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Abstract

:

As new mobility called automated vehicles (AVs) appears on the road, positive effects are expected, but in fact, unexpected adverse effects may arise due to the mixed traffic situation with human-driven vehicles (HVs). Prior to the commercialization of AVs, a preliminary review and preventive measures are required, and among them, the interaction between the existing vehicle and the new mobility and the interaction with the infrastructure must be considered. Therefore, we propose (i) the positive–negative effect of introducing AVs in a mixed traffic situation and (ii) the optimal operation plan for the dedicated lane for AVs. First, the effect of introducing AVs considering the interaction between vehicles in the mixed traffic situation showed mostly positive such as speed increase, delay time reduction, and capacity increase. However, in a 75% Market Penetration Rate (MPR) environment of all levels of Service (LOS), the effect was diminished compared to the previous MPR. This is contemplated to be the result of a conflict caused by the operation of some HVs (including heavy vehicles) behavior as obstacles in the situation where most of the vehicles on the road are AVs. Based on the previous result, we deployed the dedicated lane to resolve the negative effect in the 75% MPR environment and proposed an optimal operation strategy for the AVs dedicated lane from the perspective of operational efficiency for a more feasible operation. Given the 75% MPR, the Mixed-Use operation strategy of High-Occupancy Vehicles (HOV) and AVs is ascertained as the most suitable operation strategy. This implies that even in the era of AVs, the influence of other vehicles (e.g., heavy vehicles, other mobility) must be considered. This study is significant by considering the negative effects of the introduction of AVs and presenting an optimal operation strategy for dedicated lanes, and it can expect to be used as a new strategy as part of the Free/Expressway Traffic Management System (FTMS) applicable in the era of autonomous driving.
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1. Introduction


As the attention of IT technology and artificial intelligence increase worldwide, discussions on the 4th industrial revolution are revitalizing more active, and Automated Vehicles (AVs) are expected to play an essential role among major technologies that will lead the 4th Industrial Revolution. AVs are defined as vehicles capable of navigating, controlling, and avoiding risk partly or totally without human assistance, and AVs can be categorized into six levels, ranging from none autosystem (SAE level 0) to full autosystem (SAE level 5) [1]. Human intervention is minimized from SAE level 3, and driverless driving is possible at level 5. Especially as AVs allow a smaller headway between vehicles while keeping the same velocity level, the introduction of AVs can prevent more than 90% of traffic accidents caused by humans, and improve driving safety, convenience, and mobility [2,3,4,5,6,7,8,9,10]. However, as these positive effects may only take at the ‘ideal’ situation, it is necessary to consider mixed traffic situations where interactions between AVs and human-driven vehicles (HVs). In fact, these benefits mentioned above will be accomplished when AVs commercialization reaches more than a specific Market Penetration Rate (MPR) and AVs fully take root [5,11,12], and in the earlier stage of introduction, there is a possibility that other accident situations will unexpectedly occur due to mixed situations with HVs [7,13,14,15]. Accordingly, various strategies have been proposed to minimize vehicles interaction in a mixed traffic situation and maximize the introduction effects of AVs. Among these strategies, Dedicated Lanes (DLs) for AVs are being proposed in consideration of the additional interaction of between vehicles and infrastructure [16,17,18,19]. DLs are roads that can only operate AVs on roads, and if DLs are deployed, positive effects will be expected, such as reduction of road confusion, traffic shockwave, etc. [11,20,21,22]. On the other hand, the other studies state that DL has different effects depending on AVs MPR. When DLs are operated in a low MPR situation, it is shown that they bring about negative effects, which lead to decrease road capacity [11,20,23,24]. Above all, Talebpour. A. et al. (2017) [20] found that, when the driving of AVs is limited to driving only by DLs, congestion increases significantly due to the formation of shock waves caused by lane changes of AVs. Likewise, Ma, K., & Wang, H (2017) [24] examined when DLs were deployed in a low MPR situation, and it leads to congestion due to waste of road and reduction of capacity. Despite the expected positive effects of DLs deployment, more systematic and feasible strategies are needed, as DLs research on the detailed design and operation of AVs are still insufficient [25]. Given the above issues, both the interaction between vehicles and interaction of vehicle–infra should be considered for feasible commercialization of AVs. Regarding the interaction between vehicles, we should check impacts on other objects by understanding HVs’ unexpected behavior and contemplate interaction between AVs and HVs in mixed traffic situations. Moreover, regarding the interaction of vehicle-infra, since the systemic characteristics of AVs will be an imperative consideration in the design of future high-tech infrastructure, it is necessary to establish a systematic operation strategy for this.



In this paper, we aim to derive the effects of interaction between vehicles in considering AVs MPR and propose an optimal DL operating strategy for AVs to resolve/alleviate negative MPR situations. The study’s detailed purpose follows:




	1.

	
An analysis is made of AVs positive–negative effects based on AVs MPR considering the interaction between vehicles.




	2.

	
Given MPR on the derived negative effect, a simulation of DLs for AVs using the existing infra is conducted.




	3.

	
A proposal of the optimal DLs operation strategy for AVs is detailed.









Therefore, our contribution follows:




	1.

	
When AVs drive in a mixed traffic situation, we contemplate the causes of negative and positive effects.




	2.

	
We build a DL to mitigate negative situations.




	3.

	
We not only check the basic effects of DLs but also extract feasible and optimal operating strategy of DLs by utilizing the existing infrastructure.









The rest of the paper is structured as follows. In Section 2, we set up the simulation circumstance of VISSIM for extracting AVs introduction effects and optimal operating DLs strategy. Based on Section 2, we figure out the AVs introduction effects (simulation 1) in Section 3 and then analyze the DLs benefits (simulation 2) in Section 4. Next, we establish the optimal DLs operating strategy plan and propose the judgment methodology and example of application in Section 5. Finally, we conclude the paper in Section 6.




2. Methodology


In the case of AV, it is difficult to determine the actual phenomenon because it is not the mobility that is actively running on the road. Therefore, PTV VISSIM 10.0 is utilized to extract the AV introduction effect and DLs operation strategy, and in this section, spatial scope and data collection, simulation environment and AV setting, simulation scenario design, and evaluation indicators are proposed. First, Section 2.1 presents the spatial scope and real-world data collection method for composing the simulation environment identical to the real environment. In Section 2.2, the overall network environment of the simulation and parameters for realizing AVs are discussed, and in Section 2.3, the process of establishing a two-step simulation scenario of this study is explained.



2.1. Spatial Scope and Data Collection


In order to derive practical effects and strategies, we selected the spatial scope of the Singal JC northbound lane and ramp connection of the AVs Expressway testbed (Seoul-Singal-Hobeop, 41 km) currently in operation in Korea (Figure 1). In the case of the target site, a total of 3.3 km, including the 1.4 km section affected by entry/exit, and five general lanes, including the High-Occupancy Vehicle Lane (HOVL) on the Gyeongbu Line Expressway in Korea were set as the analysis section. In addition, in order to utilize the actual traffic volume data for the section, the analysis point was set to 19 May 2018, before the introduction of AVs, without the influence of the weather, and the entire data for that day was utilized. For the traffic volume data, the ratio by vehicle type was calculated using the Vehicle Detection System (VDS) and Automatic Vehicle Classification (AVC) data provided by the Korea Expressway Corporation [26], and the point traffic volume and point speed data in units of one hour were used through the VDS installed in the target section. However, since data on the traffic volume and speed for the entry/exit section are not provided, the estimated traffic volume for each vehicle type of the KTDB Lab Platform provided by The Korea Transport Institute [27] was reflected in the VDS data to calculate the entry/exit traffic volume.




2.2. Simulation Network Environment and AVs Settings


As mentioned above, a simulation network was built at Singal JC (Exit Hobeop, entrance to Seoul), which is 3.3 km northbound road on the Gyeongbu Expressway, which was designated as a testbed for autonomous driving. The main observation section was set to 1.4 km, including 400 m in the influence zone of the connecting part defined in the Korean Highway Capacity Manual (Figure 2). In addition, lane change is not allowed from 300 m before the actual exit section in the direction of Hobeop, and a sign and information providing system (navigation) for changing lanes is provided before 600 m, and it is designed so that the vehicle cannot join before 300 m from the entrance. Moreover, the Gyungbu expressway has a designed speed (120 kph) and a speed limit (110 km/h). Hence, we reflected on all of the road physical conditions in the network environment for embodying the real-world environment. Before building the simulation scenario, on 19 May 2018, based on the VDS traffic volume data of the section, the ratio of vehicles flowing in and out of each LOS time zone and entry/exit section was set to 20%. Moreover, based on the VDS and AVC data of the target site, operating vehicle types were divided into general vehicles, heavy vehicles, and AVs, and actual traffic data was reflected for general vehicles and heavy vehicles.



The vehicle and driving behavior setting of HVs and AVs are as imperative as road environment establishment. As the target site has an uninterrupted flow where other objects do not exist except vehicles, we applied the Wiedemann 99 Model in VISSIM. As for the AVs parameters, the parameters corresponding to Level 4, which allow safe driving even when the driver fails to respond to the request for intervention (take-over) in vehicle control, suggested by SAE, were applied to VISSIM Driving Behavior. Among the VISSIM parameter values, the spacing parameter is the parameter that shows the most remarkable difference from the HVs. CC0 parameter can adjust the distance between stopped vehicles, and the interval for maintaining the headway distance (time) can be adjusted through CC1. In addition, the allowable distance between vehicles other than the safe distance can be adjusted with CC2. Specific definitions of each parameter can be checked through the manual [28], and since VISSIM set HVs as the Default Driving Behavior, parameters suitable for the Level 4 AVs were set, as shown in the Table 1.




2.3. Simulation Scenarios Design and Evaluation Indicators


As presented above, we simulate the study on AVs Testbed in Gyeongbu Expressway and utilize the real data. The simulation is divided into two phases: (1) simulation of the AVs introduction effects in mixed traffic situations considering the interaction between vehicles, and (2) simulation of the optimal operation plan for the introduction of DLs for AVs. The two simulations are commonly 4200 ticks per simulation, and the average value is calculated from 20 simulations, as shown in the Figure 3.



2.3.1. Simulation of AVs Introduction Effects in Mixed Traffic Simulation


The first simulation attempts to derive the effect of introducing AVs based on the mixed situation of HVs and AVs in order to consider the interactions between vehicles (Table 2). To this end, to derive simulation effects according to the MPR of AVs, the MPRs were applied differentially to 0%, 25%, 50%, 75%, and 100%, and adjusted so that they could be operated in place of HVs. For the simulation scenario, a total of 25 scenarios were set, with five scenarios for each service level according to the LOS A–E level and AVs MPR.




2.3.2. Simulation of Optimal DLs Operation Plan for AVs


The second simulation is a simulation of the introduction and operation of DLs for AVs to consider the interaction between vehicles and infrastructure. The environment is set based on the MPR of the negative effect situation derived from the first simulation. In addition, in the case of LOS A and B, since the service level is in a free-flow condition, introducing DLs is deemed insignificant. Furthermore, in order to present a more realistic DLs operation plan, five operation methods are analyzed in consideration of the HOV lane that currently exists on the Gyeongbu Line (Table 3). Accordingly, considering three service levels and five operation plans, 15 scenarios are set to establish the optimal DLs operation plan.



Each simulation time is set to total 4200 s in total, which includes a preliminary time of 600 s for stabilization and an actual simulation time of 3600 s, and the average of the results is calculated by conducting 20 simulations for each scenario. One of the designated indicators is vehicle density which is defined as the LOS measure of the ramp section, and another is the average traffic speed of the vehicle passing through the ramp section [14,16,29]. Additionally, we decide that the delay caused by the accumulation of vehicles on the road will be a considerable index [30], so we select queue (delay time) as an additional indicator. In summary, we designate vehicle volume, average traffic speed, and queue (delay time) as indicators to investigate AVs introduction effects and DLs operation plans (Table 4).






3. Analysis Result on Scenarios of AVs Introduction Effects (Simulation 1)


Section 3 describes the analysis results of simulation 1 scenarios, analyzes them based on the previously selected indicators, and compares between indicators to determine the negative effects.



3.1. Result of Simulation 1 Scenarios


As mentioned in above, we composed 25 scenarios based on LOS and MPR, and analyzed them.



First, LOS A environment, as shown in Figure 4, which is in a free flow state with the lowest traffic volume, showed that the overall speed increased as MPR increased in both entry and exit sections. Even though some speed decreased and queue increased in the MPR 75% exit part, the MPR mainly increased, and the density decreased, resulting in increasing the overall capacity.



Similar to LOS A, LOS B, as shown in Figure 5, showed the capacity increasing effect appeared as speed increased and density decreased as MPR increased, but queue slightly increased in both exit/entry as MPR increased.



In LOS A and B, which have low traffic volume, overall capacity increasing effects appear, but queues continuously increase in some MPR environments. This is an environment with low traffic, and some negative indicators appeared as AVs were introduced, but it is considered that it will not affect the overall traffic flow to a negligible level.



As shown in Figure 6, LOS C is a stable traffic situation, but the quality is low due to increased traffic volume and congestion. The overall speed decreased in MPR 50% and 75%, and especially in the 75% environment, the queue value increased compared to the previous MPR queue value.



In the case of LOS D, as shown in Figure 7, it is a service level that increases in density due to an increase in traffic volume. In the environment of 50% and 75% MPR in the exit, the queue is decreased compared to the MPR 25%. However, the speed of AVs and the overall average speed is decreased by about 3.5%. On the other hand, in the case of the entry section, similar to LOS C, the speed increases as the MPR increases, and the delay time also decreases.



As shown in Figure 8, LOS E is the level of traffic flow in an unstable state. As the exit MPR increased, the overall speed decreased, but the queue decreased. In the entry section, the delay time was also reduced, and unlike in the exit section, it was shown that the speed also increased. However, it was found that the queue was slightly increased compared to the previous MPR in the 75% environment of the MPR at the entrance and exit.




3.2. Comparative Analysis among Simulation 1 Scenario Indicators


In this section, based on the results of the simulation 1 scenario, a comparative analysis between indicators was performed to analyze the relationship between speed, density, and queue according to LOS and MPR for each scenario. The results of analyzing the changes in the density and speed of the entry/exit section are shown in the Figure 9. Overall, the service level decreases, but the road capacity increases and the average speed increases with the introduction of AVs. However, it was confirmed that there was no significant difference from the previous MPR in the 50–75% MPR environment at the entry point, or the effect was rather reduced.



Looking at the relationship between queue and density (Figure 10), it was found that the queue increased as the LOS increased for both entrances and exits, and the queue was relatively alleviated with the introduction of AVs. Although a visible effect occurred at the exit rather than the entry, the queue or capacity was not improved in the 75% MPR environment compared to the previous 50% MPR situation.



In the case of comparison of the relationship between queue and speed (Figure 11), it was found that a similar pattern was observed at the entry/exit section, and the average speed decreased slightly at the entry/exit section, but the queue decreased by up to 45%. In the case of the entry section, the traffic flow performance was improved by reducing the queue and increasing the speed.



To sum up the scenario in Simulation 1, it was found that as the MPR increases as the LOS changes, positive introduction effects such as an increase in speed, decrease in latency, and improvement of service level due to an increase in capacity occur. Since the interaction between vehicles in the exit are affects the mainline traffic flow, and the impact of vehicles from the entry section to the mainline on the mainline traffic flow is relatively small, there was a relative difference in the indicator values of the exit/entry section, so entry section speed values are relatively high. However, as LOS declined, as in some 50% and 75% MPR environments, negative effects occurered, such as lower speed and queue increased compared to the previous MPR. Even when the speed decreased but the traffic volume increased, the density also decreased relatively, increasing the capacity. Accordingly, this is not a negative effect of the introduction of AVs itself, but a new conflict and interaction between existing general vehicles and heavy vehicles as new mobility flows into a mixed traffic situation. Considering the driving behavior, the driving characteristics have changed due to the interaction between the existing vehicles and AVs which were introduced [13]. In addition, since heavy vehicles like trucks have different specifications and speed compared to general vehicles, their result occurred from more interaction or conflict with AVs [14]. For this reason, there was a bottleneck at the exit, and the bottleneck spread upstream [31], resulting in increased queues; however, the main and entrance sections have been shown to alleviate these issues. These are different results from the expected effect that the multifaceted situation of the road will change positively with the introduction of AVs, and a way to solve this problem is required. In order to confirm this more clearly, based on the indicators discussed above, a scenario in which the speed decreases or the density and queue increase compared to the previous MPR was derived. As more interactions occurred in the exit section than in the entry section, we intensively checked the exit section.



In Table 5, MPR 50% and 75% mainly showed degraded indicators in LOS C, D, and E environments with a lot of traffic volume. In addition, even in the LOS A and B environments with low traffic volume, the MPR 75% environment showed negative effects. Notably, most indicator values deteriorated in MPR 75%. Therefore, we established a simulation 2 analysis and operation strategy that consider the interaction with the infrastructure based on the MPR 75% situation in which a relatively negative effect occurred out of 25 scenarios.





4. Analysis Result on Scenarios of DLs Introduction Effects (Simulation 2)


Section 4 is the analysis of DLs introduction effects, and this section is necessary for extracting optimal DLs strategies. In the case of DLs introduction effect scenario analysis, 15 scenarios considering LOS C to E and DLs operation plans, excluding LOS A and B, which have relatively little interaction between vehicles, were analyzed based on the above results of the 75% MPR situation. In particular, DLs operation strategies consist of five plans, including the Basic plan, Mixed-Use plan, AVs only plan, and Two DLs plans (Table 6). First, strategy 1 as the basic plan is the existing state that operates on a High-Occupancy Vehicles Lane. Second, strategy 2 is a Mixed-Use plan that changes the existing HOVL to a mixed HOV and AV lane. In other words, HOV and AV operate simultaneously on one dedicated lane. Third, strategy 3 is that one of the lanes is a dedicated lane operated only for AVs. Strategies 4 and 5 have two dedicated lanes. In the case of 4, there is an AV-DL on lane 1, a HOV-DL on lane 2, and in the case of 5, the position of the two DLs are opposite. As in simulation 1, we checked exit/entry and analyzed them using density, speed, and queue as indicators. Furthermore, as it is determined that the influence of heavy vehicles is relatively more significant than that of general vehicles as derived from simulation 1, the heavy vehicle speed indicator was additionally checked. Significantly, a vital buffer zone (transition section) was installed in the 600m section that marks the change of lane at the exit, and the part where merging is possible from the entry section was installed after 300 m.



In the LOS C-exit environment (Figure 12), although the speed of AVs increased in strategy 2 compared to strategy 1, HVs and average speed decreased and queue increased. In strategy 3 with only an AVs dedicated lane, the AVs speed was about 6% faster, but the average speed decreased and queue boosted up by about 80% compared to strategies 1 and 2. In addition, in the case of strategies 4 and 5, each with dedicated lanes, relatively negative phenomena such as a decrease in the average speed and a sharp increase in the queue were observed. Even in the entry zone, there is a difference in the degree of the index value, but the phenomenon according to each operation strategy was similar to that of the exit zone.



As a result of analysis on LOS D-exit (Figure 13), it is shown that all values of speed on strategy 2 were low, but the queue decreased compared to strategy 1. Similar to LOS C, AVs speed was faster, but the queue sharply increased in strategy 3. Notably, out of strategies 4 and 5, strategy 5 was found to be superior in all indicators compared to strategy 3, with only one dedicated vehicle. In the entry environment, most of the strategies yielded positive speed results, but in terms of the queue, strategies 1 and 2 were excellent.



Lastly, in the case of the LOS E-exit environment (Figure 14), the speed of the AVs in strategy 2 was high, and the delay time was reduced, and similar index values were shown in strategies 3 and 5. In the entry section, the overall indicators were excellent similar to LOS C and D, but it was confirmed that the delay time increased rapidly in strategies 3, 4, and 5.



Consequently, it was found that most of the indicator values of Strategy 2, which is a mixed lane for HOVs and AVs, were relatively positive in an environment where the service level was lowered. In the case of strategy 3, with only an AVs-DL, the speed value of AVs prevailed, but other negative phenomena such as a decrease in speed indicators and an increase in queue occurred. In addition, in the case of the two dedicated lane strategies, 4 and 5, the results differed depending on the location of the dedicated lane, and the fifth strategy, in which the HOV dedicated lane is in the first lane, and the AVs dedicated lane exists in the second lane, showed relatively positive indicators. Also, in the case of strategy five compared to strategy 3, it was the lower the service level, the higher the speed of AVs, and the lowest density. Considering the relationship between vehicles and infrastructure, the introduction of simple AVs-only lanes (strategy 3) could increase the efficiency of AVs driving itself, but it is contemplated as a result of lowering the overall road efficiency. Moreover, when two dedicated lanes are operated (Strategy 4 or 5), the number of lanes that HVs can operate is relatively reduced, and many conflicts occur in the transition section, resulting in relatively negative indicator values. In the case of strategies 1 and 2, a relatively positive indicator value was derived because the platoon of AVs works similarly to the specifications of a freight vehicle and can be operated without interference from other vehicles. As a result, before the introduction of AVs, heavy vehicles have an enormous impact on roads, suggesting that it is necessary to establish an infrastructure utilization strategy considering both the driving characteristics of AVs and those of heavy vehicles. As mentioned earlier, strategies can be established only by considering the speed of AVs, but establishing strategies only with the speed index of AVs may have unexpected negative effects and raise the issue of vehicle driving equity. Namely, multifaceted considerations such as operational efficiency are required when establishing an operation strategy for a dedicated lane, and it is not appropriate to establish a realistic operation plan if a strategy is established only with the speed index of AVs [25]. Therefore, in this study, we proposed a new operational efficiency indicator and judged the appropriateness of the optimal dedicated lane operation strategy based on this.




5. Measures to Establish an Operation Strategy for DLs for AVs


In this section, to establish an operation strategy for AV-DLs, we define operational efficiency, which is a new indicator, and based on this, we propose the optimal dedicated lane operation strategy and utilization plan for each situation among the five operation strategies considered above.



5.1. Judgment Methodology for Establishment of Operational Strategy for AVs Based Proposed New Indicator


Highway traffic operation and management must be carried out in terms of the construction purpose of the highway itself and services for drivers to ensure mobility beyond the loss of competitiveness due to increased congestion costs and low driving speed. Traffic flow is expected to change with the advent of new mobility in the era of AVs, and it is necessary to diagnose negative situations in advance and decide on appropriate alternatives (strategies) to alleviate unexpected results. In particular, according to [25], when introducing a dedicated lane for new mobility, they affirmed that a comprehensive strategy considering MPR, operational perspective, traffic per-formance, environment, and driver characteristics are needed. Accordingly, various studies have been conducted on AVs lanes, but most of them have only presented the positive effects of the DLs introduction [12,31,32,33,34,35], and research on the presentation of utilization policy for DLs has been understudied. Therefore, we intend to present a judgment methodology for establishing an operation strategy for self-driving cars based on the situation in which negative delay/conflict occurs. To this end, various important factors (safety, environmental factors, etc.) should be considered in combination, but this study presents a new indicator of operational efficiency to establish an operational strategy that utilizes most of the existing infrastructure. This is an indicator that can indicate operational efficiency by minimizing the negative impact of the introduction of AVs. Among the objects on the road, the characteristics of DLs were reflected in order to consider the operating characteristics of heavy vehicles and AVs, which are expected to have many conflicts corresponding to interactions between vehicles, and to consider interactions with infrastructure. The newly defined equation for operational efficiency indicators is as follows.


      E  r o a d   =     V  L O S   ¯  *  V  L O S   A V s   * M P R   [  (  V  H O V   L O S   * H O V r a t e )  *  Q  T   L O S   * D L ]       



(1)




where


        D L : N u m b e r  o f  D e d i c a t e d  L a n e s            V  L O S   ¯  : A v e r a g e  s p e e d  b y  L O S           V  L O S   A V s   : A u t o m a t e d  v e h i c l e  s p e e d  b y  L O S           V  H O V   L O S   : H i g h − O c c u p a n c y  v e h i c l e  s p e e d  b y  L O S           Q  T   L O S   : Q u e u e   ( T i m e  d e l a y  b y  L O S )      











In order to consider road operation efficiency in a situation where the MPR of AVs is high, indicators were calculated by reflecting the speed of AVs, HOV speed, the average speed of all vehicles on the road, queue (delay time), and the number of operating dedicated lanes. It is assumed that the higher the speed of the AVs, the more positive the operation effect appears, and various characteristics such as platoon driving are reflected. In the case of HOV speed, it was assumed that the higher the speed, the more conflicting effects occurred, resulting in a hindrance phenomenon from the perspective of road operation. In the case of delay time, as previously confirmed, it was assumed that the shorter the delay time, the higher the capacity of the entire road. In addition, in the case of average speed, the operating efficiency of all vehicles on the road can be considered through speed, which is reflected. Finally, in the case of the number of lanes operated by dedicated lanes, it is operated based on vehicles that are heavily affected by conflicts, but it may interfere with the operation of HVs, so we considered and reflected in the equation. The operation strategy score was calculated based on the presented operation efficiency equation, and the operation strategy of a dedicated lane reflecting various situations was evaluated by converting it into 0–1 score using min-max scaling (Table 7).



At LOS C, with relatively low traffic volume, the most appropriate operation strategy is to maintain the existing HOV lane (Basic) for both exits and entries, and the Mixed-Use strategy can also be adopted as an appropriate alternative plan. At LOS D, the most appropriate operation strategy is Mixed-Use, and the estimation score of Mixed-Use is the highest at LOS E; thus, it is derived as the optimal operation strategy. This is because the delay time increases rapidly as the traffic volume increases, but it is contemplated that positive operational efficiency was derived by minimizing the conflict between trucks and AVs in the Basic and Mixed-Use strategies. Significantly, strategy 3 operates only on lanes dedicated to AVs, and even with the advent of a full-fledged autonomous driving era, it is judged not to be the optimal operating strategy considering the relationship with other vehicles. Finally, in the case of strategies 4 and 5, when a dedicated lane for two vehicles with a large influence on the road is introduced, the operating efficiency of the vehicle can be improved, but it could be a strategy that decreases the efficiency in terms of overall road operation. Therefore, in order to introduce AVs-DLs like this, it is necessary to use an operation strategy that can increase the performance of the entire traffic flow, and it is crucial to present an optimal operation strategy plan according to the overall traffic situation. Through this method, the effect of introducing optimal dedicated lanes for each road can be established, and it is expected that it will be possible to support decision-making on the establishment of the optimal operation strategy. Accordingly, we propose a plan to utilize the establishment of an optimal dedicated lane operation strategy.




5.2. Examples of Optimal DLs Operation Strategies for AVs


As the commercialization of AVs progresses, various transportation operation strategies are expected to be presented, and the most actively discussed among them is the dedicated lane operation strategy. In line with this trend, and efficient operation strategy that reflects the traffic situation is required so that it can be applied in practice according to the introduction of dedicated lanes for AVs. In particular, since there are still practical difficulties for all vehicles on the road to be AVs, an operation strategy must be established in consideration of the mixed situation with general and heavy vehicles. Considering these various environments and conditions, a Mixed-Use strategy can be proposed as a new AVs-DLs operation strategy. In this study, the Mixed-Use strategy was proposed in the MPR 75% environment, but the optimal operation strategy can be adopted by considering the LOS and the ratio of vehicle types, including AVs in the link. In other words, the vehicle type and traffic volume of the link in which the vehicle is operated are monitored, and the appropriate operation strategy is reflected on the road in consideration of the MPR of the AVs in the link and the link service level. A conceptual diagram and examples for this are presented as shown (Figure 15). For example, in the case of a link with an about MPR 70% environment and traffic volume level of LOS D among the vehicle types in the link in the road condition of the five-lane entry/exit section, a Mixed-Use operation strategy can be adopted when a decision on the introduction of a dedicated lane is required. The optimal dedicated lane operation strategy above can be a new FTMS (Free/Expressway Traffic Management System) strategy that can be applied in the era of autonomous driving. In addition, it is expected that C-ITS and V2X will be able to provide an optimal operation strategy according to the road conditions in real-time. Moreover, it is expected that a more effective dedicated lane operation strategy can be presented when additionally considering the geometric characteristics of the road and the platooning of heavy vehicles from the perspective of optimal dedicated road operation efficiency.





6. Conclusions


As the new mobility era arrives, various positive effects are expected to arise, but unless it is an "ideal" situation, negative phenomena that have not been considered at some commercialization points may occur. These problems need to be prevented by reviewing them in advance before AVs are introduced and commercialized, and most basically, the interaction between existing vehicles and newly introduced vehicles and with existing infrastructure needs to be considered. In particular, since the expressway entry and exit section is a significant section where conflicts due to entry vehicles and exit vehicles joining the main section, it is necessary to preemptively review the effects that may occur due to the introduction of AVs. Accordingly, in this study, an analysis of the introduction effect caused by the MPR of AVs and the optimal dedicated lane plan were proposed to solve the situation in which the introduction establish effect is impeded in terms of infrastructure in the testbed section of the AVs in Korea.



The effect of introducing AVs was accompanied by positive effects, such as an increase in AVs MPR, an increase in road capacity, and a decrease in delay time. However, it was shown that the effect decreased compared to the previous MPR in the 75% MPR environment. This is cogitated as the result of conflicts arising from the operation of some heavy vehicles and general vehicles, although most objects on the road are AVs. Accordingly, in order to solve the effect impediment phenomenon, operating efficiency indicators for various AVs-DLs operational strategies in the MPR 75% environment were newly defined and an operation strategy was established accordingly. As a result of establishing an optimal dedicated lane operation strategy from the perspective of operational efficiency, the Mixed-Use strategy for operating AVs together on the currently operated HOV lane is the optimal dedicated lane. Moreover, when the traffic volume is low, it is appropriate to maintain only the HOV lane environment. This study is significant in that it is an integrated study, not an individual study of the introduction of AVs and DLs, and it is meaningful in suggesting a more effective method of operating dedicated lanes beyond merely presenting the effect of introducing simple AVs and DLs.



This study focused on the entry and exit sections where inter-vehicle interactions occur the most, so it could not consider the expressway mainline section, toll gates, transition section, and urban environment. In addition, AVs were assumed to be passenger cars, and there is a limitation in considering only the driving characteristics of AVs themselves without considering communication such as V2X. Furthermore, by presenting only the operational efficiency indicators defined above, it is imperative to conduct additional research in various road environments in consideration of other important indicators in the future. It is necessary to conduct research considering a more complex environment for presenting detailed operation strategy with available operation time, assuming that other vehicles, such as heavy vehicles, are also applied to employing an autonomous driving system. Lastly, the simulation analysis results were not actually verified. This is an analysis in advance for the efficient operation of Level 4 AVs to be operated on future roads. Nevertheless, we utilized the VDS data for minimizing and synchronizing the difference from reality.
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Figure 1. Spatial scope of the study: The left image presents the metropolitan area in Korea and the yellow part involves the AVs test bed. The yellow dotted line in the right image indicates the specific target site. 






Figure 1. Spatial scope of the study: The left image presents the metropolitan area in Korea and the yellow part involves the AVs test bed. The yellow dotted line in the right image indicates the specific target site.



[image: Sustainability 14 11490 g001]







[image: Sustainability 14 11490 g002 550] 





Figure 2. The simulation network environment (Singal JC Northbound Line Entry and Exit Section). In the exit section, lane change was not allowed from 300 m and the road provided signs (information) about lane change before 600 m. In the entry section, vehicles cannot merge to the main lane before 300 m. 
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Figure 3. Overall flow simulation scenarios design. 
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Figure 4. The result of Simulation 1—LOS A. The left graph is the exit section, and the right graph is the entry section. 
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Figure 5. The result of Simulation 1—LOS B. The left graph is the exit section, and the right graph is the entry section. 
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Figure 6. The result of Simulation 1—LOS C. The left graph is the exit section, and the right graph is the entry section. 
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Figure 7. The result of Simulation 1—LOS D. The left graph is the exit section, and the right graph is the entry section. 
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Figure 8. The result of Simulation 1—LOS E. The left graph is the exit section, and the right graph is the entry section. 
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Figure 9. The comparison of Density and Speed. The left graph is the exit section, and the right graph is the entry section. 
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Figure 10. The comparison of Queue and Density. The left graph is the exit section, and the right graph is the entry section. 
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Figure 11. The comparison of Queue and Density. The left graph is the exit section, and the right graph is the entry section. 
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Figure 12. The result of Simulation 2—LOS C. The left graph is the exit section, and the right graph is the entry section. 
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Figure 13. The result of Simulation 2—LOS D. The left graph is the exit section, and the right graph is the entry section. 
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Figure 14. The result of Simulation 2—LOS E. The left graph is the exit section, and the right graph is the entry section. 
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Figure 15. Establishment and Utilization of Strategy for Optimal Dedicated Vehicle for Self-driving Vehicles. 
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Table 1. AVs parameters for simulation.
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	Division
	Code
	Definition
	VISSIM Default
	Automated Vehicle (SAE Lv.4)





	Spacing
	Stand still distance (CC0)
	The desired distance between stopped vehicles
	1.50 m
	0.5 m



	
	Headway time (CC1)
	Headway (in second)
	0.9 s
	0.6 s



	
	Following Variation (CC2)
	The distance in addition to the allowed safety distance that is permissible before the vehicle-drive unit moves closer to the preceding vehicle
	4.00 m
	0 m



	Speed
	Threshold for entering following (CC3)
	Seconds before reaching the safety distance the driver starts to decelerate
	−8.00 s
	0 s



	
	Negative following threshold (CC4)
	The maximum allowable speed difference where following vehicle is faster than preceding vehicle
	0.41 km/h
	0 km/h



	
	Positive following threshold (CC5)
	The maximum allowable speed difference where following vehicle is faster than preceding vehicle
	0.41 km/h
	0 km/h



	Acceleration
	Speed dependency of oscillation (CC6)
	Influence of distance on speed oscillation
	11.44
	0



	
	Oscillation acceleration (CC7)
	Influence of vehicle acceleration during car following oscillation
	0.25 m
	0.4 m



	
	Acceleration (CC8)
	Desired acceleration when starting from standstill
	3.5 m/s   2  
	3.8 m/s   2  



	Other
	Acceleration with 80 km/h (CC9)
	Desired acceleration at 80 km/h
	1.5 m/s   2  
	1.8 m/s   2  



	
	Look ahead distance observed vehicles
	Number of vehicles that can see forward on the link
	2 vehicles
	10 vehicles
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Table 2. First Simulation: Scenarios for AVs introduction effects.
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	Division
	Volume
	Speed
	Entrance Volume
	HVs
	HOV
	AVs





	Scenario 1
	720
	103.31
	240
	
	
	



	Scenario 2
	950
	99.59
	368
	
	
	



	Scenario 3
	1120
	86.66
	480
	73%
	27%
	0∼100%



	Scenario 4
	1377
	72.75
	624
	
	
	(25% units)



	Scenario 5
	1565
	60.92
	742
	
	
	










[image: Table] 





Table 3. Second Simulation: Scenarios for Optimal DLs plan for AVs.
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	Division
	Description





	Strategy 1
	Operate only on existing HOVL



	Strategy 2
	Changed existing HOVL to HOV & AV Lane (Mixed-Use)



	Strategy 3
	Changed existing only AV Lane



	Strategy 4
	1-lane for AVs, 2-lane for HOV (Two dedicated lanes)



	Strategy 5
	1-lane for HOV, 2-lane for AVs (Two dedicated lanes)
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Table 4. Using indicators for AVs and DLs introduction effects.
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	Indicator
	Description





	The average speed
	Average vehicle speed in the designated section



	Density
	The vehicle density in the designated section (pcpkmpl, D = V/S)



	Queue
	The vehicle queue in the designated section = delay time (s)
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Table 5. Declined indicators compared to previous MPR by using AVs speed, the average speed, density, and queue. The blue font means the environment in which the most indicators are degraded.
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	LOS
	0
	25
	50
	75
	100





	A
	-
	2
	1
	3
	1



	B
	-
	2
	2
	3
	1



	C
	-
	1
	3
	4
	1



	D
	-
	1
	3
	4
	0



	E
	-
	1
	3
	4
	2
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Table 6. Second Simulation: Detail Scenarios for Optimal DLs plan for AVs.
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	Strategy
	Description





	1
	Operate only on existing HOVL (Basic)



	2
	Changed existing HOVL to HOV & AV Lane(Mixed-Use)



	3
	Changed existing only AV Lane (AVs only)



	4
	1-lane for AVs, 2-lane for HOV (Two dedicated lanes 1)



	5
	1-lane for HOV, 2-lane for AVs (Two dedicated lanes 2)










[image: Table] 





Table 7. Estimation value of operational efficiency to establish an optimal operation strategy for AVs. The blue font indicates the plans in which there are suitable strategies among the values calculated using min-max scaling.
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	LOS
	Basic
	Mixed-Use
	AVs Only
	Two Dedicated Lane 1
	Two Dedicated Lane 2





	C
	1
	0.98
	0.17
	0
	0.01



	D
	0.92
	1
	0.04
	0
	0.05



	E
	0.44
	1
	0.05
	0
	0.13
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