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Abstract

:

The use of an inconsistent speed limit determination method can cause low speed limit compliance. Therefore, we developed an objective methodology based on engineering judgment considering the traffic accident rate in road sections, the degree of roadside development, and the geometric characteristics of road sections in urban roads. The scope of this study is one-way roads with two or more lanes in cities, and appropriate sections were selected among all roads in Seoul. These roads have speed limits of the statutory maximum speed of 80 km/h or lower and are characterized by various speeds according to the function of the road, the roadside development, and traffic conditions. The optimal speed limits of urban roads were estimated by applying the characteristics of variables as adjustment factors based on the statutory maximum speed limit. As a result of investigating and testing various influence variables, the function of roads, the existence of median, the level of curbside parking, the number of roadside access points, and the number of traffic breaks were selected as optional variables that influence the operating speed. The speed limit of one-way roads with two or more lanes in Seoul was approximately 10 km/h lower than the current speed limit. The existing speed limits of the roads were applied uniformly considering only the functional road class. However, considering the road environment, the speed limit should be applied differently for each road. In the future, if the collection scope and real-time collection of road environment information can be determined, the GIS visualization of traffic safety information will be possible for all road sections and the safety of road users can be ensured.
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1. Introduction


1.1. Background and Objectives of Study


In South Korea, 72.1% of traffic accidents and 51.2% of total deaths occurred on urban roads during the past five years (2010–2015) [1]. The annual growth rate of accidents was 1.31% in cities, which is higher than the rate of 0.45% for the whole country. The decrease in the rate of the deaths was 0.22% in cities, lower than the decrease of 3.44% for the whole country.



During the past 10 years (2004–2013) [2], 38% of the total number of traffic deaths in 27 countries of the EU occurred in cities. During the same period, while the number of deaths decreased by approximately 42% the ratio of deaths in cities increased slightly.



Compared to these countries, South Korea has a high ratio of traffic deaths in cities (51.2%), while the decrease rate of deaths in cities is low. Thus, cities and provinces need to make efforts to reduce the incidence traffic accidents.



The 8th National Traffic Safety Basic Plan (2017–2021, Ministry of Land, Infrastructure, and Transport) presents speed control reinforcement measures as a traffic safety promotion strategy. Specifically, the ministry plans to lower the urban speed limits to 50 km/h in principle and to expand roads with 30 km/h or lower speed limits.



Although such policy efforts for traffic safety are timely, there is a problem in that there is no method by which traffic officials in charge of speed control can set a specific speed limit in the field. Since urban roads have various functions and roadside conditions, if the officials in charge establish speed limits based on their experience, intuition, or civil petitions, it is difficult to secure the justification for speed control due to the lack of concrete grounds for it, and decreased confidence in the speed limit can contribute to low compliance rates.



The objective of this study is to develop a model that can be used by traffic officials to easily estimate the optimal speed limit based on objective grounds when they want to establish speed limits for urban road sections using vehicle traffic information big data, as well as to estimate the traffic accident reduction effect.




1.2. Content and Method of Study


A novel method of calculating the speed limit using the traffic volume, road environment information, and accident data was developed to improve the method of calculating the speed limit based on the functional road class.



The subject roads are one-way roads with two or more lanes in Seoul. The contents and process of this study are outlined in Figure 1.



We selected variables that affect the driving speed and developed a speed limit calculation model equation using the correlation between different variables and the development of the adjustment factor of each variable. We also evaluated the effect of the calculated speed limit by applying the effect prediction method presented in the literature.





2. Theory and Prior Studies


2.1. Speed Limit Setting Criteria


2.1.1. Korean Criteria


Article 17, Paragraph 1 of the current Road Traffic Act (28 July 2016), and Article 19, Paragraph 1 of the Enforcement Rule of the same act specify that the statutory maximum speed limit is 60 km/h on general roads, and 80 km/h or less on one-way roads with two or more lanes. The current statutory maximum speed limits in South Korea shown in Table 1.




2.1.2. Overseas Criteria


In Australia, the speed limit for urban arterial roads is 60 km/h in general. However, speed limits of 60 km/h or higher are not generally used in many OECD countries, and 50 km/h is widely used instead. The speed limit is generally 50 km for collector and local roads, and many OECD countries use a limit of 30~40 km/h [3]. The detailed speed limit by country is shown in Table 2.



Most OECD/ITF [4] countries use 50 km/h as the default speed limit for passengers in cities. Low speed limits (typically 30 km/h) are applied to residential areas and near schools. The default speed limit of 60 km/h is applied in Poland, Chile, and South Korea.



Japan [5] established speed regulation standards (12 standards) for general roads in 2009, considering the three factors of traffic accident risk, the existence of median, and pedestrian protection in urban areas based on the results of the “Study on the direction of speed limit decision” in 2009.



The U.S. abolished the 55 mph maximum speed limit, which had been enforced by the federal government since 1974 (April 1995), and delegated authority to state governments so that they could define the speed limits for all roads (urban and regional) (TRB: Transportation Research Board, 1998) [6].



Sweden (WHO, 2008) [7] has set speed limits to prevent deaths and injuries based on the philosophy of ‘Vision zero’ since the 1960s and is benchmarked in Europe as a good example of speed limit establishment.



The WHO (2013, 2015) [8,9] reported that 97 out of 180 countries around the world have urban maximum speed limits equal to or lower than 50 km/h and emphasizes that more countries should introduce 50 km/h as the maximum speed based on its accident reduction effect. In these countries, higher speed limits are applied as an exception to some roads such as urban belt highways. The following Figure 2 shows the classification of the speed limit by country/area.





2.2. Speed Limit Estimation Method


The general speed limit method applies the statutory speed limit to many types of roads and the speed zoning method to roads for which the limit is not appropriate.



2.2.1. Engineering Study Methods


Operating speed method: Most engineering study methods belong to this category. The speed limit is determined based on the 85th percentile speed first and then adjusted in accordance with the traffic conditions and geometric structures. This method is applied to many regional roads.



Forbes et al. [10] stated that the 85th percentile speed reflected the collective judgment that most drivers choose a reasonable speed for the given traffic and road conditions.



Road risk method: This is another engineering study method that sets the speed limit based on the risks associated with the road geometric design and traffic conditions. This method is mainly used in Canada and New Zealand [10].




2.2.2. Optimal Speed Limits


This method was proposed in 1962 by Oppenlander to scientifically limit the vehicle travel speed so that it will be optimal from the social perspective. The speed limit that minimizes socio-economic costs is determined by considering the environmental cost, accident cost, travel time, fuel consumption, etc., so that the travel speed chosen will be optimal in terms of social costs and benefits.



Hossseinlou et al. [11] reported that the optimal speed limit for expressways in Iran from the social perspective was 10 km/h lower than the optimal speed limit from the driver perspective and suggested the following relationship:


Optimal speed limit ≤ maximum speed limit ≤ design speed.












2.2.3. Expert System Approach


This approach determines the speed limit with a computer program using the knowledge base and an inference procedure that simulates the behaviors and judgment of experts. It was first implemented by the Victoria State in Australia in 1987 to create a unified, consistent approach to determining section speed limits.



The U.S. uses an expert system (USLIMITS2) [12] to determine the optimal speed limits in “speed zones”. As a web-based expert advisor system, when data are provided through a user program, it outputs the recommended speed limit and cautions for the given conditions, thus playing an assistive role in setting an appropriate speed limit.




2.2.4. Injury Minimization Approach


This approach determines the speed limit based on the vehicle crash tolerance of the human body. The basic objectives of this method are to set the speed limit to a speed that does not expose users to crash risks that could cause death or serious injuries and prevent cars from traveling above the speed. The speed limit that minimizes injuries by road type is shown in Table 3.



Different speed limit estimation methods are compared in Table 4. In this study, we applied the engineering (operating speed) method.





2.3. Speed and Traffic Safety


The accident rate increases with the speed dispersion, and the speed dispersion tends to become minimized when the difference between the design speed and the speed limit is between 5 and 10 mph on all road types [13,14].



In the relationship between speed and accident rate, the accident rate increases as the speed becomes lower or higher, and the number of accidents causing injuries and property damage increases exponentially with the speed [15,16,17].



The relationship between speed and the number of accidents is either a simple linear relationship or a weak curve function. If the speed is higher or lower than the mean traffic speed, the accident rate increases or decreases proportionally, and the vehicles driving at the mean traffic speed do not have any advantage [18].



High speed means more accidents, and the higher the speed, the faster the frequency of accidents increases with the speed [19,20].



When the mean speed increases by 5%, all injury accidents increase by 10% and fatal accidents increase by 20%; when the mean speed decreases by 5%, the number of accidents causing injuries decreases by 10% and the number of fatal accidents decreases by 20% [21].



The number of accidents causing property damage changes similarly even with small changes in the travel speed, but fatalities increase at four times the rate of speed change [22,23,24,25].




2.4. Motivation and Differentiation of Research


To summarize the related research, travel speed and traffic environment information is needed to estimate the speed limit according to the road and traffic conditions. If the appropriate speed limit is estimated for the road situation, the vehicle-specific speed deviation decreases, reducing the likelihood of traffic accidents occurring.



However, the existing research relating to selecting a speed limit has not developed due to the limitations of data collection, and some methods select the speed limit only according to the function of the road. As shown in Figure 3, since detectors are installed only on some roads, it is not possible to collect data on all urban roads. This is a problem not only in Korea, but in all countries.



Due to the limitations of detectors’ collection space and accuracy, until now, the total traffic volume of a city was predicted using loop detector data and studies aiming to improve the accuracy were conducted [26,27].



Recently, it has become possible to acquire driving information for each driver (speed, location, route, etc.) using cell phones, and the method of collecting the data has also changed. When application collection data are applied to GIS, they can be applied as traffic volume and speed data, as shown in Figure 4.



However, the road environment information that affects the speed limit is not managed as a DB by the road management agency. Therefore, geometry data are obtained by collecting data through sample field surveys (72 sections).



When integrating the collected data, as shown in Figure 5, it is possible to provide a safe speed limit considering the road geometry and traffic characteristics rather than applying the existing uniform speed limit.



Therefore, this study aimed to develop a speed limit estimation model equation by analyzing application-collected data and field survey data from urban roads (one-way roads with two or more lanes and a speed limit of 80 km/h or less) in Seoul.





3. Data Collection and Model Equation Development


3.1. Research Methodology


3.1.1. Basic Concept and Procedure


This study was based on “the speed zoning method” [28]. The function was modified by adding roadside conditions based on the 85th percentile speed as follows:


RSL = MSSL × f1 × f2 × f3 ×, … ×, fi,



(1)




where RSL is recommended speed limit (km/h); MSSL is maximum statutory speed limit (80 km/h); and fi is factor for adjusting the effects of roadside conditions (based on the calculation of the adjustment factor).



To establish the relationships between the 85th percentile speed and various variables in a “safe section”, road sections were selected according to the following criteria:




	
The sections must have a low accident rate;



	
The sections must have a low standard deviation with respect to traffic flow.








The process for the development of the speed limit estimation model equation is illustrated in Figure 6.




3.1.2. Development of Adjustment Factor Estimation Criteria


To develop the adjustment factor estimation criteria, it was first assumed that a variable (Vi) and its corresponding adjustment factor (fi) have a linear relationship. Figure 7 shows an abbreviated form of fi between 0 and 1 on the y-axis. In addition, the x-axis variable was standardized to a value between 0 and 1. Then, if the standardized variable is denoted as SVi, the adjustment factor can be obtained as follows:


fi = 1 − s νi,



(2)




where s νi is standardized variable i.



Variables can be either continuous or categorical, and the fi–SVi relationship illustrated in Figure 8 can be used according to the variable (Figure 8a shows a discrete categorical variable, while Figure 8b shows two or more categorical variables).




3.1.3. Variable Standardization


To convert the value of a given variable to a factor value between 0 and 1, the 85th percentile speed and linear estimation function were obtained for each variable (Figure 9). The objective of the function estimation is to determine the statistical significance (i.e., p = 0.05) and obtain a linear relationship.


fij = 1 − (νij × αi)/80,



(3)




where fij is the adjustment factor of variable j at section I; Vij is the coefficient of variable j at section I; and αi is the slope from the linear regression estimation equation.




3.1.4. Weighting Factors


The purpose of the weighting factor is to establish the relative importance level of each variable in the above model. With the weighting factors incorporated, the speed limit estimation model equation is expressed as:


RSL = 80 km/h × [1 − (ν1j × αi)/80]w1 × [1 − (ν2j × α2)/80]w2 × [1 − (ν3j × α3)/80]w3 ×,⋯,× [1 − (νij × αi)/80]wi,



(4)




where wi is weight for calculating other effects of the variable in the model equation.




3.1.5. Model Test and Utilization


When calculating the optimal speed limits for many accident points according to the completed model, if the difference between the actual 85th percentile speed (V85) and the speed limit (RSL) is large in a section where many accidents occur, the speed limit can be considered unsafe.





3.2. Data Collection


The development of the speed limit estimation model involves data collection and analysis stages, as illustrated in Figure 10. Of the 215 sections surveyed, 36 “safe road sections” with low accident rates and standard deviations were selected.



3.2.1. Road Section Traffic Volumes


To estimate the accident rate in order to select safe road sections, we used Seoul traffic volume statistics [29] and the traffic volumes recorded by cell phone applications, containing travel speed data for individual drivers (Table 5). The traffic volume by link is shown in Figure 11. For the travel speed data, the raw cell phone application data were converted to match them with the national standard ITS link.



A previous weighted regression analysis by Kim et al. [30] considered 58 annual average daily traffic volume (AADT) survey points and the traffic volumes of vehicles with navigation systems (R2 = 0.835), with the model equation demonstrating a high goodness of fit and a reliable coefficient (p < 0.001). The constant and regression coefficient were estimated to be 10,676 and 8.368, respectively.




3.2.2. Selection of Road Sections


The road section selection criterion used in this study was based on traffic breaks, that is, road sections with relatively uniform traffic characteristics. The speed limit and number of lanes were also considered. After selecting sections considered to be homogeneous roads in each district in Seoul, detailed data were collected from Internet map sites. As road design factors were not considered in this study, we selected uniform road sections with a minimum length of 800 m and without distinct slopes (FHWA, 2012). The detailed number of road sections and Distances are shown in Table 6.




3.2.3. Estimation of Accident Rate by Road Section


To select safe road sections, accident rates were estimated using accident data for the three-year period from 2013 to 2015 and the abovementioned estimated traffic volume data. The accident data were collected through a geographic information system analysis of traffic accidents in the traffic accident analysis system (TAAS) of the National Police Agency.



To estimate the accident rate per 100 million vehicles, we followed the method described in [31]. The estimated result is shown in Figure 12.




3.2.4. Selection of Safe Road Sections


After ranking the estimated accident rates, the third of the sections (72 sections) with the lowest accident rates were selected as safe road sections. After selecting the sections with low accident rates, the road sections with small standard deviations for a group of vehicles with a stable traffic flow were selected.




3.2.5. Extracting Speed Data


In general, the 85th percentile speed is a spot speed measured in free-flowing traffic conditions for which the prevailing speed in clear weather conditions during the daytime is measured and recorded on weekdays [32]. The speed data in this study were used to identify the extent to which speed-related variables influence the speed under certain conditions. The following sections were selected for the speed survey:



The first condition informs estimations of the driving speed, while excluding the effects of signals described by Jeong [33]. The second condition is applied to minimize the effect of traffic jams by identifying the duration at which traffic flowed at the average maximum travel speed for each road section.




3.2.6. Variables Related to Roadside Speed


The numerous (integrated) road variables affecting speed that have been investigated in related literature [34,35] are listed in Table 7.





3.3. Correlation Analysis and Variable Selection


The criteria deployed in the correlation analysis of variables known to affect speed limit determination are listed in Table 8.



In this study, a correlation coefficient of 0.4 was set as the threshold to differentiate between dependent and independent variables, while 0.4–0.6 was set as the threshold to differentiate between moderate and strong correlation. To determine whether a particular variable could be used as a determinant in the proposed speed limit model, a p-value of 0.05 was applied to evaluate its significance.



The full results are listed in Table 9, with the regression analysis results of the selected five variables summarized in Table 10.




3.4. Development of Adjustment Factor Estimation Criteria


To develop the adjustment factor estimation criteria, the relationship between the adjustment factors (fi) corresponding to a variable (Vi) was assumed to be linear.



For convenience, we adopted a variable notation when applying estimation criteria, as described in Table 11.



3.4.1. The Adjustment Factor (fRFC) Pertaining to the Road Function


The adjustment factor (fRFC) pertaining to the road function is a categorical variable and was classified by road type—(1) arterial roads, (2) auxiliary arterial roads, and (3) collector roads—and estimated to be similar to the binomial optional variable. The estimated slope in the regression equation was −5.11, while the constant was estimated to be 61.10:


85th percentile speed = 61.10 − 5.11 × VRFC.











The slope represents the sensitivity of the road function for the 85th percentile speed. Arterial and collector roads were found to have adjustment factors of 1.0 and 0.87, respectively:


(69.78 km/h × 1.00)/80 km/h = 0.87.











Therefore, to standardize the x-axis in the 0–1 range, we used the following expression:


fRFCj = 1.00 − 0.13 × (VRFCj − 1)/2,



(5)




where VRFC represents arterial, auxiliary arterial, and collector roads accordingly. The estimation process is expressed in a graph, as shown in Figure 13.




3.4.2. The Adjustment Factor (fCD) Pertaining to the Median Strip


The existence of median is a discrete optional variable with an estimated slope of 14.68 and a constant of 49.98. If there is a median for the 85th percentile speed, the dotted line moves together with the solid line so that it becomes 80 km/h and has the same slope and constant for the y-axis. The standardization constant for y-axis is 0.82 and the median adjustment factor fCD for the last survey section j can be expressed as follows:


(65.32 km/h × 1.00)/80 km/h = 0.82.











Therefore, when it is standardized for the x-axis so that it will become 1.0,


FCDj = 0.82 + 0.18 × (VCDj),



(6)




where VCDj is 1 if there is a median and 0 otherwise.



The estimation process is expressed in a graph, as shown in Figure 14.




3.4.3. The Adjustment Factor (fPL) Pertaining to the Level of Parking


The adjustment coefficient for parking density is calculated in the same way as the road functional class, with the adjustment factor (fPL) expressed as:


(67.38 km × 1.00)/80 km/h = 0.84,










FPLj = 1.00 − 0.16 × (VPLj − 1)/2,



(7)




where VPL = 1 if the level of parking is almost zero, 2 if it is low, and 3 if it is high.



The estimation process is expressed in a graph, as shown in Figure 15.




3.4.4. The Adjustment Factor (fAD) Pertaining to the Number of Access Density


The number of access points (VAD) and the adjustment factor are constant for both the x- and y-axes. The larger the number of access points is, the lower the speed is. The slope estimated by the regression equation (αAD) was −0.36, corresponding to a constant of 58.63.



As described earlier, the constant (yAD) for the x-axis is 162.9. If the estimated regression line is projected to be 80 km, the constant (δAD) corresponding to the x-axis is. Thus, when the total number of access points per km is approximately, the travel speed, in theory, becomes zero:


85th percentile speed = 58.63 − 0.36 × VAD,










δAS = 80/αAD = 80/0.36 = 222.2.











Next, we obtain the standardization value corresponding to the observed number of access roads:


SVADj = VADj/δAD, fADj = 1.0 − SVADj = 1.0 − (VADj/δAD),








where SVADj denotes the standardized number of access points for the jth section, VADj denotes the number of access points for the jth section, and δAD is the x-axis constant corresponding to the 80 km projected line.



Using the above equation, the adjustment factor according to the number of access points in the jth section is calculated as:


fADj = 1.0 − (VADj × αAD)/80 = 1.0 − (VADj/222.2).



(8)







The estimation process is expressed in a graph, as shown in Figure 16.




3.4.5. The Adjustment Factor (fSD) Pertaining to the Number of Traffic Breaks


The adjustment factor for the number of traffic breaks (VSD) is obtained via the same process. The larger the number of traffic break facilities is, the lower the travel speed is. The slope estimated by the regression equation is −2.13 and the constant is 62.53. In the following equation, the constant (ySD) for the x-axis is 29.4. When the estimated regression line is projected to be 80 km, the constant for the x-axis (δSD) is 37.6. Therefore, when the number of traffic break facilities per km is approximately, the travel speed theoretically becomes zero:


85-percential speed = 62.53 − 2.13 × VSD,










δSD = 80/αSD = 80/2.13 = 37.6.











Following this, we obtained the standardization value corresponding to the observed number of traffic break facilities:


SVSDj = VSDj/δSD, fSDj = 1.0 − SVSDj = 1.0 − (VSDj/δSD),








where SVSDj denotes the standardized number of traffic break facilities for the jth section, VSDj is the number of traffic break facilities surveyed in the jth section, and δSD is the constant of the x-axis for the 80 km projected line.



In accordance with the above equation, the adjustment factor corresponding to the number of traffic break facilities in the jth section is calculated as:


fSDj = 1.0 − (VSDj × αSD)/80 = 1.0 − (VSDj/37.6).



(9)







The estimation process is expressed in a graph, as shown in Figure 17.



When the speed limit estimation model (see Equation (1)) is completed by combining the adjustment factor calculation equations for each variable (i.e., Equations (5)–(9)), we obtain the following equation:


Speed limit(RSL) = 80 × (1 − 0.13 × (VFC − 1)/2) × (0.82 + 0.18VCD) × (1 − 0.16 × (VPL − 1)/2) × (1 − VAD/222.2) × (1 − VSD/37.6),



(10)




where VFC is the road function (main arterial road: 1; auxiliary arterial road: 2; collector road: 3), VCD is the existence of a median strip (existence: 1; absence: 0), VPL is the parking density (low: 1; mid: 2; high: 3), VAD is the number of access points per km, and VSD is the number of traffic breaks per km.





3.5. Weighting Factors Verification


In Section 3.4, the adjustment coefficient was calculated by reflecting the relationship between each variable and V85, but the effect of each adjustment coefficient may be different in the combined model (Equation (10)). It is necessary to verify the weight calculation for each coefficient. The fact that the weight of the adjustment coefficient calculation criterion is close to 1 means that the linear assumption in the development of the calculation criterion is satisfied in the speed limit model equation.



For weight verification, if a weight (wi) is assumed in Equation (10) and a natural logarithm is taken, verification through multiple linear regression analysis is possible. To calculate the weight, the above equation is converted into a log function form according to the variables of this study, as shown in Equation (11):


ln(RSL/MSSL) = (wfc × ln[1 − 0.13 × (VFC − 1)/2]) + (wCD × ln[0.82 + 0.18VCD]) + (wPL × ln[1 − 0.16 × (VPL − 1)/2]) + (wAD × ln[1 − VAD/222.2]) + (wsd × ln[1 − VSD/37.6]).



(11)







Multiple linear regression model coefficients were estimated with ln(RSL/80) as the dependent variable and ln(fi) as the independent variable. The F-value and coefficient of determination (R2) were analyzed to examine the significance of the independent variable at the 0.05 level, find the correlation between variables, and determine whether the model is useful.



As a result of the multiple regression analysis, we determined that the model fit was high, with a coefficient of determination of 1.0, as shown in Table 12.



Since the regression coefficient value is close to 1 for all variables, it can be judged that the linear hypothesis applied when developing the calculation criteria is correct. Multicollinearity between variables is not a problem because the variance extension coefficient is also less than 1.





4. Estimation of Traffic Accident Reduction Effect and Application Method


4.1. Speed Limit Test and Comparison


The purpose of the test and comparison approach is to examine the possibility that the proposed model equation is suitable for application to road sections with a high accident rate. In the field, the speed limit is estimated in units of 10 km/h and may not lead to an actual decrease in the operating speed limit. However, there are differences in the average speed between the low (45 sections) and high (27 sections) accident rate groups. Figure 18 shows the accident rate distribution obtained by analyzing the difference between the operating speed and recommended speed limit for road sections with low, middle, and high accident rates. For the high accident rate sections, the speed limit was generally estimated to be low (large speed difference).



As shown in Table 13, the test results show that the speed difference between the high and low accident rate groups follows a normal distribution, leading to the conclusion that there is no significant difference between these groups at a significance level of 0.05. However, since the significance level was 0.086 (i.e., an 8.6% probability of being equal), it can be concluded that they are different at a significance level of 0.1. This translates to the proposed speed limit estimation being lower than the current operating speed for high accident rate sections. The average estimated speed difference (PSL−RSL) across the 72 sections was 10.7 km/h, implying that the speed limit should be lowered by an average of 10 km/h relative to the current speed limit on one-way roads with two or more lanes.




4.2. Estimation of Accident Reduction Effect


According to Elvik [36], higher driving speeds lead to the accident rate increasing according to the road type. Therefore, assuming that other conditions are maintained, if the speed limit calculated by the estimation equation is lower than the existing speed limit, it is expected that the accident rate would decrease owing to the reduction in the operating speed.



Regarding the relationship between speed limit changes and subsequent mean operating speed changes, speed limit reductions implemented using the power model resulted in a 25% reduction in the mean operating speed [37]. For example, reducing the speed limit by 10 km/h corresponded with the mean speed decreasing by 2.7 km/h (Figure 19).



Although accident severity is not reflected, it is evident that the frequency of accidents decreases in response to speed reductions (Figure 20).



The anticipated relative change in accident frequency as a result of changing the relative speed is expressed as:


y = 0.8851 × X1.2228,



(12)




where y is the relative change in the accident rate and X is the relative change in speed.



When the speed limit (in 10 km units) determined by the proposed model equation is compared against the current speed limits, an average reduction of 11.1 km/h is recommended. It is expected that the mean travel speed for the analyzed road sections (47.8 km/h) would decrease by 25% with this recommended speed limit reduction (2.8 km/h; reduction rate: 0.94). The accident reduction effect corresponding to this estimated reduction in mean driving speed was calculated (using Equation (12)) as 18%.



Considering the results of the study in the context of accident severity [36,37], it is estimated that deaths would decrease by 17–24%, serious injuries by 11–17%, minor injuries by 6–9%, and property damage accidents by 5–6%.




4.3. Field Application Method


The steps followed by working officials for the estimation and implementation of speed limits in specific road sections are presented in Table 14. In addition, when applying estimated speed limits, the speed limits of nearby road sections and the proximity of sections with high accident rates should be considered.



If it is difficult to collect data for each branch, the results interpreted based on the data applied in this study can be used. Table 15 shows the classification of road functions and the proposed speed limits (10 km unit) into optimal groups.





5. Conclusions and Outlook


Determining the optimal speed limits that facilitate efficient and safe travel is crucial for urban roads. According to the general speed limit determination method, acting officials determine speed limits by considering whether the speed limit based on the statutory speed limit is appropriate for the characteristics of a specific road section.



To calculate the appropriate speed limit, it is necessary to take into account the road geometry [7,36] and roadside development information [35].



In previous studies, only factors related to the speed limit were classified because it was impossible to diversify the analysis section [26,27] and collect accurate driving speed information [7,36] for the driver due to the problem of the available data collection technology.



To address this, we propose an optimal speed limit estimation model for road sections based on big data regarding traffic flow statistics, environmental characteristics for urban roads, and the anticipated accident reduction effect of the developed model.



The optimal speed limit estimation method for urban roads developed in this study reflects the effects of actual roadside variables on speeds set according to the statutory maximum speed limit for one-way roads with two or more lanes.



Based on surveying and testing various influential variables, the key variables influencing the operating speed were determined as the function of the road, the existence of a median strip, the lane width, the number of roadside access points, and the number of traffic breaks.



The speed limit estimation model equation was derived by integrating the adjustment factor calculation equations for each variable.



These equations act as reduction coefficients with respect to the statutory maximum speed limit in the proposed model equation and can be changed independently depending on the optimal relationship between the variable conditions.



Validation tests show that the linear relationship between the variables assumed at the time of selecting the coefficients of the model and the speed was proven. The fit of the model is also shown to be high.



The improvement of safety aspects can be expected with the implementation of the developed model. However, the model also has some limitations. Only the safety of the road speed, which should be used for public interest, was considered, while the social benefit achieved by considering the effects of noise and pollution on the residents was not taken into account. Even at the same volume of traffic, the amounts of noise and pollution caused vary according to the speed of the traffic [11] and are also related to the generation of artificial heat [38,39]. It is also necessary to prevent global warming and improve the quality of life of citizens. In this study, atmospheric environmental factors were not considered due to the absence of a collection device related to noise, pollution, and heat generation. It is necessary to develop a model that takes into account environmental information in the future; through this, safety and operational efficiency could also be improved.



The application of immersive virtual environments (IVEs) is necessary in terms of the utilization of research. Three-dimensional visualization based on IVEs provides “multisensory realism” [40], allowing acting officials and road users to easily experience the speed limit determined by the developed model and make decisions based on this. Research applying IVEs is also gradually expanding into the field of traffic engineering. Studies such as relative comparisons between the real road environment and the virtual road environment [41] and reviews of road user safety in the virtual environment [42,43] have been conducted, and the scope of their application will increase.



When speed limit information is provided in the future, if real-time data are secured for driving information and road environment information and advanced data interlinking/management technology is developed, it will be possible to provide GIS-based 3D information. If the results of this study, GIS-based visualization, as shown in Figure 21.



By constructing a database of road environment information and linking it with real-time driving speed data, it becomes possible to check speed limit information and road information in the selected area.



If the collection scope of road environment information and real-time data is secured, the GIS visualization of traffic safety information will be facilitated, making it possible to build IVEs in the transportation sector.
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Figure 1. Process of the study. 
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Figure 2. Urban speed limits by country/area. 
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Figure 3. Location and collection method of traffic detectors in Seoul. 






Figure 3. Location and collection method of traffic detectors in Seoul.



[image: Applsci 11 05710 g003]







[image: Applsci 11 05710 g004 550] 





Figure 4. Real-time driving information collection using cell phone data transmission. 
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Figure 5. Big data integration and parameter setting. 
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Figure 6. Speed limit estimation model development process. 
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Figure 7. Framework for adjustment factor module design. 
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Figure 8. Alternative forms of the adjustment factor module. 
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Figure 9. Plots illustrating the standardization procedure. 
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Figure 10. Describing the data collection and analysis stages. 
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Figure 11. Traffic volume distribution in Seoul using cell phone application data (veh./day). 
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Figure 12. Accident rate as a function of the average daily traffic volume. 
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Figure 13. Adjustment factor development (a) and standardization for the existence (b) of road function. 
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Figure 14. Adjustment factor development (a) and standardization for the existence (b) of the median strip. 
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Figure 15. Adjustment factor development (a) and standardization for the existence (b) of the level of parking. 
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Figure 16. Adjustment factor development (a) and standardization for the existence (b) of the number of access density. 
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Figure 17. Adjustment factor development (a) and standardization for the existence (b) of the number of traffic breaks. 
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Figure 18. Accident rate as a function of speed difference (V85-RSL). 
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Figure 19. Relationship between changing the speed limit and the subsequent change in mean driving speed. 
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Figure 20. Simple linear relationship between the relative change in speed and the corresponding change in accident frequency. 
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Figure 21. GIS-based visualization of speed limit information. 
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Table 1. Current statutory maximum speed limits in South Korea.
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	Classification
	Maximum Speed
	Minimum Speed





	General road: 1 lane direction
	60 km/h
	-



	General road: more than 2 lane directions
	80 km/h
	-



	Expressway
	90 km/h
	30 km/h



	Freeway: 1 lane direction
	80 km/h
	50 km/h



	Freeway: more than 2 lane directions
	100 km/h
	50 km/h



	Freeway: designated by metropolitan
	120 km/h
	50 km/h
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Table 2. General speed limits in OECD countries.
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Country

	
Urban Arterial

(km/h)

	
Local and Collector Roads (km/h)

	
Country

	
Urban Arterial

(km/h)

	
Local and Collector Roads (km/h)






	
USA

	
48~88

	
40~56

	
Mexico

	
80

	
20–60




	
Australia

	
60–70–80

	
50

	
Netherlands

	
50–70

	
50




	
Austria

	
50

	
50, 40 (residential)

	
New Zealand

	
50–80

	
50




	
Canada

	
50–60

	
40–50

	
Norway

	
50

	
30–50




	
Czech Republic

	
50–60

	
50

	
Poland

	
50

	
50




	
Denmark

	
50

	
50

	
Portugal

	
50–90

	
50




	
Finland

	
50

	
30–40–50

	
Russia

	
60

	
60




	
France

	
50

	
30–50

	
Sweden

	
50–70

	
30–50




	
Germany

	
50

	
50

	
Switzerland

	
50

	
50




	
Greece

	
50–70–90

	
40–50 (collector),

30 (local)

	
United Kingdom

	
48–64

	
32–48




	
Iceland

	
50–60

	
50 (collector),

30 (local)

	
South Korea

	
60 (1 lane direction), 80 (more than 2 lane directions)




	
Ireland

	
50–80

	
50
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Table 3. Speed limits for injury minimization.
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	Road Type
	Speed Limits,

mph (km/h)





	Roads with a mix of motorized and unprotected road users (i.e., pedestrians and cyclists)
	20 (30)



	Roads with uncontrolled access where side impact crashes can occur
	30 (50)



	Undivided roads where head-on crashes can occur
	45 (70)



	Controlled access facilities with a physical median separation where at-grade access and non-motorized road users are prohibited
	>60 (>100)
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Table 4. Approaches to setting a speed limit.
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	Approach
	Data Required
	Advantages and Disadvantages





	Engineering (operating speed)
	The existing speed profile as well as data on accesses, pedestrian/bicycle traffic, curbside parking, etc.
	[+] Does not place an undue burden on enforcement, and provides residents and businesses with a valid indication of actual travel speeds.

[−] Speed limits are often set lower than the 85th percentile speed.



	Engineering (road risk)
	Functional classification of the road, setting (urban/rural), surrounding land uses, access, design features of the road.
	[+] The speed limit and the function of the road are aligned.

[−] The road risk methods may result in speed limits that are well below the 85th percentile speeds, resulting in an increased burden on enforcement if remedial measures are not employed (i.e., traffic calming, etc.).



	Optimal speed limits
	Cost models and input data to account for air pollution, crashes, delay, etc.
	[+] Provides a balanced approach to setting speed limits that is considerate of many (if not all) of the impacts that speed has on society.

[−] Data collection and prediction models may be difficult to develop and are subject to controversy among professionals.



	Expert system
	Data needs depend on the system, but generally require the same data as used in the engineering approaches.
	[+] A systematic and consistent method of examining and weighing factors other than vehicle operating speeds. It provides consistency in setting speed limits within a jurisdiction.

[+] Practitioners can rely on only outputs from the expert system without a review of the results.



	Injury minimization
	Crash types and patterns for different road types and survivability rates for different operating speeds.
	[+] There is a sound scientific link between speed limits and serious crash prevention. Places a high priority on road safety.

[−] This method is based solely on a road safety premise and may not be accepted as appropriate in some jurisdictions.
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Table 5. Operating speed data conversion and corresponding form.
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	Speed Data Collection on Based Probe Vehicles
	Year-Month

-Date-Time
	Link ID
	Speed (km/h)





	↓
	2016-04-04-00
	1100006802
	88



	Removal of error data
	2016-04-04-00
	1100005706
	50



	↓
	2016-04-04-00
	1100004900
	68



	Timetable building (per hour)
	2016-04-04-00
	1100032704
	35
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Table 6. Numbers of road sections and their total distance for different Seoul districts.






Table 6. Numbers of road sections and their total distance for different Seoul districts.





	Classification
	Number of Road Sections
	Total Sections Distance (km)





	Gangnam
	124
	294.6



	Gangbuk
	91
	214.0



	Sum
	215
	508.6
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Table 7. Speed affecting variables investigated in the literature.
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Variable (1st Level)

	
Range

	
Variable Aggregation




	
2nd Level

	
3rd Level

	
4th Level






	
Posted speed limit

	
40–70 km/h




	
Functional classification

	
1 (major arterial, 44.5%), 2 (minor arterial, 33.3%), 3 (collector, 22.2%)




	
Land use

	
1 (residential), 2 (commercial), 3 (industrial)




	
Roadside development

	
1 (high), 2 (mid), 3 (low)




	
Median strip

	
1 (divided), 0 (none)




	
Number of lanes

	
4–10 lanes




	
Lane width

	
1 (>3.3 m), 0 (<3.3 m)




	
Parking density

	
1 (low), 2 (mid), 3 (high)




	
Sidewalk width

	
1 (>3.0 m), 0 (<3.0 m), n/a (none)




	
Number of signalized intersections

	
per km

	
Number of signalized facilities

	
Number of

discontinuity facilities

	
Number of all inter- interruptions




	
Number of signalized crosswalks

	
per km




	
Number of non-signalized intersections

	
per km

	
Number of non-signalized facilities




	
Number of non-signalized crosswalks

	
per km




	
Number of driveways

	
per km

	
Total number of accesses




	
Number of entrances (a structure)

	
per km




	
Number of left turning bays

	
per km

	
Total number of turning bays




	
Number of right turning bays

	
per km




	
Number of speed limit signs

	
per km

	
Total number of signs




	
Number of other traffic signs

	
per km




	
Number of speed cameras

	
per km




	
Number of bus stops

	
per km




	
Bus lane

	
1 (existence), 0 (nothing)
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Table 8. Correlation coefficient criteria.
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	Correlation Coefficient
	Interpretation of Correlation





	0.0–0.2
	Very low correlation



	0.2–0.4
	Low correlation



	0.4–0.6
	Some correlation



	0.6–0.8
	High correlation



	0.8–1.0
	Very high correlation
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Table 9. Correlation coefficients between the main variables.
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85% Speed

	
Road Function

	
Number of Lanes

	
Roadside Development

	
Existence of Median

	
Lane Width

	
Level of Parking

	
Signalized Intersection

	
Non-Signalized

Intersection

	
Number of Signalized Breaks

	
Number of Non-Signalized Breaks

	
Bus Stop

	
Building Entry/Exit

	
All Accesses

	
Total Number of Traffic Breaks






	
85% speed

	
1.0

	
−0.489

	
0.486

	
0.407

	
0.620

	
0.424

	
−0.421

	
−0.674

	
−0.512

	
−0.729

	
−0.499

	
−0.743

	
−0.591

	
−0.527

	
−0.745




	

	
0.003

	
0.003

	
0.014

	
<0.0001

	
0.010

	
0.011

	
<0.0001

	
0.001

	
<0.0001

	
0.002

	
<0.0001

	
0.000

	
0.001

	
<0.0001




	
Road function

	
−0.489

	
1.0

	
−0.763

	
0.146

	
−0.295

	
−0.298

	
−0.194

	
0.734

	
0.684

	
0.668

	
0.673

	
0.305

	
0.136

	
−0.094

	
0.807




	
0.003

	

	
<0.0001

	
0.395

	
0.080

	
0.077

	
0.257

	
<0.0001

	
<0.0001

	
<0.0001

	
<0.0001

	
0.070

	
0.430

	
0.587

	
<0.0001




	
Number of lanes

	
0.486

	
−0.763

	
1.0

	
−0.100

	
0.418

	
0.383

	
−0.174

	
−0.712

	
−0.474

	
−0.582

	
−0.465

	
−0.433

	
−0.320

	
−0.128

	
−0.633




	
0.003

	
<0.0001

	

	
0.562

	
0.011

	
0.021

	
0.309

	
<0.0001

	
0.004

	
0.000

	
0.004

	
0.008

	
0.058

	
0.456

	
<0.0001




	
Roadside development

	
0.407

	
0.146

	
−0.100

	
1.0

	
0.346

	
0.349

	
−0.454

	
−0.085

	
0.044

	
−0.304

	
0.051

	
−0.313

	
−0.407

	
−0.577

	
−0.159




	
0.014

	
0.395

	
0.562

	

	
0.039

	
0.037

	
0.005

	
0.621

	
0.798

	
0.072

	
0.767

	
0.063

	
0.014

	
0.000

	
0.354




	
Existence of median

	
0.620

	
−0.295

	
0.418

	
0.346

	
1.0

	
0.460

	
−0.184

	
−0.484

	
−0.187

	
−0.608

	
−0.184

	
−0.535

	
−0.371

	
−0.417

	
−0.486




	
<0.0001

	
0.080

	
0.011

	
0.039

	

	
0.005

	
0.283

	
0.003

	
0.274

	
<0.0001

	
0.283

	
0.001

	
0.026

	
0.011

	
0.003




	
Lane width

	
0.424

	
−0.298

	
0.383

	
0.349

	
0.460

	
1.0

	
−0.138

	
−0.369

	
−0.141

	
−0.472

	
−0.138

	
−0.169

	
−0.223

	
−0.223

	
−0.375




	
0.010

	
0.077

	
0.021

	
0.037

	
0.005

	

	
0.422

	
0.027

	
0.413

	
0.004

	
0.422

	
0.325

	
0.190

	
0.190

	
0.024




	
Level of parking

	
−0.421

	
−0.194

	
−0.174

	
−0.454

	
−0.184

	
−0.138

	
1.0

	
0.095

	
−0.003

	
0.172

	
−0.001

	
0.484

	
0.421

	
0.552

	
0.106




	
0.011

	
0.257

	
0.309

	
0.005

	
0.283

	
0.422

	

	
0.582

	
0.984

	
0.315

	
0.996

	
0.003

	
0.011

	
0.001

	
0.538




	
Signalized intersection

	
−0.674

	
0.734

	
−0.712

	
−0.085

	
−0.484

	
−0.369

	
0.095

	
1.0

	
0.446

	
0.843
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Table 10. Regression analysis results for selected variables.






Table 10. Regression analysis results for selected variables.





	Variables
	R2
	Degree of Freedom
	F-Value
	p-Value
	Constant
	Regression Coefficient





	Road function
	0.240
	35
	10.71
	0.002
	61.10
	−5.11



	Median strip
	0.384
	35
	21.18
	0.000
	49.98
	14.68



	Degree of parking
	0.177
	35
	7.33
	0.011
	59.91
	−6.31



	Number of accesses
	0.278
	35
	13.07
	0.001
	58.63
	−0.36



	Total number of traffic breaks
	0.555
	35
	42.35
	0.000
	62.53
	−2.13
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Table 11. Variable abbreviations.






Table 11. Variable abbreviations.





	
Variables Name

	
Code

	
Variables Name

	
Code






	
Road Functional Class

	
RFC

	
Central Divide

	
CD




	
Parking Level

	
PL

	
Signal Density

	
SD




	
Access Density

	
AD
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Table 12. Results of the multiple regression analysis.






Table 12. Results of the multiple regression analysis.





	ln(Variable Name)
	DF
	Regression Coefficient
	Standard Error
	t-Value
	Significance Probability (Pr > |t|)
	Variance Inflation Factor

(VIF)





	constant value
	1
	0.000
	0.000
	−1.010
	0.321
	0.000



	FC
	1
	0.995
	0.003
	286.140
	<0.0001
	0.249



	CD
	1
	1.000
	0.002
	610.040
	<0.0001
	0.317



	PL
	1
	1.001
	0.003
	399.980
	<0.0001
	0.217



	AD
	1
	0.998
	0.002
	500.370
	<0.0001
	0.284



	SD
	1
	1.006
	0.002
	471.330
	<0.0001
	0.422
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Table 13. Two-sample t-test for the speed difference (V85-RSL) between the high and low accident rate groups.






Table 13. Two-sample t-test for the speed difference (V85-RSL) between the high and low accident rate groups.





	
Method

	
DF

	
t Value

	
Pr > |t|

	
Variance






	
Pooled

	
70

	
1.74

	
0.086

	
equal




	
Satterthwaite

	
63.71

	
1.84

	
0.071

	
unequal




	
Cochran

	

	
1.84

	
0.075
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Table 14. Application steps and details.






Table 14. Application steps and details.





	Step
	Data Required
	Notes





	Target segment setting
	Directional urban road with two or more lanes (except two lanes both sides or free flow roads)
	Minimum length 800 m



	Collecting

data
	Road function, whether there is an absence of a median strip (50% or more facility separation), average lane width over 3.3 m), driveways and entrances to buildings, the number of signal or no signal intersections and crossings
	Both sides data per km



	Setting speed limits
	Model application calculation
	Rounding (10 km/h)



	Field application
	Connection road speed limit, geometry
	Multiple

accident roads
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Table 15. Classification of speed limit groups according to the road environment.






Table 15. Classification of speed limit groups according to the road environment.





	Speed Limit (km/h)
	FC
	CD
	PL
	SD
	AD





	70
	Main arterial road
	with
	0
	0
	0



	60
	Main arterial road
	none
	0
	0
	0



	50
	Main arterial road
	none
	1
	1
	1



	50
	Auxiliary arterial road
	none
	0
	1
	1



	40
	Main arterial road
	none
	2
	2
	1



	40
	Auxiliary arterial road
	none
	1
	2
	2



	40
	Collector road
	none
	0
	2
	1



	30
	Collector road
	none
	1
	2
	2
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