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Abstract: Road accident occurrence is often the result of driving system malfunctions, and road
safety improvements need to focus on all basic driving components—the vehicle, road infrastructure,
and road users. Only focusing on one type of improvement does not necessarily lead to increased
road safety. Instead, improved road safety requires comprehensive measures that consider all factors
using in-depth accident analysis. The proposed measures, based on the findings from in-depth data
that have general applicability, are necessary to determine whether data gained from in-depth studies
adequately represent national statistics. This article aims to verify the representativeness of the Czech
In-Depth Accident Study at a national level. The main contribution of this article lies in the use of a
weighting method (specifically, a raking procedure) to generalise research results and render them
applicable to a whole population. The obtained results could be beneficial at the national level, in the
Czech Republic, and also on the supranational level. The applicability of this method on accident
data is verified; thus, the method can be applied also in other countries or can be used to verify the
applicability of conclusions from the Czech in-depth study also on a European or worldwide level.

Keywords: representativeness; weighting methods; raking procedure; accident analysis; in-depth
study; accident investigation

1. Introduction

Injuries arising from traffic accidents are an important aspect of public health pro-
tection. They require effective and sustainable prevention measures. Data from in-depth
accident analysis are one of the relevant sources supporting decision-making regarding
the formulation of effective measures leading to a reduction in accident rates. Such data
provides an overview of all the factors related to a specific accident. The investigation
should reveal the real causes of the accident, regardless of legal accountability issues. The
focus of the analysis concerns road infrastructure, the technical details of the vehicles
involved, damage of the vehicles involved, and the road users (including psychological
analysis and sustained injuries).

In-depth analyses of traffic accidents are conducted by a range of organisations around
the world (National Automotive Sampling System—NASS, in the USA; Applus IDIADA
company in Spain; Road Accident Sampling System India—RASSI; Centre for Automotive
Safety Research—CASR, in Australia; Federal Highway Research Institute—BAST, in
Germany, etc.). Even though the safety requirements of individual countries are very
similar, the international comparison of the data from in-depth studies is rather problematic,
due to differences in the data structure and their definition. The differences could also be
seen in road infrastructure or vehicle fleet.

For the harmonisation of the in-depth data, several projects were conducted—in
2003–2008, the European Commission financed the SafetyNet project, which was followed
up in 2010–2012 by the DaCoTa project. In 2010 European automobile manufacturers
founded IGLAD [1]. Data from in-depth studies can help to efficiently direct countermea-
sures or serve as an argument for legislation adjusting—e.g., based on the conclusions from
CASR in-depth study, the Australian government decided to lower the speed limit in urban
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areas in their country to 50 km/h [2–4]. Data from in-depth studies are also beneficial
for vehicle manufacturers as they provide information about safety systems functions in
real-world situations. Data from in-depth studies are used to validate safety systems and
analyse their benefits, e.g., autonomous emergency braking [5]. German in-depth accident
analysis data were used to develop the Advanced Automatic Collision Notification (AACN)
system, that estimate injury outcome based on selected crash parameters. An estimation of
injury severity aims at aiding emergency services to decide on appropriate action [6]. Data
from real traffic accidents are used to develop new safety equipment—e.g., by Volvo Trucks,
Audi and Skoda Cars [7,8]. In-depth accident data allows injury mechanism analysis. Many
studies have been carried out regarding the analysis of accidents involving pedestrians
based on the in-depth data [9–12]. The detailed accident analysis, including statistical
modelling, could provide information about factors that significantly influenced injury
severity or accident occurrence [13–17]. In the Czech Republic (CR), the performance of
in-depth analyses follows long-term research carried out from the first half of the 1970s and
the subsequent clinical analysis of accidents that followed on from that in the 1980s at the
Transport Research Institute. At present, in-depth accident analysis is performed as part of
the Czech In-depth Accident Study (CzIDAS) conducted by the Transport Research Centre
(CDV). CzIDAS is carried out in the South Moravian Region, i.e., in the city of Brno and its
surroundings (an area of approx. 7200 km2, containing 1.2 million citizens; Figure 1). The
CzIDAS team at the CDV investigates more than 100 traffic accidents per year.
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Figure 1. Area of the Czech Republic in which the in-depth analysis of traffic accidents is carried out.

For the verification of the applicability of the proposed measures from in-depth studies
at the national or supranational level, the representativeness of in-depth data needs to be
validated. The differences exist between the distributions of variable data from in-depth
studies and national statistics. The distortion of results can be prevented by adjusting the
differences with the aid of a weighting procedure [18]. After the procedure application, the
marginal sums should at least partially correspond to the population. As demonstrated by
the authors of [19], weighting procedures can substantially improve the in-depth accident
data accuracy. Weighting occurs with the aid of one or more auxiliary variables.

This article analyses the situation in the Czech Republic, i.e., the comparison of data
gained by the CzIDAS with national statistics released by the Police of the Czech Republic.
The police statistics cannot contain all information about the course of an accident. The
system used to categorise the causes of traffic accidents primarily expresses the legal aspect
of their origin, i.e., it first and foremost determines who is responsible for causing the traffic
accident through a violation of the law. In connection to the initiatives for worldwide
harmonisation of in-depth data, it is necessary to find and propose methodology with
the described procedure and minimum knowledge requirements for detailed national
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statistics, that could be reproduced in other countries carrying out the in-depth studies. In
some countries, due to strict legislation, obtaining detailed national accident data could
be problematic.

The article will present the data collection method used, the selection of the popu-
lation and the chosen weighting method. The resulting similarity or dissimilarity in the
distribution of data sets will be tested so that during future research, variables not included
in official statistics can be applied to the whole population of accident data.

2. Methods
2.1. Selection of Investigated Accidents

A representative sample is a sample whose results can be generally applied to a wider
population [20]. A representative sample should reflect the characteristics of the population
from which it has been taken, or the difference between the sample and the population
should be as low as possible [21]. There are two ways in which a sample can be obtained.

The first method is to take the sample randomly from the investigated population—
probability sampling. With probability sampling, every member of the population has
the same probability of being selected; examples of this type of sampling include simple
random sampling, stratified random sampling and group sampling. The random nature of
probability sampling guarantees the representativeness of the sample.

The second sampling method is nonrandom—nonprobability sampling. There are
various examples of such a method, including quota sampling, snowball sampling and
convenience sampling, which are all methods that do not fulfil the condition of randomness.
To predict the population behaviour from the sample behaviour, the structure of that sample
must imitate the population composition as precisely as possible. Methods enabling a
representative sample to be obtained even from nonprobability sampling are currently
under constant development.

As part of the CzIDAS, selected traffic accidents occurring in the South Moravian
Region with personal injuries (at least one injured participant) are analysed. The twelve-
hour shifts are planned every month so that every individual day (Monday–Sunday)
and both periods (nighttime and daytime) is covered during the month. The accidents
announced on these days are included in the accident selection. The coverage of individual
days during the month by shifts allows the simple and random sampling of accidents
involving injuries in the South Moravian Region. The data from 1145 traffic accidents
were collected in 2011–2019 by the CzIDAS team in South Moravian Region. The accident
population constitutes of all accidents from South Moravia with personal injuries. The
population of accidents with injuries from the South Moravian Region in 2011–2019 contains
20,318 entries. The national Police database of accidents contains in total 189,291 accidents
involving injuries in the same period (2011–2019).

If the population were taken as all accidents involving injuries that occur throughout
the Czech Republic, it would not be possible to achieve a truly random sample. Due to the
data collection process, the whole population of accidents involving injuries would have to
be from the South Moravian Region. Accidents that did not occur in the South Moravian
Region would not have a chance of being sampled, i.e., it would be a nonprobability
sampling process. Specifically, our data set would constitute a “convenience sample”
where is not representativeness guaranteed [22].

2.2. The Road Network in the Czech Republic

The road infrastructure in the Czech Republic comprises motorways and standard
roads, which can be divided into classes according to their importance—national roads,
regional roads and local roads. The total length of all the roads and motorways in the Czech
Republic is approximately 130,700 km (of which local roads account for 57%). In the South
Moravian Region, there are approx. 10,700 km of roads (of which 58% are local roads).
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2.3. Weighting Methods

Various weighting methods exist, including cell-weighting, poststratification, raking
and hypercube weighting. Cell weighting will be more accurate as every cell is given an
accurate target. However, in practice, it is almost impossible to derive accurate targets for
most of these cells. Hypercube clustering is frequently used to identify weighting factors,
but small sample or empty cells in datasets are problematic. Poststratification tends to
result in smaller variance estimates, can improve the efficiency of estimators and correct for
differential nonresponse across strata, but need enough data in each poststratum. Raking is
generally less accurate—the main advantage is higher flexibility in the amount of required
information [23–28].

Weighting is widely used to compare the conclusions of individual in-depth projects
with each other—e.g., comparison of data from India (RASSI data) with US NASS-CDS
data (maintained by the NHTSA) [29] or the comparison between data from the European
Motorcycle Accident In-Depth Study (MAIDS) and the UK On The Spot (OTS) study [30].

A current trend is to render the conclusions derived from in-depth data applicable at
the European or even global level. The aim of studies has also been to analyse the possi-
bilities for the extrapolation of national data (e.g., GIDAS) to European level data [31,32].
Data from GIDAS has good predictive power, particularly in the case of severe accidents
(accidents with at least one severely or fatally injured person), though the same quality
was not achieved for minor accidents (i.e., accidents with uninjured or slightly injured
participants) [32].

The comparison of the motor-vehicle accident risk of EU and US vehicles was also
carried out with the aid of weighting. In the first step, each in-depth national dataset was
weighted to represent that country, using weights and weighting approaches developed
specifically for those datasets, while in the second step, EU weighting factors were derived
by the application of decision tree categories. The total weights for the description of
the EU standard population through the in-depth data samples were computed by the
multiplication of the national and EU weights [28].

As demonstrated by many of the abovementioned studies, the weighting methods
as same as variables used for weighting differ, due to the different methodology of data
collection in presented papers. Variables used for comparison need to have the same
categories in both datasets—especially using injury severity could be problematic, although
they have been used in some studies. Information about injury may be distorted unless
the participant gives consent to provide medical data. Data from in-depth also use more
accurate injury data—classification system AIS or ISS.

2.4. The Raking Procedure

The raking procedure is a commonly used method. Its main advantage is that it
requires less information about the population (one does not have to know all combinations
of characteristics, though one needs to have crosstab tables available for the population
source). This method can also be used for smaller samples. The raking procedure alters
an unbalanced sample via the correction of the sample sum (and proportion) with known
sums in the population using the marginal distribution of weighted variables in cases
where the full cross-classification of these variables is unavailable or impractical. Raking is
more flexible when several variables used at once.

An iterative proportional fitting algorithm was originally designed by Deming and
Stephen [33,34] was used to estimate the raking weights. The algorithm sets the initial
weighting factors wi for each cross-classification term to wi = 1, i = 1, 2, . . . , n and alters the
weighting factors for the first cross-classification term so that the weighted sample becomes
representative in relation to the population for that cross-classification. The resulting
weighting factors are similarly altered for the next cross-classification term. This disturbs
the representativeness of the other cross-classification terms, and so the process is repeated
successively for every cross-classification term until the weighting factors converge [35].
The convergence of this approach was discussed in [36,37].
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The presented procedure can be described more closely using two variable cross-
classifications of the sample, which has J rows and K columns. The sums of the rows and
columns are then labelled as mj+ and m+k; j = 1, . . . , J; k = 1, . . . , K. The population
sums are labelled in the same way, as Tj+ and T+k. The first steps of the IPTF algorithm are

m(1)
jk = m(0)

jk

 Tj+

m(0)
j+

 ( f or each k within each j), (1)

m(2)
jk = m(1)

jk

 T+k

m(1)
+k

 ( f or each j within each k). (2)

The adjustment factors Tj+
mj(0)+

and T+k

m(1)
+k

are applied to the individual weights. The gen-

eral formula for individual iterations s = 0, 1, . . . can be written in the following manner:

m(2s+1)
jk = m(2s)

jk

 Tj+

m(2s)
j+

, (3)

m(2s+2)
jk = m(2s+1)

jk

 T+k

m(2s+1)
+k

. (4)

The above procedure of adjusting one dimension at a time is repeated until the cell
estimates converge.

DeBell and Krosnick [38] provide recommendations regarding the selection of the
variable to be used in the raking procedure. A set of variables should be chosen that
have been measured with low error and a low quantity of unknown data, and which are
simultaneously comparable with data from reliable sources, such as the Police of the Czech
Republic [36]. Weighting should also be used if fundamental differences are observed
between the distributions of sample and population categories (higher than 5%). If the
differences are lower than 2%, weighting is not necessary. The algorithm used in the raking
procedure was created in the programme R using the Anesrake library [39,40].

2.5. Design Effect

A disadvantage of weighting is that it lowers the precision of estimates, which conse-
quently has the effect of raising the dispersion of the estimate. This design effect caused by
weighting can be substantial, but should not exceed 1.5. If the design effect is greater than
1.5, calibration may cost too much in terms of efficiency (standard errors). The design effect
should gain values that are close to 1. The design effect is used to estimate the effectiveness
of weighting methods on a sample and gives us an idea about weighting loss, i.e., growth
in the variance of the sample estimation in the raking procedure [41]. Loss is calculated
as follows:

Lw(y) ≈
σ2(w)

w2 =

(
∑n

i = 1 w2
i

(∑n
i = 1 wi)

2 · n

)
− 1, (5)

where wi labelled weighting factors for each i = 1, 2, . . . , n.

3. Results

The raking weights are determined using the following variables as weighting factors:
The accident site road type (five categories), accident time (four categories) and injury
severity (three categories). The accident daytime (day or night) was used as a test variable
to determine the weighting impact. The following graphs compare CDV and police data
on traffic accidents in the South Moravian Region (SMR).
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The largest proportion of accidents in the South Moravian Region occur on local roads
(Figure 2). With regard to the sample size, the accident frequency on local roads is similar
in CDV and police database. The total difference between the distributions was evaluated
via the chi-squared test (χ2 = 35.080, df = 4, p-value = 0.000 < 0.05). The p-value lower than
0.05 shows the existence of a major difference between the distributions. The probability
that the observed differences and dependences arose by chance is lower than 5%.
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Figure 2. Comparison of police data on accidents involving injuries in the South Moravian Region for individual roads (a)
with accidents investigated by the CDV (b) (2011–2019).

Figure 3 shows that around 3/4 of all accidents occurs between 06:00 and 18:00. The
chi-square test indicates statistically significant differences (χ2 = 68.441, df = 3,
p-value = 0.000 < 0.05). One of the biggest data sets differences is for the morning pe-
riod between 06:00 and 12:00, where there is a 9% difference between the distributions.
Another marked difference (6%) is for the nighttime period between 00:00 and 06:00. The
distributions difference proved the chi-squared test.
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Figure 3. Comparison of police (a) and CDV data (b) on the time of day when accidents took place in the South Moravian
Region (2011–2019).

The Figure 4 illustrate the comparison of the injury severity (Chi-squared test (χ2 = 58.888,
df = 2, p-value = 0.000 < 0.05)). Minor injuries are slightly underestimated in the Czech
in-depth study database, due to the arrival time of investigation time at the accident place.
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Accidents with only very minor injuries (e.g., abrasions) are often investigated by Police
quickly, before the research team arrival.
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The weights used in the raking procedure converge when the variables stated in the
previous section are used, and the resulting design effect is 1.15. The loss during the use
of the weighting method is thus Lw = 0.15. The resulting weights vector is in Table 1.
These weights compensate for the deviation between the distributions of accidents in the
population and the sample. For example, for class II roads from 00:00–06:00 and slight
injury, the resulting weight is 2.51, which means that in the CDV sample were relatively
fewer accidents for this group than in the whole population. The accidents representation in
this group is for this reason adjusted by the aforementioned weight. For class III roads from
06:00–12:00, the resulting times are lower than 1, which suggests oversampling occurred
compared to the population. For these groups, correction is performed in the opposite
direction. The largest correction for all types of road occurs at a time from 00:00 to 06:00,
when there are a low number of accidents compared to the other times.

Table 1. The resulting vector of weights for every cross-classification term.

Injury Severity Accident Time
Weights

Motorway Class I Road Class II Road Class III Road Local Road

Slight

00:00–06:00 1.67 2.55 2.51 1.50 1.93
06:00–12:00 0.70 1.06 1.05 0.63 0.81
12:00–18:00 0.91 1.38 1.36 0.81 1.05
18:00–00:00 1.29 1.97 1.94 1.15 1.49

Severe

00:00–06:00 - 1.63 1.61 - 1.24
06:00–12:00 0.45 0.68 0.67 0.40 0.52
12:00–18:00 0.58 0.89 0.87 0.52 0.67
18:00–00:00 0.82 1.26 1.24 0.74 0.95

Fatal

00:00–06:00 0.86 - 1.30 0.77 -
06:00–12:00 0.36 0.55 0.54 0.32 0.42
12:00–18:00 - 0.72 0.71 0.42 0.54
18:00–00:00 - 1.02 1.00 0.60 0.77

Complete convergence was achieved after 15 iterations.
The resulting weights are then applied to each record so that the representativeness

of the data rises, while accidents occurring at each time and on each type of road and
each injury severity corresponded with their known occurrence in the population. For
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the weighting effect determination, the resulting weights were tested using the variable
accident daytime (day/night). Subsequently were the resulting weighted values compared
with the known police data for the SMR presented in Table 2.

Table 2. Resulting weighted values for the accident daytime variable in the South Moravian Region.

Police Data for the SMR Unweighted CDV Data Weighted CDV Data

Number of
Accidents

Percentual
Representation

Number of
Accidents

Percentual
Representation

Number of
Accidents

Percentual
Representation

Night 4232 20.8% 170 14.8% 225.6 19.7%
Day 16,086 79.2% 975 85.2% 919.4 80.3%

Σ 20,318 100% 1145 100% 1145 100%

CDV vs. Police chi-squared test (χ2 = 23.788, df = 1, p-value = 0.000 < 0.05). Weighted CDV data vs. Police chi-squared test (χ2 = 0.784,
df = 1, p-value = 0.376 > 0.05).

The comparison of the unweighted CDV data and the police data shows a difference
of around 5%. After applying the weighting method is the difference lowered to only 1%,
so the weighting produced the desired effect. The findings need to be statistically verified
via a test applied to the accident location variable.

When comparing the distributions of accident locations in the unweighted CDV data
and police data using the chi-squared test, it was discovered that a substantial difference
exists between these distributions. The comparison of weighted CDV data and police
data indicate no statistically significant differences (p-value > 0.05). The positive effect of
weighting is thereby proved—proportionally comparable data with Police data for South
Moravian Region have been gained.

The whole process of weighting was also applied using police data from the whole
Czech Republic (CR) using CDV data from the South Moravian Region. The process
described above is displayed in Figure 5.
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Analogously when the unweighted CDV data is compared with police data from
the whole CR, there is a visible difference (5%), which is verified by the chi-squared test
(p-value < 0.05). After weighting, the difference is only 0.1%, which is also proved by the
chi-squared test p-value (Table 3).
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Table 3. Resulting weighted values for the accident daytime variable in the Czech Republic.

Police Data for the CR Unweighted CDV Data Weighted CDV Data

Number of
Accidents

Percentual
Representation

Number of
Accidents

Percentual
Representation

Number of
Accidents

Percentual
Representation

Night 38,892 19.5% 170 14.8% 222.1 19.4%
Day 150,399 79.5% 975 85.2% 922.9 80.6%

Σ 189,291 100% 1145 100% 1145 100%

CDV vs. Police chi-squared test (χ2 = 22.671, df = 1, p-value = 0.000 < 0.05). Weighted CDV data vs. Police chi-squared test (χ2 = 0.934,
df = 1, p-value = 0.334 > 0.05).

4. Discussion and Summary

Although a number of countries (Germany, Britain, Spain, Belgium, Finland, etc.)
carry out an in-depth accident analysis, very few of them deal with the question of the
obtained data representativeness. The applicability of measures from in-depth studies at
the national and supranational level needs to be determined whether that data is sufficiently
representative. The weighting methods and also variables used for weighting may differ,
due to the different methodology of data collection. The main aim of the article is to
verify the representativeness of Czech In-Depth Accident data and to discover suitable
methods that enable the general application of measures suggested by the very detailed
analysis of traffic accidents to the whole population of accidents in the Czech Republic.
The raking procedure was used for the weighting because this method has an advantage
over poststratification methods when dealing with data from relatively small sample size
and offers the option to incorporate more variables [27].

Weighting is performed using one or more selected auxiliary variables. For the com-
parison, it is necessary to find compatible variables that have the same categories and
low quantity of unknown data and are simultaneously comparable with Police accident
data. This approach enables the minimisation of errors. Some of the categories of vari-
ables in the CzIDAS database are more detailed than those from the police database and
need to be grouped when comparing the two databases. The variables road type (five
categories), accident time (four categories) and injury severity (three categories) were used
as weighting factors. Firstly, only two variables (road type and accident time) were used
for weight determination. The injury severity addition leads to more accurate results in
fewer iterations. The accident daytime period (day/night) was used as a test variable upon
which the influence of weighting was tested. The resulting weighted values were then
compared with known police data.

This is the first study that confirms the usability of proposed measures from the Czech
in-depth study to the national level using a similar assumption as Lavallé and Hautzinger
used, that the weighting procedure would prevent distortion of results [5,17]. The resulting
comparison shows that the weighted data collected by the CzIDAS team are comparable
with police data, both from the South Moravian Region and from the whole CR. After the
data sets weighting, the difference between the police data and the data from CzIDAS is
only 1%. It was also demonstrated, just as in [19], that weighting fundamentally improved
the CzIDAS data precision. The difference or similarity between distributions proved the
chi-squared test.

Data from the Czech in-depth study is currently used to provide road safety campaigns
and preventive activities in road safety. The results obtained in this paper confirm the
applicability of Czech in-depth data into the National Road Safety Strategy and other
government documents related to road safety. Based on the in-depth analysis of selected
accident risk sites were some of the accident locations adjusted. Moreover, the effectiveness
of some proposed countermeasures could be calculated using in-depth data, e.g., reducing
fatalities with regard to the new vehicle safety system. Police reported accident data mostly
does not include information about safety systems or vehicle identification number (which
could be linked with vehicle safety system), so the determination of this benefit is limited.
Vehicle identification numbers involved statistics, e.g., in selected states in the USA [42].
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Based on the proposed methodology, the applicability of measures based on the Czech
in-depth study was verified on a national level. For the applicability of CzIDAS measures
to the supranational/European level, further research activities need to be realised. The
limitation of this study primarily lies in comparison with regard to the selected variables.
For the comparison were used only variables contained in both datasets and variables with
a low rate of uncertainty. It was not possible to carry out a comparison for more variables,
because of the different structure of both data sets and the possibility of dissimilarities
arising between the gained variables due to the different methods used in their collection.
One of the other possible uses of weighting methods is the expansion of CzIDAS data to
the population and variables not collected by the Police of the Czech Republic.

5. Conclusions

The final comparison of the CzIDAS database with that of the Police of the Czech
Republic shows that the data collected by the CzIDAS team are comparable with police
data. Moreover, the Czech in-depth database concerning its size is representative, and
the conclusions and recommendations obtained from the in-depth study can be applied
on a national level. This allows investigators to move beyond that which is possible with
normally available data from police statistics and supplement them with additional findings
that factually characterise the circumstances and causes of traffic accidents. Detailed data
about human factor failure (e.g., causes of inattention not included in Police statistics),
vehicle technology (e.g., airbag or safety features in a vehicle not included in Police statistics)
and infrastructure (e.g., most common infrastructure design errors) can be interpreted
and generalised on the whole accident population. As shown by some of the previous
research activities (e.g., GIDAS), the applicability of in-depth data, e.g., enables calculation
of the reduction of the fatal consequence when implementing new legislative regulation or
obligation to an equipped vehicle with new safety features.

The obtained results could be beneficial not only at the national level in the Czech Re-
public. The applicability of this method on accident data was verified so the method can be
applied also in other countries or can be used to verify the applicability of conclusions from
the Czech in-depth study also on a European or worldwide level. New proposed measures,
based on future CzIDAS research activities, will react to the real causes of accidents in a
much more sensitive manner and eliminate them with better-targeted approaches.
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