The algorithm starts with
249 computing the great circle distangebetween the starting endpoint £ 0) and the searched
250 pointp, using e.g. the haversine formula, and findinghppi on the route with distanah =

251 ro. Then, for each iteration

252 = compute the great circle distangdetweerp; andp;

253 = find two points on the routgy e« With the route distancedi(— r;) andpiign: With the
254 distanced +r;);

255 = compute the great circle distance of each poimhfppobtainingri e andr; right;

256 " if Iijert < liright then sethiiy = djjerr andrisy = rijert, Otherwise sedliv1 = dirigne andrisy =

257 Fi right-
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The algorithm stops at finding the route distadcef a point closest te if there is no
improvement irr with respect to the previous iteration. The vailfie is the residual error. It
is also possible to perform a further optimizatmithe result by applying a minimization
algorithm, such as Brent's method (Brent 1973haishe ranged —r;, d; +r;), wherei is the

final iteration that was completed, as the boudsrfinimization.

Relationship between route distance and mileage

In authoritative road network databases, locatibany point on the route is often expressed
as a cumulative distance calculated within refezesections. This method of describing the
location will be referred to as mileagein this paper, even if the distances are actually
expressed in kilometers, because they are markidnvilestoneqsignposts), usually at full
kilometers or miles. The mileage is related toriate distance, but it is not guaranteed that
the mileage is continuous along the route. Rulestlie mileage calculation may vary by
country (GDDKIA 2012). In order to combine the awikative database with data retrieved
from the OSM, a method of conversion between méeagute distance and geographic
coordinates is proposed. Geographical coordindtesilestones are retrieved from the OSM
database, in which milestones are representednaitles having theighway=milestondag,
and theref tag describes the route that the milestone beltmgAvailability of milestones
data in a given region depends on the communitgrieftompetitions are often made to
obtain complete data (Osmapa.pl 2018). In the mep@lgorithm, geographic coordinates of
each milestone are converted to the route distdnemsing the procedure described earlier.
The milestones are then ordereddyyorming pairs ¢, m), wherem is the mileage indicated

by a milestone. At this point, any mileagganay be converted to the route distad@ss:

d=d, +(m-m ) wherem =maxm|m<m  (19)
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and d, is the route distance corresponding to mileagelt is assumed thad and m are
expressed in the same physical units (usually letens or miles). Also, a reverse conversion

of route distance to mileage may be performed uiagormula:

m=m +(d-d,) whered =maxd|d <d.  (20)

Mileage may also be converted to/from geographardioates using the route distance as an
intermediate result. This way, it is possible ticakate latitude and longitude of a point that is
represented only with the mileage in the officiatabase, and also to estimate the mileage for

any route point described with its geographic comtes, e.g. marked on a digital map.

ANALYZING THE ROUTE GEOMETRY
Road geometry is one of the important factors &iednining road safety. For example, sharp
bends often have lowered speed limits. Route gegndeata is usually not be present in the
authoritative databases. However, once the rootesisting of nodes with known geographic
positions, is established using the algorithm dbedr earlier, it is possible to analyze its
geometry. A discrete functiof{d), describing bearing changes along the route coagputed
during the previous analysis stages. By analyzugyftinction and its derivative, it is possible
to identify sections where the route changes itection. For example, large steps in the
bearing function and large peaks in its derivaindécate sharp turns (e.g. on the crossroads),
while linearly increasing or decreasing segmentscate smooth road bends. The slope of
such segments may be an indicator of the road tuue/a

Mathematically, road curvature may be defined esdaus of a circle on a perimeter of
which the road bend is located. The proposed mettidchding the curvature radius is
based on a circle fitting method. First, geograptaordinatess = (¢, 4) of nodes on the
bend section are converted to Cartesian coordingtes (X, Yi), using the Universal

Transverse Mercator (UTM) projection (Snyder 198w¥herex andy (called easting and
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northing, respectively) are expressed in physicilsue.g. meters. It is assumed here that all

points are located in the same UTM zone. It is a@ovenient to normalize alj values so
that the first point on the bend is situated indhgin, i.e.q; = (0, 0).

The procedure of finding the radiug of a circle that fits to the points is realizedtiwa
method of a least-squares circle fit, as describe(Bullock 2006). First, a mean of a\l

analyzed points is computed:
13 13

Xn =D Xy Ym =D Vi - (21)
N 7= N 7=

Next, points X, y) are normalized tau( v) by subtracting the mean:
U =X =Xy Vi =Y~ Y, 1 =1.N. (22)

The following sums are computed:
N N ) N )
SJV:zqvi’ Suu:zui’ S/v:zvi’
i=1 i=1 i=1
- 2 - 2
S = 2 UV S =2 UV, (23)
i=1 i=1
N N
SJUU = zuis’ S/vv = zvlfi
i=1 i=1
The centery, V) of a circle fitted to pointsu, v;) satisfies the linear equation:
+
{sw sw} [H _1 [Fsuw sm} on
SJV S/V VC 2 SJUV + S/VV
Solving this equation foruf, v¢) allows for computing the center point,(y:) of a circle that
fits to points k;, Vi):

X =Xy tUs, Yo=YtV (25)

Finally, the fitted circle radius, which is alsetiearched curvature of the node set, is:

r = U2+V2+M, (26)
c c c 2

with the residual error equal to:
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o= 2V + by F-n) @

1
N
In order to reduce the residual error, only nothes$ torm the road bend should be used in the
calculation, nodes forming straight lines (approsxithe bend or exit from it) should not be
taken into consideration. Also, the accuracy depead the number of points, so the
procedure works best for longer bends, with a langenber of nodes. As it will be shown in

the experiments Section, six nodes are sufficeobtain the correct result.

IMPLEMENTATION AND EXPERIMENTS
The complete algorithm described here was impleeteim a form of scripts written in
Python 3 language. Route data was retrieved franQBM database by connecting to the
OSM web service through a RESRHEpresentational State Transfeinterface, using a
special query languag@verpass QL(Olbricht 2015). For example, in order to obtde t
relation data for Route 6 in Poland, together wathways belonging to the relation, the
following query was issued:
[out:json];
rel[network="pl:national"][ref=6]; out;
way(r); out body geom qt;
The result is returned in JSONagaScript Object Notatigrformat, which is then converted
into a nested combination of Python lists and diwries. In order to construct the graph and
find paths between the endpoints, tetworkXlibrary was used (Hagberg 2008). After the
routes are obtained from the graph, the remainipgraiions are performed using scripts
written by the author.

In order to validate the presented algorithm, ieenplete trunk roads in Poland, with
numbers: 6, 20, 21, 22 and 55, were analyzed. Thipleesents the main parameters of each

route, calculated by the algorithm. Three routes2® 22) were mainly longitudinal, two
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others (21, 55) were dominantly latitudinal. RoGteras the one with the most frequent use of
dual carriageways. Both long routes (20) and sboes (21) were examined. Therefore, the
test set is a representative, albeit small, selectf possible routes. In each case, the
algorithm was able to find the path between theualiy selected endpoints, which confirms
that the algorithm was designed properly.

The aim of the next experiment was to assess th@acy of the distance conversion
algorithm. For each route, 1000 distance value® wandomly chosen from the range of the
route length. These values were first convertegeographic coordinates, and then back to
route distances. The conversion was performed ubieg methods, two of them were based
on the haversine formula (one used the standard iBagh radius and another one estimated
the Earth radius with Eg. 8), and the third methsedd the Vincenty’'s formula. The additional
optimization step using Brent’s algorithm did niprove the results, so it is not shown here.
The conversion accuracy was measured in terms abaolute difference between the initial
distance and the distance after both conversiaaisleT2 presents the root mean squared error
(RMSE) values in meters. It can be seen that ther es below 0.07 meters when the
haversine formula with mean Earth radius was u$éd. Vincenty’s formula provides even
smaller RMSE values, about 10m for most routes, except for the shortest Route 2
Estimating the Earth radius introduced errors itite calculation, so this approach was
rejected from the further experiments. The obtaimedults prove that the conversion
procedure works reliably for points that are sikgla¢xactly on the route.

The procedure for conversion of geographic cootdm#o the route distance was also
tested on a set of points that are not necessatugted exactly on the OSM ways. For this
experiment, 20 points on Route 55 were selectechdryually reading their coordinates in the
Google Earth service (on the satellite images).séhmordinates were then converted using

the iterative procedure described in the paper.3ghows the obtained residual error, i.e. the
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distance of the calculated point on the route ftbwn initial point. It can be observed that
convergence is achieved very quickly, in five tgheiiterations, after which the error
variations are negligible. The residual value ioWel0 meters for all points, but while it is
close to zero for some points, it remains at aixaly high level (3 to 10 m) for the others. It
was confirmed that in each case, a point on théerolosest to the initial point, was found.
The observed residual values are therefore notersion errors, they are a consequence of
inaccuracy of point selection and the OSM datangs$he additional optimization step with
Brent’s algorithm resulted in only a small improvamin the residual error (slightly below 1
m and only for points with larger error values).

In order to confirm that the proposed algorithnowal for combining OSM data with
authoritative databases by means of an accuratelinate conversion, the next experiment
evaluated the conversion between the calculate istance and the official mileage. The
reference data on the examined trunk roads wegenagat from théBank Danych Drogowych
authoritative database (BDD, Polish for Road Datnkg not publicly available) that is
managed by General Directorate for National Roau$ ldighways, central authority of
national administration set up to manage the natiomads and implementation of the state
budget in Poland (BDD 2018). Each object in thiadase is described only with the official
mileage, e.g. “194+660” means that the point lacats 194.66 km, measured within the
reference sections. Geographic coordinates arausexd in this database at all. In order to
supplement this dataset with information retriefesin OSM, the coordinate conversion is
required. For the purpose of this experiment, roles positions were first retrieved from the
OSM database by querying for nodes that reprekerad¢tual milestones, situated within 100
meters around the route. An example query for R6useas follows:

[out:json];

rel[network="pl:national"][ref=6];
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node[highway=milestone][ref=6](around:100);
out body geom qt;
The obtained geographic coordinates of the milestavere converted to route distances with
the proposed algorithm, and sections of continumiigage (in which changes in route
distance and the mileage are consistent) were fdemdeach milestone, its mileage relative
to the first milestone in a given section was coragawith the difference in route distance
calculated between these two points. Ideally, watbes should be identical. Table 3 presents
the obtained RMSE values (Vincenty’s algorithm waed to convert milestone positions to
the route distance). It can be seen that thesevalte relatively large, with differences up to
70 m, 45 m on average. Since the conversion proedthelf has already been tested and the
observed errors were much smaller, it may be cdecuthat inaccuracy of the input
(milestones) data is the main source of theserdiffees. Indeed, it was observed by checking
the milestone data on the OSM map that some milestaere not positioned accurately, and
errors from even a single incorrect milestone pgapa throughout the whole section.
Therefore, in the presented algorithm and in furtbeperiments, the route distances are
calculated from the nearest milestone that precadggen point, and not from the beginning
of a section, thus avoiding such large errors.

In the next test, the accuracy of conversion betwtee official mileage used in the
BDD database and the route distances calculatatidoglgorithm, was examined. This test
validated the algorithm in terms of consistencytled data from the combined datasets. In
order to perform this test, 20 points for each epw@paced as regularly as possible, were
selected from the BDD database. The choice of tietp was made so that it was easy to
identify each location on the satellite images. SEh@oints represented railway crossings,
small rivers crossings and crossroads. The mileahgach point was read from the BDD, and

geographic coordinates of the points were foundhbayually locating each one in the Google
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Earth service, and reading its latitude and lorigitur his dataset constituted the ground truth
for the experiment. The coordinates were then cdesgeo the mileage with the evaluated
algorithm, and the difference between the compuésdlt and the real mileage from BDD
was the error value, The results for each routmprded with two methods (haversine with
mean Earth radius and Vincenty’s), without and vt optimization step using the Brent’s
method, are presented in Table 4. The obtainecageeaccuracy is below 35 meters for all
tested routes and below 24 meters for RMSE averagedall the five routes. The accuracy
of the algorithm is limited mainly by that of thellestone positions in the OSM database.
Differences between variants of the algorithm amals so the simplest approach based on
the haversine formula only (without the optimizatistep), may be used without decreasing
the conversion accuracy.

The results of the experiments show that the preghasgorithm allows for combining
information from the authoritative database and Q8Ath sufficient accuracy. An example
of possible application of the proposed algorittsnektracting route segments with speed
limits and examining reasons for imposing thesaténSpeed limit data may be obtained
from an authoritative database or/and from OSMeddmg on data availability. If OSM is
used for this task, the complete route has to bestoacted first, which is the task of the
algorithm presented earlier. In the next experimtrg algorithm traversed each route built
from OSM data, and collected information on speetts and their reasons from the ways
metadata. The results are summarized in Tables &b GanAlthough only the overall
distribution is shown, the algorithm finds indiveluroute segments with given speed limits.
As it may be concluded from these results, compéste of the OSM metadata varies greatly
between the tested routes. For routes annotatédswéeed limits (6, 22, 55), data from OSM

may be combined with the official database.
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Unfortunately, it was not possible to obtain théerence data on road curvature for
the tested routes, so the ground truth for therdhlgo estimating road curvature from node
points, was not available. Therefore, only an eXamgf the obtained results will be
presented. Fig. 4 shows a section of Route 55 withsharp corners, as well as plots of the
route bearing and its derivative as a functionoofte distance. Sharp turns are easy to identify
on the plots, as large steps in the bearing argk lapikes in its derivative. Therefore, all
similar turns on the route may be found by seagtior such spikes. These turns may be
described, similarly to real life, as a change @éaring, in the presented case (going from the
North): a 116 degree turn left and a 93 degreerigit.

Fig. 5 presents a case of two bends on the roadh®bearing plot, these bends are
represented with slopes, and on the derivative pl@tith values that consistently deviate
from zero. In this case, it is more suitable tocdég these bends using the curvature radius,
as the nodes are situated on an arc. The raditiesoérc, i.e. the curvature, was calculated
using the proposed algorithm. Fig. 6 shows thelre$a successful fitting of the route nodes
to a circle. For the first bend (going from the My the radius computed from 12 nodes was
152.707 m, with the residual error of 0.896 m. thar second bend, the radius computed from
6 points was 130.460 m with the residual error.@2@ m. It can be observed that six nodes
were enough to obtain a good fit. The directiorbends may be obtained from the bearing
function (left, then right). Similar calculationseve performed for other road bends and the
observed residual error was below 1 m, which cordithat the proposed method works as
expected. The only requirement is that the node® ba form an arch. For sharp corners,
where the road is more accurately approximated Vutbar segments than an arch, the

method described earlier should be used.

CONCLUSION
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The algorithm proposed in this paper allows for bonmg road network data from two
sources: the authoritative database and the OSbtdier to obtain a detailed dataset, suitable
e.g. for computer modeling of a road network. THecial source may not have sufficiently
complete and up-to-date information. The data abthifrom the OSM supplements the
authoritative dataset with useful information, esgeed limits and road geometry, it may also
update obsolete data. The problem of differentasgmtations of point location (mileage vs.
geographical coordinates) was solved by using tiestone data from the OSM database and
developing appropriate conversion methods. The raxpats proved that the accuracy of
conversion between these two systems is satisfacths a result, any point in the
authoritative database may be easily located onntap, and also road information for a
specified geographic location may be obtained ftbim database. Additionally, the OSM
data proved to be useful in examining the routergdoy, e.g. for finding road sections with
bends and computing its curvature. Metadata froemn @8M database provide important
information on road conditions, such as speed $imAs a conclusion, merging information
from both sources provides a more detailed datag@tth may be used e.g. in computer
simulations of the road network, than the authtiviéa database alone. Some possible
enhancements to the road network dataset were xpbred in the paper. For example,
information on points of interest in the vicinity the route may also be obtained from the
OSM database. The algorithm also neglected elevatata which is not available from the
OSM, but may be acquired from other sources, sadhea SRTM dataset (Farr 2007). These
iIssues are left for the future research.

Coverage of geographic data in OSM for Poland ptdeebe significantly better than
in any popular commercial mapping service (esplgcial rural areas) and it still improves
over time. The OSM also dominates over the comrakseirvices in terms of rate of updating

data with changes. It is also inevitable that semers are introduced by the amateur editors.
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500 However, due to the collaborative character of &M system, each user is also the editor,
501 able to correct errors directly in the databasegckvis not possible in commercial systems.
502 Therefore, the open nature of the OSM is both gakmess and its strength at the same time.
503 The proposed algorithm may also have an originatiptended side effect of functioning as a
504 validation tool for ensuring completeness of reliasi in the OSM database.

505
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511

512 NOTATION

513 The following symbols are used in this paper:

514 ¢ = connector, a node that connects two or more ways

515 d=route distance of a point, measured from thgim@along the route (“driving distance”)

516 m= mileage, an official distance of a route poirgasured in reference sections

517 n=node in the OSM data, a single point describeiistatitude and longitude

518 p=apoint @, 1)

519 qg=apointk,y) in the Cartesian coordinate system

520 r = distance between two geographical locations somea on the great circle

521 R=relation in the OSM data, an unordered collectbways

522 s=route, an ordered sequence of connected ways

523 w=way in the OSM data, an ordered sequence ofsnode

524 A =longitude
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525 ¢ =latitude

526 &= bearing between two geographical locations

527
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