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Abstract

:

Emergency events can induce serious traffic congestions in a local area which may propagate to the upstream roads, and even the whole network. Until now, the methodology forecasting spatiotemporal boundary propagation of emergency-event-based traffic congestions, with both explicitness and road network availability, has not been found. This study develops a new method for predicting spatiotemporal boundary of the congestion caused by emergency events, which is more applicable and practical than cell transmission model (CTM)-derived methods. This method divides the expressway network into different sections based on their functions and the shockwave direction caused by the emergency events. It characterizes the velocity of the moving congestion boundary based on kinetic wave theory and volume–density relationship. After determining whether the congestion will spread into the network level through an interchange using a new concept, highway node acceptance capacity (HNAC), we can predict the spatiotemporal boundary and corresponding traffic condition within the boundary. The proposed method is tested under four traffic incident cases with corresponding traffic data collected through field observations. We also compare its prediction performances with other methods used in the literature.
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1. Introduction


Emergency events such as traffic accidents are disruptive to traffic flow. When an emergency event happens, it can induce serious traffic congestion in the road section, and it can further spread to upstream road network. Predicting the evolution of the traffic congestion (i.e., the spatiotemporal boundary of traffic congestion), also the traffic condition in the congested area is critical to design effective measures to address the negative effects of these events. For instance, the traffic managers could close some entrances and diverge the trapped vehicles according to the predicted spatiotemporal boundary to reduce the traffic congestion.



The spatiotemporal boundary of emergency-event-based traffic congestions is defined as the interface of traffic wave caused by an incident [1]. Related studies proposed different methodologies to determine the spatiotemporal boundary of traffic congestions, including kinetic wave theory [2,3,4], cell transmission model (CTM), etc. [5,6,7,8,9]. Further, methods are also proposed for estimating queue length [10,11,12,13,14] and measuring traffic flow dynamics [15,16,17,18,19]. Kinetic wave theory could provide the explicit value of spatiotemporal boundary moving velocity caused by emergency event, but it is not suitable in road network because it does not provide a way to analyze congestion propagation in interchanges. Some CTM-based models can solve the problem of congestion propagation in interchange [7,8,9,20,21,22], but these works did not provide results in forms of clear values or explicit equations, which were not applicable enough. Till now, the methodology on spatiotemporal boundary of emergency-event-based traffic congestions, with both explicitness and road network availability, has not been found.



In an interchange area, the traffic volume that can merge into the targeted expressway from the intersected expressway connected by a ramp is typically limited. We define the maximum merging traffic volume as the highway node acceptance capacity (HNAC) [23]. In a real driving environment, if the traffic volume merging into an expressway exceeds the HNAC of the targeted road section (i.e., the expressway where the flow will merge into), dramatic traffic oscillations and serious traffic congestion will be formed in the merging ramp. In this study, HNAC will be used as a key element in predicting the spatiotemporal boundary of the congestion caused by emergency events in an expressway network. The reasons are as follows. We can explicitly evaluate whether the congestion will propagate from the targeted expressway to the intersected expressway by just looking into HNAC. Besides, HNAC can be explicitly computed by leveraging traffic flow parameters which could be directly obtained from roadside monitoring facilities, or historically recorded (e.g., traffic volume, ratio of heavy vehicle). Thereby, an HNAC-based prediction method is more applicable and practical for characterizing the spatiotemporal boundary of the congestion in an expressway network.



In this study, Section 2 provides a literature review on analyzing a traffic congestion spatiotemporal boundary. Section 3 depicts the expressway network subdivision method considering road section functions and the shockwave direction caused by the emergency events (Section 3.1). Moreover, two procedures including kinetic wave theory integrating volume–density relationship (Section 3.2) and HNAC (Section 3.3) are detailed and constructed. In Section 4 and Section 5, we test the proposed method under four traffic incident cases and compare its prediction performances with other methods used in the literature. The accuracy and practicality of the proposed method is proved.




2. Related Studies on a Traffic Congestion Spatiotemporal Boundary


To forecast the spatiotemporal boundary of traffic congestion, two sorts of methods were usually adopted: kinetic wave theory incorporating traffic fundamental diagram [10,11,12,13,14,24,25,26] and CTM-based models [7,8,9,20,21,22].



Kinetic wave theory, also known as LWR theory [27,28], is a good tool for characterizing macroscopic traffic dynamics. It can well describe the traffic waves (e.g., wave velocity) and is widely studied and used in the literature. However, evaluating a traffic congestion spatiotemporal boundary in a road section only using classical LWR theory may not be sufficient [2,3,4]. To obtain the spatiotemporal boundary moving velocity (traffic wave velocity), the traffic fundamental diagram is also needed [29,30,31,32,33,34,35,36]. By applying kinetic wave theory incorporating traffic fundamental diagram, the explicit value of spatiotemporal boundary moving velocity caused by emergency events could be calculated in a relatively simple way: input the initial traffic volume and density. Furthermore, in using this method, real-time traffic condition (volume, density, velocity) in congested road sections could also be obtained [15,16,17,18,19]. It should be noted that this sort of method has some shortages. First, this method was usually adopted to analyze a traffic congestion spatiotemporal boundary in a road segment, studies on large-scale networks were limited. This is because the judgement of whether the spatiotemporal boundary will spread into an intersected road through an interchange could not be easily and accurately answered [23]. Although some research focus on network were found [16], most of these models were developed and calibrated using simulations or unrealistic assumptions; large-scale field data depicting real-time traffic flows are needed. Second, most of these studies do not consider the impacts of heavy vehicles in the flow and heterogeneous traffic volumes in different lanes.



The other sort of method is CTM-based models [5,6,7,9,20,21,22], which is also extensively used for modeling traffic congestion spatiotemporal boundaries, especially in road network. In CTM, road network is divided into small cells based on its function or geometric form, following Daganzo’s early work [7]. For example, an interchange can be represented by merge cells and diverge cells based on traffic flow direction. Merge cells consist of two entering links and one leaving link. Diverge cells consist of one entering link and two leaving links. The traffic flow in one cell is assumed to be homogeneous. Following this routine, CTM-based models could analyze the spatiotemporal boundary of traffic congestion in a road network. However, CTM-based models have two shortages in solving emergency-event-based traffic congestions. First, compared to kinetic wave related ideas, the CTM ideas are relatively complex, lacking some clarity in calculation, and showing some difficulties in putting them into practice. For example, in Sakakibara’s work [7] and Meng’s work [21], we could not explicitly answer whether a congestion will spread to intersected road sections in an interchange by using parameters which could be observed using roadside monitoring facilities, or historically recorded. Second, CTM-based methods are hard to reflect traffic congestion spatiotemporal boundary moving direction in emergency events. For instance, if an emergency event happened downstream an interchange, the congestion would spread to an intersected road through a merging ramp, and the diversion ramp could be omitted.



In summary, on one hand, the kinetic wave theory integrating with an appropriate volume–density relationship model can better characterize spatiotemporal boundary propagation in expressway sections in an explicit way [37,38,39,40]. On the other hand, CTM-based methods show advantages to discriminate traffic flow characters in different road sections in a network. However, these two models have not been integrated to predict spatiotemporal boundary propagation of emergency-event-based congestion in expressway networks. That is because the current literature cannot accurately evaluate whether the congestion (spatiotemporal boundary) will spread into the intersected expressway sections through interchanges. This problem is well addressed by HNAC defined in our previous work [23]. Following that, this study proposes a method which integrates kinetic wave theory, volume–density model and CTM to predict the spatiotemporal boundary of emergency-event-based traffic congestion propagation in expressway networks. Applications using field data found that the proposed method can accurately predict the evolution of traffic congestion and corresponding traffic conditions.




3. Methodology


3.1. Dividing Expressway Network


An expressway network contains basic road sections (BRSs) and interchanges. For BRSs, it is defined as the section between the merging section (ME) and the diversion section (DI) of two adjacent interchanges. For an interchange, the CTM methods divide it into merging cell and diversion cell following the classical work by Carlos F. Daganzo [5,6,7,8,9,20,21,22], as depicted in Section 2. The CTM method seeks to characterize the traffic flow using the direction of vehicle movement. However, in emergency events, traffic congestion propagation direction is converse from traffic flow in BRSs. Moreover, the diversion ramp in interchange will not be affected by emergency-event-based traffic congestion, shown in Figure 1. According to abovementioned two phenomena, an expressway network could be subdivided as shown in Figure 1 in emergency events, which is different from CTM methods.



In Figure 1, the emergency event is assumed to happen in downstream section 5 (BRS), and red arrow represents the spreading direction of traffic congestion spatiotemporal boundary. In CTM methods, sections 1, 2, 3, and 6 belong to the diversion area while sections 3, 4, 5, and 7 belong to the merging area. It should be noted that sections 1, 2, 3, 4 and 5 are treated as cells while sections 6 and 7 are treated as links. That is to say, ramp length is neglected. However, in real expressway network, ramp length can be as large as 1 km. In cases of emergencies, the velocity of both traffic flow and spatiotemporal boundary propagation is low [41]. The time spent in the ramp section should not be ignored. Therefore, in this section, ramp sections (RSs) are treated as a special BRS controlled by lower bound of velocity. Besides, in CTM methods, diversion section (DI) 2 and section 1 are integrated into one cell, so the same of merging section (ME) and section 5. Considering the traffic operation characters in DI and section 1 (also in ME and section 5), integrating them into one cell is not quite appropriate. To be more specific, lane-changing behaviors in DI and ME can more easily lead a bottleneck compared to the traffic flow in BRSs. According to abovementioned traffic characters in DI and ME, and combing their short length, they are treated as junctions in the subdivision method. Moreover, the area between DI and ME is named as the middle section (MS). The traffic flow character in MSs is similar to BRSs, but their length is generally smaller than BRSs’. When an emergency event happens in downstream section 5, spatiotemporal boundary propagation direction is depicted by red arrow in Figure 1. Obviously, spatiotemporal boundary will propagate in two directions; the first is along the route involving sections 5, 4, 3, 2, 1, and the second is uptracking to section 9 through ramp 7. Therefore, practically, Section 6 will not be included in the expressway network of this study.




3.2. Kinetic Wave and Volume–Density Relationship Model


Traffic congestion spatiotemporal boundary propagation can be interpreted as kinetic wave spreading (or shockwave). The phenomenon is similar to the kinetic wave caused by capacity collapse, creating serious and wide-spread traffic congestion. As is shown in Figure 2, to model the kinetic wave propagation, the traffic conditions before the emergency event in each section of the expressway network are needed.



Following spatiotemporal boundary propagation and traffic moving direction in Figure 2, propagation velocity should be computed in the following five sections: BRSs of the emergency event, MS upstream from the emergency event, BRSs upstream from the emergency event, merging RSs, and BRSs intersected (see Figure 1). Denote    Q  e m    ,    k  e m    , and    v  e m     as the traffic condition at the emergency event location. According to kinetic wave theory [2,3,4,27,28], spatiotemporal boundary propagation velocity in emergency-event BRSs could be obtained using Equation (1). Moreover,    Q  e m − B R S     and    k  e m − B R S     could be estimated through capacity loss in the Highway Capacity Manual [42]. When the congestion covers emergency-event BRSs, traffic condition in this section will be the same as that in the emergency event position. The spatiotemporal boundary propagation velocity in MS upstream from the emergency event could be calculated using Equation (2). Note that in Equation (2),    Q  u p − M S   =  Q  e m − B R S   −  Q  u p − m e    . When the spatiotemporal boundary passed, we had a new traffic condition    Q  u p − M S  ′   ,    k  u p − M S  ′   , and    v  u p − M S  ′  =  v  e m    . Thus, spatiotemporal boundary propagation velocity in BRSs upstream from the emergency event could be computed by Equation (3). In emergency events, when congestion forms in emergency-event BRSs, there will not be enough spaces for on-ramp vehicles to merge, and traffic in RSs would be blocked. Setting the block density of merging RSs as    k  m − u p − m e    , spatiotemporal boundary propagation velocity could be obtained using Equation (4). When merging RSs become blocked, on-ramp vehicles in intersected BRSs have to stop in the right-side lane and keep waiting, causing a bottleneck. Setting traffic condition in a bottleneck as    Q  b − i n t − B R S     and    k  b − i n t − B R S    , then spatiotemporal boundary propagation velocity in intersected BRSs can be estimated using Equation (5).


   U  e m − B R S   =    Q  e m   −  Q  e m − B R S      k  e m   −  k  e m − B R S      



(1)






   U  u p − M S   =    Q  e m   −  Q  u p − M S      k  e m   −  k  u p − M S      



(2)






   U  u p − B R S   =    Q  u p − M S  ′  −  Q  u p − B R S      k  u p − M S  ′  −  k  u p − B R S      



(3)






   U  u p − m e   =   −  Q  u p − m e      k  m − u p − m e   −  k  u p − m e      



(4)






   U  i n t − B R S   =    Q  b − i n t − B R S   −  Q  i n t − B R S      k  b − i n t − B R S   −  k  i n t − B R S      



(5)







Note that the relationship between traffic volume and density is unknown. The appropriate volume–density relationship model is needed as depicted in Section 2. In this study, a general logistic-based volume–density model proposed in our previous work [41] is adopted. We use this model because it can well describe the traffic flow characters in heavy vehicle mixed situation. Unlike Western developed countries, the dynamic performance of heavy vehicles in China is generally lower, and overload occurs very often, leading to large velocity gaps, compared to passenger vehicles. This phenomenon makes traffic flow instable, especially in high heavy vehicle proportion [41,43,44,45,46,47,48,49].



This logistic-based model is described in Equations (6)–(8). Equation (6) represents the relationship between traffic volume  Q  and traffic density  k , considering heavy vehicle mixing ratio  r . In this equation, parameters    v f   ,    k m    and    k t    are used. Among them,      v   f    represents free flow velocity,    k m    represents the traffic density when the traffic flow becomes blocked (block density), and    k t    represents the traffic density when traffic saturation (V/C) reaches 1 (transitional density). Moreover, there are two variable indicators    f 1  (  k m  )   and    f 2   ( r )   , which could be calculated using Equations (7) and (8), respectively.


  Q = f  (  k  , r   )  =   k  v f       ( 1 + Exp   (    k −  k t     f 2   ( r )     )  )    f 1  (  k m  )      



(6)






   f 1  (  k m  ) = 0.0025 ×  k m  − 0.1538  



(7)






   f 2   ( r )  = − 4.332 × r + 5.402  



(8)








3.3. HNAC-Based Boundary Condition


As introduced in Section 1, HNAC represents the maximum merging traffic volume from intersected expressway to targeted expressway in an interchange, through the merging ramp [23]. To be more specific, combining the contents in Figure 1 and Figure 2, when traffic flow in emergency-event BRSs is moving slowly (notice, not blocked), it still has the ability to receive some merging volume. The explicit number of maximum merging volume is HNAC. If actual merging volume was bigger than HNAC, traffic flow in merging RSs would be blocked and would further impact the traffic in intersected BRSs. The advantage of HNAC is that it provides an explicit threshold, which was not found in related studies [7,8,9,20,21,22], as mentioned in Section 1. According to HNAC, traffic management agencies can make direct judgement as to whether an emergency-event-based congestion will spread into intersected expressway. This advantage makes HNAC more practical. HNAC could be calculated using Equations (9)–(11). In these equations,    Q  e m − B R S     is the traffic volume in emergency-event BRSs, as introduced in Section 3.2. Two variable indicators   φ  (   r  e m − B R S    )    and   ω  (   r  e m − B R S    )    could be calculated using heavy vehicle mixing ratio of traffic flow in emergency-event BRSs    r  e m − B R S    . Additionally,    Q  e m − B R S     and    r  e m − B R S     could be directly observed using roadside monitoring facilities.


  H N A C = f  (   Q  e m − B R S   ,    r  e m − B R S    )  = φ  (   r  e m − B R S    )   Q  e m − B R S   + ω  (   r  e m − B R S    )   



(9)






  φ  (   r  e m − B R S    )  = 0.68  r  e m − B R S   + 0.2  



(10)






  ω  (   r  e m − B R S    )  = − 690  r  e m − B R S   + 93  



(11)







Moreover, even in the most serious emergency events, spatiotemporal boundary propagation is not endless. Therefore, some propagation boundary conditions should be found. In previous parts, spatiotemporal boundary propagation is regarded as kinetic-wave delivered. When value of propagation velocity is negative, spatiotemporal boundary propagation will continue uptracking. When value of propagation velocity is positive, spatiotemporal boundary propagation will stop uptracking. Furthermore, in BRSs, MS and RSs, the coming traffic flow remains stable; the boundary only exists in DI, where the traffic load could be lightened by the diversion. Therefore, the boundary conditions of DI upstream and intersected can be described as


   U  u p − B R S   =    Q  u p − M S  ′  −  Q  u p − B R S      k  u p − M S  ′  −  k  u p − B R S     ≥ 0  



(12)






   U  i n t − B R S   =    Q  b − i n t − B R S   −  Q  i n t − B R S      k  b − i n t − B R S   −  k  i n t − B R S     ≥ 0  



(13)








3.4. Procedure of Forecasting Spatiotemporal Boundary Propagation in Expressway Network


Summarizing all the contents introduced above, an HNAC, kinetic wave theory and general logistic volume–density model-based, systematic and explicit procedure forecasting spatiotemporal boundary propagation in expressway networks is built, shown in Figure 3. The following steps describe how to apply this procedure to forecast spatiotemporal boundary propagation in expressway networks:



Step 1. Inputting emergency event capacity loss and traffic condition of emergency event BRS, obtaining propagation time T-EM-BRS using Equation (1).



Step 2. Making judgement of whether spatiotemporal boundary will uptrack in merging RSs using Equation (9). The spatiotemporal boundary will not uptrack in merging RSs, neglecting intersected BRSs.



Step 3. If yes (the spatiotemporal boundary will uptrack in merging RSs) in step 2, then compute the spatiotemporal boundary propagation velocity using Equation (4), making uptrack judgement in intersected DI using Equation (13). If no (the spatiotemporal boundary will not uptrack in DI intersected), then output the propagation time in merging RS T-UP-RS, and neglect the intersected BRS. If yes (the spatiotemporal boundary will uptrack in DI intersected), then onto step 4.



Step 4. If yes (the spatiotemporal boundary will uptrack in DI intersected) in step 3, then execute cyclic calculation in intersected sections till the boundary conditions are satisfied, and output the whole propagation time in intersected sections T-INTERSECTED.



Step 5. This step is in the same position as step 3; whatever the judgement of step 2 is, this step will continue. In this step, calculate spatiotemporal boundary propagation velocity using Equation (2).



Step 6. In this step, make uptrack judgement in upstream DI using Equation (12). If no (the spatiotemporal boundary will not uptrack in upstream DI), output propagation time in upstream WS T-UP-MS, and neglect upstream BRSs. If yes (the spatiotemporal boundary will uptrack in upstream DI), then onto step 7.



Step 7. If yes (the spatiotemporal boundary will uptrack in upstream DI) in step 6, carry out cyclic calculation in upstream sections until the boundary conditions are satisfied, and output whole propagation time in upstream sections T-UPSTREAM.
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Figure 3. Procedure forecasting spatiotemporal boundary propagation in expressway network in emergent situations. 
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4. Cases of Spatiotemporal Boundary Propagation in Expressway Network in Emergent Situations


A case study is used to test the effectiveness of the proposed HNAC-based method built in Section 3. We consider four traffic incident cases (TIC) in the Ring Expressway (G3001) of Xi’an, China. The incidents information is historically recorded by the traffic management department. Traffic data, including real-time cross-section data and historical data, corresponding to each incident, are collected through roadside monitoring facilities. These incident cases all cause large capacity loss and wide-spread congestion. Further, the number of closed lanes remains unchanged before the incident is removed. Therefore, the spatiotemporal boundary propagation is out of human influence. The detailed information of selected incident cases is shown in Table 1.



In each incident case, according to capacity loss and real road data before the emergency, a spatiotemporal boundary propagation process could be performed based on the procedures shown in Figure 3, and spatiotemporal boundary propagation diagram of each case is depicted in Figure 4, Figure 5, Figure 6 and Figure 7. In each diagram, the road sections covered by congestion are labeled in red. In TIC 1, the spatiotemporal boundary propagates to position K71+900 of upstream BRSs, stepping over one interchange, does not uptrack to intersected BRSs, and upstream RSs are also not congested. In TIC 2, the spatiotemporal boundary propagates to position K77+850 of upstream BRSs, stepping over one interchange. It does not propagate to intersected BRSs, but upstream RSs are congested. In TIC 3, spatiotemporal boundary propagates to K39+400 of upstream BRSs, stepping over one interchange, and one of the intersected BRSs (BRS-IN-1, 1.0 km congestion) is affected. This is because vehicles running into ramp RS-UP-1 were blocked, stopped in the right lane of BRS-IN-1, and this brought a capacity loss, as mentioned in Section 3.2. Besides, both upstream RSs are congested. Moreover, it should be noted that there is a time delay of spatiotemporal boundary propagation in intersected sections that refers to the propagation time consumed in RSs (T-RS-UP-1). In TIC 4, spatiotemporal boundary propagates to K11+600 of upstream BRSs (BRS-UP-2), stepping over two interchanges. It does not propagate to intersected BRSs, but upstream RSs are congested. According to the procedure, we can obtain the traffic condition of road sections in the road network inside the spatiotemporal boundary, which is shown in Table 2.



The spatiotemporal boundary propagation forecasting procedure works well for all four incident cases. However, to show its effectiveness, we compare the results obtained from the proposed method with these obtained from the field observations. Contributing to perfect RTMS (Real-time Traffic Management System), traffic flow data under abovementioned incident cases were recorded. In road sections inside the spatiotemporal boundary in each case, monitoring points (MPs) belonging to RTMS were deployed. Travel time of a spatiotemporal boundary reaching specific MPs and travel velocity after being impacted could be obtained through the diagrams given above, which is a predicted value in Table 3. Actual values of travel time and travel velocity could be obtained from the MPs directly. Abovementioned information is shown in Table 3.



First of all, according to supervised traffic conditions, the proposed method makes all the judgements right, which is whether the congestion will spread to intersected road sections through the interchanges, by using boundary condition HNAC. In TIC 1, 2 and 4, merging traffic volume from intersected road to incident road is less than its HNAC value. Therefore, traffic flow in these intersected road sections is not affected by the incidents. In TIC 3, merging traffic volume is larger than the HNAC value of the incident road. In that, the intersected road section is congested; travel velocity dropped to 9.10 km/h. This proves the appropriateness and necessity of using HNAC in spatiotemporal boundary forecasting methods. The predicted values in MP1-K76+300, MP3-K73+400 and MP5-K33+400 equal to actual travel time, which shows a high accuracy of the method in incident road sections. According to data from BRSs of MP2-K73+500, MP4-K76+800, MP8-K17+100 and MP9-K13+100, the delays of actual travel time are 10.5%, 8.1%, 11.1%, 9.8%, respectively, which are close to each other. According to data from BRSs of MP6-K35+900 and MP7-E+150, the actual travel time delays are 16.2% and 14.8%, respectively.



Based on the above analysis, we could draw two conclusions. First, the accuracy (error of 10–15%) of this method in forecasting spatiotemporal boundary propagation time is adequate in practical work. Second, the prediction performances at different locations differs slightly. As reported in Section 3.2, higher heavy vehicle proportion leads to more instability in traffic flow, such as traffic conflicts brought by frequent overtaking. This phenomenon may further affect the prediction performances, and we will verify this hypothesis in Section 5. Moving to data of travel velocity, it could be found in MP5-K33+400, MP6-K35+900, MP8-K17+100 and MP9-K13+100 that predicted travel velocity values are accurate when road sections are blocked. However, in incident cases of MP1-K76+300, MP2-K73+500, MP3-K73+400, MP4-K76+800 and MP7-E+150, predicted travel velocity values are associated with large prediction errors. In this case, the proposed method is not quite appropriate for forecasting traffic velocity in spatiotemporal boundary propagation.



To further highlight the superiority of this spatiotemporal boundary propagation forecasting method, more analysis is done in this section. CTM-derived models introduced in Section 2 are mainly used to analyze traffic dynamic, oscillations and congestions in normal traffic flow, but in some circumstances, they could be used to analyze spatiotemporal boundary propagation [7,8,9,20,21,22]. In that, three CTM-derived models are chosen to specify the accuracy and efficiency of the method in this research, including Sakakibara’s CTM model [7], Meng’s model [21] and the original Daganzo model [6]. Using travel time of spatiotemporal boundary as a comparison objective, travel time derived from each model mentioned above is given below.



From Table 4, the advantages of proposed method are reflected in two points, compared to CTM-based models. First, the average accuracy of the proposed method (6.62%) is relatively higher (Sakakibara’s model: 20.4%, Meng’s model: 10.9%, Daganzo’s model: 22.2%). This might be attributed to the adoption of the general logistic-based volume–density model in Section 3.2, which could better describe the instable traffic flow brought by high heavy vehicle proportion, or other reasons. Second, some models failed in predicting traffic congestion in intersected road sections, which are Sakakibara’s and Meng’s. This is because these two models did not consider the clear boundary conditions like HNAC. We could not judge whether spatiotemporal boundary will uptrack to intersected road sections by just using the parameters shown in the proposed method, which could be directly observed using roadside monitoring facilities. Besides, compared to these CTM-based models, the method developed in this research shows more clarity and conciseness because the calculation procedures are all explicit, which makes the proposed method easier to be implemented in practice. Therefore, compared to CTM-derived models, the proposed method in this paper can better characterize the spatiotemporal boundary propagation in a real-world network.




5. Discussion


As depicted in Section 4, all values of the error in forecasting spatiotemporal boundary propagation time concentrate around two levels, 10% reported in MPs of MP2-K73+500, MP4-K76+800, MP8-K17+100 and MP9-K13+100, and, 15% reported in MPs of MP6-K35+900 and MP7-E+150. To be more specific, it could be found that 10% errors belong to TIC 1, TIC 2 and TIC 4; 15% errors belong to TIC 3. Moreover, errors reported in different MPs in the same TIC remain in the same level. Therefore, differences in forecasted spatiotemporal boundary propagation time may relate to the location of TIC. TIC 1 and TIC 2 happened in the adjacent two expressway sections, divided by three interchanges. The whole length of these two sections is no more than 6 km, which means the spacing between each interchange is very low. This phenomenon brings massive interweaving in these two sections. Besides, these two sections are connected with the expressways from Xi’an to Weinan, which are main arterials of coal transportation. Therefore, the heavy vehicle mixing ratio in these two sections is high, sometimes more than 30%. The length of expressway section where EC 4 happened is less than 3 km, and this section is the way leading to the airport, which also brings massive interweaving. In that, it could be speculated that traffic in sections where TIC 1, TIC 2 and TIC 4 happened is very much unstable. Compared to these three cases, the heavy vehicle mixing ratio in the expressway section where TIC 3 happened is much lower, no more than 10%. The length of this section is more than 6 km, and what remains is the traffic interweaving in a relatively low level. That means the stability of section where TIC 3 happened is higher than that of TIC 1, TIC 2 and TIC 4. Previous discussion proved the hypothesis in Section 4; the prediction performance difference derives from the traffic flow instability, not only caused by the large heavy vehicle mixing ratio. Therefore, when we put the proposed method into practice in expressway sections with high stability, 10% may be used as an error correction factor. When in expressway sections with low stability, 15% may be used as an error correction factor.



To further understand the practicality of this proposed method, we can look into the parameters and procedures it adopted and compare them to Sakakibara’s, Meng’s and the original Daganzo model analyzed in Section 4. In calculating the emergency-event-based congestion propagation velocity integrating general logistic-based volume–density model (Section 3.2) and HNAC (Section 3.3), parameters of free-flow velocity, block density, transitional density, traffic volume and heavy vehicle mixing ratio in certain road sections are used. Among these parameters, the previous three and the last one could be obtained according to historical traffic data. In a certain road section, they are constants. Traffic volume could be directly obtained through roadside monitoring facilities. However, Daganzo’s and Sakakibara’s models divide a road section, also merging and diverging area, into small homogeneous cells (e.g., 100 m), leading to oversized cell volume in a largescale road network [6,7]. Besides, it needs to analyze the traffic flow balance condition in each cell, at different time steps, which is complex and not easy to understand. In Meng’s model, the considered parameters volume reaches 29. Many of the parameters could not be observed directly, such as microscopic ones (e.g., longitudinal and lateral position of a certain vehicle) [21]. Therefore, compared to these CTM-based models, this HNAC based proposed method shows its superiority in explicitness and practicality.



To make this proposed method better in application, reasons that may cause the error in prediction accuracy should be discussed in order to provide a basis in future model improvement. From Table 3, it could be noticed that time consumption of spatiotemporal boundary reaching upstream or intersected BRSs obtained from the forecast method are less than the actual value. This could be understood in some phenomenon observed in real road emergency. In CTM-derived models [5,6], origin-destination (O-D) data of drivers are assumed to be unchanged. In ordinary conditions, this assumption meets real traffic situations. In emergency events, some drivers will change their travel routes to evade congestion, which will relieve the spatiotemporal boundary propagation to some extent. Although the proportion of these drivers is relatively small according to field observation, it does affect the spatiotemporal boundary propagation. As criticized by microscopic traffic studies [50], macroscopic methods do not always take detailed driving behaviors into consideration. In this research, a unique phenomenon should be noticed. In the expressway network of this research, drivers tend to change their lanes in higher frequency to obtain relatively front positions when traffic becomes congested. This phenomenon also has some impact on spatiotemporal boundary propagation.




6. Conclusions


In related literatures, how to make an accurate judgement on whether the congestion (spatiotemporal boundary) will spread into intersected expressway sections through an interchange is not answered. Therefore, explicit and practical methods on forecasting spatiotemporal boundary propagation of emergency-event-based congestion in expressway network have not been found in related works. To make up this shortage, a critical element, HNAC—referring to the upper limit of traffic volume merging into a target road from an intersected road through the on-ramp in an interchange—is used to answer the key problem. Combing the spatiotemporal boundary propagation direction-based expressway network subdivision method, kinetic wave theory, and logistic-based volume–density model, a new method forecasting emergency-event-based traffic congestion propagation in an expressway network is built. To prove the practicality and efficiency of the method, it is implemented in four traffic incident cases and corresponding real road data. By comparing predicted results with real road recorded information, the accuracy (10% in expressway sections with high traffic stability, 15% in expressway sections with low traffic stability) of this method in forecasting spatiotemporal boundary propagation time is adequate in practical work. Furthermore, the method proposed in this research is proven to be clearer and more concise than CTM-derived models in analyzing spatiotemporal boundary propagation, owing to the adoption of HNAC, which is more practical.



However, works in two aspects are still needed. The first one is the providing of a clear definition of traffic stability, which could offer basis in forecast method error correction. Besides, forecast error is related to drivers’ small-scale bypassing and lane-changing behaviors under emergency events. Therefore, further studies should focus on involving microscopic driving behaviors into forecasting spatiotemporal boundary propagation in expressway networks.
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Figure 1. Expressway network subdivision method considering emergency-event-based traffic congestion propagation particularity. 
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Figure 2. Background traffic condition of expressway network in emergency events. 
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Figure 4. TIC 1 spatiotemporal boundary propagation diagram. 
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Figure 5. TIC 2 spatiotemporal boundary propagation diagram. 
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Figure 6. TIC 3 spatiotemporal boundary propagation diagram. 
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Figure 7. TIC 4 spatiotemporal boundary propagation diagram. 
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Table 1. Basic information of traffic incident cases.
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	Incident Cases
	Incident

Type
	Incident

Position
	Incident

Time
	Capacity

Loss





	TIC 1
	Vehicle breakdown
	Outer Ring K76+700
	2017/6/24 11:00–13:00
	0.83



	TIC 2
	Pedestrian killed
	Inner Ring K68+250
	2018/9/11 20:25–22:04
	0.83



	TIC 3
	Vehicle on fire
	Inner Ring K32+900
	2018/8/27 18:15–20:26
	1.00



	TIC 4
	Vehicle on fire
	Outer Ring K18+600
	2018/10/15 7:32–9:30
	1.00
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Table 2. Traffic condition of road sections in network covered by the congestions under traffic incident cases.






Table 2. Traffic condition of road sections in network covered by the congestions under traffic incident cases.





	
Incident Cases

	
Road Section

	
Traffic Velocity

   k m  /  h   

	
Traffic Density

   v e h  /  k m  ·  L   

	
Traffic Volume

   v e h  /  h  ·  L   






	
TIC 1

	
BRS-EM

	
3.35

	
96.6

	
323




	
MS-UP

	
3.35

	
96.6

	
323




	
BRS-UP

	
3.35

	
97.2

	
326




	
TIC 2

	
BRS-EM

	
3.23

	
96.4

	
312




	
MS-UP

	
3.23

	
96.4

	
312




	
RS-UP

	
0.00

	
133.0

	
0




	
BRS-UP

	
3.23

	
95.9

	
309




	
TIC 3

	
BRS-EM

	
0.00

	
164.0

	
0




	
MS-UP

	
0.00

	
160.0

	
0




	
RS-UP-1

	
0.00

	
159.0

	
0




	
RS-UP-2

	
0.00

	
159.0

	
0




	
BRS-IN-1

	
9.10

	
75.0

	
682




	
BRS-UP

	
0.00

	
160.0

	
0




	
TIC 4

	
BRS-EM

	
0.00

	
156.0

	
0




	
MS-UP-1

	
0.00

	
156.0

	
0




	
RS-UP-1

	
0.00

	
162.0

	
0




	
BRS-UP-1

	
0.00

	
133.0

	
0




	
MS-UP-2

	
0.00

	
133.0

	
0




	
RS-UP-2

	
0.00

	
159.0

	
0




	
BRS-UP-2

	
0.00

	
137.0

	
0
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Table 3. Comparison between predicted values and actual values.






Table 3. Comparison between predicted values and actual values.





	
Incident Cases

	
Monitoring Point

	
Predicted Travel Time

(min)

	
Actual Travel Time

(min)

	
Predicted Travel Velocity

(km/h)

	
Actual Travel Velocity

(km/h)






	
TIC 1

	
MP1-K76+300

	
13

	
13

	
3.35

	
9.51




	
MP2-K73+500

	
86

	
95

	
3.35

	
9.69




	
TIC 2

	
MP3-K73+400

	
48

	
49

	
3.23

	
9.03




	
MP4-K76+800

	
87

	
94

	
3.23

	
9.31




	
TIC 3

	
MP5-K33+400

	
14

	
14

	
0.00

	
0.00




	
MP6-K35+900

	
68

	
79

	
0.00

	
0.00




	
MP7-E+150

	
88

	
101

	
9.10

	
21.3




	
TIC 4

	
MP8-K17+100

	
36

	
40

	
0.00

	
0.00




	
MP9-K13+100

	
123

	
135

	
0.00

	
0.00
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Table 4. Comparison between CTM-derived models and proposed method in this research.
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Incident Cases

	
Monitoring Point

	
Actual

Travel Time

(min)

	
Predicted Travel Time

(min)

	
Sakakibara’s Travel Time

(min)

	
Meng’s Travel Time

(min)

	
Daganzo’s Travel Time

(min)






	
TIC 1

	
MP1-K76+300

	
13

	
13

	
10

	
12

	
9




	
MP2-K73+500

	
95

	
86

	
76

	
87

	
77




	
TIC 2

	
MP3-K73+400

	
49

	
48

	
40

	
45

	
42




	
MP4-K76+800

	
94

	
87

	
75

	
86

	
71




	
TIC 3

	
MP5-K33+400

	
14

	
14

	
11

	
15

	
11




	
MP6-K35+900

	
79

	
68

	
63

	
66

	
65




	
MP7-E+150

	
101

	
88

	
--

	
--

	
72




	
TIC 4

	
MP8-K17+100

	
40

	
36

	
32

	
36

	
31




	
MP9-K13+100

	
135

	
123

	
108

	
119

	
106




	
Average error

	
--

	
6.62%

	
20.4%

	
10.9%

	
22.2%




	
Intersected road prediction failure

	
--

	
No

	
Yes

	
Yes

	
No
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