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Abstract

:

Conventional four-legged intersections are inefficient under heavy traffic requirements and are prone to congestion problems. Unconventional intersections with innovative designs allow for more efficient traffic operations and can increase the capacity of the intersection, in some cases. Common unconventional designs for four-legged intersections include the upstream signalized crossover intersection (USC), continuous flow intersection (CFI), and parallel flow intersection (PFI). At present, an increasing number of cities are using such unconventional designs to improve the performance of their intersections. In the reconstruction of original intersections or the design of new intersections, the question of how to more reasonably select the form of unconventional intersection becomes particularly critical. Therefore, we selected a typical intersection in Xi’an for optimization and investigated traffic data for this intersection. The traffic operations, with respect to the four solutions of a conventional intersection, USC, CFI, and PFI, were evaluated using the VISSIM software. Then, we evaluated the suitability of each solution under different situations using the CRITIC (CRiteria Importance Through Intercriteria Correlation) method, which is a multi-criteria decision-making (MCDM) method that enables a more comprehensive and integrated evaluation of the four solutions by taking into account the comparative intensities and conflicting character among the indices. The results show that the conventional intersection is only applicable to the case of very low traffic volume; PFI has the advantage in the case of moderate and high traffic volume; CFI performs better in the case of high traffic volume; and USC is generally inferior to CFI and PFI, although it has greater improvement, compared with the conventional solution, in a few cases.
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1. Introduction


Intersections are essential nodes in the urban traffic network, where the capacity of the intersection largely determines the fluency of the entire urban road network. With the rapid growth of the urban population and the number of vehicles, urban intersections are increasingly becoming a bottleneck in urban road networks [1,2,3]. When the number of vehicles increases sharply, the traffic flow in different directions at each intersection also increases, leading not only to worse congestion in merging regions [4,5], but also to more serious problems involving the passage of left-turning traffic [6]. The problem of left turns at urban intersections has long been considered a challenge.



For general intersections, when left-turning traffic operates, there will be conflict points with the traffic in the straight direction, which not only causes congestion but also poses safety hazards [7,8]. To ensure the safe passage of left-turning traffic, separate left-turning phases need to be set for left-turning traffic; however, this can increase traffic delays [9,10]. For large intersections, in order to be able to reduce delays, left-turn waiting areas are usually provided, in order to improve the efficiency of left-turning traffic [11,12], but the signal timing at the intersection is still four-phase, which is a very limited improvement for intersections. Therefore, attempts have been made to maximize the potential of traditional typical intersections as much as possible, starting with optimizing the signal timing [13,14,15]. The traffic signal is an important factor affecting the operation of vehicles at intersections and setting the optimal scenario for traffic lights on intersections is very important and urgent. There exist diverse signal timing optimization models for intersections based on various algorithms and models [6,16,17]; for example, the signal timing of intersections has been optimized by adopting a meta-heuristic algorithm with difference operator [18]. Then, intersections showed considerable improvements, especially in capacity, delays, and emissions. In addition, traffic light phase control algorithms for different density roads are evaluated and improved [19]. The multi-intersection co-operative traffic signal control method, based on different algorithms [20,21], can co-ordinate and optimize the signal timing of multiple intersections, effectively reducing the delay time of each intersection in the road network and improving the capacity of the whole road network. Using the special left-turn signal control method [22], the left-turn lane can be turned into a controllable shared lane for both left-turning and straight traffic, which can improve the efficiency of the entire intersection. In addition, the use of signal transit priority for buses [23,24,25] is an effective way to improve urban traffic operations in cities, especially on roads with numerous buses. The optimization of signal timing at conventional intersections has been proven to provide great improvement for the capacity of intersections; however, with the dramatic growth of traffic, the capacity of traditional intersections has gradually failed to meet the vehicle travel demand.



In order to further improve the capacity of intersections, some novel measures have been proposed. In terms of lane usage, dynamic reversible lanes [26] can be provided between two adjacent intersections, in order to enhance their capacity. Similarly, dynamic exit lanes [27,28] designed specifically for left-turning vehicles can be used to accommodate left-turning vehicles in a single intersection. They are both designed similarly to tidal lanes, in order to increase lane usage while guaranteeing the capacity of intersections. In terms of traffic organization, the Same Entrance Full-Pass (SEFP) approach [29] allows vehicles from the same entrance to be released at the same time, thereby ensuring that all vehicles from the same entrance pass directly through the critical intersection without stopping, which is used to prevent the oversaturation of critical intersections during peak hours. In terms of computer applications, digital information and internet technologies can be used to create dynamic control systems that integrate roads, vehicles, and the environment [30,31,32] to achieve the dynamic management of vehicles, thereby improving the capacity and safety of intersections.



The design and study of unconventional intersections have attracted significant attention, which not only due to their unique shapes and structures, but more considerably for their variety and ability to optimize the operations of left-turn and straight traffic flow within the intersection by their own unique properties and advantages, largely improving the capacity and safety of the intersection meanwhile reducing emissions [33,34,35]. The advantages of this unconventional structural design are particularly evident in non traffic lighted intersections, such as unconventional roundabouts [36,37]. Unconventional intersections mainly include the conventional median U-turn design (MUT), the unconventional median U-turn design, super street median design (SSM), the Bowtie design, the Jughandle design, the quadrant roadway intersection design (QR), the split intersection, unconventional roundabouts (elliptical, turbo roundabouts, and so on), the double crossover intersection (DXI), the upstream signalized crossover intersection (USC), the continuous flow intersection (CFI), the parallel flow intersection (PFI), unconventional, and so on. Three of these unconventional designs—USC, CFI, and PFI—which are often used by designers, have similar characteristics. They are signal-controlled intersections and symmetrical in structure, can be used for the improvement of four-legged intersections and, most importantly, they are all based on the principle of changing the original traffic organization through four secondary intersections, such that the left-turning traffic and straight traffic can be carried out in one signal phase, reducing the signal timing of intersections from four phases to two phases in one cycle, in which the two-phase signal design can significantly enhance the intersection capacity [38]. Not only that, but their structure can be adjusted to allow for the modification of only one or two legs of the intersection that need to be improved [39,40].



An upstream signalized crossover intersection (USC) eliminates the conflict between left-turning and straight traffic at the main intersection, by changing the straight and left-turning traffic from right-hand traffic to left-hand traffic through four secondary intersections; ultimately, it can ensure that the straight and left-turning vehicles at the main intersection can operate simultaneously, through controlling the main intersection and four secondary intersections by two-phase signals. This unconventional design can significantly reduce delays, compared to conventional intersections. Furthermore, when traffic volumes are highly unbalanced, USC has also shown great potential in most cases [41,42].



A continuous flow intersection (CFI), which has been recognized as a desirable unconventional design, separates the left-turning traffic in each direction to the outermost side (through four secondary intersections) and ensures that there is no conflict between straight and left-turning vehicles at the main intersection and that the two flows can operate simultaneously. The primary and secondary intersections of CFI are also controlled by two-phase signals. In recent years, CFI has been studied in various aspects, including: the supplementation and study of CFI operational evaluation parameters [43], CFI signal timing optimization [44,45,46], pedestrian performance within CFI [47], and even the use of simplified and economical CFI [48,49] to optimize the properties of intersections when conditions are constrained. In general, the operational performance of CFI is evident and its delay can be significantly reduced [50,51,52], while the capacity can be significantly increased [53], compared to conventional intersections.



A parallel flow intersection (PFI) is a cost-saving design. Its structure is similar to that of the CFI, where the difference is that the left-turning traffic passes through the main intersection into the exit lane in a CFI while, in a PFI, the left-turning traffic passes through the main intersection into the inlet lane between the straight and right-turning lanes [54]. The major intersection and secondary intersections of a PFI also use two-phase control, but the traffic organization is different from CFI, where the left-turning traffic in the CFI’s major intersection runs together with the straight-through traffic in the same direction, while the left-turning traffic at PFI’s major intersection runs together with the straight-through traffic on the intersecting roads. As a design of the same level as CFI, PFI provides considerable improvements over conventional intersections, in terms of capacity, safety, and delays [55].



The three types of intersections previously mentioned—USC, CFI, and PFI—have certain similarities, such that the comparative study of these three intersections is critical and necessary, affecting exactly how decision-makers and designers make use of them in the future. Currently available studies have shown that CFI has the lowest travel time among the seven common unconventional intersection designs [34]. Between CFI and USC, both have better capacity improvements, compared to the conventional solution, at moderate and high traffic volumes, but CFI performs better than USC [56]. Between CFI and PFI, the delays are similar when the traffic volume is low, while the delays are lower for CFI when the traffic volume is higher [57]. In addition, the different geometries of the three types of intersections, the traffic volume, and the signal timing affect their capacity and delay improvements [56,58].



The current study is adequate for these three kinds of intersections individually, but there are some shortcomings in how to compare and evaluate these unconventional intersections with a more integrated approach. In terms of indices, the evaluation indices selected in the current study are mainly related to delays, followed by queue length and capacity, which belong to traffic indices. Environmental indices, such as carbon emissions and fuel consumption, are not considered. With the concept of sustainable development sinking deep into the hearts of the people, it is increasingly crucial to consider transportation and environmental issues in an integrated manner [59]. In the typically used methods, only a simple comparison of each index is made through simulation, without linking the indices to each other for comprehensive consideration. In terms of comparison scope, only a small portion of the traffic volume was selected for comparison, and the coverage was not comprehensive enough. Such simple comparisons cannot provide complete guidance to decision-makers and designers in the selection of solutions.



Multi-criteria decision-making (MCDM) is a scientific and effective method that analyzes the impact factors of indices by calculating the weights of different indices and then scoring them in a comprehensive way. MCDM is a branch of operations research that studies the analysis of finding optimal results in complex situations [60]. In the context of the global implementation of a low-carbon economy, MCDM has become increasingly popular for the assessment of environmental protection and energy conservation [60,61]. In MCDM, it is often necessary to judge the importance of indices by calculating the weights of evaluation indices, where the commonly used methods for objectively calculating the weights of indices include the entropy evaluation method, the CRITIC method, and so on. The entropy method, which determines the magnitude of the weights of indices by their confusion, is simple to calculate and has been applied for the comprehensive assessment of intersections [62,63]. However, the entropy method cannot consider the connection between each index and has certain limitations. The CRITIC method is based on the quantification of the two basic concepts of MCDM, and calculates the weights of indices through the comparative intensity and the conflicting nature of indices, taking into account both the trends of individual indices and the correlations between them [64]. It has been widely used in manufacturing [65,66], construction applications [67,68], internet cloud services [69], medical pharmacy [70], electrical grid systems [71], and the sustainable optimization of energy and environment [72,73,74], among other interdisciplinary subjects.



The main objective of this paper is to use the CRITIC method to carry out a comprehensive evaluation of USC, CFI, and PFI under different combinations of traffic volumes, selecting maximum queue length, number of vehicles, delays, number of stops, and travel time as traffic indices, and CO emissions and fuel consumption as environmental indices. Ultimately, the optimal solution for different situations is selected through the multi-criteria decision-making method. The rest of the paper is organized as follows: Section 2 illustrates the actual case analysis and data collection. Section 3 presents the modeling of intersections for four improvement solutions, including USC, CFI, and PFI, in VISSIM and the analysis of simulation results. Section 4 presents the sensitivity analysis of each solution under different traffic scenarios. Section 5 discusses the process of calculating the weights of indices by the CRITIC method, and the optimal solution is derived. Our final conclusions are drawn in Section 6, see Figure 1.




2. Problem Statement and Data Collection


2.1. Problem Statement


Xi’an is a city with a long history and a fast-growing transportation industry [75]. As of the end of 2019, the population of Xi’an exceeded 10.2 million. Furthermore, as of 25 October 2020, the number of motor vehicles in the city had reached 3.7 million, an increase by 681,000 from March 2019, which continues to grow at a high rate [76].



With the growing number of vehicles within the city and the size limitations of the city roads, its arterial roads and intersections have become overwhelmed during the morning and evening peaks. For intersections, the traditional intersection capacity can no longer meet the increasing vehicle demand. Therefore, in order to maximize the capacity of intersections and road service level, it would be very effective to improve the traffic organization of intersections, through the use of unconventional intersections in the design of new intersections, as well as in the reconstruction of existing intersections. There exist various types of unconventional intersections, the most common of which are USC, CFI, and PFI, all of which have common characteristics: They ensure the effective passage of left-turning vehicles through special traffic organization, which can effectively reduce the number of conflict points of vehicles in the range of intersections, especially eliminating the conflict points of left-turning and straight traffic, thus ensuring that left-turning vehicles can run simultaneously with straight and right-turning vehicles. Some cities in China have started to improve the performance of intersections by adopting unconventional designs. For some cities, such as Xi’an, the urban structure is distributed as a regular rectangle with well-defined directions, and most of the large intersections are symmetrical in structure and the roads are orthogonal to each other. In such a case, it is more convenient and suitable to adopt these unconventional designs for intersection improvements.



However, there are many existing intersections and many new intersections need to be built as the city expands. When reconstruction or new construction is carried out, the question of which type of unconventional intersection is better becomes of great significance.



Based on the CRITIC method, we adopted the multi-criteria decision-making method and took Xi’an XiaoZhai intersection as an example, focusing on a comprehensive comparison of four types of intersections—conventional, USC, CFI, and PFI—and proposed the respective scope of application for the three improvement solutions (i.e., USC, CFI, and PFI).




2.2. Data Collection


Actual collected traffic data are needed for model calibration and micro-simulation in VISSIM. In this paper, we took XiaoZhai intersection as an example, due to its high traffic volume, frequent congestion, and high delay, as shown in Figure 2. The congestion index of Xi’an can be obtained, according to the statistics of the AutoNaviTraffic in ChinaCompany [77]. According to the congestion index, the morning peak of Xi’an occurs between 7:00 a.m. and 9:00 a.m., while the evening peak occurs between 5:00 p.m. and 7:00 p.m. The congestion index of Xi’an, for the whole day of 23 October, 2020, is shown in Figure 3. Therefore, the corresponding peak hours were selected, in order to collect traffic data for the morning, midday, and evening peaks at the XiaoZhai intersection. It was also ensured that the weather conditions and road conditions were favorable and free from construction zones and traffic accidents.



The instruments used to collect data were mainly cameras and radars, where the cameras were used for traffic volume counting and the radars used to collect vehicle speeds and trajectories.



The data to be collected included the current signal timing; the traffic counts; the proportion of left-turning, straight-ahead, and right-turning vehicles at each inlet; the proportion of different vehicle types; and the operating speeds of vehicles within the intersection.



Figure 4a shows a map of the location of the monitoring stations. To represent the intersection more clearly, a schematic diagram of the current intersection is given by Figure 4b. Figure 5 shows the arrangement of equipment of the data collection for the current intersection. Standing on the pedestrian bridge, the surveyor put the camera and radar at four directions of the intersection respectively for recording at 7:00 to 8:00 a.m., 12:00 to 1:00 p.m., and 7:00 to 8:00 p.m. on 23 October 2020.



After data and statistics collection, traffic volume measured at Xiaozhai intersection was 7131 veh/h in the morning peak hour, 6142 veh/h in the midday peak hour, and 6648 veh/h in the evening peak hour. As the traffic volume was the highest in the morning peak hour, the traffic volume in the morning peak hour was chosen as a representative. Table 1 shows the collected data of the morning peak period over 1 h.



The data collected revealed the following characteristics:




	
The two intersecting roads at the intersection had obvious primary and secondary characteristics, where the north–south direction was the main road, the east–west direction was the secondary road, and the traffic volume in the north–south direction was higher than the traffic volume in the east–west direction.



	
The total traffic volumes at the intersection were nearly the same for northbound and southbound, and nearly the same for eastbound and westbound.



	
The proportion of left-turning vehicles at the intersection was nearly the same for northbound and southbound (14.78% and 12.63%, respectively), and the proportion of left-turning traffic was relatively close for eastbound and westbound (13.58% and 20.69%, respectively).



	
The proportion of vehicles making a U-turn was not large.



	
The maximum speed of vehicles approached 70 km/h, while the average speed was only about 20 km/h, meaning that most of the vehicles were not moving fast.



	
The signal cycle was 175 s, and the split times were the same for southbound and northbound; the westbound straight and left-turn phases started and ended at the same time, while the eastbound straight phase started first, the left-turn phase started later and, finally, the straight and left-turn phases ended at the same time. It is worth noting that there was a period of time when the green light was on simultaneously for westbound left-turning vehicles and eastbound straight-through vehicles, which indicates a conflict point between left-turning and straight-through vehicles.



	
There was a waiting area at the intersection. The northbound and southbound left-turn waiting area contained three lanes, while the eastbound and westbound left-turn waiting area contained two lanes.



	
In 2020, the proportion of new-energy vehicle was 2.83% in Xi’an [78]. Therefore, the vehicles studied in this paper were traditional vehicles only.










3. Establishment and Simulation of the Model in VISSIM


3.1. Modeling of Each Solution


3.1.1. Geometric Design


Based on the traffic volume, the proportion of left-turning vehicles, the measured average speed, the maximum and minimum speeds, and previous studies on the geometry of USC, CFI, and PFI [42,56,58,79,80], the geometry of the proposed model is shown in Figure 6.



Figure 6a shows the geometry of the current intersection. Because of the right-hand traffic in Xi’an, the geometric shapes of USC, CFI, and PFI in this paper adopt the right-hand traffic design.



Figure 6b illustrates the geometry of the USC. This design changing the straight and left-turning traffic from right-hand traffic to left-hand traffic through four secondary intersections; ultimately, it can ensure that the straight and left-turning vehicles at the main intersection can operate simultaneously.



Figure 6c presents the geometry of the CFI. CFI separates the left-turning traffic in each direction to the outermost side (through four secondary intersections) and ensures that there is no conflict between straight and left-turning vehicles at the main intersection and that the two flows can operate simultaneously.



Figure 6d shows the geometry of the PFI. Its structure is similar to that of the CFI, where the difference is that the left-turning traffic passes through the main intersection into the exit lane in a CFI while, in a PFI, the left-turning traffic passes through the main intersection into the inlet lane between the straight and right-turning lanes. The traffic organization of PFI is different from CFI, where the left-turning traffic in the CFI’s major intersection runs together with the straight-through traffic in the same direction, while the left-turning traffic at PFI’s major intersection runs together with the straight-through traffic on the intersecting roads.



From the geometric shapes of USC, CFI, and PFI, it can be said that the primary and secondary intersections of these three unconventional designs are controlled by two-phase signals, which greatly facilitate the operation of the vehicles.




3.1.2. Signal Phasing and Timing


The Synchro software has been used by many traffic engineers, in order to determine signal cycles and to optimize and co-ordinate signal timing. Synchro can calculate the signal timing of unconventional intersections, such as USC and CFI, and has shown good performance in optimizing the signal timing of these unconventional intersections [42,58]. As Synchro’s processing is iterative, it calculates the delays, queuing, and vehicle stops of the network while adjusting the signal timing. It then assigns a score to each iteration, based on these effectiveness metrics, to achieve optimal network signal timing [42].



In this paper, we use the synchro7 software to determine the signal timing of four types of intersections, including conventional intersection (present solution), USC, CFI, and PFI, under different traffic scenarios.





3.2. Calibration of Vissim Model


In this paper, VISSIM is used for microscopic simulation, in order to analyze the regularity of the simulation results, which is crucial to ensure the accuracy of the simulation model, such that VISSIM provides reasonable capacity estimates for all movements [81]. The model calibration in this stage followed the normal calibration procedures proposed in previous studies [82,83,84]. Several calibrated parameters are available in the VISSIM simulation model: the gap-accepting model, car-following model, and lane-changing model. However, capacity is the most commonly used metric, as it is very sensitive to route selection behavior, so it is mainly used for route selection in road network calibration. Calibration with capacity indicators consists of two main steps:




	
First, the capacity of each flow needs to be determined, which can be calculated by (1):


  C =  3600   h t  ¯   ,  



(1)




where C denotes the ideal capacity (veh/h) and    h t  ¯   denotes the average minimum headway(s).



	
The MAPE index represents the mean absolute percentage error, which is used to reflect the error between the actual collected and simulated capacity of each flow. The MAPE can be calculated according to (2):


  M A P E =     ∑  a = 1  n     C v a  −   ∑  a = 1  n    C f a       ∑  a = 1  n    C f a    ,   



(2)




where a denotes the traffic flow, n denotes a total of 13 different traffic flows,   C v a   is the simulated capacity of VISSIM (veh/h), and   C f a   denotes the collected capacity (veh/h). Table 2 shows the calculated MAPE results for each traffic flow.








From the calculation results, it can be seen that the total error between the simulation model and the reality was −3.2%, indicating that the established VISSIM model error was within the acceptable range [85,86], and its accuracy was sufficient.




3.3. VISSIM Calculation of Operational Measures


3.3.1. Selection of Evaluation Indices


The most common traffic indices used in VISSIM to evaluate intersection performance are delay, travel time, and number of stops [87,88]. In this paper, in order to evaluate the performance of several intersections more comprehensively, two indices—maximum queue length and the number of vehicles [87]—were additionally selected. Furthermore, in recent years, many cities have faced not only serious traffic congestion problems but also serious environmental problems, such as air pollution [89]. Vehicle emissions have a great impact on air pollution. In order to relieve traffic congestion and reduce air pollution from vehicle emissions, a number of cities have imposed vehicle traffic restrictions [90]. Based on environmental considerations, it is necessary to select environmental indices as part of the criteria for evaluating the performance of intersections. Therefore, CO emissions and fuel consumption [87] were selected as environmental indices in this paper.




3.3.2. Simulation Results


The actual collected traffic data were input into each of the four solution models for simulation. Table 3 shows the results of the seven indices for the four solutions. It is clear that the conventional solution performed the worst overall, but had the lowest number of stops. For the USC, the overall degree of optimization was not significant, only the degree of optimization in terms of travel time and delays was greater. On the other hand, CFI and PFI were two very well optimized solutions. There was a slight discrepancy between the two solutions, in terms of the number of vehicles, delays, maximum queue length, and fuel consumption, with CFI slightly outperforming PFI. CFI was superior to PFI, in terms of CO emissions and number of stops; however, for the travel time index, the PFI is better than the CFI.



In order to achieve a visual effect, the results are plotted into a radar map. Except for the number of vehicles, the smaller the indices, the better. As Figure 7 shows, the axis of the number of vehicles is set opposite to the axes of other indices. Therefore, the area in the radar map reflects the performance of each solution, with larger area indicating worse performance.



In summary, the degree of USC improvement was not very significant, while CFI and PFI performed well, but each had its own advantages. Therefore, it was not possible to generalize which was better and which was worse for the three improvement solutions, especially CFI and PFI. A more comprehensive and integrated consideration is necessary.





3.4. Safety Evaluation


A safety evaluation should be included for a complete simulation evaluation. A commonly used tool, the Surrogate Safety Assessment Model (SSAM), is a simulation and analysis project used by the Federal Highway Administration (FHWA) to predict road safety before an accident occurs. SSAM is a software application that not only automatically identifies, classifies, and evaluates traffic conflicts in the vehicle trajectory data output from microscopic traffic simulation models, but also has built-in statistical analysis of conflict frequency and severity, which can help analysts to design safe traffic facilities [91,92,93].



The collected morning peak traffic volumes were input into the four solutions, and a safety analysis was performed separately for each solution. Table 4 shows the results of the safety evaluation for the four solutions. For the crossing index, USC and PFI performed better, being 80.0% less than the conventional solution, while that of CFI was 50.0% less than the conventional solution. For rear-ending, the USC, PFI, and conventional solutions performed similarly, with only the CFI performing better (27.2% less than the conventional solution). For the number of vehicle lane changes, PFI performed the best, 56.3% less than the conventional solution, while those of USC and CFI were 35.4% and 41.7% less than the conventional solution, respectively. In general, the conventional solution had higher safety risks, USC had better improvement for conflict crashes, CFI had better improvement for rear-end crashes, and PFI had better improvement for conflict crashes and lane change behavior of the vehicles.





4. Sensitivity Analysis of Operational Performance


The simulation results in the previous section showed that both CFI and PFI are well-optimized for intersections at the currently collected traffic volumes, but both had advantages and disadvantages, in terms of different indices. However, the simulation only covered the current traffic volume and did not reflect the circumstances under other traffic volumes, which restricts the evaluation of the simulation effect for the unconventional intersection improvement solutions. Therefore, this section discusses the degree of optimization of the intersections for different traffic combinations, respectively, for the different solutions.



As mentioned in Section 2, the northbound and southbound traffic volumes at XiaoZhai intersection were nearly the same, and the eastbound and westbound traffic volumes were also close to each other. Therefore, in the sensitivity analysis, to reduce the workload, the traffic volumes in the two directions of northbound and southbound are kept the same (similarly for eastbound and westbound), while the proportion of traffic flow in each direction and the proportion of vehicle types are kept the same as the current. There were three lanes in the north–south direction at the intersection. The maximum service traffic volume of the three lanes was 3430 veh/h [94]. According to the actual traffic volume data collected, the southbound and northbound traffic volumes were 2261 veh/h and 2254 veh/h in the morning peak hour, 2084 veh/h and 2512 veh/h in the midday peak hour, and 2156 veh/h and 2736 veh/h in the evening peak hour, respectively. Therefore, in the sensitivity analysis, the range of traffic volume was chosen as 0.2–1.0 V/C, where the range was divided into nine equal parts at 0.1 V/C intervals (i.e., 686 veh/h to 3430 veh/h). There were also three lanes in the east–west direction at the intersection. However, according to the actual traffic data collected, the westbound and eastbound traffic counts were 1128 veh/h and 1006 veh/h in the morning peak hour, 741 veh/h and 825 veh/h in the midday peak hour, and 1133 veh/h and 1106 veh/h in the evening peak hour, all of which were far below the large service traffic volume limit of 3430 veh/h. Hence, for the east–west direction, the traffic volume selection range was 0.2–0.6 V/C in the sensitivity analysis, which was divided into five equal parts at 0.1 V/C intervals (i.e., 686 veh/h to 2058 veh/h). In this way, a total of 45 traffic volume combinations were available, and the actual collected traffic volumes were included in the selected range of combinations. The traffic combinations for the sensitivity analysis are specified in Table 5. The signal timing for each solution with different traffic combinations was obtained using the synchro7 software.



In the sensitivity analysis, seven indices—delay, travel time, number of stops, number of vehicles, CO emissions, fuel consumption, and maximum queue length—were used for the evaluation of intersection performance. Figure 8, Figure 9 and Figure 10 indicate the degree of improvement of USC, CFI, and PFI, relative to the conventional type of intersection (i.e., present solution) in the seven indices, respectively.



Figure 8a illustrates the degree of improvement in maximum queue length at USC, compared to the conventional solution, for the 45 traffic volume groups. When the traffic volume in the north–south direction was in the range of less than 2058 veh/h, the improvement of USC was better, where the maximum improvement reached 75.9%. When the east–west traffic volume was low and the north–south traffic volume was high, the maximum queue length of USC increased instead, with the lowest improvement of −15.9%, which was worse than the conventional solution.



Figure 8b reflects the comparison of the number of vehicles. Compared with the traditional solution, the overall improvement of USC for the number of vehicles was not high. When the traffic volume was large in the east–west direction and medium in the north–south direction, the improvement of USC was better, with the maximum reaching 17.7%; when the traffic volume was low in the east–west direction and high in the north–south direction, the USC solution was worse than the traditional solution, with the maximum being 19.9% worse than the traditional solution.



Figure 8c represents the results of the comparison between the USC and the conventional solution, in terms of delays. The delays of USC were lower than that of the conventional solution, in most cases. When the vehicles in the east–west direction gradually became larger, the better the improvement of USC, with the maximum improvement reaching 52.3%; however, when the traffic volume was small, the delays of USC were higher than the conventional solution, especially when the traffic volume in the east–west direction was small and the traffic volume in the north–south direction was large. In this case, the performance of USC was not as good as the conventional solution, and the delays were up to 33.8% higher than the conventional solution.



Figure 8d indicates the comparison of the number of stops for the two solutions. It is obvious that USC did not perform as well as the conventional solution, in most cases. Only when the traffic volume in the east–west direction was high and the traffic volume in the north–south direction was low did the number of stops of USC become less than that of the conventional solution, with a maximum improvement of only 14.7%. As the traffic volume in the east–west direction decreased and the traffic volume in the north–south direction increased, the number of stops of USC increased, compared with the conventional solution, with a maximum of 150.7% more than that of the conventional solution.



Figure 8e,f show the comparison of CO emissions and fuel consumption, respectively, between the two solutions. Due to the strong correlation between the two indices of CO emissions and fuel consumption, the trends of the two indices were essentially the same. When the traffic volume was high in the east–west direction and low in the north–south direction, the CO emissions and fuel consumption of USC were less than those of the conventional solution, with a maximum improvement of 14.2%. As the traffic volume increased in the north–south direction, the CO emissions and fuel consumption of USC gradually became higher than those of the conventional solution, with a maximum deterioration of 24.9%, compared to the conventional solution.



Figure 8g reflects the extent of USC’s improvement in travel time. It is clear from the graph that USC completely outperformed the conventional solution and, as the east–west and north–south traffic volumes increased from small to large, the improvement also increased, from 11.1% to 54.1%.



Figure 9a shows that, for the maximum queue length, the minimum improvement of CFI was 19.1% and the maximum was 81.8% and, so, it is clear that CFI led to a considerable improvement in all cases, compared to the conventional solution. The degree of improvement had a certain regularity with the change of traffic volume in the east–west direction, as the degree of improvement increased with the rise of traffic volume in the east–west direction.



Figure 9b shows that the improvement of CFI, in terms of the number of vehicles, was better in the vast majority of cases, especially when the traffic volume was high in the east–west and north–south directions, where the improvement reached the maximum of 19.2%; however, when the traffic volume was low in the east–west direction, the improvement was −3.8%, thus being not as good as the conventional solution.



Figure 9c indicates that CFI had a satisfactory degree of improvement for delays. As the traffic volume in the east–west and north–south directions gradually increased, the improvement of CFI for delays also gradually increased. When the traffic volume was small, the improvement was −15.5%, indicating that it was not as good as the conventional solution, in this case. However, in the vast majority of cases, it was better than the conventional solution, with a maximum improvement of 58.2%.



Figure 9d shows the comparison of the number of stops between the two solutions. Overall, CFI had more stops than the conventional intersection. The improvement in CFI was greater, up to 28.8%, only when the east–west traffic volume was high and the north–south traffic volume was low. However, as the traffic volume in the east–west direction decreased, the number of stops at CFI was gradually greater than that of the conventional intersection, becoming worse than the conventional solution by 52.1% at maximum.



Figure 9e,f represent the comparison of CO emissions and fuel consumption between the two solutions, respectively. In contrast to USC, the CO emissions and fuel consumption of CFI were more than those of the conventional solution only when the east–west and north–south traffic volumes were small, with a maximum of only 8.5%. As the traffic volume increased, especially in the east–west direction, the CFI improvement incrementally increased, reaching a maximum of 20.3%.



Figure 9g shows the degree of improvement of CFI for vehicle travel time. The improvement of CFI was not satisfactory, with a magnitude of −5.8% at low east–west and north–south traffic volumes, representing that CFI was not as good as the conventional solution at low traffic volumes. However, in the vast majority of cases, the improvement of CFI was better, with the same trend of optimization as the USC—gradually increasing as the traffic volume in the east–west and north–south directions increases from small to large—reaching a maximum of 46.4%.



Figure 10a reflects the degree of improvement of PFI for the maximum queue length. The overall trend in the degree of optimization was similar to that of USC, with PFI performing well in most cases. When the traffic volume in the east–west direction was very small and the traffic volume in the north–south direction was very high, the degree of improvement of PFI was poor, with the worst reaching –88.1%. When the north–south traffic volume was less than 2744 veh/h, the maximum queue lengths of PFI were all smaller than those of the conventional solution, and the degree of improvement gradually grew as the traffic volume in the east–west direction expanded, with the maximum reaching 86.0%.



Figure 10b shows that the PFI had greater capacity than the conventional solution in most cases, with a favorable improvement and a similar trend to the CFI. When the traffic volume in the east–west direction was small and the traffic volume in the north–south direction was large, PFI was not as good as the conventional intersection, being 8.3% worse than the conventional scheme. As the traffic volume in the east–west and north–south directions increased, the degree of improvement gradually increased and reached a maximum of 20.4%.



Figure 10c reflects the results of PFI for the improvement of delays, with trends and regularities generally consistent with those of CFI. In the overwhelming majority of cases, PFI was better than the conventional solution. When both east–west and north–south traffic volumes were extremely low, the delays of the PFI were slightly higher than those of the conventional solution, reaching a maximum of 10.9%, but as the east–west and north–south traffic volumes gradually increased, the delays of the PFI were significantly reduced, compared to the conventional solution, with a maximum reduction of 58.5%.



Figure 10d shows the improvement of the PFI for the number of stops. From the figure, it is obvious that, in the overwhelming majority of cases, PFI had a greater number of stops than the conventional solution, by up to 52.1%. In some cases, PFI was similar to CFI. The PFI outperformed the conventional solution, with a maximum improvement of 28.8%, only when there was a high volume of east–west traffic and a low volume of north–south traffic.



Figure 10e,f reflect the improvement of PFI for CO emissions and fuel consumption, showing a similar regularity to CFI. When the traffic volume in the east–west direction was very small, PFI was worse than the conventional solution, by up to 8.5%. As the traffic volume in the east–west direction increased, the improvement in the PFI gradually increased, reaching a maximum of 20.3%.



Figure 10g indicates that, in all cases, the vehicle travel time of PFI was less than that of the conventional solution, providing significant improvement. Similar to CFI, the degree of improvement of PFI gradually increased when the traffic volume in the east–west and north–south directions increased, with the lowest improvement of 16.4% when the traffic volume in the east–west and north–south directions was small. The greatest improvement (61.3%) was achieved in the case of the highest traffic volumes in the east–west and north–south directions.



Figure 8, Figure 9 and Figure 10 indicate that, overall, CFI and PFI improved upon the conventional solution more than USC. For the three indices of delay, travel time, and number of vehicles, the degree of improvement of the three unconventional intersections was significant, indicating that all three intersections could improve the operations of different traffic flows at the intersection, especially left-turning traffic flows, through unique traffic organization, effectively improving the capacity of the intersection and reducing delays. From the results, it can be seen that the number of stops for the three unconventional intersections was significantly higher than that for the conventional intersection, which was due to the existence of four additional secondary intersections in all three improvement solutions. Regarding CFI and PFI, it can be seen that the trends and regularities of the degree of improvement of these two intersections had relatively large similarities, and the minimum and maximum improvement are close to each other, such that it is worth considering which intersection has the best comprehensive performance, in terms of optimization, under any different combination of traffic volumes.




5. Analysis of the Results Based on the Critic Method


The CRITIC (CRiteria Importance Through Intercriteria Correlation) method is a better objective assignment method than the entropy method or the standard deviation method. Its basic philosophy is to determine the objective weights of the indices based on two fundamental concepts [64]: The first is the contrast intensity, which indicates the size of the gap between the values of each evaluation scheme for the same indicator, in the form of standard deviation; that is, the size of the standard deviation indicates the size of the discrepancy between the values of each scheme within the same indicator—the larger the standard deviation, the larger the gap between the values of each scheme. The second is the conflicting character of the evaluation criteria, based on the correlation between indices; for example, a strong positive correlation between indices indicates that the conflicting character between two indices is low. The CRITIC method provides a comprehensive measure of the objective weights of indices, based on the contrast intensity of the evaluation indices and the conflicting character between them. It takes into account the correlation between the indices while considering the magnitude of the variability of the indices, meaning that the results are not evaluated according only to the largeness of the number, but the objective properties of the data are fully used to ensure scientific and comprehensive evaluation. Therefore, for indices such as delays, travel time, number of stops, number of vehicles, CO emissions, and fuel consumption, it is appropriate to use the CRITIC method to analyze their weights in a comprehensive manner.



5.1. Calculation of Weighting of Indices


In the sensitivity analysis, simulations were performed for the four considered solutions under a total of 45 different combinations of traffic volumes. Seven indices were selected for the analysis. Hence, each solution had a set of simulation results for each group of traffic volumes.



Step 1. All simulation results under each solution are summarized as the matrix   A i   (3):


   A i  =   Q  u  i , k   , V  e  i , k   , D  e  i , k   , S  t  i , k   , C  o  i , k   , F  u  i , k   , T  r  i , k       



(3)




where i denotes the solution number (  i = 1 , 2 , 3 , 4  , where the conventional solution, USC, CFI, and PFI are represented as 1, 2, 3 and 4, respectively), k denotes the number of traffic volume groups (  k = 1 , 2 , ⋯ , 45  ),   Q u   denotes the maximum queue length,   V e   denotes the number of vehicles,   D e   denotes delays,   S t   denotes the number of stops,   C o   denotes CO emissions,   F u   denotes fuel consumption, and   T r   denotes travel time.



For example:


   A 1  =   Q  u  1 , k   , V  e  1 , k   , D  e  1 , k   , S  t  1 , k   , C  o  1 , k   , F  u  1 , k   , T  r  1 , k      








in the formula:


  Q  u  1 , k   =    Q  u  1 , 1   , Q  u  1 , 2   , Q  u  1 , 3   , ⋯ , Q  u  1 , 45     T   











The four matrices   A 1  ,   A 2  ,   A 3  , and   A 4   represent the simulation results of each solution under all combinations of traffic volumes. To compare the differences in the indices between the different solutions, the simulation results of different solutions need to be recombined and then computed and analyzed.



Step 2. The simulation results of all solutions under the same combination of traffic volumes are summarized in the matrix   X k   (4):


   X k  =       A 1    k , ·          A 2    k , ·          A 3    k , ·          A 4    k , ·           



(4)




and


  X =     X 1  ,  X 2  ,  X 3  · · ·  X k  · · ·  X 45    T    



(5)




where   A 1  (k,·) denotes the kth row of   A 1   (i.e., the simulation results obtained for the first solution under the kth group of traffic).



Step 3. The weights of the seven indices are calculated. For each component   X k   in X, the weights are counted once, which means that there is a set of weights for each of the seven indices selected for the four different solutions under each combination of traffic volume, for a total of 45.


   X k  =      Q  u  1 , k   , V  e  1 , k   , D  e  1 , k   , S  t  1 , k   , C  o  1 , k   , F  u  1 , k   , T  r  1 , k         Q  u  2 , k   , V  e  2 , k   , D  e  2 , k   , S  t  2 , k   , C  o  2 , k   , F  u  2 , k   , T  r  2 , k         Q  u  3 , k   , V  e  3 , k   , D  e  3 , k   , S  t  3 , k   , C  o  3 , k   , F  u  3 , k   , T  r  3 , k         Q  u  4 , k   , V  e  4 , k   , D  e  4 , k   , S  t  4 , k   , C  o  4 , k   , F  u  4 , k   , T  r  4 , k         











Under the kth combination of traffic volume, for   X k  , a 4 × 7 matrix containing the weights of each index is calculated, based on the CRITIC method, as follows:



(1) Each element in matrix   X k   is denoted by   y  i j   , where i denotes the ith solution, n denotes the total number of solutions (totaling 4), j denotes the jth index, and m denotes the total number of indices (totaling 7):


  Y =    y 1  ,  y 2  , · · ·  y j  · · ·  y 7      



(6)




in the formula:


   y j  =     y  1 j   ,  y  2 j   ,  y  3 j   ,  y  4 j     T   











The seven selected indices—maximum queue length, number of vehicles, delays, number of stops, CO emissions, fuel consumption, and travel time—are numbered 1 to 7, respectively. Of these indices, all are expected to be low; except for the number of vehicles, which is expected to be high. Therefore, the indices need to be normalized. The specific method is shown in (7):


     y j   ′  =      max    y  1 j   ,  y  2 j   ,  y  3 j   ,  y  4 j     −  y  1 j         max    y  1 j   ,  y  2 j   ,  y  3 j   ,  y  4 j     −  y  2 j         max    y  1 j   ,  y  2 j   ,  y  3 j   ,  y  4 j     −  y  3 j         max    y  1 j   ,  y  2 j   ,  y  3 j   ,  y  4 j     −  y  4 j        , j ≠ 2 .   



(7)







The resulting   Y ′   (8) is obtained as:


   Y ′  =      y 1   ′  ,    y 2   ′  , · · · ,    y j   ′  , · · · ,    y 7   ′      



(8)




where   y 2 ′   =   y 2  .



(2) The different indices have different scales and they need to be converted into a uniform scale for comparison. Thus, they need to be normalized (i.e., the absolute indices are converted into relative ones). Each element of   Y ′  , denoted by   y  i j  ′  , is normalized using (9):


      y  i j   ″   =      y ′    i j   − min      y ′    1 j   , · · · ,    y ′    4 j       max      y ′    1 j   , ⋯ ,    y ′    4 j     − min      y ′    1 j   , ⋯ ,    y ′    4 j             i = 1  t o  n , j = 1  t o  m .            



(9)







The newly obtained combination of elements is   Y  4 × 7   ″   .



(3) Calculate the variability of each solution at the jth index, expressed as the standard deviation, which is calculated by (10) and (11):


      y  ″    j  ¯  =  1 n   ∑  i = 1  n     y  ″     i j     



(10)






   S j  =      ∑  i = 1  n          y  ″     i j   −     y  ″    j  ¯     2    n − 1      



(11)







The standard deviation is used in the CRITIC method to indicate the difference and fluctuation of the values taken within each index. A larger standard deviation indicates a greater difference in the values of the index, more information that can be reflected, and a stronger evaluation intensity of the index itself, such that more weight should be assigned to the index.



(4) Calculate the conflicting character of the indices using (12):


   R j  =  ∑   j ′  = 1  m    1 −  r  j ,  j ′      , j = 1  t o  7 ,   



(12)




where   R j   denotes the correlation index of the jth index and   r  j ,  j ′     denotes the correlation coefficient of the jth and   j ′  th indices.



The correlation index is used to express the correlation between indices. The stronger the correlation with other indices, the less conflicting the index is, the more the same information is reflected, and the more duplication in the evaluation content that can be embodied; which, to some extent, also weakens the evaluation strength of the index and should reduce the weight assigned to the index.



(5) Calculate the amount of information using (13):


   C j  =  S j  ×  R j  =  S j  ·  ∑   j ′  = 1  m    1 −  r  j ,  j ′      , j = 1  t o  7 .   



(13)







A larger value of   C j   indicates that the jth evaluation index plays a greater role in the whole evaluation index system, and it should be assigned more weight.



(6) Calculation of objective weights: For the ith solution, the objective weight of the jth index under the kth group of traffic combinations is calculated by (14):


   w  k , j   =   C   j      ∑  j = 1  m    C j      



(14)







Under each set of traffic volume combinations, there is a set of weights:


   W k  =    w  k , 1   ,  w  k , 2   , · · · ,  w  k , j   , · · · ,  w  k , 7      











The calculated values of all weights are attributed to (15):


  W =     W 1  ,  W 2  , · · · ,  W k  , · · · ,  W 45    T    



(15)








5.2. Evaluation of Solutions


According to the weights of the different indices, each solution can be scored in a comprehensive manner, as follows:



For the case of the kth group of traffic combinations.



(1) In the simulation results of the jth index, the ratio of the value of the ith solution to the value of all solutions can be obtained using (16):


   p  i j   =     y  ″     i j      ∑  i = 1  n      y  ″     i j     , j = 1  t o  7 .   



(16)







(2) The score of the ith solution in index j can be calculated by (17):


   z  i j   =  w  i j   ×  p  i j   , i = 1  t o  4 , j = 1  t o  7 .   



(17)







(3) Calculate the total score of the ith solution by (18):


   z i  =  ∑  j = 1  7   z  i j   , i = 1  t o  4 .   



(18)







(4) The total score of all solutions is expressed as a matrix   Z k   (19):


   Z k  =     z 1  ,  z 2  ,  z 3  ,  z 4    T    



(19)







The scores for each solution under all combinations of traffic volumes are summarized in Z (20):


  Z =     Z 1  ,  Z 2  , · · · ,  Z k  , · · · ,  Z 45    T    



(20)







Then, we can pick the best solution for each case by (21):


  B =      i , i f   z i  = max  Z 1        i , i f   z i  = max  Z 2                  ⋮       i , i f   z i  = max  Z 45         



(21)







The optimal solution matrix, B, is represented in Figure 10. The 45 squares represent the group of 45 traffic volume cases, where each color block represents the comprehensive optimal solution.



From Figure 11, it can be seen that there was a certain regularity in the distribution of the whole color block picture. The conventional solution occupies the lower left part, indicating that the conventional solution was adapted to low traffic volume. The PFI occupies the middle part, indicating that the PFI is more suitable for moderate and high traffic volumes. The CFI occupies the upper right corner of the figure, indicating that the CFI is applicable to situations with high traffic volumes. USC does not appear in the figure as, although it provides the good improvement, compared to the conventional solution, at certain traffic volumes, it is dwarfed by CFI and PFI.



Figure 11 shows the optimal solution obtained by the multi-criteria decision-making method, considering traffic and environmental indices, but this optimal solution only indicates the best comprehensive performance and does not necessarily perform well under each of the indices. The optimal comprehensive solution represented in Figure 11 is now used for comparison with the conventional solution. The results are shown in Figure 12.



Figure 12a,g show the results comparing the maximum queue length and travel time based on the improved solution and the conventional solution, respectively. It is clear that, for the two indices, the selected solution had a better overall improvement, with no negative improvement for both and with maximum improvements of 81.7% and 46.9%, respectively. When the traffic volume was 686 veh/h in the east–west direction and north–south direction, the improvement was the lowest.



Figure 12b shows the comparison of the number of vehicles. In the range of traffic volumes in the east–west direction less than 686 veh/h, the improvement was not very good: 3.8% worse than the conventional solution. The selected solution was better in the vast majority of cases, with the greatest improvement of 19.2% when the traffic volume reached its maximum.



Figure 12c indicates that the selected solution performed better, in terms of delays, in the vast majority of cases, with a maximum of 58%. It was inferior to the original solution only when both east–west and north–south traffic volumes were at a minimum of 686 veh/h, with an improvement of −10.5%.



Figure 12d shows the degree of improvement for the number of stops. Obviously, when the traffic volume in the east–west direction was less than 1372 veh/h, the improvement in the number of stops was poor—with negative improvement—which means that the improved solution was not as good as the conventional solution, with the worst being 56% worse than the conventional solution. The improvement of the selected solution was better only when the traffic volume was greater than 2058 veh/h in the east–west direction, with a maximum of 28.2%.



Figure 12e,f show the comparison between the improved solution and the conventional solution for the indices of CO emissions and fuel consumption, respectively. The trends are almost identical in both graphs. The conventional solution was better when the traffic volume was low, especially when the east–west traffic volume was less than 1029 veh/h, but the selected solution was only about 2% worse than the conventional solution.





6. Conclusions


The transportation networks in Chinese cities have been developing at an extremely fast pace. With the rapid growth of the urban population and the increase in the number of vehicles, urban roads are already overburdened, and the current main measures to deal with urban road congestion are banning non-local vehicles and restricting local vehicles, which not only cannot effectively solve the problem of urban road congestion [95], but also adversely affects citizens and regional economic development. For a rapidly developing city, if conventional intersections are still always used for the design and construction of new projects, the intersection will soon reach a bottleneck and not only fail to meet the requirements of the road network, but the cost of later modification and expansion will also not be cheap. As a result, many cities have gradually adopted unconventional intersections, in order to better utilize the potential of intersection junctions, improving their capacity while ensuring cost savings and better aesthetic appearance.



For USC, CFI, and PFI, three commonly used unconventional intersections, how to select to achieve better performance is a question worth researching. With the current society focusing increasingly on the concept of eco-friendly sustainability, it is important and imperative to consider not only the traffic performance of the solution, but also the environmental impact. In this paper, the maximum queue length, number of stops, number of vehicles, delays, and travel time were selected as traffic indices, while CO emissions and fuel consumption were selected as environmental indices for a conventional solution and three unconventional solutions. Then, a multi-criteria decision-making method based on CRITIC was used to carry out a comprehensive evaluation of the four solutions.



The results showed that the conventional solution can be used when the traffic volume is very low (i.e., less than 1029 veh/h in the east–west and north–south directions). PFI saves costs and performs better when the traffic volumes are moderate or high, such as when east–west and north–south traffic volume do not exceed 2058 veh/h. CFI is undoubtedly the best choice when the traffic volume is high in the east–west and north–south directions (i.e., over 2058 veh/h). The results of this paper do not conflict with those of previous studies, but are more comprehensive and refined.



This research mainly applied to the current intersection and it is appropriate for other similar intersections. In this paper, we obtained that USC, CFI, and PFI show different advantages and disadvantages in diverse situations. This regularity has a certain reference value because the sensitivity analysis on traffic volume is done for different solutions in this paper, which takes into account a more comprehensive traffic volume situation. In a rapidly developing city such as Xi’an, the design and construction of new intersections and the reconstruction of old intersections can be made more scientific by using unconventional intersection designs, which are of great significance in reducing delays, stopping times, and disturbances at intersections, as well as improving traffic capacity, saving energy, and protecting the environment. The CRITIC method used in this paper can serve as a guide for decision-makers, designers, or management, in terms of answering the question of which intersection should be selected under different traffic conditions.



Limitations of the research and the future steps: 1. This paper only considered structurally symmetrical four-legged unconventional intersections. In some cases, depending on the requirements, unconventional designs may be adopted for only one or two arms of the intersection. This asymmetric structure and layout may make it necessary to reevaluate the results. The authors will focus on these issues in future studies. 2. This paper only considers the vehicle types and proportion of left-turning vehicles collected at the current intersection. The increase in the number of left-turning vehicles and the proportion of large vehicles will have a significant impact on the traffic flow at intersections. Therefore, a more comprehensive consideration is needed in future studies. 3. The impact of building area of the three solutions is not considered, so the advantage of a small building area of PFI cannot be represented in the evaluation, which may have an impact on the final scoring results. Environmental indices such as building area will be considered in future studies and they could be converted into a generalized index, such as a monetary unit, which may be more conducive to evaluating the solutions.
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Figure 1. Flowchart of selecting signal unconventional intersections with the CRITIC method. 
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Figure 2. The investigated intersection location scheme. The investigated intersection is a four-legged intersection located in the center of Xi’an XiaoZhai. The arterial street is a North–South six-lane road, while the secondary street is a West–East six-lane road. 
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Figure 3. The congestion index in Xi’an on 23 October 2020. The real-time congestion index can be obtained from the Autonavi Company Webpage at https://report.amap.com/detail.do?city=610100 (accessed on 23 October 2020). 
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Figure 4. The location of the monitoring stations at the current intersection. Coordinates of the current intersection: 108.953216, 34.22907. 
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Figure 5. The arrangement of equipment of data collection for each monitoring station. 
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Figure 6. Geometries of four solutions, including: (a) Conventional solution; (b) USC; (c) CFI; and (d) PFI. Blue lines indicate going straight traffic and orange lines suggest turning left. 
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Figure 7. Performance of solutions 1, 2, 3, and 4. The larger area indicates the worse performance. 
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Figure 8. Improvement ratio of USC, compared with conventional solution: (a) maximum queue length; (b) number of vehicles; (c) delay; (d) number of stops; (e) CO emissions; (f) fuel consumption; and (g) travel time. 
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Figure 9. Improvement ratio of CFI, compared with conventional solution: (a) maximum queue length; (b) number of vehicles; (c) delay; (d) number of stops; (e) CO emissions; (f) fuel consumption; and (g) travel time. 
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Figure 10. Improvement ratio of PFI, compared with conventional solution: (a) maximum queue length; (b) number of vehicles; (c) delay; (d) number of stops; (e) CO emissions; (f) fuel consumption; and (g) travel time. 






Figure 10. Improvement ratio of PFI, compared with conventional solution: (a) maximum queue length; (b) number of vehicles; (c) delay; (d) number of stops; (e) CO emissions; (f) fuel consumption; and (g) travel time.



[image: Sustainability 13 04098 g010]







[image: Sustainability 13 04098 g011 550] 





Figure 11. The optimal solution for each traffic situation. The numbers in the figure represent the solution number, and the number indicates the best performance among the four solutions for one volume combination. 
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Figure 12. Operating performance of the matrix in Figure 11 matrix: (a) maximum queue length; (b) number of vehicles; (c) delay; (d) number of stops; (e) CO emissions; (f) fuel consumption; and (g) travel time. 
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Table 1. Collected data during one peak hour (7:30 a.m. to 8:30 a.m.) on 23 October 2020.
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Direction

	
Turn

	
Flow

	
Car

	
Bus

	
Truck

	
Average Speed (km/h)

	
Min. Speed (km/h)

	
Max. Speed (km/h)






	
North to South

	
S

	
1

	
1219

	
154

	
0

	
21.58

	
0

	
65.43




	
L

	
2

	
278

	
41

	
0

	
17.15

	
0

	
53.28




	
R

	
3

	
293

	
23

	
4

	
15.86

	
0

	
56.94




	
T

	
4

	
143

	
4

	
2

	
13.29

	
0

	
45.27




	

	
S

	
5

	
1897

	
130

	
4

	
25.83

	
0

	
69.84




	
South to Nouth

	
L

	
6

	
328

	
18

	
0

	
17.91

	
0

	
52.63




	

	
R

	
7

	
317

	
40

	
4

	
16.99

	
0

	
57.68




	

	
S

	
8

	
694

	
41

	
0

	
19.21

	
0

	
64.81




	
East to West

	
L

	
9

	
120

	
34

	
0

	
17.85

	
0

	
39.60




	

	
R

	
10

	
233

	
11

	
0

	
16.99

	
0

	
52.51




	

	
S

	
11

	
548

	
68

	
11

	
19.64

	
0

	
63.24




	
West to East

	
L

	
12

	
210

	
19

	
0

	
17.96

	
0

	
48.60




	

	
R

	
13

	
221

	
23

	
8

	
17.04

	
0

	
54.62








The minimum speed of 0 km/h means that vehicles had stopped and then moved. S, L, R, and T indicate vehicles going straight, turning left, turning right, and turning around, respectively.
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Table 2. VISSIM simulation calibration results with collected data.
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Direction

	
Turn

	
Flow

	
Investigated Capacity (veh/h)

	
Simulated Capacity (veh/h)

	
MAPE for Each Flow (%)

	
MAPE (%)






	
Nouth to South

	
S

	
1

	
1373

	
1332

	
−3.0%

	
−3.2%




	
L

	
2

	
319

	
247

	
−22.6%




	
R

	
3

	
319

	
325

	
2.1%




	
T

	
4

	
146

	
128

	
−12.3%




	
South to Nouth

	
S

	
5

	
2030

	
1963

	
−3.3%




	
L

	
6

	
346

	
306

	
−11.5%




	
R

	
7

	
360

	
375

	
4.1%




	
East to West

	
S

	
8

	
735

	
690

	
−6.1%




	
L

	
9

	
154

	
138

	
−10.2%




	
R

	
10

	
244

	
247

	
1.2%




	
East to West

	
S

	
11

	
626

	
641

	
2.4%




	
L

	
12

	
229

	
256

	
12.1%




	
R

	
13

	
251

	
256

	
2.1%
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Table 3. Simulation results of four solutions.






Table 3. Simulation results of four solutions.












	
	Conventional
	USC
	CFI
	PFI





	Maximum Queue Length (m)
	197.82
	175.53
	94.60
	101.07



	Number of Vehicles
	959
	955
	982
	976



	Delay (s)
	53.93
	36.33
	28.33
	31.44



	Number of Stops (times)
	0.916
	1.417
	1.015
	1.244



	CO Emission (grams)
	2176.53
	2169.06
	1852.53
	2031.69



	Fuel Consumption (gallon)
	31.137
	31.031
	26.502
	29.065



	Travel Time (s)
	1060.54
	617.02
	756.42
	550.25










[image: Table] 





Table 4. Safety analysis of four simulations by SSAM.
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	Number
	Item
	Crossing
	Rear End
	Lane Change
	Total





	1
	Conventional
	20
	206
	48
	274



	2
	USC
	4
	213
	28
	245



	3
	CFI
	10
	150
	31
	191



	4
	PFI
	4
	207
	21
	231
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Table 5. VISSIM volume in sensitivity analysis.
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	Item
	Value





	N–S volume
	686/1029/1372/1715/2058/2401/2744/3087/3430



	E–W volume
	686/1029/1372/1715/2058







In this paper, k denotes the kth group of traffic combinations, which takes values from 1 to 45. For example, k = 1 denotes 686 veh/h (E–W direction volume) × 686 veh/h(N–S direction volume), k = 2 denotes 686 veh/h (E–W direction volume) × 1029 veh/h (N–S direction volume) and so on, up to k = 45, which denotes 2058 veh/h (E–W direction volume) × 3430 veh/h (N–S direction volume).
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