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Abstract

:

Truck platooning is emerging as a sustainable means of transporting goods and commodities to destinations. Platooning optimizes road space and contributes to reducing freight truck emissions. However, there has been limited research on freight truck platoon accessibility to the destination that is often necessary to understand the impact of routes on which platoon is deployed. This study develops an analytical formulation for platoon accessibility by considering the possibility of the detour of trucks forming a platoon. Analyses with four prominent interstates in California, CA, USA, show that accessibility with truck platooning on select lengths of the I-5 continues to increase for about an initial 165 miles, attains a maximum there, and starts to drop after. The other three freeways, I-10, I-405, and I-710, show a continuous increase in accessibility for their lengths and the number of ramps considered. The findings can have significant implications in determining the selection of freeway routes that could be regarded as facilitators for a truck platoon.
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1. Introduction and Background


Freight truck operations play a crucial role in sustaining a nation’s economic competitiveness and for the population’s sustenance that depends on transported goods from one location to another [1]. In the United States, the enactment of Fixing America’s Surface Transportation Act (FAST Act) into law in December 2015 recognized the importance of investment in freight transportation [2]. The FAST Act aimed at the sustained economic growth of the freight industry with provisions for establishing a National Multimodal Freight Policy (NMFP) by identifying strategies and best practices to improve intermodal connectivity and performance of the national freight system. The multimodal freight provisions expressed in the FAST Act are concurrent to improvements in safety, mobility, and environment through connected vehicle technology (CVT) supported by the United States Department of Transportation (USDOT), Washington, DC, USA. CVT is covered mainly within the area of Intelligent Transportation Systems (ITS) for freight under the ITS Strategic Plan 2015–2019 of USDOT [3].



Another focus of USDOT has been to adopt automation-related technologies through the ITS Strategic Plan. This has generated interest among private freight truck manufacturing companies (such as Volvo Group, Gothenburg, Sweden) to expand their fleet of next-generation commercial trucks with embedded ITS and CVT features. Recently, Volvo Trucks North America successfully demonstrated truck platooning technology for improving fuel efficiency, reducing traveling distance between vehicles for greater highway utilization, and helping alleviate traffic congestion [4]. However, CVT for freight trucks still is at a very early stage of deployment in the United States, and sustainability benefits that accrue from fuel savings and reduced emissions need to be assessed first [5,6].



Research findings from a renowned consulting firm, McKinsey & Company (tinyurl.com/bdcptche accessed on 18 December 2021), showed that Level 4 vehicles (nearly fully autonomous trucks without a driver) are anticipated to be deployed in the United States as soon as 2025. A test route of 1400 miles on I-10 is currently being considered for a truck platooning pilot from Texas to California, state abbreviation, USA, to assess system performance and capability on actual roads [7]. The success of this effort can motivate considerations of truck platooning—i.e., multiple trucks travel close to each other following a lead truck, braking and accelerating at the same time. Platooning can occur spontaneously in real-time, or sometimes planning is required to create a platoon [8].



Driving technologies such as Cooperative Adaptive Cruise Control (CACC) can help achieve the movement of trucks in tandem and allow them to virtually communicate with each other with a lead truck with respect to braking, steering, and decelerating or accelerating in a platoon [9]. Evidence shows that platoon movement adds to environmental sustainability by reducing fuel consumption and emissions [10,11]. Other benefits of platooning include safety by decreasing chances of rear-end collisions [9] and reduced traffic congestion with minimal space occupied between two trucks moving in a platoon [12]. However, there is complexity involved in platoon movement for the group of trucks as various external interruptions (such as the presence of incidents, lane closure, congestion, etc.) could force one or more trucks in the platoon to abandon a pre-determined path and switch to a newly identified path [9].



In general, routes in platooning planning problems can be divided into fixed vs. flexible types. Trucks moving in a platoon could deviate under flexible routes, whereas deviations might not happen from a pre-planned route for the fixed-route case [9]. Recent research by Sokolov et al. [13] indicates that a flexible routing scheme could result in truck fuel savings. In this case, truck(s) in a platoon could break out to avoid a route obstacle but orient themselves again into a platoon somewhere downstream a path. Building upon this phenomenon, Boysen et al. [14] developed a fundamental scheduling problem for the platoon building process along a single path.



Successful planning for truck platooning requires that information on travel speeds and routes be known beforehand—with the possibility for trucks in a platoon to detour. Appropriate models need to be built to capture complex platooning operations with detours [9]. However, complexities arise in building models that incorporate appropriate technologies and maneuvering for the success of truck platooning [15,16,17]. Most existing models require observation from on-ground experiments under a controlled environment and are empirical—limiting their widespread applications. Theoretical models that describe detour truck operations are often complex as critical factors need to be accounted for—such as infrastructure limitations (whether conducive for detouring), speed limitations, and the presence of surrounding passenger vehicles.



This paper explores and presents how freight truck platoon’s accessibility (used as a measure of economic sustainability) can vary due to potential detour options. This focus has never been researched before in truck platooning.




2. Literature Review


Truck automation and platooning are required for energy savings and enhanced transportation capacity. Truck platoon (compared to conventional freight truck movements) offers various improvements central to the congestion problem, such as increased road space utilization and optimized traffic flow [10].



In the United States, field experiments by the California PATH Program using heavy truck platooning showed improvements of up to 10% in fuel savings [18]. The Volvo Trucks North America, FedEx, Memphis, TN, USA, and the North Carolina Turnpike Authority, Raleigh, NC, USA, recently concluded a successful demonstration of truck platooning technology on N.C. 540 [4]. The platoon consisted of three Volvo VNL tractors, each pulling double 28 ft. trailers. Several other private and public entities in the United States have also conducted truck platoon demonstrations and testing—such as the Federal Highway Administration (FHWA). The Caltrans-PATH-Volvo team demonstrated cooperative adaptive cruise control [19]. In all platooning experiments, the focus was on using some form of cooperative adaptive cruise control (CACC) using radar and vehicle-to-vehicle (V2V) communications involving connected vehicle technology (CVT).



As a freight transportation technology, truck platooning is evolving fast [20]. Truck platooning has a high potential demand in cities that are often hubs of high freight traffic and congestion [21]. Tests carried out with a platoon of autonomous trucks have proven successful for significant savings in fuel and reducing greenhouse gas emissions [3,20].



Economically, for shippers and carriers, freight transportation costs are intrinsically tied to the timely arrival of commodities for transfers at intermodal stations and terminals to be transported further to destinations. Delayed arrivals of a truck at one transfer station or a point in a network eventually result in late pick-ups and deliveries to the last terminal point—which raises the overall transportation cost of the multimodal freight operations and makes freight transportation unsustainable [22,23]. Thus, a truck’s timely access (in the form of accessibility) to destinations needs to be appropriately evaluated for the continued sustainability of goods movement in platooning.



Accessibility is expected to be low when congestion on routes of a truck platoon is high. This is because congestion causes an increase in travel times that reduces accessibility for freight trucks. Although travel time is considered a critical factor in truck operations, delays resulting from an increase in travel time are difficult to model [24]. The travel time and delay impact accessibility to destinations via truck, required for sustained growth of industries and businesses in a region [25]. Adherence to the timely delivery of commodities is important in the optimal operations of a multimodal transportation system. Every mode in the system must operate in tandem under certain predicted travel time ranges to cause a minimal delay (and costs) to overall system operations. Thus, appropriate accessibility should exist between stations or pairs of points of the multimodal transportation system through the efficient mobility of freight trucks.



Accessibility, in general, is an indicator of the mobility of people and goods and is one of the most widely used concepts for policy-related decision making in transportation. In freight studies, accessibility has been evaluated by using expected travel time to access a region [26]. The findings could be used to understand freight accessibility issues and possible policy decisions for regions of importance. However, in research, accessibility changes due to the route chosen by a freight truck have been rarely addressed—especially if the route includes possibilities of a detour for trucks moving in a platoon.



Various forms of impedance functions for travel are used to evaluate accessibility, and the magnitude of travel impedance used is critical in determining the accessibility achieved. The impedances could be in the form of average travel time, distance, or generalized cost considered as appropriate [27].




3. Materials and Methods


Various studies have defined accessibility measures in the context of infrastructure, location, person, or utility [28,29,30]. In this research, we focus on infrastructure and location-based measures of accessibility since freight trucks have limitations in path deviations dictated by the available infrastructure. The location-based measure identifies the tonnage of goods or commodity movement from one point to another, incorporating distance or travel time in a gravity-based potential accessibility measure [26]. We modify the gravity-based accessibility measure by Khalili et al. [26] with possibilities of route deviations of a single truck from a platoon using on and off ramps.



The generic formula for accessibility is as follows:


   A i  =   ∑  j ∈ N     W j  · ζ  (   T  i j    )     



(1)




where    A i    is the accessibility of an entity   i ∈ N  ,    W j    is the weight indicating the importance of the destination   j ∈ N  , and   ζ  (   T  i j    )    is the impedance function that often takes the form of a power decay function such as travel time, distance, generalized cost, etc., with β being the decay parameter.



Weight Wj assumed in this paper is the total truck tonnage of load transported along a path to destination j. The average (or expected) travel time from a source i to a destination j is used as the impedance Tij.



The decay parameter β denotes the extent of variation of accessibility with impedance [31]. The parameter value (which is a positive number) depends on travel data for its determination using calibration. This paper estimates the decay parameter by accounting for the tonnage of goods and commodities moved across the route, facilitating accessibility.



3.1. Determining Decay Parameter


The traditional approach of determining decay parameter, β, in a gravity-based potential accessibility measure involves the evaluation of spatial variation in the attraction potential (in our case, the tonnage or cargo) along the distance traveled (or travel time) for a location [31]. The truck tonnage/cargo is assumed to be transported from an originating location (such as a port or intermodal terminal) via the links of the route to a destination. A link with high tonnage (and having a lower travel time) would have higher freight accessibility towards the destination.



The total truck tonnage transported is expected to be high at the beginning of an origin (such as a port, intermodal station, etc.) but would decrease along the path as the tonnage distributes through other major routes to other destinations. Tonnage on sections along the path could also increase due to merging truck traffic from adjacent links. As an example, the map in Figure 1 shows how the tonnage per year per section of I-710 spatially varies along its stretch in the Southern California Region, beginning from the south. The thicker lines around the middle of I-710 stretch denote tonnage increases from adjacent highways, including CA-91 and I-105.



An estimate of β for I-710 can be made based on spatial variations in high tonnage and accounting for its dissipation along the freeway’s path to the desired endpoint. A similar approach was adopted by Chandra and Vadali [31] to determine the decay parameter and is summarized in the following steps.



Step 1: Obtain the travel times and truck tonnage (or tonnage percentages) along the subject route.



Step 2: Plot percentage of tonnage versus travel times along the route to determine the trend in the variations—if linear, exponential, etc.



Step 3: If the trend is linear, the slope of the line will provide β; otherwise, if the trend follows an exponential or other power law, convert travel time and percentage tonnage to corresponding logarithms. Using the logarithm, convert the dependency into a linear equation, and the slope of the linear equation yields an estimate of the decay parameter β.



In practice, transportation performance evaluations that use accessibility (as defined in Equation (1) above) as a measure are not customized for capturing impacts from freight trucks moving in a platoon, especially with potential detours. However, with detour allowed, assessing impedance with route deviation can help determine a more suitable accessibility equation.




3.2. Determining Impedance


In this research, we use travel time as an indicator of impedance. Therefore, a setup of the freeway length is assumed, as shown in Figure 2—which can help determine a closed-form of travel time that can be used to customize the accessibility formula defined in Equation (1).



In the sketch of Figure 2, a freight truck’s travel is considered along the route from point (A) to (B) of the freeway segment, with exits (or detour options) as marked. In the sketch of Figure 2, n number of individual links and n number of nodes at each exit point diverging away from the freight movement make up the distance from (A) to (B). Every link has a beginning and an ending, with uncongested truck travel times ti—where i is the segment number between two ramps and varies from 1 to (n − 1). The ending node of one link serves as the beginning node of its immediately following link along the direction, as shown using arrows in the set-p shown in Figure 2. The average travel time of a freight truck from point (A) to point (B) with detours allowed is derived. It is assumed that a truck can exit a ramp to avoid a congested point of the freeway and re-enter the freeway using a downstream on-ramp. The truck can use one of the exits very close to the beginning of the congestion location concentrated between two ramps to detour. This mimics the process in which one or more trucks moving a platoon exits the freeway to avoid downstream congestion and rejoins the freeway at a suitable on-ramp to save time and fuel [9].



For simplification purposes, the sketch of Figure 2 also shows the location of n ramps with a rectangular area, length, L, and width, W, divided into (n − 1) partitions (each with width W and having a constant spacing d between two exit ramps).



Congestion usually occurs at on-ramp locations when vehicles from the ramp join the mainstream freeway traffic [32]. Options for avoiding such points on a freeway exist for freight truck needing to detour, if the access or frontage roads are present. For example, if the truck needs to avoid heavy congestion that has occurred on the segment between ramp 2 and ramp 3 in Figure 2, the truck can either exit ramp 2 and rejoin the freeway on-ramp 3 or it could exit ramp 1 and rejoin freeway using on-ramp 3. In this case, the truck is assumed to be traveling on the right-most lane to be able to use the exit ramp when needed for the detour. This maneuver allows the truck to avoid a downstream congested point located before the next exit ramp. Generally, it is observed that an on-ramp is followed by an exit ramp, and both are connected near a freeway. Thus, it can be assumed that there is negligible distance between an on-ramp and the closest exit ramp, as illustrated in Figure 2. In other words, the congestion point is located between two consecutive exit ramps (or two consecutive on-ramps) along a given route from (A) to (B) at one of the links.



For a segment with one link from 1 to 2, we express the probability of one link being skipped during detour to be p1,1—since there is only one available detour option (see Figure 2). For 2 link case, shown in Figure 3, there are three possible paths, 1–2, 2–3, and 1–3, denoted with the probabilities of one link skips as p1,1, p1,2, and two consecutive link segments as p2,1. Similarly, for three links with 4 ramps in Figure 4, we have total    (    4     2    )  =   4 !   2 ! 2 !   = 6   detour paths with probabilities of skipping one link: p1,1, p1,2, p1,3, two consecutive links as p2,1, p2,2, and three links as p3,1. With n − 1 number of links and n ramps, we have    (    n     2    )  =   n !   2 !  (  n − 2  )  !     probabilities as follows: p1,1, p1,2, …, p1,n−1, p2,1, p2,2,…, p2,n−2, p3,1, p3,2,…, p3,n−3, …, pn−2,1, pn−2,2,…, pn−1,1—where pn−2,1 means the probability of skipping n − 1 links when n ramps are present on segment (A) to (B).



We also define k = average truck travel time from exit ramp on to next immediate downstream on-ramp joining to the freeway, as observed in Figure 3. The derivation of k(1), which stands for k when 1 congested link on the freeway is skipped, follows from the rectilinear approximation of travel to the closest average point located at distance (W/4) in the area adjoining the exit ramp 1 and traveling distance d to the closest downstream on-ramp 2 connecting to the freeway or original path. Thus,    k  ( 1 )   =  1 v   (   W 4  + d +  W 4   )  =  1 v   (   W 2  + d  )   , with v being the average speed of the truck traveling from any exit ramp to the immediate next on-ramp. Similarly to k(1), k(2) and k(3) are derived and represented in the sketches of Figure 3, Figure 4 and Figure 5. It can be observed that the feasibilities for k(2) and k(3) are possible only with n ≥ 2. Thus, by generalizing, we have the expression for    k  ( r )   =  1 v   (   W 2  + r d  )   .



With k(r) defined, the expressions for various detour probabilities for n ramps are as follows:




	
  For   = 2 ,    p  1 , 1   = 1   and ,  



	
   . for   n = 3 ,    p  1 , 1   =  p  1 , 2   =    1   k  ( 1 )        2   k  ( 1 )     +  1   k  ( 2 )           and    p  2 , 1   =    1   k  ( 2 )        2   k  ( 1 )     +  1   k  ( 2 )       .   








By generalizing, we have, for any n number of ramps, the following probability expressions.


   p  1 , 1   =  p  1 , 2   = ⋯ =  p  1 , n − 1   =    1   k  ( 1 )         n − 1    k  ( 1 )     +   n − 2    k  ( 2 )     + ⋯ +  2   k  ( n − 2 )     +  1   k  ( n − 1 )        



(2)






   p  2 , 1   =  p  2 , 2   = ⋯ =  p  2 , n − 2   =    1   k  ( 2 )         n − 1    k  ( 1 )     +   n − 2    k  ( 2 )     + ⋯ +  2   k  ( n − 2 )     +  1   k  ( n − 1 )        



(3)






   p  n − 2 , 1   =  p  n − 2 , 2   =    1   k  ( n − 2 )         n − 1    k  ( 1 )     +   n − 2    k  ( 2 )     + ⋯ +  2   k  ( n − 2 )     +  1   k  ( n − 1 )        



(4)






   p  n − 1 , 1   =    1   k  ( n − 1 )         n − 1    k  ( 1 )     +   n − 2    k  ( 2 )     + ⋯ +  2   k  ( n − 2 )     +  1   k  ( n − 1 )        



(5)







Alternatively, with simplification, for any n ramps, i number of links on a path, and for the jth path with   j =  {  1 , 2 , … , n − i  }    for a given i, we generalize the probability pi,j as follows.


   p  i , j   =    1   k  ( i )         ∑  m = 1   n − 1       (  n − m  )     k  ( m )          



(6)







The chart in Figure 6 shows the variation in probability pi,j with n for d = 1 mile, speed on the auxiliary/frontage road, v = 25 mph, and W = 0.25 mile.



Due to infrastructure limitations that usually allow select streets for trucks, a truck that is detouring away from the platoon and deviating from its original path would not be able to skip several continuous links on its primary path. This is somewhat also reflected in the decreasing magnitude of the detour probability with increasing n as shown in Figure 6. The probability of truck-only detouring to avoid a single link and rejoining its original path is higher than probabilities when multiple continuous links on the original path are skipped. Further analysis shows an increasing percentage difference between p1,j and pi,j for i > 1 in Figure 7. Therefore, we assume that the probability p1,j >> ps,j for higher values of n with s > 1. Henceforth, we consider only the p1,j’s in our analysis for determining impedance expression for accessibility.



With the above simplification, the expected travel time, E[Tn], as impedance, for n number of ramps from (A) to (B) of Figure 2 is expressed as follows (see Appendix A.1 for detailed derivation):


  E  [   T n   ]  =   x d    v c    +  (  1 − x  )  k +  (   1  n − 1    )   (   t 1  +  t 2  +  t 3  +  t 4  + … +  t  n − 1    )  + n Δ  



(7)




where vc = speed on a congested link; d/vc is the travel time on the congested link on the freeway between two consecutive ramps; x denotes (non-detour) the probability of traveling through the congested link on the freeway; (1 − x) is the detour probability; and Δ denotes the average time taken at each ramp (on or exit) during the merge. This is factored separately to account for the fact that vehicle maneuvers near or at ramp locations cause delays for trucks moving in the rightmost lane. Simplifying travel times on each link of approximately equal length and using the average speed for the uncongested situation such that    t 1  ≈  t 2  ≈  t 3  … ≈  t  n − 1   = τ  , we have the following.


  E  [   T n   ]  ≈   x d    v c    +    (  1 − x  )   v   (   W 2  + d  )  + τ + n Δ  



(8)







The expectation value formulation in Equation (8) assumes that the probability of congestion occurrence follows a uniform random distribution along the freeway.



The findings above allow us to simplify the accessibility expression in Equation (1). Assuming that there is a uniform tonnage, g, commodity flow through at each of the n − 1 links on the path from (A) to (B), and with the average travel time in Equation (8), freight accessibility in Equation (1) is written as follows:


   A B  =    (  n − 1  )  g      {  E  [   T n   ]   }   β    =    (  n − 1  )  g      {    x d    v c    +    (  1 − x  )   v   (   W 2  + d  )  + τ + n Δ  }   β     



(9)




where    A B    is the accessibility to point (B).



The expression for accessibility in Equation (9) is a closed-form expression that can be easily calculated and depends on transportation infrastructure and freight truck platoon speed.



Optimizing accessibility in Equation (9) is possible by realizing that while increase in number of ramp exits, n, would result in an increase in distance covered for a fixed tonnage of commodities and goods transported from origin to destination, this would also cause an increase in travel time as impedance, resulting in a reduction in accessibility. On the contrary, a low number of exits would mean lesser options available to exit from the freeway, limiting detour options for the freight truck. This would ultimately result in a reduction in accessibility to the destination. Thus, an optimal value for route accessibility would occur for some n. In fact, with the 1st and 2nd derivatives of the accessibility expression in Equation (9), maximum route accessibility with n and decay parameter, β, was observed, as stated in Table 1 (see details of derivation in Appendix A.2 and Appendix A.3). In Table 1, n * represents the optimal n. For all β < 1, accessibility is a monotonically increasing function.





4. Results


4.1. Optimal Accessibility


A detailed analysis is carried out to understand the impacts from the number of ramps (as exit options) considered in freight truck platoon accessibility, based on route length, non-detour probability, and assumed values of the decay parameter. The chart in Figure 8 shows the variation of accessibility for a given freight truck path with route deviation width, W = 2 miles, link/section length, d = 1 mile, v = 15 miles per h, vc = 5 miles per h, V = 55 miles per h, g = 1000 kton/year/section, and number of on/off ramps varying from n = 2 to 200. Thus, the length of the freight path considered varies from 2 miles (short-haul) to 200 miles (long haul). The outputs are shown for β = 1.5, 1 and 0.5, with three non-detour probabilities of x = 0, 0.5, and 1.0.



The chart in Figure 8 shows that with β = 1.5, accessibility attains a maximum value at n = 124, 142, and 160 for non-detour probabilities x = 0, 0.5, and 1, respectively. With β = 1, accessibility attains a constant value at distances beyond 200 miles around n = 200 along the freight path starting from the origin (around n = 2). Accessibility increases monotonically with an increase in the distance toward the destination with β = 0.5.




4.2. California Freight Truck Routes


The application of accessibility formulation developed in this paper has been analyzed for some select freeways of California, USA, beside the I-710 known for a daily high truck volume.



We showcase the analytically derived expression variation for impedance in Equation (8) with a simulated scenario that could closely mimic the truck detour from a platoon. The simulation exercise was carried out on the I-710 freeway in California. We assume congestion has occurred on randomly selected links of the I-710 that is the platoon’s original path. With reference to Figure 9, which shows the spatial location of I-710 freeway in California, point (A) is the starting point of the route on I-710, and point (B) is the endpoint. The length of the freeway is L = 20 miles, W = 2.6 miles (the average width for all possible truck routes that deviate from I-710), speed on arterial/frontage/access road, v = 25 mph, congestion speed on the freeway between two ramps, vc = 7.5 mph of the I-710, and delay ∆ is assumed to be 10 s. There are n = 14 links along the freeway length from (A) to (B), with the average distance between on and off-ramps being d = 1.42 miles.



The chart in Figure 10 shows the simulation results compared with the theoretical/analytical outputs for travel time as impedance. The chart shows the average travel time for truck speeds on freeway varying from 45 mph to 55 mph (speed limit for trucks on I-710), along with variable detour probability x that varies from 0 to 1 at an interval of 0.05. With 1000 replications of congestion on one of the links of the freeway, the chart shows that average truck travel times using simulations is quite close to that obtained theoretically using Equation (8), i.e., considering route deviations to avoid congestion only on one link of the freeway. With x = 1 (i.e., with no route deviation), the truck travels through the congested link on the freeway. In this case, travel time is approximately 32 min—which was verified to be true for the uncongested travel time on I-710 using Google Maps historical travel time data for vehicles on a typical weekday.



California’s truck freight network system is one of the largest and most complex in the United States. The network is interconnected with other modal networks such as the railroad, seaports, and airports, which complement diverting some of the goods traffic off the roads. However, due to interconnectivity and multimodal structure, several disadvantages also arise. For example, congestion on one single point of the multimodal network ripples across several other modes, thus diminishing the performance of the multimodal freight network operations. California, which houses several internationally valued seaports, freeways, intermodal terminals, and air cargo facilities, is sensitive to cascading effects of congestion on truck routes. Studies have been undertaken to understand how some of the truck routes, such as the I-710 freeway in California, could serve as the next generation deployment of communication technologies that can allow trucks to know where downstream congestions are and manage emissions and fuel consumption accordingly [6,33]. The significance of this paper lies in contributing to the sustainability of the environment through efficient goods transportation by detouring congestion points by one or more trucks when moving in a platoon. Assessing the impacts of access to destinations by a truck in a platoon related to how effective sustainability of the commodity movement is.



California is already experiencing critical truck platoon pilot program deployments on its freeways. The Trade Corridor Enhancement Program (TCEP) in California provides $300 million each year for high-priority freight corridor improvements—particularly for corridors that experience inefficiencies in freight movement [34]. The investment also involves exploring options for deploying automated truck platoon (ATP) to alleviate increasing congestion due to freight activities in California. In fact, as per Assembly Bill (AB) 669, California permits platooning for testing purposes [35].



The application of accessibility formulation developed in Equation (9) is shown with the four major interstates/freeways of I-5, I-10, I-405, and I-710 that are prominent truck routes of the Southern California Region. These interstates facilitate the movement of goods and containers to/from intermodal freight facilities and the Port of Long Beach/Los Angeles, CA, USA, of the Region. The spatial locations of the interstates are shown in the map of Figure 11 (Data Source: Caltrans GIS [36]).



The decay parameter β for the four analyzed interstates are calculated using the methodology discussed in the earlier section. Approximate travel times used for determining β are obtained using the speed limits from the links along the lengths of the interstates. The speed limits are obtained from USDOT’s Freight Analysis Framework (FAF) data [37]. The values of inputs needed for accessibility calculation in Equation (9) are as follows: v = 15 miles per h, vc = 7.5 mph, and V = 55 miles per h. These values are presented in Table 2. The average tonnage on each of the interstates shown in Table 2 is based on interpolation with FAF data for 2012 and 2045 [38]. Origin and destination points and tonnage distribution (in kton/year/section) on the analyzed interstates, as noted in Table 2, are shown in the map of Figure 11.





5. Discussion


Freight truck platoon accessibility is shown by charts in Figure 12, Figure 13, Figure 14 and Figure 15 for each of the four interstates. Accessibility varies with an increase in distance traveled on each interstate, irrespective of the direction of the freight truck’s travel.



Five different values of non-detour probabilities x (=0, 0.25, 0.5, 0.75, and 1.0) were used to compare the accessibility of freight truck platoon considering detour possibilities. A low value of x = 0 would indicate that a truck would detour from its path due to downstream congestion. In contrast, a high value of x = 1 would suggest that the truck would continue to travel on its path, considering no congestion on the entire route.



Accessibility plots for a truck platoon with route deviations on the four freeways show that, in the case of I-5, accessibility increases for the initial 165 miles, around ramp location 150, attains a maximum there, and starts to drop after. This is observed in Figure 12. For the other three freeways, I-10, I-405, and I-710, accessibility continuously increases for their lengths and the number of ramps considered. These are shown in Figure 12, Figure 13, Figure 14 and Figure 15. Therefore, as the truck platoon moves along I-10, I-405, and I-710 with possible route deviations to avoid congestion points on their paths, accessibility would continue to increase.



Various detour/non-detour probabilities impact the accessibility of the four interstates for truck platoon differently, as observed in Figure 12, Figure 13, Figure 14 and Figure 15. The accessibilities of the interstates I-5 and I-10 increase with an increase in non-detour probabilities, i.e., (1 − x). On the other hand, for both I-405 and I-710, accessibilities decrease with an increase in non-detour probabilities. These observations could result from the impacts combined due to the magnitude of tonnage, decay parameters, and the average route deviations considered.



As observed from Figure 16, findings show along the length of the four freeways considered with route deviation percentage, x = 0.5, accessibility of I-5 for up to 50 miles of distance, is the highest among the four freeways considered. This occurs due to the fractional value of the decay parameter for I-10, I-405, and I-710. The accessibility of I-5 starts to decrease after reaching a peak at 165 miles distance and has been shown for up to 325 miles only for comparison purposes. Beyond the 50-mile distance observation for the freeways, the accessibility of I-10 is the highest among all four freeways. This results from a high average tonnage that moves on I-10 and causes accessibility to increase in magnitude after the 50-mile distance.



The above findings have important implications for shippers and carriers who anticipate utilizing truck platoon strategies for commodity and goods movement within and outside California (via I-10 that stretches to other states of the USA). As noted from the I-10 example, the higher the tonnage movement on a freeway, the higher the accessibility of the platoon route will be. However, this could happen only when the increase in tonnage (translated to truck volumes) does not cause an increase in congestion (and, hence, impedance) on the route. An increase in impedance due to an increase in congestion would result in lowering accessibility, rendering tonnage movement inefficient.




6. Conclusions


Freight truck operations are crucial for the economic growth of a country. Truck platooning promotes the efficient movement of trucks adds to environmental sustainability by reducing fuel consumption and emissions. There is a thrust by various stakeholders, including private and public agencies, to test and deploy truck platoon for operations—in all of these efforts, access to destination is the essential focus. This paper develops an accessibility measure of the truck platoon, considering the possibility of detours to destinations. We did not consider a graph theory approach for describing the network setup—since our network was elementary, consisting of a contiguous set of segments and nodes upon which a probabilistic route deviation model was built.



Trucks in a platoon can detour based on a probability value built into the accessibility formula developed in this paper. The probability for detours can determine how likely a truck would detour from its original route and use an exit ramp to maximize its accessibility to the destination. This can guide carriers to move their truck fleet in a platoon and choose a suitable exit ramp to detour to avoid congestions, with an assumed detour probability.



In this paper, the proposed accessibility formula for freight truck platoon is demonstrated by using the four popular truck routes from California. These truck routes are the freeways of I-5, I-10, I-405, and I-710. These interstates connect intermodal terminals and ports in California. It is found that accessibility with truck platooning on I-5 increases for the initial 165 miles, attains a maximum there, and starts to drop after. The other three freeways, I-10, I-405, and I-710, show a continuous increase in accessibility for their lengths and the number of ramps considered. The findings can have significant implications in determining the selection of freeway routes that could be considered for truck platoons.



Based on research findings, non-detour probability impacts accessibility for freight trucks moving in a platoon to a destination. If an advanced relay of information on downstream congestion is available, one or more trucks in a platoon can avoid a congestion point on the path. In this paper, it is observed that a detour probability could be used to guide a truck in the platoon in terms of whether to continue to travel on its original path or to take a detour. If the value of the detour probability is close to zero, it would mean that the truck could detour to avoid a downstream congested link. Otherwise, the detour probability of one will mean avoiding the congestion point entirely by using the access/frontage road to its path if on a freeway.



The accessibility formulation presented in this paper can be made time-sensitive with a varying value of link travel times. Thus, the accessibility to a destination would vary temporally during the day. Analytical results in this paper show that, for a truck to use an exit ramp for detour possibly dictated using CVT, accessibility can be maximized. The closed-form expression for freight truck platoon accessibility can be further used to design an efficient multimodal freight network system for trucks, especially on routes where truck-only lanes could be feasible.



The limitation of this research is that the distance between two on-ramps that make up accessibility formulation has been assumed to be an average/constant value for the length of the freeway considered. This may not always be true and could impact the magnitude of the measured accessibility. Therefore, the accessibility measure can be enhanced by analyzing a truck platoon path using the actual value for the distance between two on-ramps. However, this will require simulation, which could be time consuming.



Our future research aims to examine the application of the accessibility developed in this paper in freight traffic assignment problems. With truck detours while platooning, the impact of congestion will be studied on adjacent roads of the transportation network. Such a study’s outcomes will help finetune the accessibility formulation for utility in four-step travel demand modeling.
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Appendix A


Appendix A.1. Derivation for Impedance


The expected travel time   E  [   T n   ]    used as a notation for impedance from exit ramp A to on-ramp B is derived for n number of ramps, as follows.



Case 1: For n = 2, we have the following.


  E  [   T 2   ]  =   x d    v c    +  (  1 − x  )   k  ( 1 )   + 2 Δ  











In this case, there is only one freeway segment between A (i.e., point 1) to B (i.e., point 2), and congestion can only occur on this segment between these two end points.



Case 2: For n = 3, if the detour occurs at ramp 1, the expected travel time from point A to B is    {    x d    v c    +  (  1 − x  )   k  ( 1 )   +  t 2   }   , and for detour at ramp 2, the expected travel time from point A to point B is    {    x d    v c    +  (  1 − x  )  k +  t 1   }   ; thus, we have the following.


    E  [   T  n = 3    ]    =  1 2   {    x d    v c    +  (  1 − x  )   k  ( 1 )   +  t 2   }  +  1 2   {    x d    v c    +  (  1 − x  )   k  ( 1 )   +  t 1   }  + 3 Δ      =   x d    v c    +  (  1 − x  )   k  ( 1 )   +  (   1 2   )   (   t 1  +  t 2   )  + 3 Δ    











Case 3: For n = 4, we have the following.


    E  [   T  n = 4    ]    =  1 3   {    x d    v c    +  (  1 − x  )  k +  t 2  +  t 3   }  +  1 3   {    x d    v c    +  (  1 − x  )  k +  t 1  +  t 3   }  …      +  1 3   {    x d    v c    +  (  1 − x  )  k +  t 1  +  t 2   }  + 4 Δ      =   x d    v c    +  (  1 − x  )  k +  (   2 3   )   (   t 1  +  t 2  +  t 3   )  + 4 Δ    











Similarly, for   E  [   T n   ]  = E  [   T  n = n    ]   , the following is obtained.


  E  [   T n   ]  =   x d    v c    +  (  1 − x  )  k +  (   1  n − 1    )   (   t 1  +  t 2  +  t 3  +  t 4  + … +  t  n − 1    )  + n Δ  












Appendix A.2. Derivation of Optimal Accessibility


First and Second derivatives of accessibility AB with respect to n provides the following.



      A B  =    (  n − 1  )  g      {    x d    v c    +    (  1 − x  )   v   (   W 2  + d  )  + τ + n Δ  }   β         A B ′  = − β    (  n − 1  )  g Δ      {    x d    v c    +    (  1 − x  )   v   (   W 2  + d  )  + τ + n Δ  }    β + 1     +  g     {    x d    v c    +    (  1 − x  )   v   (   W 2  + d  )  + τ + n Δ  }   β         A B ′  = 0       ⇒ − β    (  n − 1  )  g Δ    {    x d    v c    +    (  1 − x  )   v   (   W 2  + d  )  + τ + n Δ  }    + g = 0       ⇒  (  n − 1  )  Δ =  1 β   {    x d    v c    +    (  1 − x  )   v   (   W 2  + d  )  + τ + n Δ  }        ⇒ n Δ − Δ =  1 β   {    x d    v c    +    (  1 − x  )   v   (   W 2  + d  )  + τ + n Δ  }        ⇒ n Δ  (  1 −  1 β   )  =  1 β   {    x d    v c    +    (  1 − x  )   v   (   W 2  + d  )  + τ  }  + Δ       ⇒ n =    (    x d    v c    +    (  1 − x  )   v   (   W 2  + d  )  + τ  )  + β Δ   Δ  (  β − 1  )    =  h  Δ  (  β − 1  )    +  β   (  β − 1  )        



Substituting the value of   n =  h  Δ  (  β − 1  )    +  β   (  β − 1  )      in the second derivative, we obtain the following.



      A B  ″   = − β   g Δ      {  h + n Δ  }    β + 1     + β  (  β + 1  )    n g  Δ 2       {  h + n Δ  }    β + 2         − β  (  β + 1  )    g  Δ 2       {  h + n Δ  }    β + 2     − β   g Δ      {  h + n Δ  }    β + 1         = − β   2 g Δ      {  h + n Δ  }    β + 1     + β  (  β + 1  )   (  n − 1  )    g  Δ 2       {  h + n Δ  }    β + 2         = − β   g Δ      {  h + n Δ  }    β + 2      {  2  {  h + n Δ  }  −  (  β + 1  )   (  n − 1  )  Δ  }      = − β   g Δ      {  h + n Δ  }    β + 2      {  2 h + 2 n Δ −  (  Δ β + Δ  )   (  n − 1  )   }      = − β   g Δ      {  h + n Δ  }    β + 2      {  2 h + 2 n Δ − Δ β n + Δ β − n Δ + Δ  }      = − β   g Δ      {  h + n Δ  }    β + 2      {  2 h + n Δ − β n Δ + Δ β + Δ  }      n =  h  Δ  (  β − 1  )    +  β   (  β − 1  )        = − β   g Δ      {  h + n Δ  }    β + 2      {  2 h +  (   h  Δ  (  β − 1  )    +  β   (  β − 1  )     )  Δ − β  (   h  Δ  (  β − 1  )    +  β   (  β − 1  )     )  Δ + Δ β + Δ  }      = − β   g Δ      {  h + n Δ  }    β + 2      {  2 h +  (   h   (  β − 1  )    +   Δ β    (  β − 1  )     )  − β  (   h   (  β − 1  )    +   Δ β    (  β − 1  )     )  + Δ β + Δ  }      = − β   g Δ      {  h + n Δ  }    β + 2      {    2 h  (  β − 1  )  + h + Δ β − β h − Δ  β 2  + Δ β  (  β − 1  )  + Δ  (  β − 1  )     (  β − 1  )     }      = − β   g Δ      {  h + n Δ  }    β + 2      {    2 h β − 2 h + h + Δ β − β h − Δ  β 2  + Δ  β 2  − Δ β + Δ β − Δ    (  β − 1  )     }      = − β   g Δ      {  h + n Δ  }    β + 2      {    h β − h + Δ β − Δ    (  β − 1  )     }  = − β   g Δ      {  h + n Δ  }    β + 2      {     (  h + Δ  )   (  β − 1  )     (  β − 1  )     }  = − β   g Δ  (  h + Δ  )       {  h + n Δ  }    β + 2     < 0     




Appendix A.3. Maximum Freight Truck Accessibility


By substituting the expression for   n =  h  Δ  (  β − 1  )    +  β   (  β − 1  )     , we have the following.



      A B  =    (  n − 1  )  g      {    x d    v c    +    (  1 − x  )   v   (   W 2  + d  )  + τ + n Δ  }   β    , n =  h  Δ  (  β − 1  )    +  β   (  β − 1  )        h =   x d    v c    +    (  1 − x  )   v   (   W 2  + d  )  + τ      A B  =    (  n − 1  )  g      {  h + n Δ  }   β    =    (   h  Δ  (  β − 1  )    +  β   (  β − 1  )    − 1  )  g      {  h +  h   (  β − 1  )    +   Δ β    (  β − 1  )     }   β    =    (    h + Δ β − Δ  (  β − 1  )    Δ  (  β − 1  )     )     (  β − 1  )   β  g      {  h  (  β − 1  )  + h + Δ β  }   β        =    (    h + Δ   Δ  (  β − 1  )     )     (  β − 1  )   β  g      {  h β + Δ β  }   β        =    (    h + Δ  Δ   )     (  β − 1  )    β − 1   g      {  h + Δ  }   β   β β        =      (  h + Δ  )    1 − β      (  β − 1  )    β − 1   g   Δ  β β        h =   x d    v c    +    (  1 − x  )   v   (   W 2  + d  )  + τ      A B  =      (    x d    v c    +    (  1 − x  )   v   (   W 2  + d  )  + τ + Δ  )    1 − β      (  β − 1  )    β − 1   g   Δ  β β        
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Figure 1. Tonnage variation across I-710 in California, USA. 
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Figure 2. Setup for travel time (impedance) determination. 
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Figure 3. Detour from exit ramp 1 to join freeway by using on-ramp 2. 
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Figure 4. Three possible paths with for two links and three ramps, n = 3. 
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Figure 5. Six possible paths with for three links and four ramps, n = 4. 
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Figure 6. Probability variation with the number of ramps in the route segment (A)–(B). 
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Figure 7. Percentage difference between p1,j and pi,j with i > 1. 
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Figure 8. Accessibility variation with distance and number of ramps along the freight route. 
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Figure 9. I-710 with possible truck route deviations. 
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Figure 10. Comparison of simulation and theoretical travel times with non-detour probabilities. 
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Figure 11. Example interstates (truck routes) analyzed for accessibility. 
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Figure 12. Variation of accessibility with number of exit ramps for I-5. 
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Figure 13. Variation of accessibility with number of exit ramps for I-10. 
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Figure 14. Variation of accessibility with number of exit ramps for I-405. 
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Figure 15. Variation of accessibility with number of exit ramps for I-710. 
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Figure 16. Accessibility variation of freeways with distance for 50% route deviation. 
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Table 1. Accessibility maximization with n (i.e., number of off-ramp exits on a freeway).
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	Decay Factor (β)
	Maximum Freight Route

Accessibility (AB)
	n *

(i.e., Optimal n for Maximum Accessibility)





	   β > 1   
	        (    x d    v c    +    (  1 − x  )   v   (   W 2  + d  )  + τ + Δ  )    1 − β      (  β − 1  )    β − 1   g   Δ  β β      
	       x d    v c    +    (  1 − x  )   v   (   W 2  + d  )  + τ + β Δ   Δ  (  β − 1  )      
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Table 2. Input values to calculate accessibility.
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	Interstate
	Origin Point
	Destination Point
	Average Length

of Route

Considered,

L (Miles)
	Average Width

of Route

Deviation,

W (Miles)
	Average Distance

between On/Off

Ramps, d

(Miles)
	Decay

Parameter,

β
	Average Tonnage, g (kton/Year/Section)





	I-5
	A
	B
	798
	6.8
	1.1
	1.3
	32,236



	I-10
	C
	D
	241
	5.6
	1
	0.6
	75,882



	I-405
	E
	F
	73
	4.4
	1.3
	0.3
	29,227



	I-710
	G
	H
	24
	2.6
	1.2
	0.5
	59,832
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