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Truck platooning refers to trucks traveling in convoy with longitudinal proximity. By reducing
aerodynamic drag, platooning cuts truck energy use and operating cost along with other benefits
to the freight transportation system. This research proposes a platform-based platooning system
to maximize the participation of truck platooning considering stability of the formed platoons that
arises from truck preferences of platooning partners. Preference-based platooning is of both sci-
entific interest and practical importance to the trucking sector, which is highly fragmented
especially in the US. The preferences depend on the benefits of fuel saving and schedule
adjustment to coordinate the time for platoon formation. The formed platoons are stable in the
sense that no two trucks in two platoons want to break away from their current platoons and
platoon with each other. Tackling this operation planning problem, the proposed system involves
a platform interacting with individual trucks in a way that reduces truck communication and
computation burdens, mitigates truck privacy concerns, and overcomes trucks misreporting pri-
vate information. The central methodological investigation of the interactive process is on how to
solve the Maximum Stable Truck Platooning Participation (MS-TPP) problem, for which a two-
phase algorithmic approach is proposed. The underlying idea of this approach is to progres-
sively reduce the lengths of truck preference lists, by eliminating truck pairs that do not affect the
MS-TPP solution presence and separating trucks in odd rotations — which are key constructs in
this approach - from the rest of the truck population. Theoretical properties and computational
complexity of this two-phase algorithmic approach are investigated, along with a comparison
with an integer programming approach and extensive numerical experiments in the context of a
northern Illinois road network in the US. We find that the proposed two-phase algorithmic
approach is very efficient compared to the integer programming approach in forming a maximum
number of truck platoons while ensuring stability. In addition, the percentage of trucks that end
up platooning by solving MS-TPP is much greater than using a greedy approach. The algorithmic
approach is computationally scalable for solving large problem instances. The advantages of MS-
TPP, in terms of the percentage of trucks in platooning and the average utility gain, become even
more prominent as we deal with a larger system with more trucks.

1. Introduction

Truck platooning refers to trucks traveling in convoy with longitudinal proximity, which is made possible thanks to the recent
advances in connected and automated driving technologies. Truck platooning reduces aerodynamic drag and consequently truck
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Ordered preference of . Q If platoons are (1,2) and (3,4), then trucks 1 and 3 would
partner trucks for platooning find it better to platoon with each other;

L = 2 Q If platoons are (1,3) and (2,4), then trucks 2 and 3 would
2 1,34 find it better to platoon with each other;
3 22138 U If platoons are (1,4) and (2,3), then trucks 1 and 2 would
4 1,23 find it better to platoon with each other.

Fig. 1. Illustration of non-existence of an outcome that all trucks platoon and the platoons are stable.

energy use, operating cost, and emissions (McAuliffe et al., 2018; Sun et al., 2021; Bhoopalam et al., 2018). Field studies suggest that
truck fuel saving by traveling in a platoon can reach 10-15 % (Tsugawa et al., 2016; Bishop et al., 2017). Besides fuel saving benefits,
trucks traveling in a platoon maintain a smaller separation which means more effective use of the road space and thus road capacity
(Bergenhem et al., 2012; Lioris et al., 2017). In the US intercity trucking sector, the fuel saving benefits and road capacity improvement
could translate into an annual cost reduction of about $900 million along with a reduced road infrastructure need worth $4.8 billion
(Noruzoliaee et al., 2021). Truck platooning is further argued to improve traffic safety with reduced rear-end incidents, by enabling
faster reaction and cutting human errors (Peloton, 2020a). To promote widespread platooning and reap the maximum benefits,
attracting as many trucks as possible in platooning is a desired objective, for a number of reasons such as keeping trucks and trucking
companies involved, spreading confidence and trust in a platooning system, stimulating a large participant pool, and helping gain more
practical platooning experiences, all of which are valuable for the success of truck platooning (Bhoopalam et al., 2018). However, not
much attention has been paid to the objective of maximizing truck platooning participation.

This study aims to fill this gap. We investigate how to maximize truck platooning participation from an operation planning
perspective considering the individual preferences of a population of trucks. Planning truck platooning is shown to yield substantially
greater benefits than otherwise opportunistic platooning, which pertains to real-time operations (Liang et al., 2014). Because of this,
both the research community and the trucking industry have placed emphasis on the planning aspect of truck platooning (Janssen
et al., 2015; Bhoopalam, 2018; Smartt, 2020; Albinski et al., 2020; Xu et al., 2023). As an operation planning problem, platoon for-
mation will be performed before trucks leave their origins, for example, the day before operation or at the beginning of a day. An
important feature of the planning process investigated in this paper is that truck preferences for partner trucks are explicitly
considered. Preference-based platooning is not only of scientific interest but practically important to the US trucking sector which is
highly fragmented, with about two million carriers operating 7.4 million trucks and 57 % of the carriers having just one truck (Federal
Motor Carrier Safety Administration, 2022). Even for multi-truck carriers, considering individual truck preferences is still relevant to
operation coordination given the heterogeneity in truck routing and schedules and that truck drivers do have preferences (unlike
machines). Consequently, a platooning planning scheme without considering individual truck gains/losses may not be well received.
For example, a truck would be unwilling to participate in a platoon if it is worse than traveling alone due to significant schedule
adjustment to form the platoon.

We consider that maximization of truck platooning participation is performed by a platform, to which each truck submits its
routing, preferred departure time, and truck configuration information. The platform computes truck platooning length and schedule
adjustment for each possible platoon (termed “platooning opportunity”), and sends the computation results back to the trucks. Then,
each truck constructs its preference list of partner trucks, and sends the list to the platform. Lastly, the platform performs maximization
of platooning participation taking into account the truck preferences, and sends the platooning results to the involved trucks. The need
of a platform can be justified by three reasons. First, absent the platform, each truck would need to have substantial inter-truck
communications to exchange route, preferred departure time, and truck configuration information with numerous other trucks.
Using the exchanged information, a truck then performs computation to identify its platooning opportunities, and platooning length
and departure delay associated with each opportunity. This is in contrast to each truck communicating only with the platform and
letting the platform perform most of the computation as in this paper, and may be constrained by the communication and computation
capabilities onboard each truck. Second, absent the platform, private information of a truck would have to be widely shared with other
trucks, raising significant privacy concerns as opposed to a truck only sharing information with the platform. Third, absent the
platform, trucks would perform a “free-market” matching of which the outcome can be uncertain, not only because an overall stable
outcome may not exist, but also due to market friction which prevents a stable outcome from being achieved (Echenique and Pereyra,
2016; Sun and Yin, 2019). In fact, having a platform for truck platooning has been argued for by both the research community and the
industry (van de Hoef, 2016; European Automobile Manufacturers Association, 2017; Sokolov et al., 2017; Albinski et al., 2020; Sun
and Yin, 2019; Trimble Transportation, 2023). As a concrete example, Peloton, an industry leader in truck platooning technologies,
offers a cloud-based platform for managing platooning operations (Smartt, 2020; Peloton, 2020b).

With truck preference an essential consideration, the central research problem of this study is: how to form as many platoons as
possible that are stable? We term this problem the Maximum Stable Truck Platooning Participation (MS-TPP) problem. An ideal
outcome for MS-TPP would be that (1) all trucks platoon and are better off than traveling alone, and (2) there does not exist an un-
formed platoon, of which all component trucks find it better to form this platoon than in their current situations. These two points
ensure that the maximum possible truck participation is achieved (i.e., all trucks participate) and no formed platoon will break up. In
particular, the second point pertains to stability among the formed platoons, which is core stability in the taxonomy of coalition
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formation (Hajdukova, 2006). Unfortunately, such an ideal outcome often does not exist. Fig. 1 illustrates an example of four trucks for
two-truck platooning (i.e., a platoon consists of two trucks). Each truck has a preference list of partner trucks. For truck 1, its most
preferred partner truck is truck 3, followed by truck 2, and then truck 4. We assume that by platooning, a truck is always better than
traveling alone. However, as described on the right of Fig. 1, no matter how the four trucks are paired to form two-truck platoons, there
always exist two trucks from two different platoons which want to break away from their partners to form a new platoon, because by
doing so the two trucks find more preferred partners for platooning.

Coupling platooning stability with maximum participation, we consider MS-TPP for which: (1) the number of platooning trucks is
maximized; (2) the platooning trucks are all better off than traveling alone; and (3) stability is maintained among the platooning
trucks. The consideration of stability among the platooning trucks is sensible, because even if the platooning trucks exchange infor-
mation with each other, no existing platoon will break up and no new platoon will form among these trucks. On the other hand, non-
platooning trucks will end up traveling alone with no information about other trucks as a truck only interacts with the platform.
Without other trucks’ information, the non-platooning trucks are unlikely to further explore platooning opportunities and disrupt the
existing platoons.

In this paper we focus on two-truck platooning, which has been considered as the likely form of platooning at least in the near future
(Janssen et al., 2015; Bishop et al., 2017; Bhoopalam 2018; Xu et al., 2023), for three reasons. First, many existing technologies (e.g.,
those developed by Peloton, Iveco, and MAN) are tested for or focus on two-truck platooning (Technavio, 2018; Hochschule Fresenius
etal., 2019; Smartt, 2020; Peloton, 2021). Second, serious concerns about traffic interruptions and consequently safety can arise when
a platoon has more than two trucks. Wang et al. (2019) show through simulation that three-truck platooning would cause significantly
more merging problems than two-truck platooning. The merging problems are pertinent to both car and single truck drivers (Janssen
et al., 2015; Crane et al., 2018). In contrast, two-truck platoons are unlikely to pose significant issues in free-flowing traffic (Bishop
etal., 2017). Hassan et al. (2020) demonstrate that in peak traffic situations, platooning deteriorates traffic operations and safety to a
much greater extent if a platoon has more than two trucks. Third, with heavier loading, longer platoons exacerbate pavement and
bridge damage while also posing greater structural safety hazards (Kamranian, 2019; Al-Qadi et al., 2021; Ling et al., 2022). Because of
this, the investigation of bridge suitability for truck platooning in Florida assumes two-truck platooning (Crane et al., 2018). In fact,
several states in the US including Florida, Kentucky, Oklahoma, and Maryland have stipulated a platoon size of two as they begin
implementation of truck platooning (Crane et al., 2018; Simon Law, 2019; Maryland Department of Transportation, 2021). Similar
regulations have also been seen outside the US (Peloton, 2019). While two-truck is our focus, at the end of the paper we also discuss
how the proposed approaches to MS-TPP may be extended to situations that allow for more than two trucks in a platoon.

In tackling the MS-TPP problem, this paper attempts to make three contributions. The first contribution is proposing a platform-
based platooning system to maximize truck platooning participation while ensuring stability of formed platoons given individual
truck preferences for platooning partners. To the best of our knowledge, this participation maximization problem has not been studied
in the literature. However, as described earlier, the problem is practically relevant to promoting widespread truck platooning and
ensuring that trucks are willing to participate. In doing so, the construction of truck preference lists accounts for not only fuel saving
benefits from platooning, but also schedule adjustment to coordinate the time to form platoons. The proposed system involves a
platform interacting with individual trucks in a way that reduces truck communication and computation burdens, mitigates truck
privacy concerns of sharing sensitive proprietary information with other trucks, and overcomes the issue of trucks misreporting private
information.

The second contribution is employing a two-phase algorithmic approach to finding a solution for the MS-TPP problem. The basic
algorithmic principle of this approach is to progressively reduce the lengths of truck preference lists, by 1) eliminating truck pairs from
the preference lists that do not affect MS-TPP solution presence and 2) separating truck groups that are independent from the rest of the
truck population, so that in the end truck platoons can be easily formed while preserving the maximum participation and stability
requirements. More specifically, the first phase pertains to trucks iteratively proposing to one’s most preferred partner truck and the
proposal recipient deleting trucks less preferred than the proposal. This results in reduced truck preference lists. Building on the
reduced lists, the second phase iteratively identifies and separates/eliminates rotations, which are key constructs in the paper char-
acterizing cyclic sequence of trucks in terms of preferences, from the truck preference lists. The iterations proceed until no more
rotations can be identified. By exploiting properties of rotations, the second phase decomposes the truck population into two groups:
(1) trucks that are only left with one platooning partner and (2) trucks that are in odd rotations (which are a specific type of rotations
defined in subsection 4.2). Formation of platoons is then performed independently for group (1) and for trucks in each odd rotation in
group (2). In the end, the resulting platoons give an MS-TPP solution.

From a theoretical perspective, the idea of the two-phase approach can be connected to stable roommate matching initially pro-
posed by Irving (1985). However, Irving’s algorithm can only find a stable matching if it exists; otherwise, the algorithm just reports
non-existence of a stable matching outcome. A more closely related work to our study is Tan (1990) which looks into maximum stable
matching. Still, our paper differs from Tan’s study, in demonstrating key properties of odd and non-odd rotations in the second phase
(see Definitions 3 and 5 for definitions of rotations and odd rotations). Specifically, we develop an intuitive inductive proof to show
that each truck in an odd rotation has exactly two trucks on its preference list (Proposition 3), based on which we further argue that if
an odd rotation is identified, an MS-TPP solution can be obtained by independently seeking an MS-TPP solution in the odd rotation and
an MS-TPP solution from the remaining trucks (Proposition 4). Such a reasoning process is not in Tan (1990), at least not explicitly.
Moreover, to show that any MS-TPP solution after eliminating a non-odd rotation is also an MS-TPP solution before eliminating the
rotation, a three-step proving process is devised to demonstrate both “maximum” and “stability” in MS-TPP (see Lemmas 3-4 and
Proposition 5). As opposed to this, Tan’s approach is rather lengthy and involves making a new claim and considering whether there
are common agents (in our context, trucks) in the two sets of agents in a non-odd rotation, both of which are unnecessary in our proof.



Table 1
Synthesis of the existing studies that focus on system optimization and platooning stability, and comparison with our work.
Focus Study Perspective  Truck OD consideration Truck schedule Approach
adjustment
System optimization ~ Larsson et al. (2015) Centralized Multiple ODs Allowed Integer linear programs solved by heuristics
focused Larson et al. (2016) Centralized Multiple ODs Allowed Mixed-integer linear program solved by commercial solver
Nourmohammadzadehand Centralized Multiple ODs Allowed Mixed-integer nonlinear program solved by genetic algorithm
Hartmann
(2016)
Luo et al. (2018) Centralized Multiple ODs Allowed Mixed-integer linear program solved by a decomposition-based heuristic
Boysen et al. (2018) Centralized One road segment Allowed but bounded ~ Mixed-integer linear program solved by customized polynomial time algorithms
by time window
Larsen et al. (2019) Centralized Multiple ODs Allowed Mixed-integer linear programs solved by heuristics
Abdolmaleki et al. (2021) Centralized Multiple ODs Allowed but bounded = Mixed-integer nonlinear program solved by outer approximation and heuristics
by time window
Chen et al. (2021) Centralized One OD Allowed but bounded  Mixed-integer second-order-cone program solved by a column generation-based
by time window heuristic
Johansson et al. (2021) Centralized Multiple ODs Allowed but bound Integer linear programs
by a budget
Scholl et al. (2023) Centralized Multiple ODs Allowed but bounded ~ Mixed-integer program solved by metaheuristic
by time window
Stability focused Sun and Yin (2019) Centralized One road segment Not considered Integer linear program solved by column generation and benefit redistribution based

Sun and Yin (2021a)
Sun and Yin (2021b)
Bouchery et al. (2022)

Our study

Peer-to-peer
Peer-to-peer
Centralized

Centralized

One road segment (applicable
to multiple ODs)
One platoon

One OD (applicable to
multiple ODs)
Multiple ODs

Not considered

Not considered

Allowed

Allowed

on a fair allocation mechanism
Decentralized game-theoretical modeling with benefit redistribution

Auction mechanism to determine leader—follower position and associated benefits in
a platoon

Integer linear program solved by solver and heuristic, and cost allocation based on the
core and Shapley value

Two-phase algorithmic approach and integer linear program for exact solution that
maximizes platooning participation with stability among participating trucks
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A more detailed discussion of the difference between our proving process and Tan’s approach is given in subsection 5.2 (after
Proposition 5).

For the third contribution of the paper, it is about computational investigations of the two-phase algorithmic approach, which are
entailed in three aspects. First, a theoretical examination of the computational complexity for the approach is conducted. Second, to
verify the correctness of this approach and for the purpose of benchmarking solution time, an alternative integer programming
approach to solve MS-TPP is presented. Third, extensive experiments are performed to numerically investigate the computational
properties of the algorithmic approach. The results show significant advantage of the algorithmic approach over the integer pro-
gramming approach, with much smaller and scalable computation time needed to find an MS-TPP solution. The numerical experiments
further show the benefits of implementing MS-TPP compared to greedily forming platoons. These results suggest a promise of MS-TPP
and the proposed system for real-world truck platooning implementation.

For the remainder of the paper, section 2 reviews the relevant literature, based on which we identify issues in the existing research.
Section 3 gives a description of the problem setup and an overall picture of the proposed platooning system. In section 4, we discuss
how truck preference lists are constructed. Section 5 presents the two-phase algorithmic approach, ensued by an integer programming
formulation presented in section 6. Numerical experiments are reported in section 7. Section 8 summarizes the paper, discusses its
limitations, and explores possibilities for future research.

2. Literature review

While truck platooning research has been conducted in various aspects such as fuel saving quantification, platooning system
planning, platooning impacts on surrounding traffic, platooning vehicle control, and human factors, our literature review focuses on
the planning aspect of truck platooning. In line with the observation of Bouchery et al. (2022), we find that the majority of the truck
platooning planning studies seek to find optimal truck routing and schedules in a centralized setting, with the objective of minimizing
total fuel consumption given a number of trucks (Larsson et al., 2015; Larson et al., 2016; Nourmohammadzadeh and Hartmann 2016;
Luo et al., 2018; Boysen et al., 2018; Larsen et al. 2019; Abdolmaleki et al., 2021; Chen et al., 2021; Scholl et al. 2023). From the system
optimization perspective, Larsson et al. (2015) show that the truck platooning problem is an NP-complete combinatorial optimization
problem, suggesting that finding an exact optimal solution can be difficult even for small problems. As a result, approximation
techniques have been considered such as genetic algorithm (Nourmohammadzadeh and Hartmann 2016), constructive and
improvement heuristics (Larsson et al., 2015), decomposition (Luo et al., 2018), greedy insertion and destroy-repair heuristics (Larsen
et al. 2019), adaptive large metaheuristic search (Scholl et al. 2023), outer approximation and dynamic programing-based heuristic
(Abdolmaleki et al., 2021), and column generation (Chen et al., 2021). A more comprehensive review of the optimization-oriented
truck platooning planning studies up to 2018 can be found in Bhoopalam et al. (2018).

However, finding a solution that is exactly or near system optimum can be practically questionable because, as mentioned in
section 1, the truck industry is very fragmented, especially in the US, which means that trucks belonging to different operators have
their own interests and may not follow the platoon formation outcome suggested by system optimization. Even within one truck
operator, individual truck preferences are still relevant to platooning operation coordination given the heterogeneity in truck routing
and schedule and that truck drivers do have preferences. Thus, understanding stability of the formed platoons by accounting for in-
dividual truck preferences is important. A few attempts have been made to look into the stability issue in truck platooning. In Sun and
Yin (2019), a benefit redistribution mechanism is designed to incentivize trucks to form and maintain desired platoons while seeking
the system optimum platoon formation. In Bouchery et al. (2022), heterogeneous truck departure times and origin—destination (OD)
pairs are further considered. In addition to formulating and solving a system optimization model, the authors investigate cost sharing
based on a consecutive platooning game and the Shapley allocation.

Different from Sun and Yin (2019) and Bouchery et al. (2022) for which platooning benefit is redistributed as a way to stabilize the
formed platoons in a centralized setting, the issue of platooning stability issue in a peer-to-peer communication environment has also
been explored (Sun and Yin, 2021a, b). In Sun and Yin (2021a), both one-to-one and many-to-many coordination among trucks to form
stable platoons are investigated. For one-to-one coordination, each truck connects and communicates with another nearby truck. A
game based on the classic bilateral trade model is proposed with expressed willingness-to-pay and inter-truck payment to determine
the truck positions in the platoon. The many-to-many coordination is modeled as a one-sided matching problem with the matching
stability achieved by a benefit redistribution mechanism. Focusing on the formation of one platoon, Sun and Yin (2021b) propose an
auction mechanism which determines the leader—follower positioning and associated benefits in each position in a platoon, to facilitate
the formation and maintain the behavioral stability of platoons in a distributed way. Linear monetary transfer functions are employed
which result in an approximate equilibrium to assure behavioral stability. A synthesis of the existing studies that focus on system
optimization and platooning stability is presented in Table 1.

A few issues are identified from the above review. First, while a large number of works are dedicated to system optimization, no
study has looked into maximizing truck participation in platooning. Also, limited efforts are made to research stability in truck pla-
tooning, which is practically important given the fragmented nature of the trucking industry. Second, among the research focusing on
stability, private information is assumed fully shared either with the platooning controller if in a centralized setting or with other
trucks if by peer-to-peer communications. Although some private information (e.g., truck configuration and routing) can be verifiable,
other information, such as truck fuel cost and value of time, is proprietary and sensitive. This gives rise to the question of whether
trucks would be willing to share the information and the possibility that trucks strategically misreport private information to gain
benefits, as recognized in other transportation contexts (e.g., Zou et al., 2015; Bian and Liu, 2019; Liang et al., 2020). Indeed, Sun and
Yin (2021a) point out that one-sided matching as used in their study does not guarantee incentive compatibility in truck platooning.
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Truck Platooning Platform

Fig. 2. The interactive process between a truck and the platform while computing an MS-TPP solution.

Third, the consideration of waiting time cost, which is rare in the stability-focused studies, could compromise the monotonicity of a
truck’s utility with respect to the total utility of the platoon to which the truck belongs (e.g., a platoon may have a large fuel saving due
to long platooning length but little benefit to one of its trucks because of large schedule adjustment) and consequently platooning
stability under benefit transfer (Sun and Yin, 2021a). Fourth, in peer-to-peer truck platooning systems, a truck may exchange infor-
mation with many other trucks to identify the most suitable platooning opportunity. Significant communication and computation
requirements on individual trucks will arise, which however may be limited by the communication and computation capabilities
onboard trucks. The platform-based platooning system in this paper is intended to address/mitigate these issues.

3. Problem setup and overall picture of the platooning system
3.1. Problem setup

In this paper, we are interested in planning truck platooning for a time horizon, e.g., the next few hours or the next day. Consider n
trucks each characterized by its route and preferred departure time from the origin. Given the route and preferred departure time, each
truck also has estimates of travel speed on the road links its route traverses. For operation planning problems, assuming known routes,
speed, and expected departure time/travel time window is quite common in the truck platooning literature (e.g., Larson et al., 2016;
Boysen etal., 2018; Sun et al., 2021; Abdolmaleki et al., 2021; Johansson et al., 2021; Bouchery et al., 2022, to name a few). Two trucks
can form and travel in a platoon along their overlapped length (i.e., platooning length). By traveling in a platoon, a truck saves fuel and
consequently reduces its operating cost. Although fuel savings for the leading and the trailing trucks in a platoon are different, we
consider that the fuel savings of a platoon, which have been well quantified in the literature (Browand et al., 2004; Bonnet and Fritz,
2000), will be evenly shared between the two trucks in the platoon, as advocated in practice (North American Council for Freight
Efficiency, 2016). To do so, money/credit transfer between the two trucks may incur and be performed via the platform. An even
sharing of fuel saving benefit creates an environment of equal treatment among trucks while keeping the platform revenue neutral.
Note that an underlying assumption is that truck drivers will be fully engaged during platooning. If needed, the potential benefit of the
driver resting in the trailing truck can also be included as part of the platooning benefit.

If traveling individually, two trucks that can travel in a platoon are likely to arrive at the start of the platooning length at different
times. To form a platoon, at least one truck needs to deviate from its preferred schedule to coordinate the time of arrival at the start of
the platooning length. We consider that between the two trucks, the one arriving earlier at the beginning of the platooning length if
traveling individually will delay its departure from the origin. Although en-route waiting and speed adjustment might be alternative
ways to adjust the arrival time at the start of the platooning length, these options are less practical as it is not always possible to find a
safe place to wait while en route or change speed in the middle of traffic.

3.2. Overall picture of the platooning system

As mentioned in section 1, we consider a platooning system where a platform is present and seeks to maximize the number of
platoons that can be formed and are stable among themselves. To do so, the platform needs to know all platooning opportunities and
each truck’s preference of partner trucks associated with the platooning opportunities. Uncovering the preferences requires computing
truck utility change from the platooning opportunities, which involves sensitive proprietary information of each truck such as its unit
fuel cost and the value of time. To mitigate the privacy concerns, an interactive process between each truck and the platform is
conceived for information exchange. In this process, a truck only shares its private information that is essential for the platform to
compute platooning opportunities (step 1 in Fig. 2), including route (to compute the platooning length with another truck), preferred
departure time (to compute schedule deviation), and truck configuration (to compute fuel saving from platooning). Truck route and
configuration information can be verified by the platooning partner if a truck ends up platooning. For preferred departure time, if a
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truck misreports its information, the truck would risk not meeting the partner truck at the coordinated time and thus disclosing
misreporting. Considering these and that other private information on unit fuel cost and value of time is not shared, a truck mis-
reporting its private information would be unlikely.

Using the information shared from trucks, the platform computes the platooning opportunities for each truck, and sends back to
each truck the platooning length and departure delay for each platooning opportunity (step 2 in Fig. 2). After receiving the platooning
opportunities, a truck computes its utility change for each opportunity compared to traveling alone, based on which an ordered list of
the preferred partner trucks for platooning is constructed. The truck then sends its preference list to the platform (step 3 in Fig. 2). After
receiving truck preference lists, the platform computes an MS-TPP solution and informs each truck of: 1) whether to platoon; and if yes,
2) which truck to platoon with; 3) where to start and end the platoon; and 4) departure delay if any (step 4 in Fig. 2). At each time when
solving the MS-TPP, we consider that a truck platoons at most once. Nonetheless, the problem could be repeatedly solved in a rolling
fashion to allow a truck to platoon more than once in the trip.

4. Constructing truck preference lists

As made clear in section 3, the key inputs for the platform to compute an MS-TPP solution are truck preference lists. Each truck
constructs its preference list based on the utility changes of the truck under different platooning opportunities compared to traveling
alone. Given the platooning length, fuel saving per unit distance in platooning (which depends on truck configuration), and departure
delay, the utility change of truck u by platooning with another truck v, AUy, is calculated as:

AUu(v) = ﬂ:,au.vlo (Mﬁ V) - ﬂiAtu(v) (1)

where [, (u, v) is the platooning length when truck u platoons with truck v. At,,) is the departure delay of truck u when platooning with
truck v. [, (u,v) and Aty are computed by the platform (step 2 in Fig. 2). /)’,11 is the unit fuel cost in $/gallon of truck u. a,,, is half (asit is
even split) of unit fuel saving in gallons/mile of the (u,v) platoon. While total fuel saving of the (i, v) platoon may differ depending on
whether u or v is the leading truck, it is natural to consider that u and v will choose their positions in the platoon (only two choices) that
yield the larger total fuel saving. 42 is the value of time in $/minute of truck u. Note that although the platform will know a,,, based on
the truck configuration information received, £, and 2 are sensitive proprietary information and only known to truck u itself. That is
why AU, can only be computed by each truck individually.

The platform can compute l,(u,v) and At,q). To do so, each truck route is characterized as a sequence of traversed links. The
platooning length is considered as the longest uninterrupted overlapping length, which is obtained by computing the longest weighted
common substring of the two link sequences corresponding to u and v’s routes weighted by link lengths. A recursive procedure adapted
from the problem of computing the longest unweighted common substring (Knuth et al., 1977) is used to identify the longest unin-
terrupted overlapping length. Specifically, suppose that truck u’s route is expressed as {ai, az, -+, a, } and truck v’s route expressed as
{b1,b2,-+,bq}, where a;,az, -+, a, and by, by, -+, by are the consecutive links forming u and v’s routes. The length of a link is denoted by
d( - ). We use Eq. (2)-(3) to recursively construct two matrices OL and D of dimension p x q. In the first matrix, each element OL(i,j) is a
vector storing the consecutive overlapping links of routes a and b that goes to the end of a; and b;. If a; and b; overlap (a; = b)), then g;
(b)) will be added to the consecutive overlapping links that goes to the end of link a;_; (bj_1), which is expressed as OL(i,j) =
[OL(i—1,j—1) a;]. Note that OL(i—1,j—1) can be empty if a;_; and b;_; do not overlap. If a; and b; do not overlap (a; # bj), then
OL(i,j) = [| meaning there are no consecutive overlapping links that go to the end of a; or b; (Eq. (2)). In the second matrix, D(i, )
denotes the length of OL(i,j). d(a;) denotes the length of link a;. Following the similar reasoning for computing OL(i,j), elements in the
second matrix D can be recursively computed, as shown in Eq. (3).

OHg) = { (] Otherwisé @

co [ Dl—1,j—1)+d(a) if a;=b
D) = { 0 otherwise 3)

To implement Eq. (2)-(3), OL(i,j) =[] is set to be empty if i = 0 and/or j = 0. Similarly, D(i,j) = 0 if i=0 and/or j = 0. As
computing OL and D involves all combinations of i =1,---,pandj = 1,---,q, the time complexity for computing OL and D is O(pq).

Once OL and D are computed for trucks u and v, we pick D(i,j) with the largest value as [,(u, v). It may be possible that two truck
routes have two separate overlapping lengths. To see this, consider I} (u, v) is the first overlapping length of trucks u and v. I2(u, v) is the
second overlapping length of u and v. From the end of I} (u,v) to the beginning of 12(u,v), truck u takes path 1 while truck v takes a
different path 2. As the context of truck platooning is intercity transportation, two paths connecting the same starting point and the
same ending point can differ significantly in distance. Thus, it is unlikely for either of the two trucks to incur substantial time deviation
to be able to platoon on both overlapping lengths. Rather, it is plausible that different trucks have the same view about the most
efficient path between the end of I} (u,v) and the beginning of [2(u,v), and consequently choose that same path. For example, if two
truck routes follow their shortest-distance routes, then there will be only one overlapping length of the two routes.

Once l,(u,v) is identified, the planned arrival times of u and v at the start of the platooning length without platooning will be
computed using each truck’s preferred departure time, lengths of the links from the truck origin to the start of the platooning length,
and expected average speeds on those links. Under the assumption that a truck will delay its departure to coordinate platoon formation,
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Fig. 3. Flowchart for the two-phase algorithmic approach to construct an MS-TPP solution.

Aty will be equal to the difference in the planned arrival time of the two trucks if u arrives earlier. If u arrives later, At,,) = 0, i.e.,no
departure delay for u.

With ,(u, v) and At,,) computed, the information will be transferred from the platform to truck u, which calculates AU, and sorts
AUyy)’s in decreasing order. Because platooning should not make a truck worse than traveling alone, only v’s with a positive AUy, are
kept and form the preference list of u. The preference list is then sent back to the platform. After collecting all trucks’ preference lists,
the platform cleans the preference lists so that preferences are symmetric: u is on v’s list if and only if v is on u’s list. In other words, a
platooning opportunity should be utility improving compared to no platooning for both trucks in the platoon.

5. A two-phase algorithmic approach to MS-TPP solution

In this section, we investigate how the platform finds an MS-TPP solution given the truck preference lists by a two-phase algo-
rithmic approach. The first phase is an iterative proposal-deletion process to eliminate truck pairs from the preference lists that do not
affect MS-TPP solution presence. In the second phase, the truck preference lists are further reduced in length, by iteratively identifying
and separating/eliminating rotations from the preference lists. The iterations proceed until no more rotations can be identified. By
exploiting a series of properties of rotations, the second phase decomposes the truck population into two groups: (1) trucks that are
only left with one platooning partner and (2) trucks that are in odd rotations. From this outcome, an MS-TPP solution can be easily
constructed by forming platoons independently for trucks in group (1) and for trucks in each odd rotation in group (2). Fig. 3 illustrates
the flow of the algorithmic approach. The rest of this section presents the methodological details. For brevity, in some places we use
“list” as a short name for “preference list”.
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Table 2
An illustrative example of performing iterative proposal-deletion.

Step Proposal Updated preference lists Status

0 Truck 1 2 3 4
Truck 2 3 4 1 5
Truck 3 1 4 2 5
Truck 4 1 3 2 5
Truck 5 2 3 4

1 1-2 Truck 1 2 3 4 1 is held by 2
Truck 2 3 4 1
Truck 3 1 4 2 5
Truck 4 1 3 2 5
Truck 5 3 4

2 2-3 Truck 1 2 3 4 1 is held by 2
Truck 2 3 4 1 2 is held by 3
Truck 3 1 4 2
Truck 4 1 3 2 5
Truck 5 4

3 3-1 Truck 1 2 3 1 is held by 2
Truck 2 3 4 1 2 is held by 3
Truck 3 1 4 2 3is held by 1
Truck 4 3 2 5
Truck 5 4

4 4-3 Truck 1 2 3 1 is held by 2
Truck 2 4 1 3 is held by 1
Truck 3 1 4 4 is held by 3
Truck 4 3 2 5
Truck 5 4

5 24 Truck 1 2 3 1 is held by 2
Truck 2 4 1 3is held by 1
Truck 3 1 4 4 is held by 3
Truck 4 3 2 2 is held by 4
Truck 5 5’s preference list is empty

5.1. Phase 1: Iterative proposal-deletion

The first phase, which is characterized by a proposal-deletion process, is conceptually simple: we iteratively let each truck u
propose to the first truck on its current preference list. Consider the first truck on u’s list is v. If v accepts and subsequently holds the
proposal, v will delete all trucks from its list that are less preferred than u, i.e., deleting all w’s with w=,u. By symmetry, truck v is also
deleted from the lists of the w’s.

At the beginning of this process, no truck holds a proposal. So when a truck receives a proposal, it will accept and hold the proposal.
As the process continues, it can occur that when a truck u proposes to truck v, v holds another truck v’ which proposed to v earlier. In
this case, it must be that u'<,u. Then v will reject u, and accept and hold u. As t/ is part of the w’s that w=,u on v’s list, u’ will be deleted
from v’s list. So will v be deleted from the list of /. At this point, ' becomes unheld and will propose to the first truck on its current list,
which no longer has v. Note that it is not possible to have u<,u/, because if this were true u would have been deleted earlier from v’s list
when v accepted the proposal from u/. This iterative proposal-deletion process continues until every truck either is held by another
truck or has an empty preference list. Algorithm 1 describes the process.

Algorithm 1: Proposal-deletion process

input: truck preference lists
while there exists a truck u that is not held by another truck and has a non-empty preference list
u proposes to the first truck v on its current preference list
if v holds another truck u, do
Vv rejects u, and accepts and holds u
else
v accepts and holds u
end if
Delete all w’s that w=<,u from the preference list of v
Delete v from the preference lists of the w’s

O 00N U A WN -

_=
=]

end while

Table 2 gives an example to illustrate the proposal-deletion process. In Table 2, the first column indicates the steps. The second
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column shows the proposal made at each step. The third column shows the updated preference lists after proposal-deletion is per-
formed at the step. Let us use Ly to denote the initial preference lists, as shown in the third column in step 0. In L, the preference of
truck 1 is: 2>~ 314. Truck 5 is assumed not able to platoon with truck 1, so not on truck 1's list. The last column documents the status
at the end of each step, in terms of which truck has been held by which truck, and what preference list(s) are empty. The status update
in each step is italicized.

e Instep 1, truck 1 proposes to the first truck on its current list, which is truck 2. Truck 2 accepts and holds truck 1. At the same time,
truck 2 deletes the truck less preferred than truck 1 from its list, which is truck 5. By symmetry, truck 2 is also deleted from truck 5's
list. Status update: truck 1 is held by truck 2.

In step 2, truck 2 proposes to the first truck on its current list, which is truck 3. Truck 3 accepts and holds truck 2. At the same time,
truck 3 deletes the truck less preferred than truck 2 from its list, which is truck 5. By symmetry, truck 3 is also deleted from truck 5's
list. Status update: truck 2 is held by truck 3.

In step 3, truck 3 proposes to the first truck on its current list, which is truck 1. Truck 1 accepts and holds truck 3. At the same time,
truck 1 deletes the truck less preferred than truck 3 from its list, which is truck 4. By symmetry, truck 1 is also deleted from truck 4's
list. Status update: truck 3 is held by truck 1.

In step 4, truck 4 proposes to the first truck on its current list, which is truck 3. As truck 3 holds truck 2, truck 3 updates the truck it
accepts and holds as truck 4. At the same time, truck 3 deletes the truck less preferred than truck 4 from its list, which is truck 2. By
symmetry, truck 3 is also deleted from truck 2's list. Status update: truck 4 is held by truck 3; truck 2 is no longer held by any truck.
In step 5, truck 2 proposes to the first ruck on its current list, which is truck 4. Truck 4 accepts and holds truck 2. At the same time,
truck 4 deletes the truck less preferred than truck 2, which is truck 5. By symmetry, truck 4 is also deleted from truck 5's list. Status
update: truck 2 is held by truck 4; in addition, the preference list of truck 5 becomes empty.

Now that trucks 1-4 are each held by a truck and truck 5 has an empty list, there does not exist a truck that is not held by another
truck and has a non-empty preference list. Per Algorithm 1, the iterations terminate.

As opposed to Ly, we use L to denote the preference lists at the end of the proposal-deletion process. If a truck’s list is empty in L4,
by symmetry the truck will not be on any other trucks’ lists. In other words, that truck can be excluded from platooning consideration.

The motivation for performing the above proposal-deletion process is to obtain ; which has reduced lengths for some (or all) of the
preference lists compared to [y. On the other hand, this process ensures that an MS-TPP solution in [; is also an MS-TPP solution in L.
This is shown in Proposition 1 below. But before presenting Proposition 1, we first introduce formally the notions of blocking pair and
stability of an MS-TPP solution, which are needed in proving the proposition.

Definition 1. Blocking pair. In a platooning solution, if there exist two trucks u and v in two different platoons that u and v prefer each other
to their respective current platooning partners, i.e., u and v want to break away from their current partners and form a new platoon with each
other, we call that u and v form a blocking pair.

In the example shown in Fig. 1, if the platooning solution is (1,2) and (3,4) being the formed platoons, then (1,3) presents a
blocking pair (as stated in the first bullet point in Fig. 1). Similarly, for the platooning solution (1,3) and (2, 4), (2,3) presents a
blocking pair (second bullet point in Fig. 1). For the platooning solution (1,4) and (2,3), (1,2) presents a blocking pair (third bullet
point in Fig. 1).

Definition 2. Stability of an MS-TPP solution. An MS-TPP solution is stable if there is no blocking pair, i.e., there do not exist two trucks u
and v in two different platoons in the solution that u and v prefer each other to their current partners. In the taxonomy of coalition formation, this
stability is termed core stability (Hajdukova, 2006).

Proposition 1. An MS-TPP solution in [, is also an MS-TPP solution in L.

Proof. Per the definition of an MS-TPP solution, the proposition holds if we can prove the following two parts. First, the platoons in
an MS-TPP solution in [, are stable among themselves in L. Second, the number of platoons in an MS-TPP solution in L; is no less than
the number of platoons in an MS-TPP solution in L,. Proving the first part is trivial: The formed platoons are stable among themselves,
regardless of whether they are in L; or Ly. So the focus is on proving the second part.

Since the proposal-deletion process is iterative, our proof of the second part takes an inductive approach. Let us use [L’{’1 and [L’{ to
denote the preference lists before and after the k th iteration (so [L(l) = Lo). Suppose that the k th iteration pertains to a truck u proposing
to the first truck on its current list, say v. v must accept u because otherwise, v must hold a more preferred truck which, per the proposal-
deletion process, must have led to deletion of u from v’s list and in turn deletion of v from u’s list earlier. The difference between 15!
and 1% is that truck pairs (w,v) with u>-,w are in 15! but not in 1¥.

Now consider an MS-TPP solution M*~! in 1X~1. If M*~! does not contain any platoon (w,v) with u>,w, then M¥~! is obviously also
an MS-TPP solution in ﬂ_’{. If M*~! contains platoon (wo,v) where wy is one of such w’s, we can construct a new MS-TPP solution in I]_’l"1

from M*~! that s also in [X. To do so, we note that u must not be in a platoon in M~ because in 157}, v is u’s most preferred truck. If u is
in a platoon, then its partner must be less preferred than v. Considering further that v prefers u to wy, u and v would form a blocking
pair, which means that M1 is not stable and thus a contradiction.

L kel ~ k-1 .
From M*~', we construct a new solution M = \(w,v) U (u,). From M*! to va , u gets its most preferred partner (v); v also

10
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~ k-1
gets more preferred partners (u instead of w). As M*~! is stable in 15X~ and the remaining platoons in M  are the same as in
~ )1
M*=1\ (w,v) — which is also stable, by adding (u,v) to va \(w, v) neither u nor v would be better off by breaking away and forming a
~k—1 ~k—

new platoon with another truck from an existing platoon. Thus, va is also an MS-TPP solution in 1X~. Noting further that e isin

~j-1
1%, M is a stable truck platooning participation (S-TPP) solution in L. Suppose that M* is an MS-TPP solution in L¥. Then, the
~k-1 ~k-1
M ‘ < ‘M"‘. Since [M*1| = ’Mk
inductively performing the above, we can arrive at the conclusion that the number of formed platoons in 1! is no less than the number
of formed platoons in Ly. Thus, the second part is proven. This completes the proof. |l

As a result of the proposal-deletion process, an important property of [; is that v is the first truck on u’s preference list if and only if u

is the last truck on v’s preference list in L;. This property will be very useful when performing phase 2. Below we give a proof of this
property.

L~k . .
number of platoons in Mk must be no greater than that in M¥, i.e., , we have [M*1| < |M¥|. By

Lemma 1. For any L, obtained after the proposal-deletion process, v is the first truck on u’s preference list if and only if u is the last truck on
v’s preference list.

Proof. We need to prove both directions. First, if v is the first truck on u’s preference list in L;, per the proposal-deletion process, it
must be that u proposed to v and v holds the proposal of u. Then again according to the proposal-deletion process, all trucks less
preferred than u will be deleted from v’s preference list. In other words, u is v’s last truck on v’s preference list.

Now we prove the other direction. If u is the last truck on v’s preference list in 11, then per the proposal-deletion process, it must be
that v accepted and holds the proposal of u as u proposed to v, which means v is the first truck on u’s preference list. This completes the
proof. W

This property can be easily verified in [; (the preferences shown in step 5) of the example in Table 2. Truck 2 is the first one on truck
1's list, while truck 1 is the last one on truck 2's list. Truck 4 is the first one on truck 2's list, while truck 2 is the last one on truck 4's list.
Truck 1 is the first one on truck 3's list, while truck 3 is the last one on truck 1's list. Finally, truck 3 is the first one on truck 4's list, while
truck 4 is the last one on truck 3's list.

In general, the preference lists of some trucks in L; contain multiple trucks. However, a special case is that each truck has at most
one truck on its preference list. In this case, we can readily identify an MS-TPP solution without proceeding to phase 2. Proposition 2
shows this.

Proposition 2. If each truck has at most one truck on its preference list in (1, an MS-TPP solution can be readily identified, without pro-
ceeding to phase 2.

Proof. Let us randomly pick a truck u whose preference list in 1; has only one truck v. Then u and v form a platoon in ;. We
repeatedly do this for all trucks whose preference lists in [; have only one truck. By symmetry, the number of these trucks is even, say
2n. So they end up forming n platoons, which is the maximum possible number of platoons that can be formed out of the 2n trucks. Note
that no two trucks from two different platoons want to break away from their current platooning partners and form a new platoon with
each other, since no such two trucks are on each other’s lists. So, the n formed platoons are stable among themselves, which give an MS-
TPP solution in ;. Using Proposition 1, this MS-TPP solution in L; is also an MS-TPP solution in Ly. This completes the proof. |l

If some truck preference lists in 1; have multiple trucks, phase 2 will be needed, to find an MS-TPP solution in L.

5.2. Phase 2: Rotation identification and separation/elimination

When some preference list(s) in L; have more than one truck, phase 2 proceeds which involves further reducing L; up to a point
where an MS-TPP solution can be easily constructed. Phase 2 starts by checking if there is any truck with an empty preference listin L;.
As mentioned in subsection 5.1, such trucks will not platoon with any other trucks. Thus, their preference lists can be removed. The
resulting reduced preference lists is termed L19. If no truck has an empty list in I3, L9 = L;. Then, phase 2 continues to iteratively
identify and separate/eliminate “rotations”, each of which is an artificial construct of a cyclic sequence of trucks, until no more rotation
can be identified. During this iterative process, we use X to denote the preference lists after k iterations, i.e., after k rotations are
identified and separated/eliminated. The preference lists at the end of the iterative process is denoted by L.

Because rotation plays a central role in the iterative process in phase 2, our exposition below starts with defining a rotation.

Definition 3. Rotation exposed in [L’;. A rotation p = (uy, ug, -+, ur)|(v1, V2, -+, vr) is a cyclic sequence of distinct trucks uy ,uz, ---,u,, where
truck vi,i = 1,2, ---,ris the most preferred truck of u; and also the second most preferred truck of u;_1, based on the preferences specified by 1X. i
is taken modulo r. So, truck v; is the most preferred truck of u; and the second most preferred truck of u,.

For the example in Table 2, (1,4)|(2, 3) is a rotation exposed in 13 (in this example, 1.3 consists of the preference lists of trucks 1-4).
In 1.9, truck 2 is the most preferred truck of truck 1, and the second most preferred truck of truck 4. Truck 3 is the most preferred truck
of truck 4, and the second most preferred truck of truck 1.

Given 1% in the iterative process, we need to first determine if a rotation can be identified. Lemma 2 shows that as long as there is a
truck whose preference list has more than one truck, a rotation exposed in 1% exists and can be identified.

11
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Table 3
L} after eliminating rotation (1, 4)|(2, 3) exposed
in L3 of Table 2.

Truck 1 3
Truck 2 4
Truck 3 1
Truck 4 2

Lemma 2. Given L%, if there is a truck whose preference list has more than one truck, then a rotation exposed in 1% exists and can be
identified.

Proof. Suppose that such a truck is u;. Let us use f(u1),s(u1),l(u1) to denote the first, the second, and the last truck on L§_ul , which
denotes u;’s list in 15, If L’gm has only two trucks, s(u;) = l(u;). Now, we identify the least preferred truck of s(u; ), denoted as uy =
I(s(u1)). Note that by symmetry and Lemma 1, u; will be on s(u; )’s list but is not the least preferred truck. So s(u; ) also has more than
one truck on its preference list L’;ls(ul). From uy, we do the same and identify us = I(s(uz)). This process repeats. Because the number of
trucks is finite, we will encounter a truck u, that I(s(u,) is a previously visited truck, i.e., I(s(ur) € {u1,uz, -+, u,}. Without loss of
generality, suppose I(s(ur) = u;. Then, trucks uy, us, -+, u, are distinct and form a cycle: u;,1=I(s(w),i = 1,2, ---,r modulo r. Modulo r
means u; = I(s(u,). From Lemma 1, we know that f(ui;1) = s(u;). So by Definition 3, (uy,uz, -, ur)|(s(ur), s(u1), -+, s(ui—1)) is a rotation.
This completes the proof. ll

Given a rotation, we now further introduce the definition of rotation elimination.

Definition 4. Rotation elimination. Suppose that (uy, s, -+, u,)|(v1, V2, -+, v;) is a rotation exposed in 1X. Sovi = f(u1) = s(uy), vo =
f(u2) = s(w), etc. The rotation is said eliminated if for each viy1,i = 1,---,r, we delete all trucks from L’;_VM that are less preferred than u; (i is

taken modulo 1), i.e., delete all w € L = that w=,, ,u;. By symmetry, we also delete truck v;,1 from the preference lists of these w’s.

2Vin1

Let us use the rotation (1,4)|(2,3) exposed in L3 of Table 2 to illustrate how rotation elimination works. For truck 2, we delete all
trucks in truck 2's list that are less preferred than truck 4. So, truck 1 is deleted from truck 2's list. By symmetry, truck 2 is deleted from
truck 1's list. Then we move to truck 3. We delete all trucks in truck 3'list that are less preferred than truck 1. So, truck 4 is deleted from
truck 3's list. By symmetry, truck 3 is deleted from truck 4's list. After the deletion (eliminating the rotation), the resulting L.} is shown
in Table 3.

The rotation elimination can be viewed as a modified proposal-deletion process applied to the rotation, with the modification that
each y; in a rotation proposes to the second truck on its preference list. While there seems no intuitive meaning for rotation elimination
at first sight, Propositions 3-5 below show that rotation elimination plays a key role in reducing 1 toward the final L,. These
propositions involve whether a rotation is odd, which we define below.

Definition 5. Odd rotation. If after eliminating a rotation (uy, uz, -+, ur)|(v1,v2, -, Vr), some truck u;(i = 1,---,r)’s preference list becomes
empty, then the rotation is called an odd rotation. Otherwise, the rotation is a non-odd rotation.

Let us again use the rotation (1,4)|(2,3) exposed in 19 of Table 2 to illustrate. The rotation is non-odd, since no preference list
becomes empty after eliminating the rotation (as shown in Table 3). As we will see in Proposition 3 below, the name “odd rotation” is
related to the fact that such a rotation has an odd number r. Also, it can be shown that the set of u’s and the set of v’s in an odd rotation
are the same and have the same ordering, although u; and v;,i = 1, ---, r are different. Moreover, each u; has exactly two trucks on its
preference list. These properties are proven below.

Proposition 3. Suppose that (uy,uz, -+, uy)|(v1, V2, -, V+) is an odd rotation exposed in [L’;. After eliminating this rotation, some truck u;’s
preference list becomes empty. Then the following are true:

(i) For each truck u;,i = 1,---,r, its preference list has exactly two trucks.
(ii) u; = vp4, Vi = 1, -+, r (subscript modulo ), where 2p -1 =r.

Proof. Without loss of generality, suppose that u; s list becomes empty after eliminating the rotation. Before eliminating the rotation,
vy is the second truck on u; ’s list. v; is deleted from u; ’s list only if u; is the second truck on some truck u,’s list and u, >, V2. (Note that
it cannot be that v, is the second truck on u,’s preference list and u,>,,u;, because in this case, v,,1 = v,. Per the rotation definition
and Lemma 1, up, is the last truck on v, (v2)’s list and uy is the last truck on v,’s list. But by definition of a rotation, u,,; and uy
should be distinct. Thus a contradiction.).

Given up,>,, vo and that v, is the second truck on u;’s list, u, must be the first truck on u;’s list, which is v,. So, u, = v;. Moreover,
given that u, is the second truck on u,’s list and per the definition of a rotation, u; = vp4,. Considering further that u; is the last truck
on v; (which is equal to up)’s list, u,’s list has only two trucks, v, and vp,1.

The above shows: 1) u,’s list has exactly two trucks; 2) u; = vp,1; and 3) vi = u, for a specific p (red color in Fig. 4(a)). So, v, s list,
which is the same as u,’s list, also just has two trucks. Per the definition of rotation, these two trucks are u; and u,. As u,’s list has v, and
Vp+1, and uy = V,,1, we must have u, = v,. Consequently, u, (= v,) is the first truck on v; (= u,)’s list, and per Lemma 1 v, is the last
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Fig. 4. Illustration of equalities between u’s and v’s.

truck on u,’s list. By rotation definition, v; is the second truck on u,’s list. Thus, u,’s list also has exactly two trucks. Considering that
u,’s list has only two trucks v, and v1, v, (= u)’s list must also have only two trucks, which are u,_; and u,. Since vi = u,, it must be
that v, = u,_1. In summary, we have shown further that: 1) u,’s list has exactly two trucks; 2) u, = vp; and 3) v, = u,_; (blue color in
Fig. 4(b)).

By inductively performing the above procedure, we can conclude that u;’s list has exactly two trucks for alli = 1,---,r. In addition,
we will have two sets of equalities. The first set is: u; = Vp41,U2 = Vp42, -+ (subscript modulo r). The second set is: u, = v1,up 1 = Vo,
(subscript modulo r). Because the two sets describe the same relationships between u;’s and v;’s, we have from the second set u; =
Vr_p+2 (nOte ur = V1, (_p). Because subscript is modulo r, we have u; = ury1 = vr_p12), which is also equal to v,,; from the first set.
Thus,r —p + 2 =p + 1, which means 2p —1 =r. In other words, we have u; = v,;,Vi = 1, .-, r (subscript modulo r), where 2p -1 = r.
This completes the proof. [l

From Proposition 3, we can see that the preference lists of trucks in an odd rotation are independent of trucks not involved in the
rotation. This is because any truck u; in an odd rotation has only two trucks on its list: v; and v;; 1, which are u;_, and u; 1 (subscript

modulo ) in the odd rotation. Thus, if an odd rotation exposed in L% is identified, the preference lists of trucks in the odd rotation can
be separated from 1%, leading to 15+ which correspond to the preference lists of the remaining trucks. An MS-TPP solution in 1% can be
sought by seeking an MS-TPP solution in the odd rotation and an MS-TPP solution in 1X*! separately, and then combine the two
solutions. We formalize this as Proposition 4.

Proposition 4. If an odd rotation exposed in 1% is identified, an MS-TPP solution in 1X can be sought by independently seeking an MS-TPP
solution in the odd rotation and an MS-TPP solution in 15, and then combine the two solutions.

It is also possible that a rotation exposed in [ is non-odd, i.e., no truck’s list after rotation elimination becomes empty. In this case,
suppose that eliminating the rotation leads to 15*!. Then, we claim that any MS-TPP solution in 1X*! is also an MS-TPP solution in 1.
To show this, we first note that going from 15 to 1%, which means adding back the eliminated truck pairs from 15*! to 1%, the formed
platoons in an MS-TPP solution in [L’;*1 do not change. So the stability among the formed platoons is intact. What remains to be shown
is that the number of formed platoons in an MS-TPP solution in 1X*! is the same as the number of formed platoons in an MS-TPP
solution in 1%, which is true if at least one MS-TPP solution in 1% is also an MS-TPP solution in 1X*!. We show this by introducing
two lemmas below.

Lemma 3. Suppose that (uy,uz, -, u)|(v1,va, -, V) is a non-odd rotation exposed in 1. In addition, suppose that there exists an MS-TPP
solution M in 1% where no u; and v; form a platoon with each other for i = 1, ---,r. After eliminating the rotation, the preference lists become
15*L. Then, at least one MS-TPP solution in 1% is also an MS-TPP solution in 15+,

Proof. The idea of the proof is similar to that for Proposition 1. We want to show that: (1) the formed platoons in an MS-TPP solution
in 151, M/, remain stable among themselves in 1; and (2) M| > |M]|. The first part is trivial. So the focus of our proof is on the second
part.

Two cases are possible for the formed platoons in M with respect to the rotation elimination:

Case 1. M does not contain any platoon (w,v;),i = 1,---,r, where w<,,u;_1. In this case, the formed platoons in M remain intact after
eliminating the rotation, i.e., these platoons remain intact and stable among themselves in 1X*!. Per the “maximum” definition of an
MS-TPP solution in 151, it must be that |[M/| > |M].

Case2. M contains at least one formed platoon of (w,v;),i =1,---,r, where w=,,u;_1. In this case, we first claim that u;_; must not be in
a formed platoon in M. This is because in [L’;, v; is u;_1’s second most preferred truck. If u; ; were in a formed platoon, then its partner
would be less preferred than v; considering that (u;_1,v;_1) is not a formed platoon in M and v; platoons with w<,,u;_1. Thus, (u;i_1,v;)
would present a blocking pair for M, which contradicts stability.

Now, we construct a new solution M= M\ (w,v;) U (u;_1,v;). From M to M', v; gets a more preferred partner u;_;. As M is stable in [L’;,
v; would not be better off by breaking away from u;_; in M". u;_; also would not be able to break away from v;. This is because the only

13



L. Barua et al. Transportation Research Part E 179 (2023) 103297

situation that u;_; breaks away is that (u;_1,v;_1) presents a blocking pair. But per the definition of a rotation, u;_; is the least preferred
truck of v;_1. In other words, v;_1, if in a formed platoon, would not want to break up with its current partner to platoon with u; ;. So,
M’ is stable among the formed platoons. As the number of formed platoons is unchanged from M to M’, M" is an MS-TPP solution in 1.
If there are multiple (w, ;) pairs in M, the above procedure will be performed multiple times one for each pair to obtain M".
Note that M" is in 15", So, [M/| > |M'|. In other words, [M| > |M|. Thus the second part is proven. This completes the proof. |l
Building on Lemma 3, a more general claim that at least one MS-TPP solution in 1X is also an MS-TPP solution in 15" after
eliminating a non-odd rotation can be made, as in Lemma 4.

Lemma 4. Suppose that (u1,uz, -+, u,)|(v1,Va, -+, ;) is @ non-odd rotation in L. After eliminating the rotation, the preference lists become
L&*1. Then, at least one MS-TPP solution in LY is also an MS-TPP solution in L5*1.

Proof. Let M denote an MS-TPP solution in H_’é. In M, three cases can be possible with respect to u; and v; (i = 1,---,r):

Case 1. Nouy; andvw;,i =1,--,r, form a platoon with each other in M. In this case, Lemma 3 has shown that at least one MS-TPP
solution in 1% is also an MS-TPP solution in L15+!.

Case2. Ally;andv;,i =1,--,r, form platoons with each other in M. In this case, let us consider a new platooning solution M’ from M:
we remove (u;,v;)’s and add (u;,vi1)’s fori = 1,---,r. In other words, M= M\{(u, Vi)}i:1.---,r U {(ui,vi41)}iy ... .- Compared to M where
each v; platoons with its least preferred truck u;, all v;’s in M’ are better off by platooning with u;_;. The only trucks which fare slightly
worse in M’ are u;’s, as each u; now platoons with its second preferred truck v;,; instead of the most preferred truck v;. So, if any
instability arises, it must be from (u;,v;)’s presenting blocking pairs. But now v; platoons with a more preferred truck u; ;. (u;, v)’s
cannot be blocking pairs. Thus, the new platooning solution M/, which has the same number of formed platoons as M, is an MS-TPP
solution in 1. Per Lemma 3, at least one MS-TPP solution in L% is also an MS-TPP solution in LX*!.

Case 3. Some but not all (u;,;)’s form platoons in M. Suppose that for some j, u; and v; form a platoon, but uj_; and v;_; do not. For
uj_1, there can be two possibilities. The first possibility is that u;_; platoons with some truck w # v;_;. For stability it must be that
wi-y,_,vj because otherwise, (y;-1,v;) would present a blocking pair (note that u; 1 >,u;). But per rotation definition, w can only be v;_1,
which is a contradiction. So the first possibility indeed cannot happen.

The second possibility is that 4;_; is not in a platoon in M. We consider a new matching M = M\ (;,v;) U (¢_1,¥). So in M", 4; and v;
do not form a platoon. If M has more platoons like (u;,v;), the above is repeated until getting a matching M"” where no y; and v;, i = 1,--,
r, form a platoon with each other. Following the same argument as for case 2 in the proof of Lemma 3, it can be shown that M"” is an MS-
TPP solution in 1X. Per Lemma 3, at least one MS-TPP solution in L¥ is also an MS-TPP solution in 15", This completes the proof. Il

With Lemma 4, we now show that any MS-TPP solution in LX*! is also an MS-TPP solution in L if the eliminated rotation is non-
odd.

Proposition 5. Suppose that (ui,us, -+, u)|(v1,V2, -+, V) is a non-odd rotation in [L’;. After eliminating the rotation, the preference lists
become 151, Then, any MS-TPP solution in 15! is also an MS-TPP solution in 1.

Proof. Suppose M’ is an MS-TPP solution in L*!. Lemma 4 suggests that, when the eliminated rotation is non-odd, |M | = |M| where M
denotes an MS-TPP solution in 1. Because the truck platoons in M' do not change after adding back the eliminated truck pairs, the
stability among the formed platoons in M’ remains intact in 1%. So, M' is also an MS-TPP solution in [X. This completes the proof. Il

It is worth having a brief comparison of Lemmas 3-4 and Proposition 5 with a similar theorem (theorem 3.7) in Tan (1990). In our
exposition, we first frame the objective as showing that any MS-TPP solution in 15*! is also an MS-TPP solution in [X. Doing so requires
showing both “maximum” and “stability”. As “stability” can be intuitively seen, the focus of the proof is on the “maximum”, for which
three steps are taken. Step 1 considers just one case that an MS-TPP solution in [L’; has no y; and v; in the non-odd rotation form a
platoon, and shows that at least one MS-TPP solution in [L'2< is also an MS-TPP solution in [L’;*1 (Lemma 3). Step 2 builds and expands the
conclusion of step 1, by showing more generally that after eliminating a non-odd rotation, at least one MS-TPP solution in L& is also an
MS-TPP solution in [L’z‘“. In step 3, the conclusion from step 2 is leveraged to demonstrate that any MS-TPP solution in [L’z‘“ is also an
MS-TPP solution in 1. Different from this, Tan’s theorem focuses on stability with a quite lengthy proof which involves making a new
claim (which, when put in the truck platooning context, would be that an MS-TPP solution in L, with no (u;,v;) forming a platoon
exists) and considering whether u’s and v’s have common elements, both unnecessary in our proof.

With Propositions 4 and 5, we propose Algorithm 2 to seek an MS-TPP solution starting from [.9. At the k th iteration, we identify a
rotation from 1 (line 3). If the rotation is odd, we separate the rotation by storing it and removing the lists of all u’s involved in the
rotation from [L’; (lines 5-6). If the rotation is non-odd, eliminate the rotation (line 8). Then we update the preference lists to [L’;+1 (line
11). The iterative procedure continues until no more rotation can be identified.

Algorithm 2: Seeking an MS-TPP solution in L3

(continued on next page)
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(continued)

Algorithm 2: Seeking an MS-TPP solution in L3

1 input: preference lists L3 from phase 1

2 setk =0

3 while a rotation exposed in L% can be identified

4 if the rotation is odd, do

5 Store the rotation

6 Remove the lists of all u’s involved in the rotation from 1%
7 else

8 Eliminate the rotation

9 end if

10 set 1571 to be the current preference lists

11 updatek =k + 1

12 end while

13 Pair trucks based on the final preference lists L, = L&

14 for each odd rotation (uy,uz, -+, ur)|(v1,v2, -+, V), do

15 Form truck pairs (u1,up), (U2, Ups1), -+, (Up-1,Uzp-2) Where 2p—1 =r
16 Remove uy, 1

17 end for

18

Combine the truck pairs obtained from lines 11-15, which form an MS-TPP solution in 13

After performing line 12 of Algorithm 2, we will have 1) a set of odd rotations and 2) a set of trucks each having only one truck on its list
(if the preference list of any truck has more than one truck, per Lemma 2 a rotation exposed in the preference lists can be identified).
From Propositions 4 and 5, an MS-TPP solution in L3 can be sought by independently seeking an MS-TPP solution in L, (line 13) and in
each odd rotation (lines 14-17), and then combining the MS-TPP solutions (line 18). In L2, each truck has only one truck on its list. So
forming platoons is simply pairing trucks that indicate preference of each other. The formed platoons are stable, because no two trucks
in two different platoons are on each other’s lists.

For trucks in an odd rotation, recall that the number of trucks in an odd rotation is odd (Proposition 3(ii)). The maximum possible
number of truck platoons that can be formed from an odd rotation (u;, uz, -+, u,)|(v1, V2, -+, Vr) is (r—1)/2, by removing one truck and
pairing the remaining trucks. Also recall that each u; in an odd rotation has only two trucks on its list: v; and v;1 (Proposition 3(i)). If
we pair u; with v; (which is u, with 2p —1 = r per Proposition 3(ii) and also shown in Fig. 4), then v,, which is u, 1, can only pair with
up. By induction, the formed platoons are (uy,u), (Uz, Up+1),*+, (Up—1,Uzp—2). Because each u; (i = 1,---,p —1) platoons with its most
preferred truck, these formed platoons are stable among themselves. This leaves uy,_; (or u,) unmatched, which will be removed.
Consequently, (u1,up), (U2, Up+1), -+, (Up-1, Uzp—2) form an MS-TPP solution in the odd rotation. As u;’s and v;’s are cyclic (Proposition 3
(ii)), we can remove any truck depending on which truck is viewed as 1; in the above pairing. This does not change stability among the
formed platoons.

With the two-phase algorithmic approach fully described, we formalize the claim that this approach leads to an optimal solution, i.
e., a solution that is MS-TPP.

Proposition 6. The two-phase algorithmic approach yields an optimal solution, i.e., a solution that is MS-TPP.

Proof. We prove optimality of the solution from the two-phase algorithmic approach in a backward fashion. We know that per-
forming the first part of phase 2 (up to line 12 in Algorithm 2) leads to decomposition of the truck population into two groups: (1)
trucks that are only left with one platooning partner and 2) trucks that are in odd rotations. From Propositions 4 and 5, an MS-TPP
solution in L can be obtained by performing the second part of phase 2 (after line 12 in Algorithm 2), i.e., forming platoons inde-
pendently for trucks in group (1) and for trucks in each odd rotation in group (2). Recall that LJ is L; excluding trucks that have empty
preference lists in ;. Thus, the obtained MS-TPP solution in I]_g is also an MS-TPP solution in L1, which is the truck preference lists after
performing phase 1. By further recalling Proposition 1, we can claim that this MS-TPP solution is an MS-TPP solution in Lo, the original
truck preference lists. So by performing the two-phase algorithmic approach, the obtained solution is an MS-TPP solution with respect
to the original truck preference lists. This completes the proof. |l

5.3. Computational complexity investigation
After detailing the two phases, it is useful to gain some further understanding about the computational complexity of the overall
approach. The detailed analysis is presented in Proposition 7 below.

Proposition 7. For n trucks, the computational complexity of the two-phase approach while seeking an MS-TPP solution is O(n®).

Proof. We investigate the computational complexity of each phase, based on which the overall computational complexity is
concluded. Phase 1 consists of each truck u proposing to its most preferred truck v and v deleting trucks that are less preferred than u on
v’s list. A truck can propose to up to (n —1) trucks. So, the total number of proposals for the n trucks is bounded by n(n —1). A truck can
delete up to n —1 trucks from its list. So the total number of deletions for the n trucks is bounded by n(n —1). As each proposal and each
deletion correspond to one operation, the computational complexity of phase 1 is O(n?).
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As illustrated in Algorithm 2, phase 2 consists of three parts: rotation identification, rotation separation (odd rotation)/elimination
(non-odd rotation), and formation of truck platoons. For rotation identification, the worst case is that we go through all trucks before
uncovering a rotation (recall the proof of Lemma 2). As a result, the computational complexity for identifying one rotation is O(n). We
need to know how many rotations are identified. To do so, suppose that the length of the first identified rotation is r; (i.e., the rotation
would look like (uy,uz,---,ur, )|(v1,V2,+,Vr, ). If the rotation is odd, each of u;, uz, ---, u,, has exactly two trucks on its preference list. The
rotation separation is equivalent to deleting two trucks from each of u; ,us,---,uy, ’s lists. Thus in total 2r; deletions. If the rotation is non-
odd, at least 2r; truck deletions will be performed (deleting u; from v;’s list and vice versa, for i = 1, ---,r1). Let M denote the total
number of rotations identified in phase 2. 2r; 4+2r; +--- +2ry is bounded by the total number of trucks in all trucks’ preference lists,
which is at most n(n—1). Thus, 2r; + 2r; + --- + 2ry < n(n — 1). Considering further that r,, > 2,m =1,2,---,M, M is bounded by
n(n—1)/4. So overall, the computational complexity for rotation identification is O(Mn) = O(n?).

For rotation separation (odd rotation)/elimination (non-odd rotation), since the total number of trucks in all trucks’ preference lists
is bounded by n(n —1), the computational complexity of rotation separation/ elimination, which is about separating the preference
lists of some trucks (for odd rotations) or deleting some trucks from truck preference lists (for non-odd rotations), does not exceed
O(n?). For formation of truck platoons, given that the number of formed platoons is at most n/2, the computational complexity is O(n).
Putting the three parts together, the computational complexity of phase 2 is dominated by rotation identification. The overall
computational complexity of the two-phase approach is dominated by phase 2, and equal to O(n®). This completes the proof. |l

6. An integer programming approach

This section provides an alternative approach to solve the MS-TPP problem by integer programming. While the two-phase algo-
rithmic approach is theoretically guaranteed to lead to an MS-TPP solution, pursuing an integer programming approach serves for two
purposes: first, the integer programming approach provides a further verification of the MS-TPP solution correctness of the two-phase
algorithmic approach, in terms of the maximum number of platoons formed; second, the integer programming approach provides a
benchmark for the solution time needed, which will show the computational advantage of the algorithmic approach. To our knowl-
edge, no prior work exists on developing a mathematical programming model for the MS-TPP problem. On the other hand, inspired by
earlier investigations of the relationship between stable matching and linear inequalities (Abeledo and Ruthblum, 1994; Teo and
Sethuraman, 2000), we propose the following integer linear programming (ILP) model to solve MS-TPP:

max Z wa “4)

w:L,#@ veL,
S.t.
D <1 Vuil #0 ©)
veL,
Xy = Xou, Y(u,v): veL,andu €L, 6)
Z Xui t Z Xy <1, VY(u,v): veL,anduel, @
i<y, 1L, =i, JEL,
Xy €4{0,1}, Y(u,v) €l 8)

In the ILP, the decision variables are x,,’s which indicate whether truck u forms a platoon with truck v. The objective function (4)
maximizes the number of platoons formed. We first sum over all trucks (u’s) whose preference lists are non-empty. For each such truck
u, we sum over all the partner trucks on its preference list. Constraint (5) says that any truck u whose preference list is non-empty can
platoon with at most one truck on its preference list. Constraint (6) describes symmetry in truck pairing: for any v that is on u’s
preference list (in turn u is on v’s preference list), x,,, and x,, must be equal. This is intuitive as x,, means that u forms a platoon with v,
and x,, means that v forms a platoon with u. Constraint (7) characterizes stability, ensuring that any two trucks u and v, which are in
two different platoons, cannot break away from their current platoons and form a new one. This would happen if truck u platoons with
a truck that is less preferred than v, and truck v platoons with a truck that is less preferred than u. So it cannot be that > Xpi =1
and 7, o, %y = 1 at the same time. In other words, the left-hand side of constraint (7) cannot be two (but can be equal to one if only

i=yV, i€Lly

one of the equalities holds). Finally, constraint (8) specifies the binary requirement for the decision variables. Given that the problem
of finding a stable matching that maximizes a linear function is NP-hard (Feder, 1992; Abeledo and Rothblum, 1994), ILP (4)-(8) is NP-
hard.

7. Numerical experiments
In this section, the MS-TPP problem is solved by both the two-phase algorithmic and the integer programming approaches
numerically in a regional road network setting (Fig. 5). We start by describing the experiment setup in subsection 7.1. In subsection

7.2, we discuss results from the base scenario with 1,000 trucks. The discussions include the computational aspects of the two-phase
algorithmic approach in comparison with the integer programming approach, and the platooning outcomes by solving the MS-TPP
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Fig. 5. The sketchy northern Illinois road network considered for the numerical experiments.

o

300 A

250 A

200 A

150 -

Number of trucks

100 -

50 A

D A Q > () O 42 »
M o ) N %) ) > Q
15 Nl & N N N " "X ! p

OD distance (miles)
Fig. 6. Distribution of truck traffic by OD distance.
problem. As scalability is of particular interest, we devote subsection 7.3 to examining additional scenarios with larger problem sizes.
All experiments are conducted on a PC with Intel Core (TM) i7 2600 3.40 GHz CPU, 16 GB RAM, and Windows 10 operating system.

The two-phase algorithmic approach is coded in Python 3.6. The ILP model is coded and solved using branch-and-bound in CPLEX
12.10.
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Fig. 7. Average computation time for the algorithmic and the integer programming approaches, over five randomly generated instances for each
problem size.

7.1. Experiment setup

We consider a sketchy northern Illinois road network for our numerical experiments (Fig. 5). This network connects nine major
cities in the state (Chicago, Aurora, Joliet, Rockford, Springfield, Peoria, Elgin, Champaign, and Waukegan) which serve as origins and
destinations of truck trips. Thus, the network has 72 different ODs. Two cities are connected by one direct link or a set of consecutive
links. Fig. 5 displays these cities (red triangles) and the connected links. The intersection points of the links are also shown as nodes in
the network (grey nodes). In total, the sketchy northern Illinois road network has 17 nodes and 26 bidirectional links. The lengths of
the links are presented in Table A1 of Appendix A.

While data on the actual truck traffic flow on the network are not available, we consider a base scenario of 1,000 trucks in the
network for a period of four hours, and three alternative scenarios with 2,000, 3,000, and 4,000 trucks for the same period length. For
the base scenario, we assign the 1,000 trucks to the 72 ODs based on weights of the ODs. The weight of an OD is constructed as the
product of the origin and destination cities’ population, divided by the square of the total population of the nine cities. The city
population information is obtained from the World Population Review (2021). By doing so, population is used as a proxy for a city’s
ability to generate and attract truck traffic. The weights of the ODs and the truck traffic volume for the base scenario are shown in
Tables A2 and A3 of Appendix A. As a crosscheck, the resulting OD truck traffic between Champaign and Chicago on a per hour basis is
found comparable with a recent estimate using the Freight Analysis Framework (FAF) data from the US Federal Highway Adminis-
tration (Noruzoliaee et al., 2021; FAF, 2019). Note that the actual truck traffic on the road links is higher because of traffic of other
ODs, which is especially relevant to the Chicago metropolitan region which is a national freight hub. Fig. 6 shows the distribution of
truck traffic by OD distance. A significant portion of the traffic is for short distances, which is attributed to the population concen-
tration in Chicago and cities in the surrounding area (Waukegan, Elgin, Aurora, and Joliet).

Given the truck volume for each OD, we assume that each truck intends to travel along the shortest distance route. The preferred
departure time of a truck is randomly generated during the four-hour period. Because of the randomness, for each scenario a number of
problem instances are tested. In Section 7.2, 50 instances are tested except for (1) comparing with the integer programming approach,
for which the average results are based on five instances; and (2) comparing with maximization of system utility gain, for which 20
instances are tested. The two exceptions are made because both involve solving ILP which takes a very long time. In Section 7.3, 20
instances are tested for each of the scenarios. We consider truck fuel efficiency at 6.5 miles per gallon (Schoettle et al., 2016). The
average speed on the network is 60 mph. When platooning, the inter-truck distance is assumed at 0.2 s, which is associated with an
average fuel saving per platooning truck at 7.1 % (McAuliffe et al., 2018). We use this average to compute fuel saving benefits for all
the formed platoons in the experiments. The fuel cost is assumed at $5.5/gallon and the waiting time cost at $0.60/min.

7.2. Results from the base scenario (1,000 trucks)

This subsection presents the numerical experiment results for the base scenario with 1,000 trucks. We first focus on the compu-
tational aspects of the results for the two-phase algorithmic approach in comparison with the integer programming approach (Section
7.2.1). Then we compare the MS-TPP outcome with a greedy approach for platoon formation, and investigate the outcome in terms of
truck departure delay, platooning length, fuel saving, and utility gain (Section 7.2.2).

7.2.1. Investigation of the computational aspects

Fig. 7 shows the average computation time needed for the algorithmic and the integer programming approaches, averaged over five
randomly generated instances. To provide additional comparisons, we also solve smaller instances of 750, 500, and 250 trucks, each
again with five randomly generated instances, and report the computation time. Because the variation of computation time across
instances for each problem size is very small, only the averages are reported. For all problem instances, we find that the number of
formed platoons is the same using the two approaches, which empirically validates the theoretical correctness of the algorithmic
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Table 4

Truck pairs and rotations information when performing the two-phase algorithmic approach over 50 problem instances: average
and standard deviation (in parentheses).

Start Number of truck pairs in preference lists 1,281 (11.8)

Phase 1 Number of truck pairs eliminated 527 (5.3)

Phase 2 Number of odd rotations identified 13 (0.4)
Number of non-odd rotations identified 73 (4.0)
Number of truck pairs eliminated with non-odd rotations 414 (3.6)

approach.

Computationally, the algorithmic approach demonstrates a significant advantage: for 250 trucks the algorithmic approach only
takes on average 6.1 s to solve the MS-TPP problem. By contrast, the integer programming approach takes 331 s (5.5 min), or 54 times
the computation time. The contrast becomes even more prominent as the problem size gets larger. For 1,000 trucks the computation
time for the algorithmic and the integer programming approaches is 77 s (1.3 min) and 57,893 s (16.1 h), or 751 times of difference.
Noting that the vertical axis is in logarithmic scale, the computation time by the integer programming approach follows a highly
nonlinear increasing trend (for the problem size from 250 to 1,000 trucks — a four-time increase, the computation time increase is 175
times; in contrast, the computation time increase for the algorithmic approach is only 13 times). Clearly, the algorithmic approach is
the preferred choice for tackling the MS-TPP problem.

To further understand the computational aspects of the algorithmic approach, we decompose the computation time spent by the
platform into three parts: 1) the time for computing platooning length and departure delay for each of the platooning opportunities; 2)
the time for performing phase 1; and 3) the time for performing phase 2. These times are averages over 50 randomly generated in-
stances. The decomposition results are shown in Fig. 8. It can be seen that computing platooning lengths and departure delays, which is
performed following the procedure described in section 4 prior to executing the two-phase algorithm, takes a considerable portion
(41.7 %) in the total computation time. However, as our computation deals with one platooning opportunity at a time, the computation
time can be substantially reduced if parallel computing (i.e., multiple platooning opportunities are simultaneously examined) is
employed. Between the two phases of the algorithm, phase 1 takes less than half the time of phase 2, which is not surprising as phase 1
performs simpler operations of proposing and deletion, while phase 2 involves operations of greater complexity including identifying
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Fig. 9. Percentage of trucks in platooning with MS-TPP and a greedy approach under the base scenario.
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Fig. 10. Comparison of system utility gain under MS-TPP and system utility gain maximization.

rotations, determining whether a rotation is odd, and performing rotation separation (if odd) and elimination (if non-odd).

Table 4 provides additional information about the algorithmic computation, in terms of the number of truck pairs (i.e., platooning
opportunities) and rotations. The numbers are again averages over the 50 instances, with the standard deviations in parentheses. It can
be seen that the standard deviations are quite small compared to the averages. Through the proposal-deletion process in phase 1, about
40 % (527/1,281) of the truck pairs are eliminated. In phase 2, the number of non-odd rotations identified (73) is much greater than
the number of odd rotations identified (13). From the non-odd rotations, another 32 % (414/1,281) of the truck pairs are eliminated.

7.2.2. Investigation of the platooning outcomes

While Section 7.2.1 focuses on the computational aspects of the two-phase algorithmic approach, this subsection looks into the
outcomes from solving the MS-TPP problem. The left part of Fig. 9 shows a violin plot of the percentage of trucks that end up pla-
tooning across the 50 problem instances (where the curve corresponds to a kernel density estimation flipped vertically). The distri-
bution has a relatively small range between about 60 % and 62.5 %, with the median percentage at 60.8 %.

For comparison, we also perform a greedy approach where a truck only myopically tries to form a platoon with a peer truck that has
the same origin and the same destination, and is next to it in terms of preferred departure time. More specifically, for each OD, trucks
are first sorted by their preferred departure time. Then, we investigate forming a platoon between the first two trucks, i.e., the trucks
that have the earliest and the second earliest preferred departure time. If both trucks gain positive utilities, the platoon is formed. We
then move to looking into the third truck platooning with the fourth truck. If the first truck does not gain a positive utility (due to the
incurred departure delay cost exceeding the fuel saving benefit), the truck will not gain a positive utility by platooning with any later
trucks since it would incur even greater departure delay. Thus, the first truck will travel alone. We move to looking into the second
truck platooning with the third truck. This process continues until reaching the last truck of the OD.

The right part of Fig. 9 shows a violin plot of the percentage of trucks that end up platooning across the same 50 instances using the
greedy approach. We see that the greedy approach yields a lower percentage of trucks in platooning, with the median value at 47.2 %.
In addition, the variation of the percentage is greater, from below 45 % to about 50 %, which may be attributed to the fact that the
greedy approach offers each truck fewer platooning opportunities. Furthermore, the formed platoons are not guaranteed to be stable.
Given a larger number of platoons formed, less variation in the platoon formation results, and stability among the platooning trucks,
taking an MS-TPP perspective is clearly superior to the greedy approach for truck platooning.

Another comparison we make is on the system utility gains between MS-TPP solutions and solutions that maximize system utility
gain, which does not account for stability and is often considered in the truck platooning literature. The comparison is useful to
understand the utility gain gap if the intent is to maximize the number of platooning trucks, rather than to maximize system utility
gain. Given a problem instance, the maximization of system utility gain can be sought by formulating and solving the following ILP
model:

max Z Z WXy 9

wl,#@ veL,

s.t.

D <1, Vu L #@ (10)

vELy
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Fig. 11. Departure delay distribution among platooning trucks under the base scenario.
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Fig. 12. Platooning length distribution among platooning trucks under the base scenario.

Xuy = Xpu, V(u,v): vEL,andu €L, an
Xov € {01}, V(u,v) €l (12)

where the decision variables x,, are the same as in ILP (4)-(8). The sum of utility gains of trucks u and v when forming a platoon with
each other is denoted by wy,. Recalling Eq. (1), wyy = AUy + AUyy. Constraints (10)-(12) are the same as (5)-(6) and (8)
respectively. As solving ILP (9)-(12) for one problem instance takes about 3—-4 h, here the comparison is made for 20 instances. Fig. 10
shows the resulting system utility gains under MS-TPP and system utility gain maximization. We can see that the difference is quite
small. On average across the 20 instances, the system utility gains under MS-TPP and system utility gain optimization are $2,566 and
$2,653 respectively, or 3.4 % difference (with MS-TPP as the base).

Figs. 11-13 give more details about the MS-TPP outcome using results from all 50 instances. A histogram of departure delay of
platooning trucks is plotted in Fig. 11. We observe that overall, the departure delay is small in the order of minutes. A significant
portion of the platooning trucks actually have zero departure delay. This is because for a platoon, only the truck that arrives earlier at
the start of the platooning length will incur a departure delay, while the other truck will not. For the platooning trucks with small non-
zero departure delay, the small delay also makes intuitive sense given the stability requirement: if departure delay were too large, it
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Fig. 14. Scatterplot of platooning truck fuel saving vs. OD distance and the associated regression line under the base scenario.

would mean that trucks made lots of schedule deviation efforts to form a platoon. Consequently, trucks in such platoons would likely be
less stable and break away to platoon with another truck that would require less schedule deviation effort.

Fig. 12 shows a histogram of the platooning length of platooning trucks. In principle, the distribution of platooning lengths is
affected by the OD distance distribution (as shown in Fig. 6) and truck traffic on these ODs. We can see that a large number of platoons
travel for a distance of around 42-52 miles. The concentration of platooning lengths in this short distance range is attributed to the
heavy truck traffic volume between Chicago and cities in the surrounding area. On the other hand, over 2,000 platoons are observed in
several other distance ranges (92-102, 132-152, 172-182, and 202-212 miles), which may be associated with the non-trivial truck
traffic between cities in the Chicago metropolitan region and farther-away cities such as Springfield, Champaign, and Peoria.

For the utility gain of platooning trucks, Fig. 13 shows that most platooning trucks will receive a utility gain between $0 and $3,
while the platooning trucks with a utility gain ranging between $4 and $11 are more or less evenly distributed. The fairly small utility
gains are the result of a relatively small network considered (northern part of Illinois, which itself is a medium-size state in the US) and
arelatively small number of trucks (1,000). It is worth recalling that the actual number of trucks traveling on the network is larger than
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Fig. 16. Impact of the number of trucks on computation time (a) and percentage of trucks platooning (b).

the ones considered here because of truck traffic of other ODs beyond the network. The implications of a larger truck traffic volume will
be investigated in Section 7.3.

Lastly, we investigate the relationship of fuel saving and utility gain of platooning trucks as a function of OD distance. Figs. 14-15
present the scatterplots of platooning trucks over the 50 instances, in which larger dots correspond to a greater number of data points
taking the same value, which can happen when the platooning length of a number of trucks is the same. For example, trucks of the same
OD can form and travel in platoon throughout the entire trip, resulting in the same fuel saving for these trucks.' In each of these
platoons, at least one truck will have zero departure delay. Thus, these trucks with zero departure delay will have the same utility gain.
Following this thought, it is not surprising to see that the scatterplot of Fig. 14 is upper-bounded by dots which form a straight line if
connected. The straight line will cross the origin as fuel saving is proportional to the platooning length, which is the OD distance for
these trucks. In the utility gain plot of Fig. 15, the upper-bounded dots correspond to a subset of the trucks whose departure delay is
zero. Thus, utility gain of these trucks is only fuel saving benefit, which is proportional to OD distance.

In Figs. 14-15, we also run regression based on the scatterplots. The regression results, displayed on top of each figure, show that on

! Recalling section 3, we consider that fuel savings of a platoon are evenly shared between the two trucks in the platoon.
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Fig. 17. Departure delay distributions among platooning trucks under the base and the 4,000-truck scenarios.
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Fig. 19. Utility gain distributions among platooning trucks under the base and the 4,000-truck scenarios.

average, a 10-mile OD distance increase will lead to 0.079 gallon of fuel saving and $0.382 utility gain for a platooning truck in the
studied network. The 0.079 gallon of fuel saving is less than fuel saving when a truck platoons all the way along the 10-mile distance,

which would be #“;i};ﬂnm x 7.1% = 0.11 gallon. This is not surprising as on average a truck will not platoon all the way in its

journey. Similarly, due to departure delay cost, the marginal utility gain is less than the marginal fuel saving benefit, which is

0.079 gallon x 235 = $0.43.
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Fig. 21. Scatterplot of platooning truck fuel saving vs. OD distance and the associated regression line under the 4,000-truck scenario.
7.3. Results from alternative scenarios with more trucks

To further investigate scalability of MS-TPP and the two-phase algorithmic approach, in this subsection we consider three alter-
native scenarios with the total number of trucks at 2,000, 3,000, and 4,000. For each scenario, we randomly generate and then solve 20
instances. The remaining setup is the same as for the base scenario. As mentioned earlier, considering a larger number of trucks is
relevant given that the Chicago metropolitan region is a national freight hub with inbound/outbound/through truck traffic beyond the
OD traffic considered in the base scenario. Although the origin and/or the destination of the additional trucks may not be in the
network, we consider that when traversing a route in the network, a truck has an expected leaving time from the start of the route,
which may be viewed as its preferred departure time. In addition, to gain a positive utility these trucks are willing to delay the leaving
time from the start of the route in order to form and travel in a platoon in the network.

Fig. 16(a) shows a slightly more-than-linear increasing trend of the average computation time over the 20 instances for each of the
four scenarios, as we increase the number of trucks from 1,000 to 4,000. When 4,000 trucks are considered, the average number of
truck pairs in the preference lists at the start of the algorithm is 10,761. Solving an instance of such problem size takes about 700 s (or
less than 12 min) on average. Given that MS-TPP is an operation planning problem and 4,000 trucks correspond to a large problem size,
spending 700 s to solve a problem of this size will not be unacceptable. The empirical computation time increase as a function of the
number of trucks presented here suggests that the actual computation effort is likely to be less than the theoretical bound derived in
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Fig. 22. Scatterplot of platooning truck utility gain vs. OD distance and the associated regression line under the 4,000-truck scenario.

Section 5.3. Fig. 16(b) displays the distribution of the percentage of trucks that end up platooning over the 20 instances for each of the
four scenarios. It is found that a greater portion of trucks will platoon as more trucks are considered. This is not surprising, as more
trucks present in the network provide a truck with more platooning opportunities. Another observation is that as the number of trucks
increases, stochasticity across problem instances diminishes. In other words, as each truck is given more platooning opportunities, the
system will become more certain about the percentage of trucks that end up in platooning.

As a result of more platooning opportunities, considering a larger number of trucks brings greater benefits to platooning trucks in
the forms of shorter departure delay, longer platooning length, and more utility gain. Figs. 17-20 plot histograms of departure delay,
platooning length, and utility gain of platooning trucks for the base (1,000 trucks) and the 4,000-truck scenarios. It should be noted
that the histograms for the base scenario here are not exactly the same as in Section 7.2, because here we use 20 randomly generated
instances instead of 50 in Section 7.2. Fig. 17 suggests that when 4,000 trucks are in the system, a higher portion of trucks will be able
to find a close-by truck — both spatially and temporally — to form a platoon with zero or one minute of departure delay. In contrast, the
portion of platooning trucks experiencing two or more minutes of departure delay is reduced.

With more trucks as potential platooning partners, a truck is likely to be able to platoon for a longer distance. This is shown in
Fig. 18 with multiple higher bars at longer platooning lengths. Combining the reduced departure delay and greater fuel saving benefits
due to platooning for longer distances, the average utility gain per platooning truck is expected to increase. Fig. 19 appears to confirm
this speculation, with a larger portion of trucks enjoying higher utility gains (higher blue bars at large utility gain values). A further
comparison of the utility gain per platooning truck across the four scenarios is illustrated in violin plots of Fig. 20. The figure clearly
shows that as the number of trucks increases, the average utility gain per platooning truck also increases, from $4.17 per platooning
truck with 1,000 trucks to $5.43 with 4,000 trucks, or about 30 % increase. In addition, there seems to be a trend of reduced variation
across different problem instances as more trucks are considered. These results suggest that if different areas were to be selected for
MS-TPP implementation, areas with denser truck traffic should be given higher priority.

Figs. 21-22 present the scatterplots of platooning truck fuel saving and utility gain as a function of OD distance for the 4,000-truck
scenario. All data from the 20 instances are shown on the figures. Similar to Figs. 14-15, larger dots in these two figures correspond to a
greater number of data points from the 20 instances that take the same value. Most of the larger dots are located along the upper
boundary associated with trucks that travel in platoon throughout their trips (in Fig. 22, those trucks will have zero departure delay).
In Fig. 21, the regression result indicates a larger marginal effect of OD distance on fuel saving for the 4,000-truck case than for the
1,000-truck case. In fact, based on the regression equations fuel saving will always be larger for the 4,000-truck case across almost all
OD distances (except for very small OD distances). This is not surprising, as more trucks allow for greater and better platooning
opportunities leading to more fuel saving. The goodness-of-fit measured in R? is better for the 4,000-case as well, at 0.93 as opposed to
0.71. This can be attributed to a greater portion of the formed platoons consisting of two trucks of the same OD, in which case pla-
tooning truck fuel saving is proportional to OD distance. This, together with the reduced departure delay, also leads to a substantially
increased R? (from 0.6 in Figs. 15 to 0.91 in Fig. 22) when regressing utility gain on OD distance. The regression line slope is increased
from 0.0382 to 0.0556, which is slightly smaller than the fuel saving benefit when traveling an additional mile in platooning

(W’?};llm x 7.1% x gt?[fn = $0.06). As not all trucks platoon throughout the entire OD distance and departure delay still occurs to

some platooning trucks, the negative intercept reflects these effects on the utility gain.
8. Summary, discussions of limitations, and future research
In this research, we propose a platform-based platooning system to maximize participation of two-truck platooning considering

stability of the formed platoons which arises from truck preferences for platooning partners. The preferences depend on the benefits of
fuel saving and schedule adjustment to coordinate the time for platoon formation. We consider truck preferences such that all
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Table Al

Link lengths of the network (in miles).
Node Node Length Node Node Length
Rockford Rochelle 25 Decatur Champaign 49
Rockford Elgin 52 Elgin Aurora 22
Rochelle Lasalle 43 Elgin Mayfair 32
Rochelle Aurora 45 Aurora Joliet 23
Peoria Lincoln 45 Aurora Naperville 11
Peoria Bloomington 38 Joliet Chicago 40
Lincoln Springfield 34 Joliet Homewood 26
Lincoln Bloomington 32 Champaign Homewood 118
Springfield Decatur 40 Naperville Chicago 33
Lasalle Bloomington 67 Waukegan Mayfair 38
Lasalle Joliet 56 Mayfair Chicago 10
Bloomington Decatur 46 Chicago Homewood 26
Bloomington Joliet 98 Bloomington Champaign 50

platooning trucks receive a positive utility gain compared to traveling alone (thus trucks have an incentive to participate). Moreover,
the formed platoons are stable in the sense of core stability that no two trucks in two platoons would break away from their current
platoons and platoon with each other. Tackling this operation planning problem, the proposed system involves a platform interacting
with individual trucks in a way that reduces truck communication and computation burdens, mitigates truck privacy concerns of
sharing sensitive proprietary information with other trucks, and overcomes the issue of trucks misreporting private information. The
central methodological investigation of the interactive process is on how to solve the MS-TPP problem, for which a two-phase algo-
rithmic approach is proposed. The idea of this approach is to progressively reduce the lengths of truck preference lists, by eliminating
truck pairs that do not affect the MS-TPP solution presence and separating trucks in odd rotations from the rest of the truck population.

The algorithmic approach is theoretically and empirically examined, the latter through a comparison with an integer programming
approach and extensive numerical experiments. We find much reduced computation time using the algorithmic approach compared to
solving the ILP model, and substantially greater platooning participation of trucks under MS-TPP than using a greedy approach. The
algorithmic approach is computationally scalable for solving large problem instances. The advantages of MS-TPP in terms of the
percentage of trucks in platooning and the average utility gain become more prominent as we deal with a larger system with more
trucks. Overall, the proposed MS-TPP problem as embedded in the platform-based platooning system and the algorithmic approach
demonstrate a potential to engage trucks in the platooning practice to receive energy and economic benefits.

This study presents a start of a new perspective of maximizing truck participation in platooning. As such, the study does have some
limitations. Below we point out three of them and offer our preliminary thoughts for future exploration. First, while there are evidences
of the relevance of two-truck platooning to practice (as argued in section 1), it will be interesting to consider forming platoons of larger
(but still realistic) sizes, say up to three trucks in a platoon. To accommodate such larger platoons, how to extend/adapt the current
algorithmic approach will be an interesting research direction. One possible way is to convert the new problem into a two-truck
platooning problem, by introducing virtual trucks (e.g., trucks A, B, and C platooning may be considered as a virtual truck D
composed of trucks A and B platooning with truck C). To do so, characterizing the relation between a virtual truck and its component
physical trucks would be required. For example, virtual truck D would be on truck C’s list but not on A’s or B’s. The utility of virtual
truck D should be specified as some function of and align with A and B’s utilities. Moreover, some new algorithmic operations would be
needed, to ensure that a truck does not end up in multiple formed platoons on one road segment due to the existence of a virtual truck
and its component physical trucks.

Second, while the current work focuses on finding one MS-TPP solution, further efforts can be made to seek multiple solutions if
they exist. One way to do so could be alternating truck orders in the proposal-deletion process and in rotation identification. In fact, we
have tried 50 experiments for a problem instance of 1,000 trucks. In these experiments, we randomly alternate the order of trucks to be
chosen while identifying rotations. We find that these 50 runs all yield the same number of truck platoons (6 08), as expected, but the
solutions can differ in the truck composition of the formed platoons. Thus, the platform may need to choose one out of the many
solutions in actual implementation. To do so, additional criteria would need to be conceived and perhaps integrated in the algorithmic
approach. For instance, if it is desired to have platooning trucks come from a wide geographic coverage rather than from specific
regions, we could adopt metrics that measure each truck’s OD distinction from the population average. One such metric can be

2 2
(dg) + (dﬁ' ) , where d2 (dP) is the distance from the truck’s origin (destination) to the average origin (destination) of the truck

population. The metric will be used to prioritize truck selection while performing the algorithmic approach, such as in the proposal-
deletion process of phase 1 and in rotation identification of phase 2.

Third, in our paper each truck is assumed to have one route. To increase the likelihood of platoon formation, trucks may have some
flexibility in routing. Thus, we could consider that each truck has multiple possible routes. Doing so would require augmenting the
truck preference lists. Each element of the preference list of a truck u will be a combination of a truck v, and the routes of trucks u and v
on which platooning occurs. This is unlike the preference list in this paper where each element is a truck. Correspondingly, adaptations
would be needed in rotation identification, as in a rotation u and v will still be trucks. For example, if a truck v holds both the first and
the second positions in truck u’s preference list (i.e., u’s two most preferred platooning possibilities are both with v, though under
different routing options), only one of the two positions should be kept while constructing a rotation. This is because otherwise, u’s first
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Table A2
Weight of each OD.
Chicago Aurora Joliet Rockford Springfield Peoria Elgin Champaign Waukegan

Chicago 0.530 0.039 0.029 0.029 0.023 0.022 0.022 0.017 0.017
Aurora 0.039 0.003 0.002 0.002 0.002 0.002 0.002 0.001 0.001
Joliet 0.029 0.002 0.002 0.002 0.001 0.001 0.001 0.001 0.001
Rockford 0.029 0.002 0.002 0.002 0.001 0.001 0.001 0.001 0.001
Springfield 0.023 0.002 0.001 0.001 0.001 0.001 0.001 0.001 0.001
Peoria 0.022 0.002 0.001 0.001 0.001 0.001 0.001 0.001 0.001
Elgin 0.022 0.002 0.001 0.001 0.001 0.001 0.001 0.001 0.001
Champaign 0.017 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001
Waukegan 0.017 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001

Table A3
OD demand in the network (in number of trucks).
Chicago Aurora Joliet Rockford Springfield Peoria Elgin Champaign Waukegan

Chicago 0 85 63 63 49 48 48 37 37
Aurora 85 0 5 5 4 3 3 3 3
Joliet 63 5 0 3 3 3 3 2 2
Rockford 63 5 3 0 3 3 3 2 2
Springfield 49 4 3 3 0 2 2 2 2
Peoria 48 3 3 3 2 0 2 1 1
Elgin 48 3 3 3 2 2 0 1 1
Champaign 37 3 2 2 2 1 1 0 1
Waukegan 37 3 2 2 2 1 1 1 0

and second most preferred trucks would be identical. Our preliminary investigation shows that if this happens, keeping only v that
corresponds to the platooning possibility of the second position will achieve the maximum number of platoons while preserving
stability. Further efforts may follow this line of thought to fully understand how the algorithmic approach would adapt to accom-
modate platooning with multiple routing options.
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