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Abstract

:

The main objective of this study is to design a method for evaluating the reasonability of ramp spacing of the expressway in a specific district. The study proposes an entropy-weighted Technique for Order Preference by Similarity to an Ideal Solution (TOPSIS) estimation method, in which the entropy weight method determines the indicator weights, and TOPSIS is employed to compare different alternatives of ramp spacing. Four patterns of evaluation indicators are taken into account representing traffic efficiency, safety, traffic accessibility, and economy, respectively. Using the Beijing–Hong Kong–Macao Expressway in Henan Province as a case study, the validity of the method is verified, and the optimal ramp spacing is obtained as 14 km for the given scenario. The results of the study show: (1) extreme spacing values are not conducive to the overall benefits of the expressway; (2) ramp spacing settings that allow for coordinated sharing of traffic demand along the route (TDAR) are a prerequisite for an expressway to have great overall benefits; and (3) appropriately shortening ramp spacing will allow the expressway to effectively respond to increased TDAR. The estimation method proposed in this study provides a theoretical reference for the local authority to plan ramp spacing that can satisfy regional traffic demand and ensure the overall benefits of expressways in a sustainable urban context.
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1. Introduction


As the national transport corridor connecting large centers of activity over long-haul transportation, expressways play a pivotal role in the entire highway transportation system, which is crucial to ensuring robust economic growth and sustainable development [1,2,3]. In the wake of continuously expanding urbanization, travelers per se have higher requirements for service quality and traffic efficiency [4]. Once travelers select to use an expressway service, they need to enter or exit from ramps along the expressways. That is to say, the placement of ramps and associated spacing has a sizeable influence on the convenience of travelers with exits and entrances regarding the expressway service [5]. When ramp spacing is set to be shorter, traffic accessibility will be improved as travelers can more easily enter/exit the expressway. On the other hands, shorter ramp spacing means more ramps being constructed per unit length of the expressway, which results in some negative impacts. For example, the increase in the number of weaving areas formed by vehicles entering and exiting the ramps causes more frequent disruptions to the traffic flow on the expressway and even brings about safety concerns [6,7]; further, the project cost of constructing more ramps increases concomitantly. Thus, a methodology is necessitated to evaluate the reasonability of different ramp spacing settings, which is addressed in this paper.



Currently, a number of previous studies have been conducted to analyze the reasonable setting of expressway ramp spacing from different perspectives. From the perspective of traffic safety, studies based on accident data near ramps quantified the direct relationship between ramp spacing and safety [8,9,10]. Le and Porter indicate that vehicle crashes increase with the decreasing ramp spacing [11]. For such traffic safety concerns, some existing standards specify the minimum ramp spacing pertaining to geometric design variables concerning weaving volume, ability to sign, and lengths of speed-change lanes. For instance, the American Association of State Highway and Transportation Officials (AASHTO) specifies a minimum ramp spacing of 3 km in rural areas [12]; the specification developed by the China Highway Engineering Consultants Corporation recommends that the spacing between adjacent ramps should be at least 4 km [13]. Further, some studies investigated ramp spacing from the perspective of traffic efficiency. The Highway Capacity Manual 2010 manifests that ramp spacing is related to vehicle speed [14]. Several scholars consider the setting of ramp spacing by analyzing vehicle operating characteristics along the expressway. For instance, Chen et al. calculated reasonable ramp spacing by applying a statistical package for the social sciences and multiple linear regressions to analyze the speed characteristics within an expressway section [15]. Wang et al. determined the ultimate expressway ramp spacing based on constructing the GPS floating car speed data-driven model and the gap acceptance model [16]. Using acceleration noise to represent the stability of traffic conditions, Jang reported the minimum ramp spacing under higher-speed traffic conditions (around 160 km/h) [17]. To compensate for the lack of acceleration noise’s discrimination between index per minimum spacing, Kim et al. utilized the surrogate safety assessment model to analyze conflicts and estimated the minimum ramp spacing for expressways that allow travel speed above 140 km/h [18]. Moreover, the issue of economic factors is also taken into account in determining ramp spacing, as the construction cost of ramps is expensive in the expressway system [19]. According to surveys of ramp construction costs [20,21], a ramp’s (a complete structure including at least one entrance and one exit) cost can range from USD 5 million to USD 15 million or more when the mainline of an expressway costs range from USD 7 million to USD 15 million per kilometer to build. Therefore, ramp spacing being set excessively short unnecessarily increases the overall project cost. Ramp spacing that considers the economic factors is conducive to guaranteeing the successful construction of the expressway project and enhancing social benefits [22].



Most previous studies about ramp spacing focused on the setting of minimum spacing considering one or two indicators (e.g., safety, economy). However, these studies did not compare the effects of different ramp spacing settings, while lacking consideration of more factors reflecting practical circumstances. For example, Winkler and Fan indicated that when ramp spacing is set longer, there are fewer weaving areas along the expressway, which contributes to increased expressway capacity, improved safety, and lower construction costs [23]. However, Chen et al. point out that excessively long ramp spacing poses an inconvenience as travelers have to travel long distances to the nearest ramp [24]; it can also reduce travelers’ motivation to choose the expressway and wastes road resources, because travelers prefer to enter the expressway at the on-ramp closest to their origin and exit at the off-ramp closest to their destination. Hence, the setting of ramp spacing is a nontrivial task, which needs to simultaneously allow for several factors so that the ramps can be set to accommodate the multiple benefits of the expressway, especially in the context of urbanization expansion and rapid land use development around cities.



In practice, the evaluation of expressway ramp spacing involves multi-criteria, and various patterns of relevant indicators need to be taken into account. In recent years, several popular estimation methods of multi-criteria decision making have been developed, such as Analytic Hierarchy Process (AHP), Technique for Order Preference by Similarity to an Ideal Solution (TOPSIS), PROMETHEE, and Fuzzy AHP [25]. Among these, TOPSIS has a relatively simple calculation algorithm, which can analyze quantitative data and fully use data information [26,27]. Recently, a growing number of estimation studies in the field of transportation have applied TOPSIS [28,29,30,31], e.g., quality and safety of public transport, scenarios for developing public transport systems, choice of investment location, and road transport. However, none of the prior studies have particularly applied estimation methods to analyze the effects of ramp spacing settings on the level of expressway service.



To fill such a gap, the objective of this study is to propose an entropy-weighted TOPSIS estimation method that quantitatively estimates different settings of ramp spacing along the expressway within a specific district. The evaluation indicator system contains four patterns of relevant indicators spanning traffic efficiency, safety, traffic accessibility, and economy, respectively. Further, the Beijing–Hong Kong–Macao Expressway within Henan Province in China is applied as the case study to obtain estimation results based on the proposed estimation method. Finally, the evaluation results are analyzed to explore the potential principles for setting the ramp spacing of expressways within specific districts and to provide a theoretical basis for the practical applications. The method proposed in this study takes a long expressway section as a research object for setting ramp spacing from the regional level. Compared with studies that separately consider factors such as vehicle safety [32], traffic demand [33] or operating characteristics [15,16,17,18], respectively, the results of this research have critical theoretical support for setting ramp spacing that satisfies the whole district’s traffic demand and gives the whole expressway system good comprehensive benefits. In addition, it can provide preliminary recommendations for setting ramp spacing for studies that consider multiple factors for ramp siting [24]. In the context of urbanization expansion, this study has implications for promoting the efficient use of road resources and sustainable transportation development.



The remainder of this paper is organized as follows. Section 2 below describes the problem and evaluation indicators. Section 3 introduces the estimation model. Then, a case study is conducted in Section 4, and discussions are presented in Section 5. Finally, conclusions are provided in the last section.




2. Problem Statement and Evaluation Indicators


2.1. Problem Statement


In this paper, we study the setting of ramp spacing along the expressway within a specific district. The expressway in the district attracts demand from enroute cities, counties, and towns. For the sake of simplicity, these demand regions are divided into  U  towns (denoted as the units of demand) and represented by a set of corresponding centroids   T =  {   T 1  ,  T 2  , … ,  T U   }   . Note that all these towns constitute the service area dubbed “study district”. This study proposes  m  possible alternatives for ramp spacing settings according to the characteristics along the expressway. It is assumed that under each spacing alternative, travelers always choose the closest ramps to their origins or destinations to employ the expressway service. Table 1 depicts the variables used in the evaluation indicator system.




2.2. Evaluation Indicator System


The setting of ramp spacing is of fundamental importance to the sustainability of expressway service, particularly regarding accessibility. Shortening ramp spacing can improve accessibility obviously. However, the shorter spacing requires more ramps to be built and increases the construction cost. Furthermore, excessively short spacing makes the weaving behaviors of vehicles more frequent, which will adversely affect traffic efficiency and operational safety for vehicles when using the expressway service [24]. To determine the appropriate setting of ramp spacing, an evaluation indicator system simultaneously consisting of traffic efficiency, safety, traffic accessibility, and economy needs to be constructed. Evaluation indicators are employed in the estimation method in Section 3.



2.2.1. Traffic Efficiency


Traffic efficiency is characterized by the average speed   v ¯   and average delay   d ¯   of the vehicles traveling on the expressway section (including mainline and ramps). The meanings of these two indicators are described by Equations (1) and (2), respectively:


   v ¯  =     ∑  i = 1  N    v i     N  ,  



(1)






   d ¯  =     ∑  i = 1  N   t i    N  ,  



(2)




where    v i    is the speed of vehicle  i  on the expressway section (km/h);    d i    denotes the delay of vehicle  i  on the expressway section (s);  N  represents the sample size of vehicles in the whole process of simulating traffic operation on the expressway section with VISSIM.




2.2.2. Safety


Due to the normal situation of traffic flow being seriously affected once an accident occurs on the expressway, this study chose traffic accident rate as the safety indicator. As per the work of Pei and Cheng [34], the accident rate increases exponentially with the increase in vehicle speed standard deviation. The fitting relationship between accident rate, vehicle speed, and standard deviation of vehicle speed is shown as below:


  ϵ = 9.583   exp   0.055 σ   ,  



(3)




where  ϵ  is the accident rate per 100 million vehicle-kilometers (case/(km∙10−8∙veh−1)); Let   σ =       ∑  i = 1  N      (   v i  −  v ¯   )   2      N − 1      , σ  denotes the standard deviation of the speed of all vehicles on the expressway section (km/h).




2.2.3. Traffic Accessibility


Traffic accessibility is utilized to estimate the convenience of vehicles accessing the expressway service. It is assumed that traffic accessibility is related to the comprehensive level of service (LOS) of roads within the town and the comprehensive aggregation size (CAS) of the town.



In terms of LOS of the road, different grades of roads are assigned according to the relevant specification for urban road design [35]: expressway = 4, trunk road = 3, secondary road = 2, and slip road = 1. The comprehensive LOS of roads within the town can be calculated as below:


   L i  =   l e  n α   h α    L e  n i    ( i ∈ T ) ,  



(4)




where   l e  n α    denotes the length of the road with grade  α ;    h α    is the evaluation value of the road with class  α ;   L e  n i    signifies the total length of the roads passing through town  i .



Then, using the reciprocal of the distance from town  i  to ramps, the accessibility of town  i  is calculated as:


   a i  =   ∑  j ∈  R i      L i   1   l  i j       ( i ∈ T ) ,  



(5)




where    R i    represents the set of ramps that can serve town  i ,   c a r d  (   R i   )    is less than the number of ramps in the corresponding spacing alternative;    l  i j     represents the distance from town  i  to ramp  j ,   j ∈  R i   .



CAS comprehensively represents the quality and quantity of economic activity aggregation scale within a town [36]. The CAS of a town is generally assessed based on the intensity of development, economic prosperity, scale of land development, and population. The comprehensive aggregation size    M i    can be expressed by:


   M i  =   ∑  k = 1  P      γ k   u  i k      u k      ( i ∈ T ) ,  



(6)




where  P  is the number of evaluation indicators about CAS;    γ k    signifies the weight of the   k  - th    evaluation indicator;    u  i k     is the value of the   k  - th    evaluation indicator of town  i .



Finally, the value of the accessibility of the study district equals:


  ϕ =   ∑  i ∈ T     M i   a i    ,  



(7)








2.2.4. Economy


The project cost is selected as the economic efficiency indicator of constructing ramps. Based on the density of ramps along the expressway, the project cost is calculated:


  Ω =  l c  +  δ c   ρ  −  β c    ,  



(8)




where  Ω  represents the project cost of constructing all ramps along the expressway section;    l c   ,    δ c   , and    β c    are parameters related to the project cost.



Table 2 describes the information of all the indicators employed in the evaluation indicator system.






3. Methodology


To evaluate the effect of different ramp spacing settings, we develop the entropy-weighted TOPSIS estimation method by employing the evaluation indicators in Section 2.2. Based on the weight of each indicator determined by the entropy weight method, TOPSIS is used to compare different alternatives of ramp spacing settings.



3.1. Entropy Weight Method


The entropy weight method, which introduces the idea of information entropy, is an objective weighting method [37]. The method mainly uses the difference degree of indicators to estimate the effective information in the known data and calculate the entropy weight of each indicator. The entropy weight reflects the ability of each evaluation indicator to pass decision information [38,39]. The basic calculation steps of the entropy weight method are as follows:



Step 1: Initial data matrix normalization



It is set that the initial data matrix of the entropy weight evaluation system consists of  m  evaluation objects and  n  evaluation indicators,


  X =  [       x  11        x  12      ⋯     x  1 n          x  21        x  22      ⋯     x  2 n        ⋮   ⋮   ⋱   ⋮       x  m 1        x  m 2      ⋯     x  m n        ]  ,  



(9)




where    x  i j   ( i = 1 , 2 , … , m ; j = 1 , 2 , … , n )   denotes the value of the   j - t h   indicator in the   i - t h   evaluation object.



In order to eliminate the influence of different indicator units on the evaluation results, each indicator is standardized. The step transformation method is a standardization method used commonly, and the equations are as follows:


   x  i j  ′  =  {         x  i j   −  x  j min      x  j max   −  x  j min     ,  x  j max   ≠  x  j min            1     ,  x  j max   =  x  j min         ( applicable   benefit   indicators ) ,  



(10)






   x  i j  ′  =  {         x  j max   −  x  i j      x  j max   −  x  j min     ,  x  j max   ≠  x  j min            1     ,  x  j max   =  x  j min           ( applicable   cos t   indicators ) .  



(11)







Step 2: Estimating the proportion    p  i j     of    x  i j  ′    of the   i - t h   evaluation object for the   j - t h   indicator


   p  i j   =  x  i j  ′  /   ∑ i m    x  i j  ′    ( j = 1 , 2 , … , n ) ,  



(12)







Step 3: Calculating the value of the information entropy    e j    of the   j - t h   indicator


   e j  = − k   ∑  i = 1  m    p  i j   ln  p  i j     ( j = 1 , 2 , … , n ) ,  



(13)




where   k = 1 / ln n  , is a non-negative constant related to the number of evaluation objects; when set    p  i j   = 0  ,    p  i j   ln  p  i j   = 0  .



Step 4: Calculating the weight of the indicators



The weight    w j    of the   j - t h   indicator is calculated by:


   w j  =   1 −  e j      ∑  j = 1  n    (  1 −  e j   )      ( j = 1 , 2 , … , n )  



(14)








3.2. TOPSIS Method


TOPSIS is a comprehensive distance-based evaluation method, first proposed by C. L. Hwang and K. Yoon in 1981 [40]. The method uses the proximity of the evaluation alternative to the idealized target to rank the merits of each evaluation alternative.



In this study, we design  m  spacing alternatives by varying the value of the ramp spacing and consider them as the evaluation objects of TOPSIS. The five evaluation indicators in Section 2.2 are introduced as criteria in TOPSIS. We express the set of alternatives as   A =  {   A 1  ,  A 2  , … ,  A m   }   , and the set of criteria as   C =  {   C 1  ,  C 2  , … ,  C n   }   , where   n = 5  . The construction process of the entropy-weighted TOPSIS estimation method is shown as follows.



Step 1: Establishing the decision matrix



According to the obtained performance value    d  i j    , we construct the decision matrix   D =    [   g  i j    ]    m × n     for evaluation:


  D =             C 1       C 2     ⋯     C n                 A 1         A 2       ⋮       A m           [       g  11        g  12      ⋯     g  1 n          g  21        g  22      ⋯     g  2 n        ⋮   ⋮   ⋱   ⋮       g  m 1        g  m 2      ⋯     g  m n        ]      ,  



(15)




where  A  represents the evaluated alternative and  C  represents the criterion.



Step 2: Determining the normalization decision matrix



Performance values are normalized to ensure that utility preferences have a consistent unit of measurement while avoiding extreme values affecting similarity distance measurement. A normalized performance value (   z  i j    ) is calculated as below:


   z  i j   =    g  i j         ∑  i = 1  m    g  i j     2        ∀ i , j  



(16)







The normalization decision matrix is expressed as:


  Z =             C 1       C 2     ⋯     C n                 A 1         A 2       ⋮       A m           [       z  11        z  12      ⋯     z  1 n          z  21        z  22      ⋯     z  2 n        ⋮   ⋮   ⋱   ⋮       z  m 1        z  m 2      ⋯     z  m n        ]       



(17)







Step 3: Determining the positive and negative ideal solutions



In the TOPSIS method, the evaluation criteria are divided into benefit criteria and cost criteria. Let the set of benefit criteria be expressed as  B , and  H  denote a set of cost criteria.    Z +    represents the positive ideal solution (PIS) and    Z −    denotes the negative ideal solution (NIS). According to the Equations (18) and (19),    Z +    and    Z −    can be calculated:


   Z +  =  (   (    max  i   z  i j   ∣ j ∈ B  )  ,  (    min  i   z  i j   ∣ j ∈ H  )   )  =  (   (   z j +  ∣ j = 1 , 2 , … , m  )   )   



(18)






   Z −  =  (   (    min  i   z  i j   ∣ j ∈ B  )  ,  (    max  i   z  i j   ∣ j ∈ H  )   )  =  (   (   z j −  ∣ j = 1 , 2 , … , m  )   )   



(19)







Step 4: Computing the distance to the ideal solutions



The Euclidean distance from each alternative    A i    to PIS or NIS can be calculated, respectively, by the following equations:


   D i +  =     ∑  j = 1  n    w j     (   Z j +  −  z  i j    )   2      , i = 1 , 2 , … , m  



(20)






   D i −  =     ∑  j = 1  n    w j     (   Z j −  −  z  i j    )   2      , i = 1 , 2 , … , m  



(21)




where    D i +    is the distance from the alternative    A i    to PIS;    D i −    signifies the distance from the alternative    A i    to NIS.



Step 5: Calculating the relative proximity to PIS



The relative proximity (   S i   ) of an alternative is expressed as follows:


   S i  =    D i −     D i +  +  D i −     



(22)




where   0 ≤  S i  ≤ 1  .



Step 6: Ranking the alternatives



Rank alternatives in descending order according to their proximity value (   S i   ). The alternative with larger relative proximity is closer to PIS. At last, the alternative with the highest relative proximity value is considered the most suitable setting of ramp spacing on expressway.





4. Case Study


In this section, we illustrate the applicability of the entropy-weighted TOPSIS estimation method in evaluating and comparing different ramp spacing settings along the expressway. The case study is conducted based upon the Beijing–Hong Kong–Macao Expressway within Henan Province, China.



4.1. Study Area


Henan Province is a provincial administrative region located in central China, which owns one of the most salient transportation hubs. Its population reached 98.83 million by 2021. By the end of 2020, the mileage of expressways in Henan Province reached 7100 km, with 17 national expressway arteries, such as the Beijing–Hong Kong–Macao Expressway, and more than 50 regional expressways.



In this study, we select the Beijing–Hong Kong–Macao Expressway as the object of case study (see Figure 1) as it is an important logistics channel in Henan Province. The total length of the Beijing–Hong Kong–Macao Expressway within Henan Province is 513 km. The overall environment is set based on the alignment of the Beijing–Hong Kong–Macao Expressway (Minggang Toll Station-Lingying Toll Station section in Henan Province), and an expressway with a total length of 175 km is constructed in ArcGIS for the study. The expressway studied subsumes eight lanes in both directions with a lane width of 3.75 m.



According to the highway design specification [41] conforming to the current status quo of road transportation in China: the auxiliary lanes are needed to be designed for too short ramp spacing, and U-turn lanes should be provided for excessively long ramp spacing. To ensure safety and reduce additional construction costs, we take the minimum spacing (4 km) stipulated in the specification as minimal ramp spacing and set maximal ramp spacing to 24 km. On this basis, a total of 21 alternatives of ramp spacing settings are generated, in which the ramp spacing ranges from 4 km to 24 km.



To obtain the data of the evaluation indicators of each alternative, we determine the expressway traffic demand and substitute it into VISSIM for simulation. The traffic demand of the expressway is divided into traffic demand along the route (TDAR) and transit traffic demand (TTD).



The town is set as the study unit, and “location potential” is used to characterize the locational advantage of a town over the standard town. The location potential of the town is calculated based on the OD data of the expressway and the point of interest (POI) data of towns. The steps for estimating the traffic demand of the expressway are shown as follows:



(i) Estimate the traffic demand of towns: using location potential [36], disperse the cross-sectional traffic volume of the toll stations along the expressway to each town;



(ii) Determine the TDAR: on the basis of distance decay theory [42,43], allocate the estimated traffic demand of the towns along the expressway to each ramp reset according to the spacing alternatives;



(iii) Calculate the TTD: the TTD can be obtained by setting the ratio of the TTD.



The Detailed Expressions for Estimating Traffic Demand are Given in Appendix A.




4.2. Results and Discussions


Based upon the entropy-weighted TOPSIS estimation method, the ramp spacing alternatives are evaluated and the ranking results are sequentially obtained. The weights of each indicator calculated using Equations (9)–(14) are shown in Table 3.



In order to discretize the indicator values of the normalization decision matrix in TOPSIS, we replace the normalization decision matrix with the matrix obtained through Equations (9)–(11). Table 4 shows the normalization decision matrix  Z .



Since the elements of the obtained decision matrix  Z  are all positive values, the positive ideal solution    Z +    consist of the maximum value of each column element in  Z , and the negative ideal solution    Z −    denotes the opposite. They are shown as follows:


   Z +  =  (   C 1 +  ,  C 2 +  , … ,  C n +   )   



(23)






   Z −  =  (   C 1 −  ,  C 2 −  , … ,  C n −   )   



(24)







Thus, PIS and NIS are:


    Z +  = { 1.00 , 1.00 , 1.00 , 1.00 , 1.00 }     Z −  = { 0.00 , 0.00 , 0.00 , 0.00 , 0.00 }   











Based on the normalized Euclidean distance, the distance from PIS or NIS to each alternative is measured. Next, each spacing alternative’s comprehensive score (   C i   ) is obtained by calculating the relative proximity. Finally, the alternatives are ranked according to the descending order of    C i   . Among all the alternatives,    A  11     (ramp spacing was 14 km) have the comprehensive score closest to 1 and the best overall effectiveness. Therefore, the optimal alternative of ramp spacing settings for this study is    A  11    .



4.2.1. Comparison of Ramp Spacing Alternatives


Figure 2 depicts the evaluation indicator values of several representative alternatives as compared to the optimal setting    A  11    . The ramp spacing in    A 2    and    A  19     is close to the left endpoint and right endpoint of the spacing value interval, respectively.    A 2    has a great performance in terms of traffic accessibility. However, the setting of the ramps too close leads to more weaving points along the expressway, which is not conducive to vehicle speed and traffic safety. Meanwhile,    A 2    is not economical due to the need of building more ramps. These findings are consistent with those of previous studies [9,24]. In contrast, the ramp spacing of    A  19     is relatively long. This alternative reduces the project cost and it is not detrimental to traffic efficiency, accessibility, and safety. It can be observed that adjacent ramps are so far apart that traffic entering or leaving the expressway accumulated on the same ramp, causing traffic congestion in merging and diverging areas. Therefore, the two ramp spacing alternatives    A 2    and    A  19     have relatively low comprehensive scores.



Regarding alternative    A  14    , the ramp spacing value is 17 km, which is close to the ramp spacing of the optimal alternative    A  11    . However, the comprehensive score of the    A  14     (0.358) is apparently lower than that of the optimal alternative (0.663). As can be seen from Figure 2,    A  14     is less effective in traffic efficiency and safety. The low comprehensive score of    A  14     may be due to the fact that the ramps it provides cannot effectively serve the demand-intensive area. As shown in Figure 3a,b, the density of demand units (towns) distributed along the two expressway sections are about 0.235 and 0.255, respectively, which are both greater than that along the whole studied section (0.177), where these two areas are both demand-intensive areas. In Figure 3a and Figure 4a, the optimal setting    A  11     provides three ramps to serve the demand-intensive area I, while    A  14     sets only two ramps capable of carrying the traffic demand in the area. Additionally, as Figure 3b and Figure 4b show, both    A  11     and    A  14     set two ramps to serve the demand-intensive area II. We further compare the distribution of ramps within the demand-intensive area II. On the one hand, ramps provided in    A  11     are located in the middle of this area and can effectively partake the traffic demand within the area. On the other hand, one of the ramps established in    A  14     is at the edge of the demand-intensive area II; according to the distance decay theory, more traffic demand is concentrated on the other ramp. In conclusion, the location of ramps in alternative    A  14     is not adapted to the practical circumstances of traffic demand distribution within the demand-intensive areas, resulting in potential traffic congestion in the merging and diverging areas; thus, ramp spacing alternative    A  14     yields relatively lower traffic efficiency and safety.




4.2.2. Sensitivity Analysis of TDARs


In this subsection, we conduct a sensitivity analysis on the effect of TDAR variation on the resulting optimal ramp spacing setting. First, assuming a constant value of TTD, the study scenarios with increased TDAR are simulated using VISSIM. Then, the simulation data of the spacing alternatives are evaluated using the method proposed in this research, and the variation of the optimal ramp spacing value with TDAR is analyzed. Figure 5 shows the heat map of the comprehensive score of spacing alternatives. The horizontal axis represents the average TDAR of the towns along the expressway; the vertical axis is the comprehensive score; the closer the color to blue in the figure indicates a lower score, and conversely, the closer the color to orange. As can be seen from Figure 5, the spacing values corresponding to the alternatives with high scores become shorter as TDAR increases. The reason may be that the traffic flow on the main line is mainly affected by the traffic flow in the weaving area when the ramp spacing is set larger than a specific value. Therefore, when the specific spacing condition is satisfied, adding the number of ramps to disperse the traffic flow entering or exiting the expressway is conductive to mitigating the disturbance of the more complex weaving behavior generated by increased TDAR and improving the overall performance of the expressway.



Overall, this study provides theoretical references and suggestions for the local authority to design appropriate ramp spacing along the expressway: (i) setting the ramp spacing of expressway should comprehensively consider the traffic efficiency, traffic accessibility, safety, and economy. It is not advisable to set the ramp spacing too short so as to improve accessibility, nor too long spacing in an effort to reduce construction costs, which can affect safety negatively. (ii) When setting the ramp spacing of the expressway from the regional level, the ramp spacing of the demand-intensive areas should be adjusted as per the actual demand distribution to improve the service quality of expressways. (iii) The practical implication of the proposed estimation method can indeed improve the practical operations of the expressway service via accommodating local considerations of ramp placement.






5. Conclusions


Expressways are the critical ingredients of the entire highway transportation system, which promotes economic growth and sustainable development. The spacing of ramps, which are the main channels connecting the general road network to the expressway, significantly affects the degree of function and overall efficiency of the expressway. Setting the ramp spacing that ensures the best overall benefits of the expressway is a complex issue that requires consideration of multiple influences.



This paper studies the problem of evaluating the ramp spacing of expressways in a specific district. The purpose is to propose a method that can comprehensively evaluate the ramp spacing of expressways from multiple aspects. The method presented in this study is the entropy-weighted TOPSIS estimation method, and the evaluation indicator system consists of traffic efficiency, safety, traffic accessibility, and economy. The settings of different ramp spacing are applied on the expressway through VISSIM.



The study case applying the entropy-weighted TOPSIS estimation method to the Beijing–Hong Kong–Macao Expressway in Henan Province aims to demonstrate the method’s effectiveness and to explore potential principles for the rational setting of ramp spacing. Therefore, the evaluation results were analyzed after each spacing alternative was evaluated. The analysis was focused on the differences in spacing alternatives’ performance: the influence of spacing values on each evaluation indicator, the significant differences in the comprehensive scores of the spacing values, and the requirements of TDAR for spacing value. The results of the analysis show: (1) spacing values that are too long or too short are detrimental to the overall benefit of the expressway; (2) spacing values that place the ramps at locations where they can effectively share TDAR are the foundation for making the best overall benefit of the expressway; (3) when TDAR increases, appropriately shortening the ramp spacing can keep the expressway operating well.



The method and setting principles proposed in this study aim to set a reasonable spacing that satisfies the regional traffic demand and improves the overall efficiency of the entire expressway system. This study overcomes the one-sidedness of the single-factor influence setting and the localization of adjacent ramps as the research object. The research results could provide theoretical references for the local authority to overall plan the ramp spacing and improve the practical operations of expressway. Since the transportation-related carbon emission and environmental costs are drawing considerable research attention [44], future work may consider the environmental costs of setting ramps.
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Table A1. List of notations.
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	Variable
	Notation





	  i  
	index of towns



	  j  
	index of ramps



	    L i    
	the comprehensive level of service of roads within the town  i 



	    l  i j     
	the distance from town  i  to ramp  j 



	    M i    
	the comprehensive aggregation scale of town  i 



	    ε i    
	the accessibility of town  i  when considering distance factor



	    β  r j     
	the weight of the ramp  j  attached to the toll station with location potential level  r 



	    λ i    
	the accessibility of town  i 



	    λ 0    
	the accessibility of the standard town



	   L  p i    
	the location potential of town  i 



	   L  p 0    
	the location potential of the standard town



	  ξ  
	the proportionality coefficient



	  χ  
	the elastic correction factor for the increase in location potential due to the traffic accessibility



	  φ  
	the elastic correction factor for the increase in location potential due to the comprehensive aggregation scale



	   c o e  f i    
	the location influence coefficient of town  i 



	    q i    
	the traffic demand along the route allocated to town  i 



	    F j    
	the cross-sectional flow of the toll station where ramp  j  is located



	    z t   (   l  i j    )    
	the cumulative probability of travel to ramp  j  from a town which is    l  i j     kilometers away from ramp  j 



	  ζ  
	parameter of the function related to distance decay theory



	  ψ  
	parameter of the function related to distance decay theory



	    V t    
	the transit traffic demand of expressway



	    V a    
	the traffic demand along the route of expressway



	  μ  
	the proportion of transit traffic demand



	Sets
	



	  T  
	the set of towns



	  R  
	the set of ramps set according to spacing alternative



	    R i    
	the set of ramps that can serve the town  i ,    R i  ∈ R  



	    R 0    
	the set of the original ramps on the expressway



	    R  0 i     
	the set of ramps that can serve the town  i ,    R  0 i   ∈  R 0   



	    T j    
	the set of towns served by ramp  j 








(1) Estimate the traffic demand of the towns along the expressway using location potential



Estimating traffic demand using location potential should consider the accessibility of towns. The accessibility of towns is affected by the LOS of roads and the distance between towns and ramps. For the distance factor, it is necessary to consider the influence of the location potential of the toll station where the ramp is located. Therefore, we classify the level of the location potential of toll stations according to their cross-sectional traffic volume, and the accessibility of each town is calculated:


   ε i  =     ∑  j ∈  R  0 i       β  r j    1   l  i j           ∑  j ∈  R  0 i       β  r j       ( i ∈ T ) ,  



(A1)







Then, combined with the description of the LOS of the road in Equation (4), the accessibility of town  i  can be estimated by:


   λ i  =  L i  ⋅  ε i  ( i ∈ T )  



(A2)







Finally, the location potential model is described as follows:


   {      L  p i  = ξ  λ i χ   M i φ        L  p 0  = ξ  λ 0 χ   M 0 φ  =   ∑  i ∈ T      L  p i   ¯          c o e  f i  =   L  p i    L  p 0           q i  =   ∑  j ∈  R  0 i       F j    c o e  f i      ∑  i ∈  T j     c o e  f i              ( i ∈ T )  



(A3)







(2) Reset traffic demand along the route using distance decay theory



The traffic demand along the route is redistributed to each ramp based on distance decay theory. It can be expressed by:


   z t   (   l  i j    )  = ζ ⋅  l  i j   − ψ    (  i ∈ T , j ∈  R i   )  ,  



(A4)




where    z t   (   l  i j    )    is the cumulative probability of travel to ramp  j  from a town which is    l  i j     kilometers away from ramp  j . Let   ζ = 17.41  ,   ψ = 1.022  .



(3) Determine the transit traffic demand by setting the proportion of transit traffic.



The relationship between the transit traffic demand and the traffic demand along the expressway is expressed as below:


   V t  =   μ  V a    1 − μ    



(A5)




where the value of  μ  is taken as 15%.
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Figure 1. Schematic of the study scenario for the ramp spacing of expressway. 
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Figure 2. Comparison of evaluation indicators of several spacing alternatives. 
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Figure 3. The distribution of the ramps set according to    A  11     within the demand-intensive area: (a) Demand-intensive area I; (b) Demand-intensive area II. 
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Figure 4. The distribution of the ramps set according to    A  14     within the demand-intensive area: (a) Demand-intensive area I; (b) Demand-intensive area II. 
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Figure 5. Evaluation of ramp spacing alternatives under different traffic demands along the expressway. 
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Table 1. List of notations in the evaluation indicator system.
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Variable

	
Notation




	
Parameters

	






	
   v ¯   

	
the average speed




	
   d ¯   

	
the average delay




	
    v i    

	
the speed of vehicle  i 




	
    d i    

	
the delay of vehicle  i 




	
  N  

	
the sample size of vehicles




	
  ϵ  

	
the accident rate of 100 million vehicle- kilometers




	
  σ  

	
the standard deviation of the speed of all vehicles




	
    L i    

	
the comprehensive level of service of roads within the town  i 




	
  α  

	
the grade of roads




	
   l e  n α    

	
the length of the road with grade  α 




	
    h α    

	
the evaluation value of the road with class  α 




	
   L e  n i    

	
the total length of the roads passing through the town  i 




	
    a i    

	
the accessibility of town  i 




	
    l  i j     

	
the distance from town  i  to ramp  j 




	
    M i    

	
the comprehensive aggregation scale of town  i 




	
  P  

	
the number of evaluation indicators for the comprehensive aggregation scale




	
    γ k    

	
the weight of the   k  - th    evaluation indicator




	
    u  i k     

	
the value of the   k  - th    evaluation indicator of town  i 




	
  ϕ  

	
the accessibility of the study district




	
  Ω  

	
the project cost of constructing all ramps along the expressway section




	
  ρ  

	
the density of ramps along the expressway section




	
    l c    

	
the relevant parameter of the project cost




	
    δ c    




	
    β c    




	
Sets

	




	
  R  

	
the set of ramps set according to spacing alternative




	
    R i    

	
the set of ramps that can serve the town  i ,   R ∈  R i   




	
  T  

	
the set of towns
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Table 2. Evaluation indicator system of ramp spacing on expressway.
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	Indicator (Criterion)
	Dimension
	Indicator Source





	Average speed (  v ¯  )
	positive
	VISSIM simulation



	Average delay (  d ¯  )
	negative
	VISSIM simulation



	Accident rate ( ϵ )
	negative
	VISSIM simulation and calculation



	Traffic accessibility ( ϕ )
	positive
	Calculation based on data



	Project cost ( Ω )
	negative
	Evaluation based on ramp data and terrain conditions
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Table 3. The weight of the evaluation indicators of the spacing alternatives.
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	Indicator

(Criterion)
	Average

Speed
	Average Delay
	Accident

Rate
	Traffic

Accessibility
	Project

Cost





	Weight (     w   j     )
	0.20211
	0.25285
	0.16918
	0.13340
	0.24246
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Table 4. Normalization decision matrix for spacing alternatives evaluation.
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Spacing

Alternative

	
Decision Matrix




	
Average Speed

	
Average Delay

	
Accident Rate

	
Traffic Accessibility

	
Project Cost






	
    A 1    

	
0.47

	
0.66

	
0.54

	
1.00

	
0.00




	
    A 2    

	
0.00

	
0.29

	
0.66

	
0.98

	
0.05




	
    A 3    

	
0.65

	
0.72

	
0.92

	
0.99

	
0.10




	
    A 4    

	
1.00

	
0.80

	
0.67

	
0.96

	
0.15




	
    A 5    

	
0.43

	
0.60

	
0.87

	
0.94

	
0.20




	
    A 6    

	
0.81

	
0.74

	
0.80

	
0.92

	
0.25




	
    A 7    

	
0.55

	
0.70

	
1.00

	
0.91

	
0.30




	
    A 8    

	
0.96

	
1.00

	
0.41

	
0.86

	
0.35




	
    A 9    

	
0.58

	
0.92

	
0.67

	
0.83

	
0.40




	
    A  10     

	
0.44

	
0.46

	
0.29

	
0.85

	
0.45




	
    A  11     

	
0.89

	
0.68

	
0.64

	
0.71

	
0.50




	
    A  12     

	
0.04

	
0.49

	
0.00

	
0.71

	
0.55




	
    A  13     

	
0.70

	
0.64

	
0.42

	
0.60

	
0.60




	
    A  14     

	
0.19

	
0.08

	
0.19

	
0.56

	
0.65




	
    A  15     

	
0.79

	
0.35

	
0.59

	
0.55

	
0.70




	
    A  16     

	
0.65

	
0.43

	
0.21

	
0.51

	
0.75




	
    A  17     

	
0.35

	
0.00

	
0.42

	
0.44

	
0.80




	
    A  18     

	
0.52

	
0.36

	
0.32

	
0.37

	
0.85




	
    A  19     

	
0.13

	
0.12

	
0.24

	
0.24

	
0.90




	
    A  20     

	
0.28

	
0.05

	
0.32

	
0.20

	
0.95




	
    A  21     

	
0.45

	
0.07

	
0.34

	
0.00

	
1.00
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