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The  analysis  of  potential  influencing  factors  that  affect  the  likelihood  of road  accident  occurrence  has  been
of major  interest  for safety  researchers  throughout  the  recent  decades.  Even  though  steady  methodo-
logical  progresses  were  made  over  the  years,  several  impediments  pertaining  to the  statistical  analysis
of crash  data  remain.  While  issues  related  to methodological  approaches  have  been  subject  to construc-
tive  discussion,  uncertainties  inherent  to  the most  fundamental  part  of  any  analysis  have  been  widely
neglected:  data.  This  paper  scrutinizes  data  from  various  sources  that  are  commonly  used  in  road  safety
studies  with  respect  to their  actual  suitability  for  applications  in  this  area.  Issues  related  to spatial  and
eywords:
ncertainty
oad safety
ccident analysis
inear referencing

temporal  aspects  of  data  uncertainty  are  pointed  out and  their  implications  for road  safety  analysis  are
discussed  in  detail.  These  general  methodological  considerations  are  exemplary  illustrated  with  data
from  Austria,  providing  suggestions  and methods  how  to overcome  these  obstacles.  Considering  these
aspects  is  of  major  importance  for  expediting  further  advances  in  road  safety  data  analysis  and  thus  for
increasing  road  safety.
IS

. Introduction

Road traffic accidents are the root of considerable harmful
ffects on societies all over the world. With as much as 1.25
illion fatalities and approximately 50 million people who  get

njured every year, road crashes are globally recognized as a leading
ause of death as well as a major cause of severe losses to soci-
ty (OECD/ITF, 2015; WHO, 2015). In addition to untold pain and
uffering, this entails immeasurable harmful economic and social
ffects.

Against this background, great efforts were made to reduce
he number of crashes by establishing targeted policies and
mplementing appropriate safety-related countermeasures (WHO,
004). Scientists and researchers all over the world made notable
ontributions to improving the situation by pushing methodo-
ogical advances that facilitate gaining a better understanding
f the underlying factors which affect the likelihood of crashes
Tarko et al., 2013). Great endeavors were made in recent years

o improve the capability of predicting the probability and severity
f road accidents by developing increasingly sophisticated accident
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analysis models (Lord and Mannering, 2010; Savolainen et al., 2011;
Mannering and Bhat, 2014).

The development of advanced modeling approaches went hand
in hand with an increase of methodological complexity. This has led
to the evolvement of a dichotomy between the highly sophisticated
methods applied by pioneering researchers and approaches used in
applied science and by practitioners (Mannering and Bhat, 2014).
Even though it is incontestable that scientific curiosity regarding
methodological advances is one of the very foundations of science
that helps to gain important new inferences, it is not advisable
to lose sight of the big picture – in particular as far as general
applicability of the proposed methods is concerned. While previous
work in this area has mainly focused on developing new modeling
approaches that offer superior fit, few researchers have addressed
the issues inherent to the underlying data. Against the background
of new emerging data sources (Antoniou et al., 2011; Mannering
and Bhat, 2014; Wu et al., 2014a), it is thus wise to acknowledge
issues related data management as well as to various aspects of
data uncertainty (e.g. precision, accuracy, reliability). Usually, a lot
of effort has to be put into preparing unruly raw data for further use
in statistical modeling. It is estimated that data scientists spend up
to 80% of their time on data wrangling (Dasu and Johnson, 2003;

Wickham, 2014). In many cases, neither possible decisions taken
in this process nor their implications on the further analysis are
reflected and discussed comprehensively. However, the straight-
forward use of raw data without being distinctly aware of their
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haracteristics and limitations will lead to a biased estimation of
tatistical models and consequently to wrong inferences.

Even though the overall data availability has increased in recent
ears, this does not necessarily imply that data quality is keeping
ace with neither the methodological progresses nor the genuine
nderstanding of the data genesis from various sources.

In many cases, researchers are hence initially confronted with
roblems related to data preparation and data preprocessing. Given
arious restrictions inherent to road safety related data in terms of
oth availability and quality, a great deal of effort has to be put

nto preparing data for further use. While the focus was laid on the
evelopment of models that offer the best possible fit to some data,
ressing concerns related to data themselves somehow faded from
he spotlight. As a matter of fact, several issues related to method-
logical problems in accident modeling were taken up and pointed
ut by various publications (Lord and Mannering, 2010; Mannering
nd Bhat, 2014). However, previous research has tended to focus
n the modeling part of the whole accident analysis procedure,
hile collected data are implicitly considered to be an adequate

eflection of reality. Hence, this paper takes up on methodologi-
al considerations one stage earlier on the data level and seeks
o point out several serious issues related to data preparation as
ell as data preprocessing against the background of uncertainty.

he questions raised in this context are practically highlighted with
xamples from Austria.

This paper is structured as follows: In Section 2 available data
ources that are potentially relevant for analyzing road accidents
re described. Section 3 assesses the uncertainties inherent to these
ata sources. Issues related to data quality are presented, includ-

ng examples from various Austrian data sets for demonstration
urposes. Following a review of suitable spatial and temporal res-
lution of data for accident analysis in Section 4, issues related to
ata processing are illustrated and discussed in Section 5. Finally,
ection 6 summarizes and concludes this paper.

. Data sources

.1. Accident data

Traditional road safety data used in accident analysis are usually
athered by the police. These police crash reports are forwarded
o ministries of transport or national statistical offices, which col-
ect all data, perform descriptive data analysis and publish official
ational road accident statistics. In addition, they provide accident
ata sets for scientific purposes. In Austria these accident records
re collected by the national bureau of statistics (Statistics Austria).

As a matter of fact, most existing road accident studies have
sed data from police crash reports for modeling road accident risk.
hese data sets usually include a vast amount of different param-
ters, which may  potentially serve as explanatory variables within
arious models for assessing both accident frequency and accident
everity (OECD/ITF, 2015).

The information included in these data sets can basically be
lassified into three main aspects:

information related to the accident location level: date and time
of the accident, coordinates of the accident, name of municipal-
ities in which the accident happened, road type, information on
whether the accident occurred on a rural or urban road, speed
limit, accident type, presumptive main accident cause, road-
surface conditions, weather conditions, roadway lighting, basic

roadway geometrics, kilometer of road, etc.
information related to the involvement level: type of vehicles
involved, involvement of trailers, engine power, hit-and-run,
transport of hazardous materials, license plate/country code, date
d Prevention 130 (2019) 136–150 137

of first registration, possible contributing circumstances to the
crash, etc.

• information related to the person level: type of involvement
(driver, passenger, pedestrian), date of birth, gender, injury-
severity, nationality, driver sobriety, safety belt usage, air-bag
deployment, etc.

It has to be noted that the emergence of electronic data
processing led to changes in how police-reported data are collected.
Therefore, accident data ascertainment underwent a major change
in Austria in January 2012, when a system change-over for accident
data acquisition was implemented. While accidents were reported
with a pencil-and-paper method via so-called accident count sheets
until 2011, an electronic data processing system for accident data
management (ADM) was introduced in 2012 (BMVIT, 2011, 2013).
The resulting break in the time series entails that data are not
directly comparable.

2.2. Road geometry and road conditions

Data on road geometry and road conditions are available from
different sources.

Firstly, there are official transport graphs, i.e. digital maps
of the transport network. These maps are intended to provide
infrastructure- and traffic-related information to administrative
units, road management authorities and transport companies. In
Austria, the official transport graph is provided by the Graph Inte-
gration Platform (GIP), which represents the common intermodal
traffic reference system for public authorities. GIP data include geo-
graphic information of traffic network (nodes and links), reference
points and many parameters related to routing (functional road
classes, number of lanes, trafficability, speed limit, average speed,
lane directions, turn allowances, etc.). Since January 2016 an export
of the GIP data is provided as open government data. The data sets
are updated in a bi-monthly interval (GIP, 2016).

Secondly, information on road characteristics can be obtained
from mobile measurement systems. The EU Directive 2008/96/EC
on road infrastructure safety management provides for peri-
odic road safety inspections on the trans-European road network
(Council of European Union, 2008). In addition, road condition data
are required for pavement management, as they serve as a basis
for decision-making with respect to road maintenance and recon-
struction projects. Therefore, measurement campaigns are not only
carried out on the high-level road network, but also on rural roads.
Road safety inspections as well as data ascertainment for pavement
management are carried out by some sort of mobile measurement
device like rebuilt trucks, trailers or other measuring vehicles.

In Austria, precise measurements of the road surface are
obtained via periodic measurement campaigns with various mobile
measurement systems that are mounted on a rebuilt truck (Road-
STAR system). These measurement systems deliver high-resolution
data on road condition, road geometry and the road environment
(FSV, 2009b). Measured parameters include skid resistance, trans-
verse and longitudinal evenness, curve radii, texture and water-film
thickness (FSV, 2002, 2004a,b,c). Measurements are performed in
a single run under normal traffic conditions (40–120 km/h), with a
standard measurement speed of 60 km/h. The road geometry can
be derived from an inertial measurement unit (IMU) and differ-
ential GPS with a spatial resolution of 1 m,  while the evenness is
measured by different laser scanning system with resolution up

to 5–20 mm.  Several camera systems provide information about
surface defects and the road environment (FSV, 2009a). The high-
level road network is periodically monitored in five year cycle in
Austria, where the latest measurement campaign started in the
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014. Rural roads are (successively) measured at irregular intervals
nd different levels of coverage every couple of years.

.3. Weather

Various studies have already looked into weather effects on
oad accident occurrence (Fridstrøm et al., 1995; Shankar et al.,
995; Eisenberg, 2004; Brijs et al., 2008; Koetse and Rietveld, 2009;
ung et al., 2010; Bergel-Hayat et al., 2013; Theofilatos and Yannis,
014). In particular, the influence of rainfall events on road acci-
ents are been investigated since several decades (Sherretz and
arhar, 1978; Brodsky and Hakkert, 1988; Andrey and Yagar, 1993;
dwards, 1996). Therefore, including weather data into accident
rediction models in order to eventually assess potential safety
isks is desirable.

Weather data are available in different formats and from dif-
erent sources. Firstly, time series of various types of weather
nformation can be obtained from meteorological measuring sta-
ions (in-situ data). Automated weather stations operated by
ational meteorological services under a standardized framework
rovided by the World Meteorological Organization (WMO)  as a
art of WMO’s Global Observing System (GOS) are a viable source
f information. Measurements obtained from these stations are
omparable in a way that they follow standardized procedures
egarding general requirements, types, location and composition,
requency and timing of observations (WMO,  2008, 2010, 2011).

Currently, the meteorological measuring network in Austria
omprises more than 250 semi-automatic weather stations (some
f which are additionally supervised or include manned obser-
ations), which are operated by the Central Institution for
eteorology and Geodynamics (ZAMG). In addition, the measuring

etwork also comprises stations from the Austrian hydrographical
ervices and the Austrian aviation weather service Austro Con-
rol. Weather data from these stations are currently available at a
emporal resolution of 10 min, with the exception of precipitation
mount, which is measured every minute.

While meteorological data is measured with relatively high con-
dence at these stations, data are only available at certain points

n space. In order to obtain local-scale weather information across
hole areas of interest, two general procedures can be applied.

On the one hand, various spatialization methods for interpolat-
ng climate variables obtained from in situ station measurements
ave been developed (Daly et al., 1994, 2008; Steinacker et al.,
011b; Bica et al., 2007; Szentimrey et al., 2011; Teegavarapu et al.,
012; Frei, 2014; Gyasi-Agyei and Pegram, 2014; Hiebl and Frei,
016; Boudevillain et al., 2016). Basically, these methods are based
n statistical techniques for interpolating scattered station reports,
ntegrating physical constraints, various additional measurements
e.g. weather radar) and additional environmental variables like
or instance land cover/vegetation, topography/digital elevation

odel, sun exposure, water bodies, etc.
On the other hand, meteorological and climate models can be

sed to derive spatially comprehensive climate information. Most
otably, this encompasses meteorological reanalyses and climate
odels. Meteorological reanalysis make use of an unchanging,

onsistent data assimilation scheme that combines (heteroge-
eous) data obtained from a huge observational network (including
umerous different, ever changing data sources like e.g. weather
tations, satellites, radiosondes, buoys, ship and aircraft weather
eports) with dynamic meteorological models (Kalnay et al., 1996;
ppala et al., 2005; DeGaetano and Belcher, 2007; Dee et al., 2011;
uhamaa et al., 2011; Rienecker et al., 2011; Kobayashi et al., 2015)

n order to obtain estimates for the meteorological variables on a
egular grid. As far as climate models are concerned, general circu-
ation models (GCMs), which incorporate mathematical methods
o model the general circulation of the earth’s atmosphere (and
d Prevention 130 (2019) 136–150

ocean) have to be mentioned in this context. Such coarse grids can
be further refined by either empirical-statistical downscaling (ESD)
or by dynamical downscaling methods. While ESD uses statisti-
cal relationships between large-scale climate variables (predictors)
and the observed local climate (predictands) for deriving regional
scale patterns from either GCMs (Matulla et al., 2002; Benestad,
2004; Matulla, 2005) or observational data (Schmidli et al., 2001),
dynamical downscaling is based on nested numerical modeling,
i.e. on model chains composed of regional climate models (RCM),
which are driven by GCMs (Giorgi and Gutowski, 2015). In both
cases, the resulting data sets consist of time series of meteorological
variables, which are available as area-covering regular grids (raster
stacks). Depending on the method used for obtaining these meteo-
rological grids, the spatial and temporal resolution at which these
grids are available may  vary considerably. In particular, spatial and
temporal resolution depend on both the region (i.e. on the scale:
national – continental – global) and on the length of the time series
under consideration. In order to guarantee homogeneity within
the time series, some data sets comprise only selected stations
which are assumed to provide consistent measurements that can be
used in long-term time series without compromising consistency
(Auer et al., 2007; Hiebl and Frei, 2016). Consequently, this entails a
lower spatial and temporal resolution compared to e.g. nowcasting
systems, which include all information currently available from sta-
tions at the expense of long-term temporal homogeneity (Haiden
et al., 2011; Kann et al., 2012).

Apart from the E-OBS European gridded data sets on temper-
ature and precipitation, which are available on a daily basis on
both a 0.25 degree regular lat-lon grid as well as on a 0.22 degree
rotated pole grid (Haylock et al., 2008), specific gridded data sets
for the Alpine region and particularly for Austria are available.
Daily temperature and precipitation grids covering Austria at 1 km-
resolution on a daily basis have been derived e.g. by Hiebl and Frei
(2016). These data sets mainly aim at offering long-term homo-
geneous meteorological data, which is usually not required for
accident analysis. Thus, high-resolution data sets like INCA (Haiden
et al., 2011) or VERAflex reanalyses (based on VERA (Steinacker
et al., 2011b)) are available at a temporal resolution of down to
10 min  and at a spatial grid of as small as 100 m.

2.4. Traffic volume

Counting vehicular traffic along roads can be carried out either
automatically (via temporal or permanent devices) or manu-
ally (FHWA, 2013). Continuous automated measurements can be
undertaken by using e.g. inductive loops, piezoelectric detectors,
pneumatic road tubes, radar counters or videos (Ni, 2016; Xia et al.,
2016). Generally speaking, permanent measurement devices are
obviously better suited for providing detailed data about the traffic
volume, as the road is continuously monitored. However, in most
cases only the primary road network is monitored by means of
continuous count stations. In other cases, short duration measure-
ments carried out by either temporal devices or via visual counting
and recording by observers can also be used to estimate the traffic
volume. Even though both methods yield comparable results and
despite counting errors of manual counting are small (Mao  et al.,
2012), manual traffic counts are considered to be cumbersome and
inefficient (Findley et al., 2011). Anyway, these short-term traffic
counts can be used to derive indicators for annual average daily
traffic (AADT) or similar benchmarks.

Traffic volume on the Austrian highway network is constantly
monitored by the traffic management and information system

VMIS (Verkehrsmanagement- und Informationssystem), which
comprises – among other sensors – more than 500 permanent traf-
fic count stations. Data from approximately 280 of these stations
are officially validated and published as monthly AADT estimates,
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Table  1
Summary statistics of absolute deviations of reported accident locations (in meters). The last character in the road identifier denotes the direction (‘R’ direction with increasing
kilometrage (right), ‘L’ direction with decreasing kilometrage (left)).

Motorway nAcc [–] Min. [m]  Q1 [m]  Mean [m]  Median [m]  Q3 [m]  Max. [m]

A01L 195 0.3 37.4 646.7 179.0 485.4 50,090.3
A01R 188 1.1 26.9 443.0 113.1 401.9 10,215.2
A02L  179 1.8 49.0 393.5 204.6 554.2 4521.8
A02R 181 0.7 22.4 1419.4 111.5 398.1 139,737.2
A08L  6 26.0 61.9 250.3 124.5 393.9 702.0
A08R 25 2.8 17.3 381.4 140.7 301.4 5539.3
A10L  48 2.1 33.1 1394.3 139.8 372.6 42,875.4
A10R 40 2.7 53.0 1392.9 199.1 393.2 29,057.6
A12L  62 3.6 30.2 374.6 123.4 279.9 4896.7
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A12R 52 2.5 34.1 

A13L  15 10.6 27.0 

A13R 7 9.0 27.2 

ncluding heavy good vehicles. However, raw data are gathered at
hese stations at a temporal resolution of one minute. In addition,
ational, regional and local roads are also monitored by numerous
ermanent traffic count stations, of which some 300 are officially
alidated by the regional government offices (BMVIT, 2016).

. Analysis of uncertainties

.1. Spatial uncertainties

.1.1. Accident data
While police-reported data have been used in a wide variety of

tudies, which doubtlessly made important contributions to pro-
iding deeper insights into various aspects of road safety research,
his data source has several drawbacks, too. Some of these down-
ides are documented quite well, others somehow seem to go by
he board or are simply overlooked.

Previous work has mainly focused on ongoing methodological
ssues in the context of statistical modeling of crash frequencies and
njury severities and, consequently, on correction techniques that
llow obtaining unbiased inference (Lord and Mannering, 2010;
annering and Bhat, 2014). Albeit uncertainties inherent to road

afety data also pose a serious threat to the general validity of
tatistical models, this aspect has remained a neglected area thus
ar.

Only one of the commonly recognized and well documented
roblems mentioned in Lord and Mannering (2010) directly
merges from the quality of the data themselves, namely the issue
f under-reporting in official accident statistics. That is, accidents
ith less severe injuries are likely to fall victim to not appearing

n crash databases, as these accidents are simply not recorded by
he police. For the sake of completeness, it should be mentioned
t this point that usually only accidents involving personal injuries
re considered in many accident analysis models, while accidents
nvolving only damage to property are neglected. Obviously, this
roblem of under-reporting leads to a slightly biased sample of
oad accident occurrences. For details on the problem of under-
eporting see e.g. Kumara and Chin (2005), Yamamoto et al. (2008),
a (2009), Lord and Mannering (2010), Ye and Lord (2011), Patil

t al. (2012), Yasmin and Eluru (2013) and Mannering and Bhat
2014).

However, there has been little discussion on the quality of
olice-reported data apart from the issue of under-reporting. In
act, there are several sources of uncertainty that have not yet been
iscussed in greater detail. Basically, it can be stated that the crux of
he matter is related to various sources of inaccuracy, which entail

ifferent types of uncertainty. As a matter of fact, sizable inconsis-
encies regarding data ascertainment can be observed in numerous
arameters. Most notable, time and location of the accident are
ubject to considerable uncertainties.
162.7 87.5 218.3 708.3
143.3 41.3 170.5 652.0
70.3 38.2 89.5 211.6

As far as spatial accuracy of crash site localization is concerned,
two main sources of uncertainty arise. On the one hand, accidents
are not events that can be located exactly due to the process of an
accident occurring over a certain distance along a road segment,
ranging from some “accident-inducing” point to the final end posi-
tion of the vehicles. On the other hand, additional uncertainty is
introduced by the way  the crash scene is finally localized by the
police. In Austria, accident location is usually reported in two ways
since the introduction of ADM in 2012. On the one hand, police offi-
cers manually set WGS84-coordinates for the final end point of the
vehicles within a web  mapping service. On the other hand, they also
provide a specification of the respective road kilometer based on
driver location signs. This double reporting leads to spatial incon-
sistencies which can be nicely used for illustrating this aspect of
spatial uncertainty.

Therefore, the accuracy of the reported accident location was
evaluated on a sample of six motorways in Austria. The two loca-
tion attributes can be linked using a linear referencing system (LRS)
in order to compute the distance between the resulting locations.
In turn, to build a LRS, a set of reference points are required. In order
to check consistency, two  variants for creating the LRS were con-
sidered: On Austrian motorways, driver location signs are placed
every 250 or 500 m either along the hard shoulder at each side or on
the median strip. The first set of reference points consists of man-
ually set markers for each of these distance marker posts during
measurement runs of the RoadSTAR system, which are georefer-
enced through a differential GPS system. Secondly, a stereo camera
system allows a highly accurate 3D-calibration of the position of
the mileage marker in stereo video frames. This referenced mileage
markers provide the basis for the reference points in the GIP, which
were used as second evaluation method.

The considered road network, which has a length of 1124 km,
covers ca. 65.4% of the Austrian motorway network (cf. Fig. 2). Both
motorway directions were evaluated separately, and only those
accidents were taken into account, where the direction attribute
has been provided. In total, 998 accidents from the year 2014 were
used to compute the deviations of the two location specifications.
Both evaluation methods yield similar and consistent results, which
showed an overall median absolute deviation of approximately
136 m.  Table 1 contains a five-number summary (sample mini-
mum,  first quartile, median, third quartile and sample maximum),
plus the sample mean and the number of observations nAcc. Results
show that several extreme outliers strongly affect the mean abso-
lute differences. This does not only become visible in the maximum
values reported in the last column, but also with respect to large
deviations between the mean and the median.
In addition, the outliers become visible in the graphical repre-
sentation of these results, which additionally shows the differences
in deviations between both different highways and different direc-
tions of the same highway. Note that the y-axis limit is capped
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Fig. 1. Absolute deviations between accident locations based on driver location signs and accident locations based on WGS84-coordinates for selected Austrian highways.
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ig. 2. Spatial representation of absolute deviations of the reported road kilometer

o 5000 m,  but there are several points above this limit (up to ca.
40 km,  cf. last column in Table 1). Such high deviations are typi-
ally errors in the accident database. For instance, some accidents
pparently occurred on a motorway ramp, but were erroneously
ncoded as motorway accidents (Fig. 1).

Despite these differences between highways and directions, no
ystematic spatial patterns could be derived (Fig. 2).

While results illustrate the uncertainties in the specification of
he accident locations, it cannot be derived from this evaluation
hich of the two location specifications – WGS84-coordinates or

oad kilometer – is more accurate.

.1.2. Road geometry and road conditions
Data about road geometry and road conditions are usually avail-

ble at high spatial resolution. On top of that, measurement and
apping uncertainties with respect to spatial aspects are very
mall, as measurements and digital mapping are carried out with
igh precision. Road geometries and course of the road may  of
ourse change over time, which is considered as temporal uncer-
ainty, though.
 WGS84-coordinates. Magnitudes of deviations are illustrated as scaled circles.

3.1.3. Weather data
Most of the aforementioned studies use observed data from

weather stations in close proximity to the area of investigation.
However, various constraints have to be considered when incor-
porating weather data into accident models, and trade-offs have to
be made taking into account the properties of data derived from
different data sources.

While meteorological data are measured with relatively high
confidence at the standardized WMO  stations, data are only avail-
able at certain points in space (WMO,  2008). Assigning road
segments to weather stations in close proximity is problematic
due to several reasons. Primarily, different topographic and micro-
climatic conditions entail a varied exposure to weather. Especially
in heterogeneous, small-scale landscapes and complex terrains, in-
situ observations are hence only conclusive to a limited extent.
Potentially important variations in weather conditions that cannot

be captured by a scattered measuring network In addition, extreme
events are taking place at small scales. Therefore, some extreme
events might not be captured by any station, which most likely
leads to a bias towards underestimation of extreme events.
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While accuracy and reliability of data derived via interpolation
echniques and via downscaling of meteorological reanalysis out-
ut are subject to higher uncertainty than observed data – as they
ely upon interpolation and physical models in addition to mere
easurement uncertainty – these data sets open up new possibili-

ies of analyses due to their capability to present relatively precise
ndividual values for each point in space. However, the occasionally
onsiderable uncertainty related to the estimates of these weather
ata grids has to be taken into account.

Generally speaking, uncertainties associated to these gridded
ata sets are assessed and reported thoroughly in meteorolog-

cal and climatological literature, most commonly by means of
stablished model verification techniques like cross-validation and
tatistical model performance indicators (Haiden et al., 2011;
rands et al., 2012; Borsche et al., 2015; Rose and Apt, 2016;
iebl and Frei, 2016). In addition, many validation efforts as
ell as method and model comparisons have been undertaken

Hofstra et al., 2008; Mooney et al., 2011; Jakobson et al., 2012;
batzoglou, 2013; Fu et al., 2016; Hu et al., 2016; Song et al.,
016).

Regarding spatial resolution, well documented methods are
vailable for obtaining grids at a 1 km resolution (Steinacker et al.,
011a; Haiden et al., 2011; Hiebl and Frei, 2016). While data with

ower resolutions might be potentially useful for countries featu-
ing vast homogeneous landscapes (e.g. Great Plains), high spatial
esolution is required for adequately accounting for small-scale
ariations in complex landscapes.

Uncertainties in these data depend on the parameter under con-
ideration. While temperature can be accurately modeled with an
verage accuracy of 1–2 ◦C, the mean relative analysis error for
recipitation amounts is 50–100% (Haiden et al., 2011; Steinacker
t al., 2011a). Downscaling methods are only capable of describ-
ng a part of the daily precipitation variability (Wilby and Wigley,
997), and precipitation is particularly difficult to model along
ountain ranges like the central Alps (Gao et al., 2014). As far

s wind speed is concerned, the relative mean absolute error
as been estimated to be roughly of the order of 50% (Haiden
t al., 2011). In addition, seasonal patterns of wind estimation
ncertainty have been found (Haiden et al., 2011; Rose and Apt,
016).

Despite a relatively high spatial resolution of 1 km,  subgrid-
cale variations within these high-resolution grids may  entail

epresentativeness problems (Haiden et al., 2011). Uncertainties
or high-resolution VERAflex reanalyses – which are capable of
ddressing these subgrid-scale variations by providing a spatial
esolution of up to 100 m – are not known to the authors.
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Fig. 4. Distribution of road accident occurrence by minutes of the hour, b
Fig. 3. Location of permanent traffic counters on the Austrian highway network.
Only those counters where measurements are available for at least 11 months are
included.

3.1.4. Traffic volume
Automated traffic counters are located along road networks in

irregular intervals. Even though coverage may  be good, measure-
ments are usually not available for every section of each highway,
let alone roads of lower hierarchy. Since measurements are only
carried out at certain points in space, efforts were undertaken to
impute missing values or predict them at unmeasured locations
(Zhao and Park, 2004; Selby and Kockelman, 2013; Lowry, 2014).
However, uncertainties related to these statistical methods (like e.g.
Kriging or geographically weighted regression) are further aggra-
vated by uncertainties inherent to traffic count measurements.
Widely scattered stations hamper accurate, network-covering esti-
mates of traffic volume, especially off the highway. The spatial
distribution of officially validated traffic counters along the Aus-
trian highway network illustrates that traffic volume actually has
to be estimated at large portions of the highway network without
drawing on permanent traffic counters (Fig. 3).

3.2. Temporal uncertainties

3.2.1. Accident data
The time of the accidents is estimated by police forces on site.

This results in rounding effects, which produce a distinct pattern
of accident occurrence over the course of 1 h (Fig. 4). The resulting
plot clearly deviates from a discrete uniform distribution, showing
that rounding effects lead to an accumulation at five minute bins.
The two biggest peaks emerge at full and half hours and 43% of

observed accidents are recorded at quarter hours.

These uncertainties are additionally underlined by discrepan-
cies that become visible when comparing police-reported accident
data with alerting times of the air emergency service.

2.5% 9.0%

30 45 60
ed minute

ased on 37,957 accidents with personal injuries in Austria in 2014.
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ig. 5. Time difference between alerting time of the rescue helicopter and recorded 

rom  2007 to 2014.

The main helicopter emergency medical service in Austria is
perated by the Christophorus Flight Rescue through the Austrian
utomobile, Motorcycle and Touring Club (ÖAMTC). The fleet con-
ists 30 helicopters, which operate from 16 bases across Austria.
t each base at least one helicopter is stationed and typically 3–7
issions are run per helicopter per day.
In this study, a sample of 346 run-off-road accidents taken care

f by the air emergency in the period 2007–2014 were considered.
 linkage with the official accident database allows a comparison
etween the alert times of the rescue helicopters and the times-
amps in the accident records.

Albeit some deviations should be expected due to the aforemen-
ioned rounding effects, certain patterns emerge (Fig. 5). Set aside
hese rounding effects, it is reasonable to assume that the alert time
f the air emergency service is slightly later than the actual acci-
ent time. Positive outliers can be easily explained by helicopters
emanded by rescue sources in the field already present at the acci-
ent locations. It can be observed that major negative deviations do
ot occur anymore following the introduction of ADM.

.2.2. Road geometry and road conditions
While data about road geometry and road condition can be

athered at high precision and with high accuracy as far as spa-
ial aspects are concerned, these data are just mere snapshots in
ime. Presuming these data are constant over the entire time period
f consideration (i.e. up to five years) by using a fixed version of
he road graph and data from a single measurement campaign will
ntroduce a bias in the resulting model. To some extent, certain
arameters like e.g. road gradients can reasonably be assumed to
emain constant. However, many other parameters, most notably
kid resistance, are subject to considerable variations over time.
urthermore, changes in the course of the road as well as recon-
truction works may  entail distinct breaks in the properties of road
eatures, which are difficult to be captured. Since taking informa-
ion about construction works into account is usually cumbersome,
hort term changes caused by maintenance activities may  also not
e captured. The extent of uncertainty caused by temporal changes
nd variations in road properties is difficult to estimate, as this
trongly depends on the parameters used and the actual situational
onditions.
.2.3. Weather
Temporal uncertainties of weather data are mainly related to

he temporal resolution of the data sets. The smaller the tempo-
al scale, the higher the associated uncertainties. While data sets
 the accident database binned to 10 min intervals, based 346 run-off road accidents

comprising daily aggregates of weather parameters (e.g. daily pre-
cipitation totals; temperature minimum, maximum and mean;
mean wind speed and maximum wind gusts; etc.) are more robust
than data with a higher temporal resolution, important within-
period variations might be averaged out in data sets on a daily
basis. Hence, a trade-off has to be found between robustness and
precision. As the resulting uncertainties are usually not evaluated
separately with respect to temporal and spatial resolution, afore-
mentioned uncertainties of weather data, which referred to a 1 km
grid, are also valid for a temporal resolution of 15 min  (Haiden et al.,
2011).

Another aspect related to temporal uncertainty is also some-
how connected to the temporal resolution of the data. In order to
guarantee long-term consistency of meteorological and climatolog-
ical time series, only measurements on a daily basis can be used.
In Austria, the majority of automated weather stations has been
installed around the mid-1990s. Measurements on an hourly basis
are only available at certain stations situated at selected locations.

3.2.4. Traffic volume
While automated traffic counts can be assessed at high temporal

resolutions, usually estimates of AADT values are used in accident
prediction models. Since accidents occur at certain points in time,
average daily values are merely capable of reflecting the actual traf-
fic volume at this time spot to some extent. Naturally, it can be
reasonably argued that including interactions between AADT, date
and time is entirely sufficient for appropriately describing varia-
tions of the traffic volume. However, a detailed analysis of raw
measurement data from all automated traffic count stations along
the Austrian highway network gives rise to doubts in this regard.

Apart from the permanent counting stations which are used
as a basis for calculating official values for AADT on the Austrian
highway network, traffic counts can be obtained from the traf-
fic management and information system operated by the Austrian
motorway operator ASFiNAG. Among other duties (like for instance
traffic control), this system carries out traffic counts with a tem-
poral resolution of one minute at more than 500 locations on
the highway network. Due to this high resolution, these sensitive
measuring devices are prone to sensor malfunctions. In order to
guarantee a necessary degree of robustness and reliability, mea-

surement data were aggregated to hourly counts. All resulting
aggregates which did not feature at least 75% data coverage were
discarded. Consequently, resulting valid values contain at least 45
samples per hour.
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implementation of algorithms provided by the National Oceanic
& Atmospheric Administration (NOAA) (Bivand and Lewin-Koh,
2016). For visualization purposes, solar elevation is not only
Fig. 6. Clustered load curves of hourly traffic count data. Data in

These hourly data were used to derive diurnal traffic load curves.
herefore, the 1h-aggregated data were subsequently clustered in

 two step procedure. First, the estimated number of clusters was
etermined with the aid of partitioning around medoids (PAM)
sing the optimum average silhouette width criterion. The final
luster result was obtained by a (longitudinal) k-medians clustering
lgorithm. This procedure was replicated for different week dura-
ions (Mon–Thu, Mon–Fri and Mon–Sun). It has to be noted that the
lassification of these days was carried out according to the Aus-
rian guideline for traffic counts (FSV, 2015). In order to establish

 comparable characterization of weekdays, (movable) feasts are
aken into account. For instance, if a feast occurs on a Monday, this

onday is characterized as a Sunday and the following Tuesday is
lassified as a Monday.

While no consistent result representing the whole road net-
ork could be derived, some issues were observed. Traffic load

urves show inconsistencies that are ascribed to sensor malfunc-
ions. Despite the elimination of apparently invalid measurement
ata, clusters consisting of implausible measurements become vis-

ble (Fig. 6a). Since the blue colored lines form a cluster consisting
f too low values which exhibit no diurnal variations, it has to be
oubted that the sensor device was in a fully operational state. The
wo remaining clusters exhibit plausible load curves and are sepa-
ated according to their traffic volumes. A calender representation
f the clustering result (Fig. 6b) reveals strong seasonal patterns.
he presented data set ranges from October 2013 to September
015. Due to a database fault, no data are available for the period
etween August and September 2014. Single white cells within the
eriod under consideration represent values that were discarded
ue to data quality reasons. While the blue cluster that occurs
etween October 2014 and March 2015 is likely due to sensor mal-
unction, explanations for the occurrence of the patterns related to
he other two clusters are not evident.

Even though several authors have investigated the effects of

ourly traffic flow on road accidents (Zhou and Sisiopiku, 1997;
artin, 2002), studies comprehensively investigating a possible

enefit of using hourly traffic count data as opposed to AADT values
ave not been conducted yet.
all available measurements fulfilling data quality requirements.

3.3. Structural uncertainties

3.3.1. Uncertainties caused by changes in data structure
Furthermore, longer time series of accident data have to be ana-

lyzed against the background of changes in the database format or
in the method of data collection. These changes may  relate to alter-
ations of variables, changes in how data is collected, modifications
of data elements recorded or accidents reported.

For instance, the comprehensive change in the data collec-
tion method of Austrian accident data leads to a distinct break
in the time series, which entails that data collected before and
after the introduction of the ADM-system are not directly com-
parable. Effects caused by the definition of mandatory fields, the
increase in the number of variables or an increase in the number of
reported crashes due to electronic transmission led to inconsisten-
cies with previously collected accident data. These inconsistencies
were already briefly pointed out before when validating the acci-
dent times against the alert times of the air emergency service
(Fig. 5). Another illustrative example can be provided with respect
to sun glare accidents. Few studies have so far investigated the
effects of sun glare on road accident occurrence. Some studies con-
clude that sun glare is a potentially relevant variable for accident
prediction models – in particular at intersections – which is often
omitted (Mitra and Washington, 2012; Mitra, 2014).

In the aforementioned examples, spatial and temporal uncer-
tainties have been derived using external data sets. Another
approach is to derive certain features, which allow a validation of
the consistency of specific attributes in the accident database.

In the following example, sun glare accidents of the period
2004–2014 were considered. Based on the timestamp of each
accident, the solar elevation angles1 were computed using an
1 The solar elevation angle is the angular height of the geometric center of the sun
relative to the horizon.
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Fig. 7. Calculated solar elevation angles for 7873 sun glare accidents in th

lassified into day and night, but also into various stages of twilight,
amely civil, nautical and astronomical twilight. Basically, twilight

s the time between day and night, when the atmosphere is still
lluminated, even though the sun is not directly visible. Civil twi-
ight occurs when the geometric center of the sun is no more than

 degrees below the horizon at either sunrise or sunset. Nautical
wilight is the time period when the elevation angle is between 6
egrees and 12 degrees below the horizon. And finally, astronom-

cal twilight occurs when the elevation angle is between 12 and
8 degrees below the horizon. During this period, the illumination
ue to scattered light from the sun is already less than that from
tarlight and other natural light sources in the sky.

As expected, results show a strong seasonal pattern. Surpris-
ngly though, implausible negative values were observed for several
ecords (cf. Fig. 7). This can be either due to erroneous entries in the
ccident database, e.g. glare caused by artificial light sources, or –
s shown above – imprecisely recorded timestamps. Note also that

 due to the changes in the data collection process – these issues are
o more present in the accident database since 2012. In addition,
he overall occurrence of accidents being influenced by sun glare
learly plummeted in 2013.

.4. Uncertainties of injury severity estimation

As far as injury severity is concerned, the degree of severity is
ost commonly represented on an ordinal scale. Referring to the

ABCO-scale, these discrete categories usually comprise the fol-
owing categories (National Safety Council, 2007; Savolainen et al.,
011; Burch et al., 2014): fatal injury or killed (K), incapacitating

njury (A), non-incapacitating evident injury (B), possible injury (C)
nd non-injury or property damage only (O). Basically, the degree
f injury severity is estimated and recorded by police officers on site
Compton, 2005; Burch et al., 2014). Apart from obvious cases, this
lassification is prone to misjudgements, as a serious assessment of
njury severity solely based on preclinical examination is difficult
n many cases. More sophisticated methods – like for instance the
bbreviated Injury Scale (AIS), which includes detailed information
n traumatic injuries and a classification according to the threat-

o-life (Gennarelli and Wodzin, 2007) – include indicators for injury
everity which are assigned in hospitals. While it was  argued that

 simple classification of injury severity according to the KABCO-
cale is an appropriate tool for basically discriminating between
iod 2004–2014; negative values indicate inconsistencies in the database.

more serious and minor crashes (Compton, 2005). Farmer (2003)
comprehensibly concludes that the lack of professional medical
evaluations leads to misclassifications of injury-severity in police-
reported data. This entails that these data are to inexact for more
specific research applications. While efforts have been made to link
hospital and police traffic crash records systemic restrictions due to
privacy issues and methodological limitations of e.g. probabilistic
linking have to be considered (Wilson et al., 2012).

Further methodological issues, like for instance under-reporting
of crashes, omitted variable bias and endogeneity problems as well
as issues related to sample size or difficulties caused by correlations
are comprehensively presented in Savolainen et al. (2011).

4. Data resolution

Selecting an appropriate spatial and temporal scale when con-
ducting a statistical analysis of accident occurrence is one of the
most challenging and crucial parts in accident prediction mod-
eling. While using a coarse resolution might conceal potentially
important phenomena by averaging out certain effects (e.g. rainfall
extremes reported as precipitation amount accumulated on a daily
level), using a too high resolution implies an extremely high preci-
sion which in fact cannot be achieved due to aleatoric and epistemic
uncertainties inherent to the data (e.g. one-minute precipitation
data on a one-meter grid). Thus, a trade-off between robustness
and precision has to be made in order to obtain unbiased and accu-
rate results. To some extent, both spatial and temporal resolution
are predetermined by the data, their properties, and their associ-
ated uncertainties. Choice of spatial and temporal resolution has
a determining influence on the choice of the statistical model for
accident frequency and accident occurrence analysis. At the same
time, model output might yield different results depending on the
spatial and temporal scales chosen. Thus, it is important to bring to
mind and discuss potential issues in the context of temporal and
spatial aspects of data.

4.1. Spatial resolution
Spatial resolution plays an important role for accident predic-
tion models with respect to two different aspects:

Firstly, the spatial resolution of the underlying raster and vec-
tor data layers (like for instance digital elevation models (DEM),
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eather data or road condition data) is of importance. Some of
hese data are potentially available at very high resolutions based
n highly precise measurements (e.g. LiDAR based DEM, road con-
ition data), while there are certain physical or practical restrictions
ith respect to spatial resolution in other data sets (e.g. weather
ata).

Secondly, taking the aforementioned sources of uncertainty into
ccount, the spatial resolution in relation to the segment length
as to be considered carefully. The fact that an accident is a pro-
ess rather than a specific point in space entails that environmental
onditions and other spatial information actually should be con-
idered for the point where the accident was triggered, not for
he point where the vehicle finally came to a halt. In combina-
ion with the uncertainties regarding the accuracy of accident
ocalization by the police, lack of information with respect to the
ccident-inducing point makes the assignment of accidents to spe-
ific segments of a road somewhat cumbersome. Hence, the length
f the road sectors under consideration has to be chosen care-
ully. On the one hand, segments should be long enough to allow
ccidents to be mapped to these segments with high confidence.
n the other hand, segments should be short enough to reflect
istinct properties of the road and the environment. In addition,
he choice of segment length also relates to the issue of handling
he preponderance of zeros in count data models. The shorter the
egment length, the higher the share of segments which do not
ontain any observed accidents. Albeit several methods have been
roposed to deal with this issue (Lord et al., 2005; Malyshkina
t al., 2009), a well thought-out choice of segment length may
ontribute to alleviate this problem. Segment definition can be
ndertaken in two different ways. Firstly, segments can be defined
s sections of equal length along the roads under consideration.
econdly, segments can be defined as homogeneous roadway sec-
ions. These natural breaks between the segments lead to varying
egment lengths based on e.g. road geometrics (Abdel-Aty and
adwan, 2000; Barua et al., 2015) or uniform risk (Deublein et al.,
013). It has been pointed out by Shankar et al. (1995) that using
xed-length sequences is superior to using homogeneous seg-
ents, in particular if detailed data about geometry and weather

re available. The authors further underline that disadvantages of
sing fixed-length sections can hence be overcome by appropri-
tely adjusting methodological specifications, while disadvantages
f using homogeneous sections are far more severe. Using bun-
les of segments which feature large variations in their segment

engths (e.g. between 0.1 miles and 12.22 miles in Anastasopoulos
2016)) may  result in detriments with respect to model estima-
ion efficiency, as potential heteroskedasticity problems caused
y unequal sample sizes might be exacerbated Shankar et al.
1995).

These two levels of spatial resolution – i.e. resolution of under-
ying layers as well as segment length – depend on each other and
learly expose where the meaningfulness of high-resolution data
s currently stretched to its limits. Thinking about the spatial reso-
ution of the underlying input layers, different levels of uncertainty
ome to light. While the uncertainties in connection with digi-
al elevation models derived from LiDAR measurements (Goulden
t al., 2016) and road condition data are small, limitations related
o the accuracy of e.g. weather and land cover data become visi-
le. Both data sets are basically available at spatial resolutions of
own to several hundred meters (Broxton et al., 2014), but the esti-
ation is associated with considerable uncertainties (Kann et al.,

012; Congalton et al., 2014; Quaife and Cripps, 2016).
High resolution data is generally valuable as spatially distinct
roperties can be adequately represented. However, if uncertain-
ies regarding the accident location are larger than the spatial
esolution of data sets of potentially relevant explanatory variables,
nnecessary uncertainties and efforts can be avoided by using data
d Prevention 130 (2019) 136–150 145

on a slightly coarser scale. In order to provide some point of refer-
ence, recommendations are provided for various data sets against
the background of the aforementioned data quality and availability
in Austria. Given a median uncertainty of almost 140 m regarding
the accident localization on highways, plus considering the uncer-
tainty with respect to the accident inducing point, weather grids
of 250 m-resolution are considered to be appropriate. Gridded data
sets up to 1 km may be still applicable in less complex terrains,
but the use of high-resolution raster data is encouraged in small-
scale, mountainous landscapes like the Alpine region, which are
topographically and climatically heterogeneous. The same applies
to all other raster data sets. While many data sets are gathered at
high precision with a higher spatial resolution (e.g. LiDAR DEM), its
usefulness is limited by the uncertainties inherent to the accident
location itself.

Naturally, data availability and data accessibility has to be taken
into account. Depending on the area under investigation, an appro-
priate spatial scale has to be reasoned against the background of
data availability and associated uncertainties.

Against the backdrop of uncertainties inherent to underlying
layers and considering uncertainty regarding the exact localiza-
tion of accidents, segment length has to be chosen accordingly
(Lee and Mannering, 2002). Even though general-purpose recom-
mendations are difficult to derive, the following aspects can be
stated:

• segment length depends on the hierarchy of roads under consid-
eration, and particularly on the speed limit;

• segment lengths below 100 m are neither serious nor feasible;
• segment lengths above 1000 m are likely to water down site-

specific effects;
• operational definitions of hazardous road locations in various

European countries stipulate the use of sliding windows with
lengths ranging from 100 m to 1 km for identifying black spots
(Elvik, 2008);

• site definitions (segments, tunnels, bridges, speed-change lanes,
ramps, intersections, etc.)

As there is no panacea for this crucial issue, the importance of
clearly elaborating the choice of segment length in any study is
emphasized at this point.

4.2. Temporal resolution

As with spatial resolution, temporal resolution is also an impor-
tant aspect of accident occurrence analysis that features some
pitfalls worthy of discussion.

The major impediments with respect to temporal resolution are
caused by rounding errors when estimating the exact accident time.
Uncertainties resulting from these rounding effects restrict the rea-
sonableness of data with a high temporal resolution. Any form of
accident analysis which uses sub-hourly data should thus be taken
with a grain of salt if awareness and treatment of uncertainties are
not tackled properly. In addition, this biased distribution is a chal-
lenge for setting the breakpoints of temporal stratification. Usually,
temporal classes start on the hour, which is in fact the point in
time where the highest number of accidents is affected. Hence, the
uncertainty related to the assignment of the accident towards the
earlier or the later interval affects a good deal of accidents.

Another issue in the context of temporal uncertainties has
already been recognized in recent reviews by Lord and Mannering
(2010) and Washington et al. (2010). They mention that ignoring

variations in explanatory variables over the time period under con-
sideration may  lead to information loss if the time intervals are too
large. However, while this fact is mainly attributed to the lack of
detailed data within the time period in Lord and Mannering (2010),
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e have showed that more detailed data – in terms of a higher tem-
oral resolution – does not necessarily prove to be of much help if
he underlying processes generating these variables are complex
nd thus implicate considerable variations that have to be taken
nto account.

Thus, it is important to choose the strata accordingly. On the
ne hand, already data at daily resolution might conceal potentially
elevant information. This is particularly true if weather effects
re investigated. On the other hand, given the uncertainties with
espect to the actual accident time in terms of rounding effects,
sing temporal resolutions smaller than one hour are hardly ten-
ble. While gridded meteorological data sets featuring a sub-hourly
emporal resolution are difficult to obtain, the precision of these
ata is elusive due to the lack of certainty with respect to accurately
ssigning accidents to the appropriate time slots. While robustness
an be increased by using hourly values, distinct variations in the
ariables are still clearly observable. It is hypothesized that using a
ifferent break point instead of the full hour might further alleviate
his issue, as uncertainties are highest around the full hour.

As far as traffic load is concerned, hourly values are also consid-
red to be the most useful resolution. While counts aggregated at
n hourly level exhibit a beneficial amount of robustness, they are
pecific enough to capture distinct variations.

Furthermore, the length of the time period under consider-
tion is another aspect worth of discussion. Again, this issue has
o be considered between the conflicting priorities of accuracy and
ias. While longer time series naturally contribute to increasing
onfidence of analysis results, temporal changes and variations of
elevant variables over time may  severely impede a sound analysis.
n particular, bias is introduced by activities related to reconstruc-
ion, like road works, changes of the road superstructure (including
radients, skid resistance, etc.) or changes in the course of the road
e.g. straightening). These parameters are usually considered to be
onstant within the time period under consideration, even though
here are most certainly – at least minor – changes over time. If
hese possible variations are not considered, the resulting analysis
s likely to yield severely distorted results.

In order to capture seasonal effects, using at least one year of
ata is strongly recommended. Besides, shorter series will nega-
ively affect the sample size. Using several years of data is beneficial
n terms of model validity. However, care has to be taken when ana-
yzing time periods spanning more than five years. On the one hand,
tructural changes of roads might lead to inconsistencies. On the
ther hand, possible temporal trends have to be considered (Lord
nd Persaud, 2000; Wu  et al., 2014b).

. Data (pre)processing

Having gained clarity about quality and properties of available
ata, as well as having thought about appropriate spatial and tem-
oral resolution of the input data sets, the next important step
efore being able to eventually come up with a statistical model is
ata preprocessing. Data preparation is usually performed by using
ppropriate software environments (like for instance R (R Core
eam, 2016) or Python (Python Software Foundation, 2016)), often
n connection with some (preferably spatial) database (e.g. PostGIS
Refractions Research Inc, 2016)) for managing large amounts of
ata. Concerning data for road safety management, guidelines on
ow to set up data systems that should produce comparable data
re available (WHO, 2010; OECD/ITF, 2015).

Despite the availability of both powerful software packages and

omputational power, the easy access to capable software should
ot hide the fact that there are still several serious methodological
arriers that have to be broken down when conducting a statistical
nalysis of accident data. In fact, the intellectual work and various
d Prevention 130 (2019) 136–150

preliminary considerations related to data processing – taking the
limitations of various data sources into account – are probably more
demanding than the actual programming work itself.

One challenging task is to derive meaningful and representative
values for the various parameters from the underlying raster and
vector data sets. This is rather straightforward when modeling acci-
dent frequency, as every accident is just a single event that has a flag
in terms of an exact timestamp and location. Values for this specific
coordinates and time can simply be extracted from any other layer.
However, as far as accident frequency analysis is concerned, a rule
has to be defined how these parameters can be matched to the seg-
ments at which the accidents are counted. In this case, the target
variable is not recorded on a single spot, but rather on a linestring
at a certain point in time. Naturally, these linestrings may  traverse
multiple raster cells or across/along various vector features (points,
lines, polygons). In order to obtain a single value for each segment
that can be used as a covariate for further modeling, two  different
methods seem plausible. On the one hand, values can be derived
as weighted average according to the share of segments located
within raster cells or vector feature. On the other hand, simply the
minimum/maximum of all values can be assigned to the respective
segment.

This issue gets even more crucial when it comes to deriv-
ing representative indicators for road condition data and road
geometrics, which can be assigned to a whole road segment.
Determining meaningful and informative feature definitions is
particularly important if fixed-length segments are used, where
roadway properties may  change within the segment. Aggregating
data, which are measured (with some noise) at intervals of 1 m, into
one value representing a whole segment, is a complex task. Feature
engineering (and consequently feature selection) is a difficult yet
potentially rewarding process that may  provide new insights into
characterizing road segments. Unfortunately, not much effort has
been undertaken in this direction so far. In many cases, simply max-
ima, averages or indices (e.g. pavement condition index) are used.
It seems worthwhile to foster further research on feature engineer-
ing in the area of road segment characterization in order to explore
the possible benefits of using new indicators (e.g. certain quantiles)
off the beaten track for characterizing road segments.

Given a variety of potentially relevant covariates – comprising
data related to persons involved (age, gender, sobriety, etc.), vehi-
cles involved (engine power, type of vehicle, etc.), accident location
(road type, rural vs urban area, speed limit, etc.), road geometry
(grades, skid resistance, etc.), traffic load (AADT, share of heavy
good vehicles, etc.), road environment (land cover, etc.) or weather
(precipitation, wind, temperature, humidity, sun glare, etc.) and so
forth – this begs the question of how to identify the actually rele-
vant variables. A carefully considered and suitable dimensionality
reduction is one of the keys to success for performing a sound anal-
ysis. Various machine learning algorithms for dimension reduction,
such as principal component analysis, random forests or artificial
neural networks might prove useful in this case. Thus, collinearities
can be identified and taken into account.

Lord and Mannering (2010) state that the Poisson-
gamma/negative binomial model is the probably most frequently
used model in crash-frequency modeling. If variable selection is
performed within such a parametric regression model, regulariza-
tion techniques like LASSO (Tibshirani, 1996, 2011; Friedman et al.,
2010) or Boosting (Hothorn et al., 2010) should be given preference
to often used stepwise model selection methods, which are prone
to overfitting (Hastie et al., 2009; Harrell, 2015). This is essential if
a model is used for prediction, and not just for statistical inference.
Of course, care has to be taken to consider the underlying causal-
ity between the covariates and the target variable by specifying
appropriate hypothesis. Otherwise, the whole analysis degenerates
to a process of mere data dredging.
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While there are issues related to the plethora of possible covari-
tes, one of the common problems is caused by an opposite effect,
amely the problem of unobserved heterogeneity. The issue that
ertain factors that most likely affect the occurrence of accidents
re either difficult to collect or cannot be observed at all may  lead
o erroneous conclusions (Mitra and Washington, 2012; Garnowski
nd Manner, 2011).

As far as further considerations about methodological issues
losely related to the aspects of model fitting and interpretation are
oncerned, it is referred to Lord and Mannering (2010), Savolainen
t al. (2011) and Mannering and Bhat (2014).

. Summary and conclusions

The preceding discussion of uncertainties inherent to various
ata types and sources illustrates that care has to be exercised
hen linking different kinds of information in order to perform

ccident analyses. While a lot of effort has been put into advancing
he predictive quality of accident models, detailed discussions of
ata properties related to information used within these models
ave been largely eclipsed. Research has tended to focus on model-

ng approaches, upstaging important considerations related to data
hemselves.

Lord and Mannering (2010), Savolainen et al. (2011) and
annering and Bhat (2014) have done seminal work on high-

ighting methodological considerations with respect to statistical
roperties of data used in accident modeling. In this review we
ave gone beyond the scope of their work, expanding these meth-
dological considerations to the process of data wrangling. The
nderlying uncertainties associated with the data that emerge dur-

ng this process have been illustrated, allowing us to tackle several
ssumptions that were implicitly and succinctly made in various
ther studies.

We  have outlined the issues that may  occur when trying to
xpanding police reported data further by linking it to various
ther data, like roadway geometric characteristics, traffic volumes
r weather-related data. From a data scientist’s perspective, this
ssumption, which implies a straightforward procedure, grossly
eglects the efforts related to data preparation for road accident
nalysis. Challenges range from issues of data engineering to var-
ous conceptual concerns with respect to spatial and temporal
esolution. Uncertainties caused by human factors (e.g. sloppy
ata entries or rounding errors), by technical (e.g. measurement
ccuracy) or methodological (e.g. downscaling of reanalysis data)
imitations or due to circumstances beyond control (e.g. practi-
al impossibility to determine exact accident location and time)
ave to be kept in mind when drawing inferences. Even though
igh resolution data as described in this article can be consid-
red to be the best estimate for reflecting reality, many of these
ata sets are still just – albeit comparatively good – approxi-
ations of the true values and processes, which are used due

o default of better alternatives. Of course, actual data avail-
bility and quality for specific regions of interest might differ
ubstantially from the theoretically best options, imposing further
estrictions.

As it is virtually impossible to utterly eliminate uncertainties
rom any type of statistical analysis, accident modeling always has
o be carried out in due consideration of the limitations imposed
y available data themselves. Therefore, both description of the
aw data used and the efforts which are put in data preparation,
ncluding important data processing steps, are an integral part of

ny accident prediction model.

This work has demonstrated some important sources of uncer-
ainty that can commonly be observed in accident modeling. In
he knowledge that various implications of both data and model
d Prevention 130 (2019) 136–150 147

uncertainty have to be conceded, accident analysis will continue to
prove to be a highly valuable tool for improving safety policies and
preventing injuries and loss of life.
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