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Introduction: The rise of autonomous vehicles has brought about a transformative shift in transportation, witnessing the coexistence of human-driven and autonomous vehicles on highways in the United States, Europe, and China. This coexistence poses challenges to traffic operations, particularly in intricate scenarios like highway ramps. The interaction between autonomous truck platoons, displaying heightened maneuverability, and human-driven vehicles has emerged as a critical concern. Consequently, this research aims to propose and investigate three avoidance modes (overall, gap and cross) employed by truck platoons, evaluating their comprehensive impact on human-driven vehicles.
Methods: Multiple scenarios are simulated utilizing the Simulation of Urban Mobility (SUMO) software, collecting data on three distinctive avoidance modes concerning Travel Time (TT) and Time to Collision (TTC). Employing principles of game theory, a comprehensive assessment is undertaken to evaluate the traffic efficiency and safety of each mode. Comparative analyses against a no-avoidance baseline are conducted, offering a holistic evaluation of each mode’s applicability across diverse scenarios.
Results: The findings highlight the commendable performance of gap mode and overall mode in enhancing traffic efficiency, while cross mode excels in fortifying traffic safety. Overall, the gap mode emerges as the optimal choice among the three.
Discussion: This study introduces a game-theoretic approach to managing human-machine mixed traffic flow, establishing a foundational framework for theoretical research in decision-making for emerging mixed traffic environments. It considers safety and efficiency perspectives across different types of traffic entities. The insights gained contribute to the evolving discourse on the integration of autonomous vehicles into existing traffic systems, addressing the intricate challenges posed by the coexistence of various vehicle types on highways.
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1 INTRODUCTION
With the development of logistics industry and the intensification of market competition, truck transportation plays a crucial role in cargo transportation. However, truck transportation also faces many challenges, such as traffic congestion, environmental pollution, and energy consumption. To address these issues, researchers have begun to consider using autonomous truck platoons to reduce transportation costs, improve transportation efficiency, and reduce environmental impacts. In practical scenarios, an excessively long truck platoon needs to avoid other cars in specific areas, so how to choose an avoidance mode is currently one of the research topics. Game theory-based methods can provide effective decision support for autonomous truck platoon system, which helps to choose the best avoidance mode.
2 LITERATURE REVIEW
The emergence of autonomous driving technology has given rise to various new technology, equipment, and theoretical approaches related to autonomous driving. Based on such development, truck platoon as a new freight transportation mode has demonstrated significant advantages in terms of reducing energy consumption [1, 2], operating costs [3, 4], and improving road capacity [5, 6]. Truck platoons are two or more trucks in a fleet that are connected using vehicle-to-vehicle communication and autonomous driving support systems. When these trucks are connected to each other on certain sections (e.g., on a highway), they automatically maintain a close-headway platoon [7]. This means that these trucks must be equipped with Level 1 or Level 2 and even higher autonomous driving systems [8]. However, the current state of autonomous driving technology is insufficient to support full truck platoon driving in the entire road network. Instead, truck platoon is applicable only in specific road scenarios. Moreover, due to the spatial characteristics of truck platoons, they are more suitable in the wider road scenarios [9]. Thus, it is crucial to explore the safety aspects and assess the impact on the traffic environment when implementing truck platoons in specific scenarios.
Previous research has investigated various aspects of truck platooning in specific road environments. Zhao focused on optimizing overall traffic efficiency by examining the appropriate length of truck platoons in off-ramp regions [10]. Chandra explored how different highway routes affect the accessibility of truck platoons [11]. Faber studied the impact of different truck platoon characteristics on traffic safety and efficiency in the context of highway merging scenarios [12]. It can be seen that the highways are recognized as suitable environments for truck platoon driving, particularly during merging and diverging scenarios where human-driven vehicles (HVs) frequently interact with truck platoons. Scholars have conducted studies on truck platooning during highway merging situations [13–15]. However, fewer studies have been conducted for the diversion scenario. Especially, how can truck platoons meet the needs of HVs on the adjacent lanes waiting for getting off the highway when passing through the highway diversion area. Tabibi suggested that high traffic volumes make it challenging for the vehicles to find gaps to cross the truck platoon [16].
Recent research has focused on the avoidance strategies of the connected autonomous truck platoons. For example, Wu applied the intra-platoon field theory in the feasible gap model [17]. Shi proposed a cooperative connected autonomous vehicle (CAV) lane-changing model to build more CAV platoon in mixed traffic conditions [18]. Wang designed a collaborative lane change control algorithm based on model predictive control algorithm, which could reduce the influence of lane change behavior on traffic flow [19].
The above studies showed that CAV platoon could improve the lane capacity and decrease the average time headway in a great deal [20, 21]. However, in a mixed traffic flow scenario (HV + CAV), the benefits of platooning can be influenced by various factors, including traffic signals, highway ramps, vehicle types, and human errors. Few of these factors were considered or discussed in past studies. Therefore, further studies are needed to explore these issues.
This study focuses on the highway off-ramp scenario to analyze the impact of truck platoon with different avoidance modes on the traffic flow when surrounded with human-driven vehicles. The objective of this study is to provide an effective method to assess the impact of different truck platoon avoidance modes on traffic flow, which helps to improve traffic efficiency and safety. It is assumed that all the vehicles in the simulation experiment are in the state of vehicle networking. The lane-changing information of human-driven vehicles can be obtained directly by the truck platoons. Besides, the truck platoons travel on the right lane that is compliant with the traffic rules in China. Simulation experiments based on SUMO were conducted in this study. Meanwhile, collision risk factor and traffic efficiency are also quantified to evaluate the applicability of each avoidance mode.
The rest of the study is organized as follows. Section 2 analyzes the lane-changing scenarios of HVs near the off-ramp areas and proposes three truck platoon avoidance modes. Section 3 describes the design of the simulation experiments. Section 4 proposes to evaluate and analyze the performance of each avoidance mode. Section 5 discusses the impact mechanisms of different avoidance modes. Section 6 summarizes the whole work and its contributions and limitations.
3 TRUCK PLATOON AVOIDANCE MODE
The technical difficulty and complexity of the truck platoon model is higher than that of the car platoon model. The flexibility of car platoons is stronger, and the control strategies can be applied on all lanes. However, truck platoons can only operate on designated lanes and have lower traffic rights than cars or car platoons on special road sections. Therefore, the avoidance of truck platoons is one of its characteristics, on the other hand its driving mode is also constrained. Therefore, in this study, a two-lane highway off-ramp scenario was designed, with the assumption that the truck platoon travels on the second lane (the right one). As the truck platoon approached the off-ramp, evasive maneuvers became necessary to satisfy the lane change requirements of HVs, as shown in Figure 1.
[image: Figure 1]FIGURE 1 | The lane-changing scenarios of human-driven vehicles (A) Continuous human-driven lane-changing vehicles (B) Discrete human-driven lane-changing vehicles.
Based on the above scenarios, three avoidance modes of the truck platoon are proposed as follows.
(1) Overall mode: All trucks in the platoon will change lanes to allow the green HVs to access the off-ramp. Once the HVs have entered the ramp, the platoon will transition back to the right lane.
(2) Gap mode: The platoon will disperse to create additional space for the green HVs to perform their lane changes. After the HVs have completed the off-ramp maneuver, the sub-platoons will merge to form the original long platoon configuration.
(3) Cross mode: In this mode, the platoon will dissolve into three sub-platoons. The lead platoon continues straight ahead. The center platoon will change lanes for the green HVs. The rear platoon will continue straight ahead and keep a safe distance from the last green HVs.
In the overall mode, the whole truck platoon will change lanes and return to the original lane after the HV vehicles goes off ramp. In the gap mode, the truck platoon stays on the same lane, then the platoon will split into two sub-platoons to provide additional space for off-ramp vehicles, and will re-merge after the HV vehicles go off ramp. In the cross mode, the truck platoon will split into three sub-platoons, then the middle sub-platoon changes the lane to give way to the HV vehicles, and will return to the original lane after the HV vehicles go off ramp.
The illustration of the three modes is shown in Table 1.
TABLE 1 | Avoidance modes.
[image: Table 1]4 SIMULATION EXPERIMENT
4.1 Simulation scenario and settings
In this study, a highway simulation scenario was constructed based on SUMO. This highway included two lanes and an off-ramp area, as shown in Figure 2.
[image: Figure 2]FIGURE 2 | SUMO-based simulation scenarios.
In our study, 40 drivers participated in simulation experiments in Silab simulator. The lane-changing position of each driver was recorded to obtain the lane change area. The lane-changing positions of HVs on the upstream of highway off-ramps were recorded. Based on this, this study determined the HVs’ lane-changing area for HVs upstream of the highway off-ramps as shown in Figure 3.
[image: Figure 3]FIGURE 3 | The distribution of lane change locations near the off-ramp.
The speed limit of all vehicles was 120 km/h. The HVs entered the simulation lane randomly. The off-ramp vehicles must complete the lane-changing behavior before entering the no lane-changing area. In the continuous HVs scene, the four continuous off-ramp vehicles kept driving with a safe time of headway like other HVs until they reach the lane-changing area. Then they could change lane freely.
The trucks could keep driving by platoon and disband to yield by the TraCI module (Traffic Control Interface) in SUMO. Through the TraCI module, parameters such as the platoon status and vehicle trajectory in the platoon could be obtained in real time. At the same time, the vehicle status could be modified and controlled in the simulation scenario. The key parameters mentioned above are shown in Table 2.
TABLE 2 | Key parameters of the simulation experiment.
[image: Table 2]In this study, the traffic flow volume of HVs around the truck platoon was regarded as an important factor in the mode choice [22]. Therefore, five ratio levels (K) of the off-ramp vehicles were simulated in SUMO, including K = 10%, K = 20%, K = 30%, K = 40%, K = 50%. K can be calculated as Eq. 1.
[image: image]
where, ORVs is the number of off-ramp vehicles in the scenario. GVs is the number of going-straight vehicles in the scenario.
Each mode was simulated in the three kinds of traffic flow volume, as shown in Table 3. The three kinds of traffic flow volume is based on the service level 1 to 4 in “Technical Standard of Highway Engineering (JTG B01-2014)” of China.
TABLE 3 | Three kinds of traffic flow volume.
[image: Table 3]4.2 Car-following models
In this study, the truck platoon was assumed to be equipped with V2V communication and automatic cruise control (ACC) system. Therefore, different following models should be adopted for the truck platoon and HVs.
4.2.1 Car-following model
4.2.1.1 Human-driven vehicle
IDM, as a basic model to study the dynamic changes of traffic, is mainly modeled based on speed, inter-vehicle distance and the speed difference between the rear vehicle and the front vehicle [23, 24]. Therefore, this study uses IDM as the car-following model for human-driven vehicles in the simulation scenarios.
The acceleration function in IDM is shown as Eqs 2, 3
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where, [image: image] is the vehicle acceleration, [image: image] is the maximum acceleration, [image: image] is the actual speed, [image: image] is the desired speed, [image: image] is the free acceleration component, [image: image] is the velocity difference from the leading vehicle, [image: image] is the distance difference from the leading vehicle, [image: image] is desired following distance, [image: image] is jam distance, T is safe-time headway, b is the desired deceleration rate.
4.2.1.2 Truck platoon
The CACC car-following model based previous studies is used to describe the driving behavior between trucks [25–27]. Corresponding equations are listed in Eqs 4–6.
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where, [image: image] is the speed of vehicle [image: image] at time [image: image], [image: image] is the difference between actual space headway and desired space headway of vehicle [image: image] at time [image: image], [image: image] is the position of vehicle [image: image] at time [image: image], L is the length of the vehicle, [image: image] is the desired headway, [image: image] is the spacing margin, [image: image] and [image: image] are the control gains.
4.2.2 Lane-changing model
In the SUMO, the vehicle needs to determine whether the gap on the target lane satisfies the minimum safe gap before executing the lane-changing command [28]. If it is satisfied, the lane-changing behavior would be executed, otherwise it needs to wait for a safer gap before changing lanes.
The safe gap of vehicles is calculated as follows.
[image: image]
[image: image]
[image: image]
where, [image: image] is the safe front gap of vehicles, [image: image] is the minimum parking gap for following vehicles, [image: image] is the ego vehicle’s length, [image: image] is the minimum parking gap for ego vehicles, [image: image] and [image: image] are the safe gap difference from the leading vehicle and the back vehicle at time [image: image], [image: image] and [image: image] are the speed of ego vehicle and following vehicle at time [image: image], [image: image] and [image: image] are the headway of ego vehicle and following vehicle, [image: image] is the time step.
5 RESULTS AND ANALYSIS
5.1 Evaluation indicators
In the simulation experiments, the average value of the travel time (AVG TT) and the minimum value of time to collision (minTTC) of all HVs were recorded and calculated by Eqs 11, 12. AVG TT shows the overall travel efficiency of all vehicle in the simulation scenarios. MinTTC shows the worst safety situation influenced by the avoidance modes. Therefore, the best avoidance mode needs to decrease the negative impact on efficiency and increase the safety of the whole off-ramp area.
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where, [image: image] is the distance between the HV and ramp, [image: image] is the vehicle speed,
The relative value (RV) of TT and minTTC between the avoidance mode and no-avoidance mode were calculated by Eqs 13, 14.
[image: image]
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where, [image: image] is the avoidance mode [image: image], [image: image] is the no-avoidance mode, and AVG is the abbreviation of average.
5.2 [image: image] of three modes under different traffic flow
In Figure 4, it can be observed that the increase of the traffic flow volume generally leads to a noticeable upward trend in the average travel time (AVG TT) of HVs across various ORVs ratio scenarios. To illustrate the impact of three avoidance modes on GVs, ORVs and overall HVs, the detailed analysis is presented as follows.
[image: Figure 4]FIGURE 4 | [image: image] of discrete flow under three kinds of traffic volume.
5.2.1 Impact on the [image: image] of GVs
As shown in Figure 4, among the 15 scenarios (5 × 3 = 15, five ratio levels and three traffic flow volume), the gap mode performed best in 13 scenarios and the overall mode performed best in two scenarios in the discrete flow scenario. In these scenarios, these two modes made the HVs’ travel time shorter than the no-avoidance mode (keeping going-straight without any avoidance behavior). As shown in Figure 5, the gap mode performed best in 13 scenarios in the continuous flow scenario. Therefore, the gap mode is applicable in most scenarios. The overall mode is only suitable for a few scenarios. The cross mode did not help to decrease the GVs’ travel time, but increased it in almost all scenarios.
[image: Figure 5]FIGURE 5 | [image: image] of continuous flow under three kinds of traffic volume.
5.2.2 Impact on the [image: image] of ORVs
As shown in Figure 5, the gap mode performed best in 13 scenarios. It was found that the gap mode was still benefit for the majority of the ORVs in the discrete flow scenario. The overall mode had negative influence on the ORVs’ travel time (the minimum travel time of ORVs changed from 2s to 4s). However, in the continuous flow scenario, no-avoidance showed good performance in 14 scenarios. This means that the avoidance behavior of truck platoon is not useful to reduce the ORVs’ travel time.
5.2.3 Impact on the [image: image] of all HVs near the off-ramp area
The AVG TT represented the overall impact of different modes on all nearby HVs.
As shown in Figure 4, the gap mode performed well in 12 scenarios and the overall mode performs well in three scenarios in the discrete flow scenario. As for the continuous flow scenario, the gap mode performed well in 13 scenarios and the overall mode performs well for the HV in the three scenarios.
The above results show that in the discrete flow scenario, adopting a certain avoidance mode (overall mode or gap mode) is useful to improve the traffic efficiency near the off-ramp. The gap mode obviously showed the best performance among the three modes to reduce the HVs’ AVG TT in the continuous scenario.
In the discrete flow, when the traffic flow was between 1800–2,300 pcu/h, the overall mode and gap mode had different performance in decreasing AVG TT of HVs with the increase of K. However, in the medium flow (2,400–2,900 pcu/h) or high flow (3,000–3,500 pcu/h), only the gap mode could decrease the AVG TT of HVs. Therefore, the gap mode was more suitable for medium and high traffic flow volume scenarios. It can be concluded that the cross mode had a poor performance in reducing the AVG TT of HVs. On the contrary, the gap mode was the best choice in improving the driving efficiency in the mixed traffic flow near the off-ramp.
5.3 Game-theoretic analysis of safety and efficiency
In this study, the relative value of AVG TT is used to measure the driving efficiency. The small AVG TT value can result in more efficient avoidance mode. The relative value of minTTC is used to measure the driving safety. The large minTTC value means a safer avoidance mode. Therefore, a perfect avoidance mode can reach the relative maximum value (maxZ) of two aspects. The calculation model is Eq. 15.
[image: image]
where, E is the maximum relative value of average travel time in GVs and ORVs, S is the minimum relative value of minTTC in lane-changing area, q is the rate of flow volume, which includes low, medium and high, K is the ratio levels of the off-ramp HVs, which includes 10%, 20%, 30%, 40% and 50%, [image: image] is the avoidance mode i, and [image: image] is the no-avoidance mode.
To get the solution of the above equation, the Euclidean Distance based single-objective linear programming method is applied to calculate the maximum Z-value. The mode with large Z-value is safer and more efficient in the specific scenario. When Z > 0, the avoidance mode is more superior than no-avoidance mode in terms of safety and efficiency. Otherwise, when Z < 0, the performance of the avoidance mode is not as good as no-avoidance mode. When Z = 0, it means that the avoidance mode and no-avoidance have the same effect, so it is not necessary to take avoidance behavior for the ORVs.
Based on this, the Z-value of each avoidance mode in the discrete flow and continuous flow scenarios are obtained and shown in Figure 6 and Figure 7.
[image: Figure 6]FIGURE 6 | Z-value of each avoidance mode in the discrete flow.
[image: Figure 7]FIGURE 7 | Z-value of each avoidance mode in the continuous flow.
The above two figures show that gap mode (the grey line) had the highest Z-value among the 15 discrete flow and 15 continuous flow scenarios. The gap mode was suitable for 70% off-ramp scenarios. The overall mode was suitable for 23.3% off-ramp scenarios, and the cross mode was suitable for only 6.7% off-ramp scenarios.
In the cases of Z < 0, three avoidance mode had different limitations among the 30 situations.
• Cross mode
The Z-value of this mode were below 0 in nearly half of the 30 scenarios. It performed better under the high ORVs ratio in discrete traffic flow. In the continuous flow, it was the best choice under the 20% ORVs ratio in the medium traffic flow. However, in the rest circumstances, its performance was not stable and was inferior to the other two modes.
• Overall mode
The overall mode performed badly in the high discrete traffic low under low ORVs ratio (K = 10%, 20%, 30%) and the medium discrete traffic low under high ORVs ratio (K = 30%, 40%, 50%). In the continuous flow, this mode is not an option for the medium traffic flow under low ORVs ratio (K = 10% and K = 30%) and the low traffic flow under high ORVs ratio (K = 50%).
• Gap mode
It had no benefit for the low traffic flow under low ORVs ratio (K = 10% and K = 20%) and the medium/high traffic flow under high ORVs ratio (K = 50%/K = 40%).
Therefore, the gap mode was the best choice for the truck platoon to improve the safety and efficiency for the mixed traffic flow in the most scenarios. The other two modes were preferred in some specific scenarios. Table 4 and Table 5 show the game analysis results of all scenarios.
TABLE 4 | The game analysis results of three modes in all scenarios (discrete).
[image: Table 4]TABLE 5 | The game analysis results of three modes in all scenarios (continuous).
[image: Table 5]In low traffic volume and low-level ORVs ratio, the overall mode is optimal for discrete off-ramp vehicles. For other cases at low ORVs ratio, the gap mode and cross mode are better choice. In medium traffic flow, the cross mode and gap mode are optimal for continuous off-ramp vehicles. In high traffic volume, the overall mode is optimal if the ORV ratio is K = 50% or 40% but it does not perform well in medium and low traffic flow for continuous off-ramp vehicles. For other cases at high flow rate, the gap mode is optimal.
6 DISCUSSION
The simulation results show that in the two-lane highway off-ramp area, the AVG TT of HVs increases with the traffic flow volume under mixed traffic flow. This is because when the volume is low, HVs can drive freely at the ideal speed or designed speed. It is easy for them to slow down and change lanes near the ramp, which can result in small influence on the other vehicles or truck platoon. With the increase of traffic flow, the traffic density near the off-ramp will also increase. In this situation, once the ORVs decelerate, several GVs following the ORVs need to decelerate, which leads to a decrease in the average speed and travel time of HVs. This phenomenon indicates that the off-ramp demand and state are the basis to evaluate the need and performance of truck platoon avoidance mode. It can be seen that the above results have some similarity with the previous studies. For example, Shen [29] mentioned that in order to improve the traffic efficiency of urban expressways, V2V technology was needed near the expressway off-ramp and downstream intersections as collaborative control areas. This indicates that the status of the off-ramp is an important scenario when evaluating the demand and performance of the truck platoon avoidance modes. The traffic volume and off-ramp vehicle ratio were considered in past studies [20, 30], in which high traffic volume or ORV ratio would result in the platoon-single vehicle congestion, so short platoon modes were preferred. This is consistent with the results in Tables 4, 5 that gap mode is more suitable in high traffic volume and ORV ratio scenarios, and overall mode is the best mode in low traffic volume and ORV ratio scenarios. On the other hand, this research also has some difference with previous studies. Some studies focused on the operation characteristics and safety effects [31]. The lateral and longitudinal steady control is the key factors to guarantee the safety of truck platoons and other vehicles near the off-ramp. However, this study does not focus on the micro-aspect of single truck operation, but applies best avoidance mode to enhance the overall safety and efficiency of off-ramp area, which can be applied in most two-lane highway off-ramp scenarios. Different from Liu et al.’s study [20] and Wang et al.’s study [32], three avoidance modes were proposed and analysed in the off-ramp simulation experiments, other than the single sub-platoon control mode or merging scenarios. This provides a macro-decision strategy for platoon management system. According to the simulation and game analysis results, the main findings are discussed as follows.
6.1 The efficiency gain of different avoidance modes
The results show that there are obvious differences in efficiency gain among three avoidance modes. In some continuous flow scenarios, if the truck platoon takes no-avoidance action, the ORVs’ AVG TT of most scenarios are smaller than the three modes. The reason is that the continuous lane-changing demand requires a large gap in the truck platoon to ensure the safe off-ramp behavior. Therefore, when truck platoon slows down or changes lanes to yield for a high rate of continuous ORVs, the following ORVs and ORVs on the adjacent lane have to slow down as well, which results in the increase of ORVs’ AVG TT. To overcome this problem, the gap mode is a solution to provide ORVs with enough space to change lanes before the lane-changing area. It makes the truck platoon to split and leave enough space for ORVs to change lanes. This can not only reduce the waiting time for the ORVs, but also release the left lane for the GVs to drive freely. Therefore, this mode greatly reduces the traffic delay and improves the HVs and ORVs’ driving efficiency.
The poor performance of the cross mode is due to the low gap acceptance between the sub-platoon. HVs have to follow the sub-platoon for a few seconds to seek for a lane-changing opportunity. On the other hand, before the ORVs change lanes, they need to check the traffic state on the target lane. If there are already several ORVs in the “cross gap” (the gap between the first and the third sub-platoon), the following ORVs have to wait until the target lane has enough space. These two aspects are the main reasons for the large AVG TT result when the truck platoon taking the cross mode.
Considering the lane-changing characteristics of truck platoon, the overall mode yields for the ORVs by changing the whole platoon to the left lane. This requires no additional control of sub-platoon. However, the overall mode has some limitations in some situations. For example, when the HVs travel on the left lane near the off-ramp, the truck platoon cannot directly change lanes. The container trucks in truck platoon must change lanes one by one according to the nearby traffic conditions. Sometimes, the following trucks have to look for another appropriate lane-changing opportunity after the leading truck changes lanes. This will reduce the average speed of HVs on the left lane, which results in the decrease of the HVs’ driving efficiency.
6.2 The safety gain of different avoidance modes
When the ORVs reach the off-ramp area, they need enough space on the right lane to meet their lane-changing demand. In the no-avoidance state, the truck platoon occupies 100 m on the right lane, so that the ORVs have two choices to get off the highway: a) overtaking the whole truck platoon before reaching the end line of the lane-changing area. b) keeping a distance with the truck platoon, and waiting for the truck platoon passing the off-ramp exit, then finding the appropriate opportunity to change lanes. If the ORVs need to get off the ramp quickly, they must sacrifice the safety to decrease the relative distance and to increase the speed. Therefore, the most unsafe status usually appears in this period.
If the traffic flow volume increases constantly and reaches a high flow volume, the traffic density will increase. Therefore, when HVs are closer to the off-ramp and still do not change to the right lane, they will develop a strong intention to change lanes. If truck platoon disbands enough space, ORVs will adjust the speed between the two sub-platoons. Otherwise, there will be a risk of rear-end accident. In the simulation results, this phenomenon is reflected with low AVG min TTC of HVs.
Generally, the avoidance of truck platoon near the highway off-ramp can increase traffic safety. The gap mode provides great space for ORVs to meet their lane-changing requirement. However, the gap mode will cause the rear sub-platoon to decelerate, which will increase the conflict probability between the rear sub-platoon and the following HVs. In addition, if the leading platoon does not accelerate enough, the ORVs cannot overtake the platoon before the lane-changing area. In this case, they must wait on the left lane at the off-ramp exit, which results in traffic congestion (choice b). The overall mode allows the ORVs to change lanes freely by clearing the right lane, which reduces the conflicts between HVs and other vehicles. However, during the lane-changing process of each container truck, the conflict probability between truck platoon and HVs climbs. The HVs following or travelling in parallel with truck platoon must decelerate to the same speed as the platoon to change lane safely. Therefore, how to balance the truck lane-changing behavior and traffic efficiency is an important issue of this avoidance mode. The cross mode combines the advantages and disadvantages of the other two modes. It includes the lane change and disband behavior of platoons, so it provides proper gap for ORVs to change lanes. Compared with the other two modes, the minTTC of cross mode is larger. This is because the ORVs in this mode usually change lanes at a relative slower speed, which sacrifices the travel efficiency but improves safety.
6.3 Summary
A comprehensive evaluation of different avoidance modes in mixed traffic flow necessitates an examination from two key perspectives: travel efficiency and safety. The findings indicate that the gap mode consistently demonstrates superior performance across various scenarios, while the overall mode exhibits commendable efficiency in several instances. Conversely, the cross mode proves applicable in only a limited number of scenarios. Comparative analysis against a no-avoidance state reveals that all three modes contribute to enhancing the efficiency and safety of both human-driven vehicles (HVs) and truck platoons to a certain extent.
The results of game analysis highlight the gap mode as the optimal choice, displaying the most favourable impact on travel efficiency and safety, especially with increasing traffic volume and off-ramp vehicle ratio. Although not always the primary choice in specific situations, the gap mode remains a viable option, particularly for static truck platoon control systems. In cases where individual trucks within the platoon can be monitored and controlled, the avoidance mode should be dynamically tailored to match the traffic environment, as outlined in Table 4 and Table 5.
7 CONCLUSION
This study introduces three avoidance modes for truck platoons in the off-ramp area of a two-lane highway within a human-machine mixed traffic flow context. Employing game theory to analyze the safety and efficiency of each avoidance mode, the study concludes that the gap mode proves most effective in enhancing travel safety and efficiency. By segmenting the long platoon into multiple sub-platoons, the gap mode generates ample spaces for multiple off-ramp vehicles.
However, in scenarios characterized by high traffic volume and consecutive high-speed vehicles waiting to exit the highway, the overall mode emerges as a preferable option over the gap mode. In the overall mode, all trucks shift lanes to the left, significantly reducing travel time for nearby vehicles. Additionally, the overall mode demonstrates adaptability to various Off-Ramp Vehicle (ORV) ratio levels in low traffic volume, ensuring greater safety for high-speed human-driven vehicles compared to other avoidance modes.
Despite these findings, this study still has some limitations. Firstly, all vehicles in the scenarios are assumed to be connected in the Intelligent Transportation Systems environment, but information transmission delay in avoidance mode is not analyzed. Secondly, the study only focuses on the differences between the three modes without considering the position, speed, and length of sub-platoons for each mode. Thirdly, the evaluation indicators for HVs do not include other factors, such as queue length and deceleration rate. Consequently, future research needs to conduct field tests to investigate the safety, traffic efficiency, and response delay of diverse avoidance modes in the Vehicle-to-Everything (V2X) environment. Detailed micro-macro evaluation of different modes would be preferred to obtain more accurate avoidance strategies.
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