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Abstract: The incidence of road traffic accidents in Polaachains significantly high. When compared to therage
levels recorded across European Union (EU) mentatrss Poland's rate is approximately 1.3 timeatgreThe COVID-
19 pandemic contributed to a temporary reductiaoad accidents. The primary objective of this gtisdo forecast the
number of road accidents in Poland under varyingtier conditions. The analysis is based on moitdydent data for
the years 2007-2021, obtained from national pakmmrds. Using this historical data, projectionstfe years 2022-
2024 were developed. The findings suggest thapigeminor downward trends, the level of road feafficidents is
likely to remain comparable to pre-pandemic pa#teltis important to note, however, that the pamdéhas introduced
distortions that may affect the accuracy of thedast. The predictive analysis was conducted itis8ta using selected
time series models. Forecasts for 2022-2024 retatthe majority of accidents are expected to pooder favorable
weather conditions, with an average of 24,342 mwisl This is likely associated with increasedfitrafolume during
such conditions. Nevertheless, extreme weathetepase heightened risks: heavy rainfall can leastmany as 4,347
accidents, while strong winds may contribute tda2,880 incidents. Additionally, intense sunlighihrough reduced
visibility—accounts for an average of 4,150 acctdeannually. Although fog and snowfall are lessjfient (averaging
109 and 352 incidents respectively), they repregeritcularly hazardous conditions due to comprechi®ad traction.

1 Introduction databases. Once collected, the information is often

Road accidents are incidents that result not only £ompiled and analyzed at a broader scale within the
injuries or fatalies among road users but also ifansport sector [6]. _
significant property damage. According to the World Today, intelligent transportation systems (ITS)ypia
Health Organization (WHO), approximately 1.3 mitiio Vital role in the collection and analysis of roactident
people lose their lives each year due to roadirafashes. data. Modern vehicles equipped with GPS devicesrges
In many countries, road accidents account for g%t of ~ continuous data streams [7]. Additionally, microeav
their gross domestic product (GDP). Furthermorey th Vehicle detection systems installed on roadwaysucap
remain the leading cause of death among childreh atiformation such as speed, traffic flow, and vehigipes
young adults aged 5 to 29 [1]. In response toghisal [8]. License plate recognition technologies furtagpand
challenge, the United Nations General Assembly hdRe capacity to gather traffic data over time [Spcial
adopted an ambitious goal: to reduce road traffiatils Media can also serve as an unconventional dat@esour
and injuries by half by the year 2030. though the accuracy of this information is oftenited due

The severity of a traffic accident is a key factor to0 the inexperience or unreliability of individugissting
assessing its consequences. Accurate predictarciafent  Such content [10]. o _
severity is crucial for authorities aiming to deel In order to ensure the accuracy and reliabilityraffic
effective traffic safety policies designed to pretverashes, accident analyses, it is essential to integrateranodncile
minimize fatalities and injuries, and reduce matddsses data from multiple sources. The combination of
[2,3]. Identifying critical determinants of accideseverity ~heterogeneous datasets significantly enhancesuiéyq
is a fundamental step in formulating countermeastirat  Of the resulting insights [11].
can mitigate or eliminate severe outcomes [4]. His t  Vilaca et al. [12] conducted a statistical analysised
context, Yang et al. proposed a multi-node deepateuat evaluating accident severity and establishing
network (DNN) framework to predict varying level§ o relationships between crash types and the chaistitteof
injury severity, fatalities, and property damagehisT Fhose |.nvolved..The|r study offered recommendatrh;ms
approach facilitates a comprehensive and preci§@proving traffic safety standards and related joubl
assessment of accident severity [5]. policies. Similarly, Bak et al. [13] analyzed tiafsafety in

Accident data are typically obtained from varioug selected region of Poland by examining accidenhts
sources, most commonly collected by governmentahd underlying causes. The research employed
agencies_ These data are gathered from po"ce mCidmuItivariate statistical methods to assess the t)safe
repor[S, insurance company recordsl and hospit@haViorS of those responsible for accidents.
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The selection of accident data sources for analysis A novel approach involves using the Hadoop
largely depends on the specific traffic safety pgobunder framework, as demonstrated by Kumar et al. [4@fcalgh
consideration. Incorporating statistical modelshglavith  this method is not well suited for small dataset&]|
real-world driving data or intelligent traffic sygsh outputs Karlaftis and Vlahogianni [34] applied the GARCH ded,
helps improve the accuracy of forecasts and suppowthich, while powerful, is computationally complercda
effective accident prevention strategies [14]. difficult to calibrate [42,43]. Mcllroy and colleags used

A variety of forecasting methods are found in théhe Augmented Dickey-Fuller (ADF) test [44], altiybuits
literature. Among them, time series models arentimst effectiveness can be limited by low statistical powhen
widely used for predicting accident counts [15,16]detecting autocorrelation in the error terms [45].
However, such methods have limitations, includihg t Data mining techniques have also been used todstrec
inability to evaluate the quality of prior forecastnd the accident frequency [46,47], though they may produce
presence of autocorrelated residuals [17]. Prochétlal. overly general or ambiguous outputs due to theraelof
[18] applied a multi-seasonality model for foregagt unstructured data [48,49]. Some researchers, imgud
while Sunny et al. [19] utlized the Holt-Winters Sebe et al. [50], propose combining multiple models
exponential smoothing technique. Nevertheless, etheanhance predictive performance. Parametric models a
models often lack the capacity to incorporate eroge another alternative, as outlined by Bloomfield [51]
variables [20,21]. Research on the impact of weather on forecastiag th

Vector autoregressive (VAR) models, though effextiv number of traffic accidents in Poland is importhetause
require a large number of observations to estimateeather significantly affects driving safety. Dovanyps,
parameters reliably [22]. Other autoregressivertegles snow or fog increase the risk of collisions, sotdyet
have also been used, such as the models by Moneidglro forecasts will help alert drivers and services. sThiill
[23] and Al-Madani [24], which were applied to fitta reduce the cost of accidents - rescues, traffis jand road
prediction. Regression curve-fitting models are oalsrepairs.
employed, though they typically assume simple linea Today, the climate is changing - violent storms and
relationships [25] and require that the seriesthosiary glaze are more common in Poland, so up-to-date idata
with an appropriate autoregressive order [26]. needed. Police and road managers could use swetiagis

Biswas et al. [27] employed a Random Foredb better manage traffic, such as sending morelgatio
regression model for traffic accident predictiorhisT dangerous areas.
method, while capable of handling groups of cotesla In addition, Poland can learn from Western cousjrie
features, often favors smaller feature subsets iand where weather warning systems are more developad. N
sensitive to variations in input, which may resuit technologies, such as artificial intelligence, wiiklp
instability and overfitting in peak predictions [28]. predict dangers more accurately. As a result, wafad
Chudy-Laskowska and Pisula [30] tested an autossiye  traffic flow will improve.
guadratic trend model, a univariate periodic tremutel, Therefore, the purpose of this article is to depeda
and an exponential smoothing model. Moving averagedaptive model for forecasting the number of teaffi
models, though simple, suffer from limitations sashiow accidents in Poland, taking into account meteoiolig
accuracy, data loss within sequences, and pootingraf  variables such as precipitation, temperature asithility,
trends and seasonality [31]. in order to improve the accuracy of predictions.

Prochazka and Camej [32] implemented the GARMA
method, which imposes constraints on parameteresjoac 2 M ethodology
ensure stationarity. ARMA models are commonly Used A substantial number of fatalities continue to acon
Stationary series, while ARIMA and SARIMA are sdite Polish roads. A|though a gradua| year-over-yeaﬂimC
for non-stationary data [19,32-34]. These models ahas been observed, the overall figure remains aigtyn
highly flexible but can be challenging to identi§nd high. While the COVID-19 pandemic temporarily reeldc
interpret without extensive expertise [35]. Furthere, the number of road accidents, the incidence remains
ARIMA models are inherently linear, which limitseh  significantly elevated. A monthly analysis of thata
applicability to nonlinear phenomena [20]. reveals distinct fluctuations, though the overa#nt

Chudy-Laskowska and Pisula [36] also used ANOVAndicates a continued decrease in accident frequenc
for forecasting accident counts. While informati¥Ris  pespite this, Poland still reports a consideratiyhér
method requires additional assumptions, such @agimber of accidents compared to the European Union
sphericity, the violation of which may lead to reastling  average.
conclusions [37]. Artificial neural networks (ANNsye The data also show that the lowest number of antsde
increasingly utilized for forecasting in this domai tends to occur during foggy conditions, likely doemore
However, they demand specialized knowledge, aggutious driver behavior and reduced speeds. Itrasin
sensitive to initial conditions, and are ofteniciited as the highest accident rates are observed duringwhﬁher
"black-box" models due to their lack of interpreli  conditions, possibly due to increased traffic voduand
[36,38,39]. riskier driving behavior. These findings highligkte

importance of implementing targeted measures tihdur
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reduce accident rates and to identify the specifiwitions generated using 15 exponential smoothing modeksrwit

under which accidents are most likely to occur (Fégl). the Statistica software environment. Subsequeiotlgcast
The literature review and methodology for this gtuderrors were calculated for each model. The modgdliyig

proceeded as follows: Based on statistical dateigeed by the lowest forecast error was selected as the acostrate

the Polish Police concerning road accident frequender predictor of future accident trends.

varying weather conditions, a set of forecasts was
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Figure 1 Number of accidents in Poland from 2007 to 2021

The variability in the number of road accidentsemd  Furthermore, the analysis confirms a consisteritraec
different weather conditions was assessed using thethe average number of road accidents over thdiest
Kruskal-Wallis test. In this analysis, the testistec was period. There is also a distinct variation in aeaid
133.8816 with a significance level of p = 0.000.e3& frequency relative to weather conditions: the hgghe
results provide strong evidence to reject the mgplothesis number of accidents occurs during favorable weather
of equal mean accident levels across weather d¢ongit while the lowest number is observed in adverse lvezat
Thus, it can be concluded that the average nunfread conditions. This trend is likely attributable to rao
accidents significantly differs depending on thevailing cautious driving behavior during poor weather, sash
weather. reduced speed and heightened attention (Figure 2).
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Figure 2 Comparison of the average number of road accidentsin Poland by weather conditions

Based on the analysis of the number of road actsderanalysis, selected time series models were used to
in Poland, it can be concluded that they are sedson determine the projected number of road accidentfién
nature with a downward trend. Therefore, for furtheanalyzed period depending on the prevailing weather
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conditions. Weather conditions were divided int@ thwhere:

following categories: n — the length of the forecast horizon,
- good weather conditions, Y — observed value of road accidents,
- fog, smoke, Y, — forecasted value of road accidents.
- precipitation,
- snowfall, hail, In order to compare the number of accidents dusing
- blinding sun, pandemic and if it did not exist, the mean absolute
- cloudy, percentage error was minimized. To forecast thebaurof
- strong wind. accidents depending on the prevailing weather tiomdi
data from the Polish Police from 2007-2021 was u$hd
3 Forecasting the number of road forecast results for the prevailing weather coodsi are
accidents shown_ in Figures 3-9. The different forecasting hds
To forecast the number of traffic accidents, seigct USed in the study are coded M1, M2....., Mn. The

exponential smoothing models were employed. Thigrecasting t_echmques used in the stu_dy are fmisi

method involves representing the time series of the M1 - moving average method 2-points,

forecasted variable using a weighted moving average M2 - moving average method 3-points,

where the weights decline exponentially for past M3 - moving average methoq 4-points,

observations. These weights were optimally detezthlyy M4~ - gxponentlal smoothing no trend seasonal

the Statistica software, in which the analysis wagomponent: none, .

conducted. The forecast is thus based on a weighted M5 - gxpongntlal smocthing no trend seasonal

average of both current and historical data poifite Ccomponent: additive, .

accuracy of the forecast produced using this meikod M6 - gxpon_er?tlal_ smoothing no trend seasonal

highly dependent on the selection of the specifidetand component: multlpll_catlve, . .

its parameter settings. M7 - exponential smoothing linear trend seasonal
The following errors of expired forecasts deterrding COMPonent: none HOLTA, . .

from equations (1-5) were used to calculate measofe M8 - exponential smoothing linear trend seasonal

analytical forecasting perfection: component: add'“"?' . .
«  ME — mean error M9 - exponential smoothing linear trend seasonal
1o component: multiplicative WINTERSA,
ME =2 i=1(Yi_Yp) (1) M10 - exponential smoothing exponential seasonal
* MAE —-mean everage error component: none,
MAE =X ?=1|yl. _yp| 2) M11 - exponential smoothing exponential seasonal
+ MPE —mgan percentage error component: addmve! . .
1 Yi-Y, M12 - exponential smoothing exponential seasonal
MPE = -2, Yip 3) component: multiplicative,
«  MAPE - mean absolute percentage error M13 - exponential smoothing fading trend seasonal
1an VYl component: none,
MAPE = 2.i= Y; (4) M14 - exponential smoothing fading trend seasonal
* MSE - mean square error component: additive., . -
MSE =% (v, —Yp)z (5) M15 - exponential smoothing fading trend seasonal

component: multiplicative).
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Figure 3 Forecasting the number of traffic accidents during good weather conditions from 2022 to 2024
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Figure 6 Forecasting the number of traffic accidents during solar glare from 2022 to 2024
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Figure 7 Forecasting the number of road accidents during snow and hail storms from 2022 to 2024
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Figure 8 Forecasting the number of road accidents during high winds from 2022 to 2024
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Figure 9 Forecasting the number of traffic accidents during fog, smoke in 2022-2024

Based on the results obtained, it can be conclttigd selected as the best forecasting methods for eacbfdhe
not all of the applied forecasting methods proviéeicive  week:

for the case under study. In the subsequent step, t - Good weather conditions - M5
forecasting model with the lowest Mean Absolute - Overcast - M12

Percentage Error (MAPE) was identified and preskate - Rainfall - M10

the most accurate method. The following methodsewer - Dazzling sunshine - M14
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- Snowfall, hail - M8
- Strong wind - M1
- Fog, smoke - M12

The results indicate that traffic accident levele a
expected to remain similar to those observed padhe
COVID-19 pandemic, with only a slight decline. Hoxee,
it is important to acknowledge that the pandemis ha

The analysis of the obtained data suggests that timtroduced anomalies that may have affected tharacyg
effectiveness of the forecasting method dependshen of the forecasting models. A MAPE value of 10%aweér
prevailing weather conditions. In most cases, twebt is considered indicative of an effective forecagtimethod.
MAPE values were achieved using exponential smogthi An exception was observed in the case of sun dfare,
techniques. Based on these results, a forecast ofimber which all methods produced relatively high errotues,
of traffic accidents under varying weather condisiavas likely due to greater variability and unpredictéiln such
generated and is presented in Figure 10 and Tallleéel conditions.
corresponding forecast errors are summarized iteTab
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Figure 10 Optimal forecast number of road accidents depending on weather conditions in 2022-2024

Table 1 Forecast values
Road Good . Blinding | Snowfall. .
. weather Cloudy Rainfall ; Strong wind | Fog. smoke
accidents o un hail
conditions
maxy 30224.9i 990.8! 4346." 8417.7. 639.5¢ 12879.! 272.6¢
min 15830.1! 36.2¢ 134.¢ 2960.1: 164.2: 2176. 23.¢
Average 24342.42. 300.526. 1242.33 4150.04 351.643! 5746.47. 108.918:
Table 2 Forecast errors
forecast error/ Good -
weather weather Cloudy Rainfall Blinding Snow_fall. Strong wind Fog.
L L sun hail smoke
conditions conditions
ME 291.4¢ 311.4¢ 1727.7: 24.3: 1.11 258.4’ 51.01
M PE 2461.4¢ 434.7; 2113.5: 935.3¢ 290.3( 2271.7. 71.61
M SE 10166119.8 | 1217794.3 | 7987983.3 | 2554231.6 | 243922.0 | 11503810.3 | 15540.1.
MAPE [%] 0.37 3.3¢ 20.4( 155.3¢ 6.6( 10.2¢ 0.0z
MAE [%] 11.5¢ 78.1¢ 57.0¢ 952.1: 110.4: 42.4; 60.37

The road accident forecast for 2022-2024 shows that Based on the study, it can be concluded that tigeda
most incidents occur in good weather conditions322 errors are observed in rainfall and strong winadicating
on average), due to higher traffic volumes. Howgvethat the model has difficulty predicting accidents
extremes are dangerous: during a downpour (maxk74,3extreme conditions. The smallest errors are obdeive
accidents) and strong winds (max. 12,880), the nigks good weather conditions and fog/smoke, suggestiay t
sharply. The blinding sun causes an average of04,18he model is reasonably accurate under stable Gomsli
accidents, mainly through reduced visibility. Fogda
snow, although less frequent (109 and 352 accidemts Detailed analysis by weather conditions:
average), are particularly dangerous due to lop. gri a) Good weather conditions
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Low MAPE (0.37%) and MAE (11.58%) - the modeleffectiveness of the selected forecasting methodsept

performs very well. for one outlier.
High MPE (2461.46) - may indicate systematic The traffic accident forecast presented in thiggan
underestimation of accidents. serve as a foundation for future policy developnadmied
b) Overcast at reducing accident rates in the analyzed regiéms.

Moderate MAPE (3.36%), but high MAE (78.16%) -example of such a measure is the introduction raftet
model performs well under overcast, but absolutereare penalties for traffic violations in Poland, whichrge into
significant. effect on January 1, 2022,

¢) Rainfall In their future research, the authors plan to ipocate

Very high MSE (7987983.38) and MAPE (20.40%) -additional variables that influence accident freguein
model has great difficulty predicting accidentsidgrain. Poland. These factors may include traffic volumey df

High ME (1,727.71) - strong overestimation of theghe week, and the age of the accident perpetratoong
number of accidents. others.

(d) Blinding sun

Extremely high MAPE (155.35%) and MAE References
(952.11%) - the model completely fails under suchy] WHO: The Global status on road safety, [Online],

conditions. Available: https://www.who.int/publications/i/ite@7
Low ME (24.32) - errors may be tolerable, but the 89241565684 [24 Aug 2024], 2018.

spread is huge (high MSE). [2] TAMBOURATZIS, T., SOULIOU, D., CHALIKIAS,
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Relatively low MSE (243922.08) and MAPE (6.60%), efficiency of traffic accident prediction combining
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