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Abstract— This paper studies the optimal hub-based platoon
formation at hubs along a highway under decentralized, dis-
tributed, and centralized policies. Hubs are locations along
highways where trucks can wait for other trucks to form platoons.
A coordinator at each hub decides the departure time of trucks,
and the released trucks from the hub will form platoons. The
problem is cast as an optimization problem where the objective
is to maximize the platooning reward. We first show that the
optimal release policy in the decentralized case, where the hubs
do not exchange information, is to release all trucks at the hub
when the number of trucks exceeds a threshold computed by
dynamic programming. We develop efficient approximate release
policies for the dependent arrival case using this result. To
study the value of information exchange among hubs on platoon
formation, we next study the distributed and centralized platoon
formation policies which require information exchange among
hubs. To this end, we develop receding horizon solutions for
the distributed and centralized platoon formation at hubs using
the dynamic programming technique. Finally, we perform a
simulation study over three hubs in northern Sweden. The profits
of the decentralized policies are shown to be approximately
3.5% lower than the distributed policy and 8% lower than
the centralized release policy. This observation suggests that
decentralized policies are prominent solutions for hub-based
platooning as they do not require information exchange among
hubs and can achieve a similar performance compared with
distributed and centralized policies.

Index Terms— Platoon coordination, optimal control, transport
planning, cyber-physical systems, simulation.
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I. INTRODUCTION
A. Motivation

N THE truck platooning technology, a set of trucks drive

with small inter-vehicular distances. Typically, a human
driver maneuvers the lead truck in a platoon, while automated
driving systems maneuver the follower trucks. The truck
platooning technology reduces the operational cost of road
transportation by lightening drivers’ workload. The fuel con-
sumption level of the follower trucks in a platoon reduces due
to the small inter-vehicular distances between trucks. Thus,
the truck platooning technology results in significant environ-
mental benefits. For instance, energy savings of approximately
10% for follower trucks have been reported in the literature
based on experimental data [1], [2], [3], [4], [5]. Other benefits
of truck platooning include increased road capacity and safety
and reduced travel time [6], [7], [8]. All these potential benefits
motivate the investigations of different platooning architectures
and business models, e.g., see, [9], [10], and [11].

B. Related Work

Platoon coordination is a central part of the truck pla-
tooning technology. Here, platoon coordination refers to the
decision-making of which trucks should form a platoon
depending on their travel time schedules and their geographical
locations. Trucks can merge into platoons on the road by
adjusting their speeds. For example see [12], [13], [14], and
[15]. One drawback of on-road platoon formation is their
complexity level, as they require trucks to speed up or slow
down to merge into platoons on the roads. Such maneuvers
might be challenging to perform depending on the surrounding
traffic conditions. Another drawback of on-road platoon for-
mation is that the surrounding traffic may be disturbed by the
platoon formation or may disturb the platoon formation. An
alternative platoon formation approach is hub-based platoon
formation. Hubs are locations along highways where trucks
can stop and wait for others to form platoons, e.g., freight
terminals, gas stations, parking places, tolling stations, and
harbors. Under this approach, a platoon coordinator decides
on the departure time of trucks from the hubs; the trucks
which leave a hub simultaneously form a platoon. Platoon
formation at a single hub when the coordinator knows trucks’
arrival schedules to the hub was considered in [16], [17], and
[18]. In [19] and [20], the authors studied the agent-based
platoon formation at multiple hubs in a transportation network,
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Fig. 1. (a) A hub-corridor with A hubs in a transportation network, and
(b) the section of a hub-corridor including hubs #—1 and & where coordinators
make platoon release decisions.

where trucks individually decide their departure times from
hubs. In the agent-based approaches, the trucks are required
to share their arrival schedules at hubs with each other. In
[21], the authors studied platoon formation at multiple hubs
when the decision-making of which platoons should form was
distributed on coordinators at the hubs. In the above-mentioned
work, the trucks are required to share their arrival schedules
with the coordinators at the hubs.

Transportation firms or individual truckers may need to keep
their arrival times private for privacy or competitive reasons.
For example, the arrival times may be sensitive information for
a transportation firm or a trucker to share, as a competitor may
use this information to take the firm’s customers by offering
earlier deliveries. Thus, the arrival schedules may not always
be available to the platoon coordinator. Platoon formation at
a single hub when the trucks’ arrivals are unknown to the
hub coordinator in advance was studied in [22] and [23],
where the truck arrival process was modeled by a sequence
of independent and identically distributed random variables.
This paper also considers a platoon formation problem with
unknown arrivals but for multiple connected hubs instead of
a single hub, as in [22] and [23]. Our paper advances the
state-of-the-art by developing efficient decentralized platoon
formation policies, where the coordinator at each hub takes
into account the downstream hubs’ policies when computing
its platoon release policy. Thus, the platoon formation problem
in this paper becomes a multi-agent decentralized control
problem. We finally refer the reader to [24] and [25] for
extensive reviews on platoon coordination strategies.

C. Contributions

In this paper, we study the platoon formation in a set
of hubs, as shown in Fig. la. In our set-up, each hub is
equipped with a platoon coordinator, as shown in Fig. 1b,
which decides the departure time of trucks from the hubs.
The trucks that leave a hub at the same time form a platoon.
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Fig. 2. Coordination under different information structures.

We first develop the optimal release policies in the decentral-
ized case as shown in Fig. 2a, where each coordinator only
has access to the history of observed arrivals at its hub, the
coordinators do not share any information with each other,
and the arrival schedules of trucks are not known a priori.
We next develop coordination strategies in the distributed and
centralized cases. In the distributed case, each coordinator has
access to the release decisions of its preceding hub, whereas
in the centralized case, the coordinators share their release
decisions with each other and the arrival schedules of trucks
are known by the coordinators.

The main contributions in this paper are as follows:

« We investigate the structure of the optimal decentralized
release policy at a hub when its truck arrivals, i.e., the
number of trucks arriving at the hub, are independent over
time. Here, we show that a thresholding release policy
is optimal. That is, it is optimal for the coordinator to
release all the trucks located at the hub when the number
of trucks is more than a threshold which is computed by
dynamic programming (DP). We use this result to develop
approximate thresholding decentralized release policies in
cases where truck arrivals are not independent over time
by approximating the truck arrivals as independent.

e We study the structure of the optimal decentralized
release policy at a hub when the truck arrivals to its
preceding hub are independent over time and the pre-
ceding hub follows an optimal release policy. We show
that the optimal decentralized release policy, in this case,
is in the form of a threshold policy which depends on
a variable capturing the state of the preceding hub and
can be computed using DP. This result is used to develop
approximate thresholding decentralized release policies in

Authorized licensed use limited to: KTH Royal Institute of Technology. Downloaded on October 24,2025 at 14:10:33 UTC from |IEEE Xplore. Restrictions apply.



JOHANSSON et al.: HUB-BASED PLATOON FORMATION: OPTIMAL RELEASE POLICIES AND APPROXIMATE SOLUTIONS

cases where truck arrivals at the preceding hub are not
independent over time by approximating the truck arrivals
at the preceding hub as independent.

« We propose solutions for the distributed and centralized
cases, which are receding horizon solutions computed by
DP.

e« We perform a simulation study for hub-based platoon
formation along a highway in Sweden, where the decen-
tralized release policies are compared with the distributed
and centralized release policies. The simulation study
shows that the performance gap between the decentral-
ized release policies and the distributed and centralized
release policies is less than 8%. This observation indicates
that the decentralized policies are potential solutions for
hub-based platooning since they do not require commu-
nication between hubs and achieve a similar performance
compared with distributed and centralized policies.

D. Outline

The outline of this paper is as follows. In Section II, the
system model of the hub-corridor is formulated, including the
arrival process and the platoon release problem at each hub.
In Section III, the decentralized platoon release problem at
a hub is studied under an independent-arrival assumption. In
Section IV, we also study the decentralized platoon release
problem at a hub, but under the assumption that the preced-
ing hub has independent arrivals and follows the developed
release policy in Section III. In Section V, release policies for
distributed and centralized cases are developed. In Section VI,
the proposed release policies are evaluated in a simulation
study over a hub-corridor along a Swedish highway. Finally,
the paper is concluded in Section VII.

II. SYSTEM MODEL

We consider a set of hubs in a transportation network,
as shown in Fig. la, where trucks can wait for other trucks
and form platoons. Examples of hubs include drivers resting
areas, gas stations, and harbors. In our set-up, each hub has a
platoon coordinator that decides whether the available trucks
at the hub will depart as a platoon or wait for more trucks to
join. We refer to the set of hubs located along a highway as a
hub corridor, which is represented by the thick line in Fig. 1a.
The grey lines in Fig. 1a represent roads used by trucks to join
or leave the hub-corridor. The hubs are enumerated as 1 to H.

Consider the section of the hub-corridor that includes
hubs & — 1 and h, as shown in Fig. 1b. The coordinator at
hub & decides how many trucks to release from the hub at
each time step. The released trucks depart from the hub in the
form of a platoon. Let u! € Z>( denote the number of trucks
released by the coordinator at hub £ at time step ¢. The state
of a hub is defined as the number of trucks located at the hub.
We use n" € Z to denote the state of hub % at time step 7.
The state of each hub changes dynamically based on the truck
arrivals and the release decisions, as indicated in Fig. 1b. The
state of hub £ has the following dynamics

h _h h h h
Mopp =Ny —Up + X0 +604,

(1)
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where 0" € 7 is the number of trucks that were released as
a platoon at hub & — 1 and arrive at hub 4 at time step ¢, and
x!' € Zs¢ is the number of trucks that join the hub-corridor
via hub & at time step ¢. The state variable n/ is a realization
of the random variable denoted N/*.

Remark 1: Note that the trucks that arrive at the hub h at
time step t can be divided into two groups. The first group is
the trucks released as a platoon at hub h — 1 and arrive at
hub h. We denote the number of trucks in this group by Gth. The
second group of trucks is those that enter the hub-corridor via
hub h. The number of trucks in this group is denoted by x,h. For
example, in Fig. la, the trucks labeled with A and B join the
hub-corridor via the second hub, and the trucks labeled with
C and D which arrive at the second hub were released by the
first hub as a platoon. In practice, the coordinator at hub h can
distinguish between these two groups of trucks by requiring the
second group of trucks to send an acknowledgment message to
the hub coordinator when they join the corridor. Thus, if the
coordinator at hub h does not receive a message from a truck,
it knows that the truck was released from hub h — 1.

We assume that the truck arrivals are unknown to the
coordinators a priori. This is realistic if carriers or trucks
keep their routes and schedules private or when the travel
times are uncertain. To capture the uncertainty in the number
of trucks arriving at hubs, the arrival variables x/ and 6/ are
assumed to be realizations of random variables denoted X" and
@ﬁ‘, respectively. Throughout the paper, we assume that the
random variables X h, X i’, ... are independent as these trucks
have not been participating in a platoon formation process at
a preceding hub, but the independent arrival assumption will
in general not hold for the truck arrivals at hub % that have
been released at hub 4 — 1. The dependency between the hubs
h — 1 and h captures that a truck that is released at the hub
h — 1 may exit the highway before reaching the hub 4. We use
I" to denote the likelihood of any truck exiting the highway
between the hubs. Moreover, recall that the state variable nf’
is a realization of the random variable Nth, and the release
decision uf’ is a mapping from n? Thus, the release decision
uﬁ’ can also be viewed as a random variable denoted by Uth.

The platoon release problem in the hub-corridor is defined
as

max E
{Mg,--.,ltl%}h

2

h=1t=0

where T is the time horizon, and R"(n”,u!) denotes the
reward of the coordinator of hub / for releasing u trucks
when its state is n/. This reward can include the total
cost-saving due to a platoon of length ui’ as well as the waiting
cost of n" — u" trucks at the hub. The release decision u is
computed using the release policy ,uf based on the available
information to the coordinator at hub £, at time step ¢.

In this paper, we assume that the reward function R" (nf‘, uf)
is convex in u” and n". An important example of the reward

function is the following convex piecewise-linear form:

Rh(ni’, uﬁ') = max (O, bh(ui' — 1)) — c(nﬁ’ — ui’), 3)
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where the first term is the platooning profit for releasing uﬁ’
trucks that form a platoon with u — 1 follower trucks and b"
is the profit per follower truck. The second term is the cost for
having nf‘ - uf‘ trucks waiting at the hub, and c is the waiting
cost per truck.

This paper focuses on decentralized solutions to the platoon
release problem in (2), where the release decisions at each hub
only depend on its local state and information. Computing
the optimal decentralized release policies in (2) becomes
prohibitively difficult as the number of hubs increases. The
difficulty in computing an optimal decentralized solution to the
problem (2) arises because of the nested information structure
of the hubs; each hub has to use its history of observed arrivals
to estimate the history of all other hubs’ observed arrivals
and history of release decisions, and note, the variations of
possible histories of observed arrivals and release decisions are
numerous even for a few hubs. We refer the reader to [26] and
[27] for works on decentralized optimal control under nested
information structures. To solve this problem, in this paper,
we decompose the optimization problem in (2) into H sub-
problems, one for each hub. In the rest of the paper, we will
explore different decentralized solutions to the platoon release
problem based on our decomposition approach.

Remark 2: During off-peak hours when trucks are unaf-
fected by congestion, the travel times have low variability,
and assuming that travel times are deterministic and known
a priori is justified. However, travel times may be uncertain
during peak hours, and the travel times between hubs can then
be modeled as stochastic. Our set-up can be used to study
platoon formation under both deterministic and stochastic
travel-time scenarios.

Remark 3: The reward function in the convex piecewise-
linear form in (3) is accurate if the incremental platooning
profit is equal for each follower truck in a platoon and
deterministic and constant over the day. Moreover, the cost of
waiting at the hub is linear and the same for all trucks. These
assumptions may not hold due, for example, to the influence
of factors such as traffic conditions and heterogeneous truck
properties. However, our reward function in (3) can be
applied to a case with heterogeneous trucks where trucks
have different platooning benefits. One way is to use the
average platooning benefit of the trucks in our problem
formulation. The reward function can also be extended to
capture the impact of traffic by letting the platooning benefit
be a time-varying (deterministic) signal where the benefit is
low during peak hours and low during off-peak hours.

ITI. DECENTRALIZED RELEASE POLICY:
SINGLE-HUB APPROACH

In this section, we propose a solution for the decen-
tralized platoon release problem in (2) by decomposing it
into H decoupled sub-problems, where each hub maximizes
its own reward from platooning and irrespective of the
decision-making behavior of other hubs. The decentralized
platoon release problem at hub £ is

[ZRh Nh Uh]

“4)
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Hub h

Fig. 3. Single-hub model.

where the objective is to maximize the reward of hub £ from
platooning. In the next subsection, we study the structure
of the optimal release policy at a hub, under the single-hub
approach, when its truck arrivals are independent over time.
Later, we will use this result to derive an approximate solution
for the single-hub approach when truck arrivals are dependent
over time.

A. Independent Arrival Case

In this sub-section, we study the structure of the optimal
release policy at hub 4 under the single-hub approach and
its arrivals are independent over time, that is, the random
variables Xé’, e, X}}, @8, e, @? are assumed to be inde-
pendent. Fig. 3 illustrates the single-hub approach. To study
the structure of the optimal release policy at hub A, we first
derive the Bellman optimality equation associated with the
optimal release policy of hub &. Using the Bellman’s principle
of optimality, the optimal value function associated with the

state n/ can be expressed as

Vint)y = max RFn" uM)
ul'eld] (n})
+E[V/ (nf —ul + X!+ O )],

where the decision variable u” can take values in the set
Uy = {0, ...,n"} as the maximum number of trucks to
release is the number of trucks at the hub. The value function
at the terminal time step is V%‘ (n’}) = Rh (n};, n}}), which is
the reward for releasing the remaining trucks. The optimal
value function can be computed using standard dynamic
programming (DP), and the optimal decision can then be
computed using the optimal value function. We omit to present
the standard DP algorithm but refer the reader to [28] for a
detailed presentation of the standard DP algorithm.

The following theorem gives fundamental results of the
structure of the optimal release policy under the single-hub
approach when the truck arrivals are independent. The struc-
tural results significantly reduce the complexity of computing
the optimal policy.

Theorem 1: Consider the decentralized platoon release
problem in (4) when the truck arrivals are independent. The
following holds:

o The value function Vh(nh) is convex in n;

o The optimal release decision ut * takes values in the set
{0, n').

h
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Furthermore, if the reward function has the piecewise-linear
form in (3), then there exists a threshold ,oth € Z>o such that

h
hox _ n;
U; = 0

The threshold ,oth can be computed using dynamic program-
ming.
Proof: See Appendix A. (]
According to Theorem 1, the optimal decision of the coor-
dinator of the hub % is to either to release all its truck or
release no trucks. This property is due to the convexity of the
reward function, and significantly reduces the search space of
optimal release policies, thus leading to a light computational
load when solving the Bellman equation by DP. Moreover,
a release policy with the structure in Theorem 1 can be used
as a low complexity approximate release policy when the truck
arrivals are dependent. In such cases, the dependent arrivals
can be approximated with an independent arrival process.
Then, an approximate release policy can be computed using
the structure of Theorem 1 and the approximated arrival
process.

.o h h
ifny = p
-~ h h
if n) < p;.

B. Dependent Arrival Case

The independent arrival assumption in the previous
sub-section is valid if hub 4 is the only hub in the hub-corridor
or if all trucks join the corridor using hub 4. The arrivals at
hub & will be dependent if, for example, the arriving trucks
have participated in a platoon formation process at hub 4 — 1.
In order to use the solution in Theorem 1 for the dependent
arrival case, we approximate the joint distribution of the truck
arrival process with the joint distribution of an independent
arrival process. That is, we approximate the random variables
@g, ...,@’} as independent. An approximate release policy
can be computed, as in the previous subsection, using the
approximate arrival process with independent arrivals.

Algorithm 1 shows the procedure for computing the
single-hub approximate release policy, where for each hub 4,
one at a time, we first compute the empirical distribution of
its arrivals based on arrival data during several episodes (each
episode spanning over the time steps 0 to 7). To this end,
we divide the time steps 0 to 7 into N intervals denoted
1o, ..., Iy. Then, we approximate the distribution of @?, for
t € T;, using the following equation

DIDI VIR

se€Tj ec

Pr(O' =0) = —————, 5
1(0; ) S S ®)
se€Tjec
where the set of episodes is denoted £ = {1,..., E} and E

is the number of episodes, Gsh, . is the number of trucks in
episode e that have traveled from hub s — 1 and arrive at hub
h at time step s, and 1y _o is the indicator function such

that Tgp g = 0 if 6, # 6 and 1 _y = 1if 6, = 6.
We then use the empirical distributions of @h, ey @)}; to

compute an approximate release policy for hub /. Note that
the empirical estimator can be applied to either simulated or
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real arrival data and recall that the distributions of the random
variables X 6’, X ]} are independent as these trucks have not
participated in a platoon formation process at a preceding hub.

Algorithm 1 Computation of the Single-Hub Approx-
imate Release Policies

input : Distribution of {X"},

output: Approximate release policies {,uﬁ’}[,h

Generate {xtl’ ¢)1,e using the distribution of {X,l}t

Compute optimal release policy {u,l}t using DP and
Theorem 1

Compute the releases {u}’e},,e using {/Ltl }; and {xtl,e},’e
for each episode e

for h=2,..., H do

Generate {x,}f o)1, using the distribution of {X,h},

Generate arrivals {foe}t,e using {uﬁ’;l}t,e for each
episode e

Approximate the distribution of { @f}t using (5)

Compute approximate release policy {,u?}, using
DP and Theorem 1

Compute the releases {uf"e},,e using {uf’},, {Qt’fe},,e
and {xt’f o)1, for each episode e

end

IV. DECENTRALIZED RELEASE POLICY:
Two-HUB APPROACH

In this section, we propose a two-hub approach for the
decentralized platoon release problem in (2) where the release
problem is decomposed into H decoupled sub-problems.
Under the two-hub approach, each hub finds its optimal release
policy based on the release policy of its preceding hub. In
the following subsections, we first study the structure of the
optimal release policy of a hub when its preceding hub has
independent arrivals and the preceding hub follows the release
policy in Theorem 1. We will then derive an approximate
release policy for a hub when the arrivals to its preceding
hub are not independent in time.

A. Independent Arrival Case

In this sub-section, we study the structure of the optimal
release policy at hub /& when the arrivals to hub 4 —1 are inde-
pendent in time and hub # — 1 follows the optimal release pol-
icy in Theorem 1. The two-hub model is illustrated in Fig. 4.
The random variables @gil, ...,G)}}*l, X(})’*], ...,X’%ﬁl are
the independent arrivals at hub & — 1. The arrivals of trucks at
hub A from hub i — 1, i.e.,, denoted by the random variables
@g, e, ®}}, are dependent in time since hub & — 1 follows
the optimal release policy in Theorem 1. The random vari-
ables Xg, X ? are independent as the trucks that join the
hub-corridor using hub /~ have not participated in a platoon
formation process at a preceding hub.

To study the structure of the optimal release policy at
hub &, we derive the Bellman optimality equation. Using the
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Fig. 4. Two-hub model.

Bellman’s principle of optimality, the optimal value function
can be expressed as

Vil ol
= max R'"(&" ul)
ult el (nfh)
+ E[ t+1(nt Mt + X[+] + ®l‘+]’ [h+])]a (6)
where nlh = {71 }j€Z>O, and 71 . 1s defined as
) =Pe(D!), = i|0f = 95‘,...,@?: oh, )
where D"~} = N"7! — U=l is the number of trucks at

t—kh r— k" - k"
hub i — 1 at time step t — k" after releasing, and kh is the

travel time between the hubs & — 1 and h. Thus, JT . is the
likelihood that i trucks are at hub & — 1 after releasmg at time
step  — k" given the observed arrivals at hub /. The variable

nth+1 = {”ﬁﬂ,]’}jelzo can be computed recursively as

h Zz>0ntzpt ij tl](9+1) (8)

t+1 /

th>0ntzpt ij ll](9+1)
h—1 .

where p?lj = Pr(Dt’hk,11+1 = J|Dthk’11 = i) and r; lj(9t+1)
= Pr(®z+1 = +1|Dt wia1 = o D = 1) The probabil-
ities pl ij and r (91 ' 1) are determined by the truck arrival

distributions, the hkehhood of leaving the corridor between the
hubs, and the release policy of hub & — 1, and their precise
forms are given in Appendix B. The optimal value function at
the terminal time step is Vﬁ (n?, nf‘-) R" (nf}, n’;).

The Bellman optimality equation in the form of (6) is
difficult to solve by DP since 7/ is a continuous variable.
In the rest of this subsection, we will derive the structure of
the optimal value function and the optimal release policy that
allows us to easily solve the Bellman optimality equation by
DP. To this end, let wf € Z>¢ denote the number of time steps
since a non-zero truck arrival at hub /4 from hub 4 — 1, which
can be computed recursively as

if e,hH =0

wh wy' +1
“17 o if 9, # 0.

Theorem 2: Consider the decentralized platoon release
problem at hub h when the truck arrivals at hub h — 1 are
independent over time and its coordinator follows the release
policy in Theorem 1. Then, the following statements hold:

o The optimal value function only depends on nﬁ“ and wf.

o The value function VI'(n", wl) is convex in n'.
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o The optzmal release decision ut * takes values in the set
{0, n; }.
Furthermore, if the reward function has the piecewise -linear

form in (3), then there exists a threshold pt (w,) such that

h  .r h h
h,* n; lfnz > )Otl(wt)
Uy = 0

if ny < pf (wy).
The threshold p; (w,) can be computed using dynamic
programming.
Proof: See Appendix C. (]

Theorem 2 implies that the optimal release policy of hub 4
in the two-hub approach can be computed by solving the
Bellman optimality equation using standard DP using w
instead of 7. Note that 7/* is a continuous random varlable
which significantly complicates the computation of the optimal
policy using DP. However, based on Theorem 2, the optimal
release policy can be computed by using wth which is a discrete
variable. This significantly facilitates the computation of the
optimal policy. Theorem 2 also indicates that similar structural
results continue to hold for the optimal release policy as those
in Theorem 1 when the arrivals at hub 4 — 1 are independent
and the coordinator at hub & — 1 follows a release policy with
the structure in Theorem 1. This result is useful as it limits
the candidate optimal release policies when seeking an optimal
release policy by DP.

B. Dependent Arrival Case

The two-hub solution in the previous subsection is optimal
under the assumptions that the arrivals at the preceding hub
h — 1 are independent and its coordinator follows the release
policy in Theorem 1. The independent-arrival assumption at
hub i —1 is valid if hub & —1 is the first hub in the corridor. In
this subsection, we propose an approximate two-hub solution
for hub h by approximating the joint distribution of the arrival
process at hub 2 — 1 using independent arrivals. That is,
we approximate the random variables @g_l,...,@)]%_] as
independent. The approximate distribution allows us to use
Theorem 2 to obtain an approximate release solution for the
dependent case. The approximate two-hub release policy at
hub £ is computed using the approximate arrival distribution
at hub 4 — 1 and DP, as explained in the previous subsection.

Algorithm 2 shows the procedure for computing the two-hub
approximate release policy, where for each hub &, we first
compute the empirical distribution of the arrivals at hub
h — 1 using equation (5). The empirical distribution of the
arrivals is then used as an approximation of the arrival
distribution at hub 2 — 1. The empirical distribution of
@g_l, ey ®}}_1 is used to compute an approximate release
policy for hub h.

V. DISTRIBUTED AND CENTRALIZED RELEASE POLICIES

In this section, we propose distributed and centralized
release policies, which will be used as benchmarks in
Section VI to evaluate the performance of the proposed
decentralized release policies and investigate the value of
communication among hubs. Under the distributed release
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Algorithm 2 Computation of the Two-Hub Approxi-
mate Release Policies

input : Distribution of {X"},
output: Approximate release policies {,uﬁ’},,h

Generate {x,lye},,e using the distribution of {X,l}[

Compute optimal release policy {u)}; using DP and
Theorem 1

Generate releases {ut]’e},,e using {,utl}, and {x,l’e}t,e for
each episode e

Generate {xi oJ1,¢ using the distribution of {X,z}t

Compute optimal release policy {utz}t using DP and
Theorem 2

for h=3,...,H do

Generate {xﬁe},,e using the distribution of {X ,h},

Generate arrivals {9{‘;1},,6 using {uf‘;z},,g

Approximate distribution of {71}, using (5)

Compute approximate release policy { /Lﬁ’}, using
DP and Theorem 2

Generate releases {uﬁ’;l},,e using {ui’_l},,
{Qﬁ;]}w and {xff;l},,e for each episode e

end

policy, each coordinator informs its proceeding coordinator
in the hub-corridor about its release decisions. Under the
centralized release policy, coordinators share their release
decisions and have a priori knowledge of their arrivals.

A. Distributed Case

In the distributed case, the coordinator at each hub receives
the release decisions of its preceding hub and computes its
release decisions using a receding horizon solution with L
time steps as the horizon. The distributed release policy
requires communication links between hubs which will require
installation and maintenance, whereas the decentralized release
policies do not require communication among hubs. Let
Mﬁ’ = {’4?__;(111 INERREE ui’__klh 4 ;) denote the release decisions
of hub 7 — 1 which are known by hub / at time step ¢. Then,
the Bellman optimality equation for hub /# can be expressed
as

Vgh(nﬁ',/\/lf’)z max R(ni’,u?)

Ll?GZ/{Sh(n?)
+EVE (nf —ul+ X2 +O8, |, MM,

fors =t,...,t+ L —1, and the value function at the terminal
time step of the horizon is Vth_H‘ (nflJrL) = Rh(nf‘+L, nf+M).
The Bellman optimality equation is solved recursively by
DP. Then, the computed release decision for time step ¢ is
implemented, while the set of releases at the preceding hub and
the computed release decisions for time steps r+1,...,¢+L

are updated at the next step.

B. Centralized Case

In the centralized case, the coordinator at each hub com-
putes its release decisions using a receding horizon solution
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where the arrivals within the horizon of L time steps are
known. The arrivals are known as the coordinators sharing
their release decisions in the centralized case, and the trucks
inform the coordinators about their arrivals beforehand. The
centralized release policy requires knowledge of the schedule
and the route of trucks and communication between hubs.
However, the decentralized release policies do not rely on any
information exchange between hubs. The set of information
available to the coordinator of hub A at time step ¢ is denoted
as /\/,h = {xth+1, ...,xth+L, ch+1, ...,0f‘+L}. The Bellman opti-
mality equation used by the coordinator at hub £ to compute
the release decision at time step ¢ is expressed as

Vim!, Ny = max

hefh (!
uleldl (nl)

h h h h h h
+ Vs+1(ns — Uy +xs+l +95+1"/\[t )

R(n", ul

fors =t¢,...,t+ L —1, and the value function at the terminal
time step of the horizon is VtZ-L (nf’+L) = Rh (nf’+L, nf+L).
The Bellman optimality equation is solved recursively by DP,
and similar to the distributed case, the release decision for
time step ¢ is implemented, while the set of information and
the release decisions for time steps t+1, ..., 4L are updated

at the next time step.

VI. SIMULATION STUDY

In this section, we perform a simulation study over a
hub-corridor with three hubs in northern Sweden. We first
explain the simulation setup, including the hub locations and
arrival distributions. Then, we study the performance of the
developed coordination solutions under deterministic travel
times, which is accurate if the impact from surrounding traffic
on the highway is ignored. We also study the impact of uncer-
tainty in travel times between the hubs on the performance of
the coordination policies.

A. Setup

Fig. 5 shows a hub corridor between Luled and Sundsvall
in northern Sweden. The hubs are located near the cities
Luled, Skellefted, Umed, and the hub-corridor ends near the
city of Sundsvall, Sweden. The length of the road segments
connecting the hubs are 131 km, 136 km, and 263 km, and
we assume that trucks travel with a speed of 80 km/h under
free-flow conditions. To obtain realistic arrival distributions
for the trucks that join the corridor, we use the real data
shown in Fig. 6 which were collected during two working days
in 2018-2019 by the Swedish Transport Administration [29].
This figure shows the average hourly truck count on roads that
connect to each hub location in Fig. 5 (excluding the roads
connecting Lulea, Skelleftea, Umea, and Sundsvall).

In our simulations, we assume that the number of trucks
joining the corridor using hub 4 at time ¢, i.e., Xth is Poisson
distributed with a time-varying mean. More precisely, X;’ ~
Poisson(k?), fort = 0,..., T, where the mean of the process,
ie., Af, is set according to the data in Fig. 5. The time step
length is set to one minute in the simulations. We will study
the performance of the proposed decentralized policies under
both known travel-times and uncertain travel-times.
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Fig. 5. Three-hub-corridor along a highway in Sweden.
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Fig. 6. The average hourly truck count on roads connecting to
Lulea, Skellefted, and Umea (excluding roads connecting Luled, Skelleftea,

Umea, and Sundsvall). The data was collected by the Swedish Transport
Administration [29].

We use the reward function in (3) for our simulations, where
the platooning benefit (b") is 10% fuel consumption reduction
for the follower trucks. The cost of fuel is assumed to be 5
SEK/km in our simulations. The waiting cost per truck in our
simulations is equal the hourly driver cost, which is around
200 SEK/h [30], or approximately ¢ = 3.33 SEK per time
step. The following results are generated by 50 Monte Carlo
simulations.

B. Deterministic Travel Times Scenario

In this subsection, we study the performance of different
platoon release policies in the deterministic travel time sce-
nario where the travel times between hubs are known a priori
and set to the free-flow travel times. Fig. 7 shows the (hourly)
average reward in a period of 24 hours under different release
policies. According to this figure, the decentralized two-hub
solution generally results in a higher average hourly reward
than the decentralized single-hub solution. This is because the
former policy takes the arrival process and release behavior
of its preceding hub into account. Fig. 7 also shows that

IEEE TRANSACTIONS ON INTELLIGENT TRANSPORTATION SYSTEMS, VOL. 25, NO. 6, JUNE 2024

2000
1800 - 7
1600 [ 7
1400 7
<1200 - 7
w
2]
= 1000 - 7
o
0 800 7
600 7
400 g
200 F =& Decentralized (single-hub) B
——&— Centralized
0o—o—b—. I I I | | | | | I
2 4 6 8 10 12 14 16 18 20 22 24
Time of the day
(a) First hub
2500 T T T
2000 7
< 1500 [ 7
w
@,
S
o 1000 - 7
500 - =—#— Decentralized (two-hub) 7
=—#— Decentralized (single-hub)
/ Distributed ]
—#— Centralized
0o—e—e—¢ . . . . N N N N N
2 4 6 8 10 12 14 16 18 20 22 24
Time of the day
(b) Second hub
6000 T T T
5000
4000
<
w
(%)
= 3000
o
a ’
2000 y
=& Decentralized (two-hub)
1000 - =& Decentralized (single-hub) |
Distributed
=& Centralized
0o—e—¢ . . . | | | | |
2 4 6 8 10 12 14 16 18 20 22 24
Time of the day
(c) Third hub
Fig. 7. Profits as a function of time. In the simulations, the likelihood of

any released truck to leave the corridor before the next hub is set to "=05.

the distributed and centralized release policies outperform the
decentralized release policies by a small margin. This indicates
that the performance loss due to the decentralized structure of
the one-hub and two-hub solutions is relatively small.

Fig. 8 shows the (hourly) average number of released
trucks and its standard deviation for each hub. The number
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Fig. 8. Platoon length and its standard deviation as a function of time. In the
simulations, the likelihood of any released truck to leave the corridor before
the next hub is set to /" = 0.5.

of released trucks is referred to as release size in this figure.
According to this figure, more trucks are released on average
under the decentralized two-hub policy than the decentralized
single-hub policy. The standard deviation of the release sizes is
also higher for the decentralized two-hub policy. The increased
variability in release sizes is due to that the threshold for the
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Fig. 10. Total profit as a function of the standard deviation of the travel

times. In the simulations, the likelihood of any released truck to leave the
corridor before the next hub is set to I = 0.5.

decentralized two-hub policy depends on the variable wlh, ie.,
the number of time steps since a non-zero arrival was observed,
as shown in Theorem 2. Fig. 8 also shows that the distributed
and centralized policies generally have larger release sizes and
higher standard deviations than the decentralized policies. This
implies that the centralized and distributed policies are more
efficient in forming platoons than the decentralized policies.

Fig. 9 shows the average daily reward generated at the hubs
as a function of the variable [”, i.e., the likelihood that a truck
leaves the hub-corridor before reaching the next hub in the
hub-corridor. Based on this figure, the daily reward decreases
as the variable /" increases. This is because the trucks will
visit fewer hubs on average as I becomes large, reducing
the number of trucks participating in platoons. Moreover,
Fig. 9 shows that the difference between the decentralized and
distributed policies is small when /" becomes large. This figure
also shows that the centralized release policy achieves higher
rewards even when [ is high. The largest difference between
the decentralized and centralized policies is 8% and occurs at
1" =0.38.

C. Uncertain Travel Times Scenario

In this subsection, we will study the impact of travel-time
uncertainty on the performance of different release policies.
To this end, we model the travel times between the hubs
as truncated Gaussian distributed random variables with the
free-flow travel times between hubs as the mean of the
distribution. The standard deviation of the travel times is varied
to study the impact of travel time uncertainty. Fig. 10 shows
the average daily reward of the hubs as a function of the
standard deviation of the travel-times. According to Fig. 10,
the reward slightly decreases with increased uncertainty in
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travel times. The performance loss of decentralized policies
is less than 2% when the standard deviation of the travel-time
is 10 minutes. Also, the performance loss of the distributed
and centralized policies is less than 5% when the standard
deviation of the travel time is 10 minutes.

VII. CONCLUSION AND FUTURE WORK

This paper studied the platoon release problem in a hub-
corridor, in which release times at hubs are coordinated to form
platoons. We focused on the decentralized case without com-
munication between coordinators, where the release decisions
are based on statistical information of truck arrivals. Under this
information structure, we proposed two different decentralized
release policies. The first decentralized release policy was
shown to be optimal when its arrivals from the preceding hub
are independent. The second decentralized release policy is
shown to be optimal when the preceding hub has independent
arrivals and follows an optimal release policy. In order to
evaluate the value of communication among hubs, we also
proposed distributed and centralized release policies.

A simulation study of a hub-corridor with three hubs in
Sweden was performed to compare the proposed release
policies and evaluate the value of sharing information. The
simulation study showed that the decentralized release policies
achieved profits close to that of the distributed and centralized.
More precisely, the profits of the decentralized policy was
less than 3.5% and 8% lower than of the distributed and
centralized, respectively. This suggests that a viable platooning
system can be obtained without sharing truck routes and
schedules across the system, which may otherwise be one
of the bottlenecks for platoon cooperation among different
transportation companies. Moreover, the simulations showed
that the likelihood of leaving the system between hubs heavily
affects the platoon profits of the proposed release policies.
For instance, when the likelihood of leaving the corridor
between hubs is high, the benefit of exploiting trucks from
the preceding neighboring hub is limited.

For future research, we aim to study platoon release prob-
lems in networks with general typologies, expanding the line
graph (hub-corridor) considered in this paper. A possibility
is to include platoon routing in the decision of the hub
coordinators. Another promising future research direction is to
use reinforcement learning to seek approximate solutions when
the truck arrival process is unknown. Furthermore, another
avenue for future work is to investigate if similar properties
shown for the platoon release problem in this paper hold when
using a more realistic form of the reward function that, for
example, captures the influence of traffic and heterogeneous
truck properties. Final possible future extensions are to use
a traffic simulator, for example, SUMO, to model the travel
time uncertainty in the simulation and to include hub and road
capacity constraints in the problem formulation.

APPENDIX A
PROOF OF THEOREM 1

Before providing the proof, we define

G/ (nf, up)=R"(} uf) + E[V/) | (n} —uf + X} + O], )],
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and note that

Vinhy = mathh(nt, ul. 9)

ul el (nlt

First, assume that V+1("z+1) is convex in ”t+1' Then,
since convexity is preserved under affine maps and positively
welghted summations, we have that E[ +1 (nl —ul + x" 1+

t+1)] is convex in both n/ and ul. Therefore, G"(n", ul")
is also convex in both n” and u”. Consider then the relaxed
version of the maximization problem in (9) with the decision
space [0, n!'] instead of U/ (n}) = {0,...,n"}. The relaxed
maximization problem is of a convex function over a compact
and convex set. Therefore, the maximizer is at one of the
boundary points of the relaxed decision space [O, nﬁ’], see [31]
for proof Since the boundary points of [0, n} "1 are elements
in L{h (”z) the maximizer of the max1mlzat10n problem in (9)
is also one of these two boundary points. That is, the optimal
release decision u, * takes values in in the set {0, ny hy. By this
fact we have that

Vi nh) = max{G! (n", 0), G, (n", n™)},

which is convex in nf’ since G? (n 0) and Gh (nt,nt) are
convex functions in n" and the maximizer of two convex
functions is convex. Finally, V%’ (n}}) = Rh (n}}, n’}) is convex
by assumption. Thus, Vth(n?) is convex for all + < T by
induction. Conclusions in first part of Theorem 1 follow.

In the second part of Theorem 1, we assume the
piecewise-linear form of R" (nf’, uﬁ’) in (3). Then we have for

nf’ > 1 that
Gh(nil, h) — nhbh + Fl7
where F; = —b" + E[V]" (X" | + ©! )] and

G? (”?f 0) = _C”t + E[ I—H(nl + Xz+1 + ®?+1)]'

* takes values in the set
= n! if and only if

Smce the optimal release de01s1on u,
{0, n} hy, we have that u,

Anf) = Gy} nf) = Gf (n}, 0)

= n"b" 4 F +enl —E[V" (" + X!, + 0" 1> 0.
(10)

To show that there exists a threshold p/ such that uﬁ' F=nh

if and only if n” > pl', we show that the optimal release
decision is u?* = nﬁ‘ > 1 (when the number of trucks at hub
h is nh) implies the optimal release decision ui’ ¥ = ”z +1
(when the number of trucks at hub £ is nt 1). To show
thls, it is sufficient to show that A(nﬁ’) is non-decreasing in

n, First, assume that there exists a threshold pthJrl such that

uh *1 = n 41 if and only if nf’H > ,othH. This implies that
z+1(”r+1 + 1) = Vi) =" ifnf = pfy,. Since

convex functions have increasing differences it follows that

Vil + D =V Gy ) < b (an

for all n . Thus, equations (10) and (11) imply

A" +1) —A(nh)
=b" +c— BV, (] + 1+ X[} + 67,1
— +E[V/ (! + X!+ 08 D = b e —b" > 0.
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We regard the threshold ,0? =1 at the terminal time step and
the conclusion in the second part of Theorem 1 follows by
induction.

APPENDIX B
TRANSITION AND OBSERVATION PROBABILITIES

The optimal release policy at hub 7 — 1 is in the form
given in Theorem 1. Consequently, there exist a set Dh -

kh =
Zs>o such that the optimal release dec1510n uh klh’* = n kh if
ni’ _kl,l € Dh_lh and otherwise uh kh =0. Then for i ¢ Df_kh
and j ¢ Dz a1 e have
h
Dt,ij
Pr(thhH—l-i:j) if j>inj#0
h e .
_ Pr(X} kh+1+zeDt kh+1) ifi#0Aj=0
Pr(Xt k41 Dt kh41 Xt k417 =0) ifi=0Aj=0
0 else,

where the first case is when the number of trucks at hub
h — 1 after the release decision is non-decreasing due to not
releasing, the second case is when the number of trucks at
hub h — 1 after the release decision becomes zero due to
releasing, and the third case is when the number of trucks
at hub & — 1 after the release decision remains zero due to
releasing or no arrivals. Furthermore, for 6 # 0 and j = 0,
we have

rtio(®)
= DXL +i=n) PO, = 6UM =)/ pl.
neD'~ lh
t—k"+1
where Pr(@z+1 = 9|Uh Wil = n) is determined by /", and
for & # 0 and j # 0, we have r, 11(9) =0.
APPENDIX C

PROOF OF THEOREM 2

The optimal release decision at hub 4 — 1, that is uf’_l’*,

takes values in the set {0, nf’fl} as shown in Theorem 1.

Thus, r/',;(6",)) = 0 for j > 0 and 6", # 0. This implies
nthO =1 and ”z+1j =0 for j > 0 when 9t+1 # 0. That
is, thh is reset to n, = (1,0,...,0) when Olh # 0 and the

number of time steps since a non-zero arrival was observed
(or more precisely wt) is the only variable affecting nt We
can therefore write the bellman equation as

Vl(nﬁ',w,h)— max Rh(nt,ut)

ul el (n )

+EV/A (nf —uf + Xy + O, wi )]

The proof of the rest of Theorem 2 is similar to the proof
of Theorem 1 and we therefore omit most details but provide

the step which is least trivial. If H(nn Iy th) is convex

h wh
in M1 then ELV, 71(’% - ”t + Xt+1 + ®t+1’ wyy )] s
convex in nt and u}, and by following similar steps as in

Appendix A, this implies that V/"(n, w") is convex in n.
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Then, Vh (”z , Wy hy is convex for all ¢ < T by induction since
V# (nT, wT) = Rh (nt , nt ') is convex in nt . The remaining part
of the proof follows similar steps as the proof of Theorem 1
but including the state w” in the notations.
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