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A B S T R A C T

Modern ports face significant challenges as strategic nodes of global supply chains, being responsible for the
coordination of inbound and outbound flows at deep-sea and in hinterland transport corridors. Digitization and
the adoption of disruptive technologies can help ports to tide over operational challenges. Automated Ground
Vehicles (AGVs) are an integral part of operations at many modern ports, especially inside container terminals.
With the shift to automated transport outside of the terminal areas, these AGVs may form platoons to establish
an efficient port hinterland transport corridor. In this work, we propose a new robust optimization approach to
assess the time and cost-efficiency of applying such AGV platoons in a container pickup and delivery problem.
We develop a bi-objective mixed-integer programming model, which simultaneously minimizes time and cost
elements, and also considers emissions. Each transportation task can be carried out by AGVs or conventional
trucks, while the number of available vehicles for each mode is uncertain (as they are used to connect different
modalities of container transport). The robust optimization model is based on an ellipsoidal uncertainty set
to handle this uncertainty and an augmented epsilon constraint method to obtain Pareto-optimal solutions for
this multi-objective problem. The developed framework is evaluated in two case studies: the Port of Rotterdam
in The Netherlands and the Port of Valparaíso in Chile, with different traveling distances in corridors to a dry
port (200 km) and a pre-terminal (11 km), respectively. The results indicate that the new direct delivery
scheme by AGV platoons is significantly more cost- and time-efficient than the benchmark and provides a
low-carbon emission transportation mode. While the benefits of decreased dwell times (56% on average) and
carbon emissions (on average by 10%) are similar for short and long traveling distances, the savings in cost
increase (from 4.9% to 8%) with the increased distance in the Rotterdam case.
1. Introduction

Modern ports face significant challenges as strategic nodes of global
supply chains. The related efficiency and flexibility requirements have
been highlighted by the disruptions during the COVID-19 pandemic
and the subsequent recovery phases. In such an environment, the
coordination of inbound and outbound flows at deep-sea and in hinter-
land transport corridors is a challenging task. As highlighted in earlier
research (Daduna & Stahlbock, 2020), hinterland transport is a typical
bottleneck, in which the lack of coordination results in long truck
queues at the gates of the port terminals, which translates into emis-
sions, congestion, and negative impacts on the port cities. Therefore, a
critical challenge for ports is the coordination of land-side operations
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required for the pre- and end-haulage of cargo. Furthermore, road
transport is the transport mode that generates more emissions than
rail and inland waterways, making the decarbonization of the freight
transport sector one major concern (Ambra et al., 2019).

The application of autonomous driving is well-established in closed
environments such as port terminals, warehouses, and industrial plants
(Pourmohammad-Zia, Schulte, & Negenborn, 2020). Automated vehi-
cles have been used at ports for decades in the transport of cargo during
the loading and unloading transfer operations. However, hinterland
and drayage transport of cargo has not been automatized yet, due to
the challenges that an open and uncontrolled environment implies.
vailable online 31 January 2023
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There are some initiatives in place to aid the adoption of automated
vehicles and in general, to foster more efficient freight transportation
and counteract the shortage of truck drivers. For instance, the Container
xchange Route initiative promoted by the Port of Rotterdam Authority,
s a closed track of about 17 km long for the transportation of containers
etween locations in the Maasvlakte area (Port of Rotterdam, 2022).
he first transports over the track are expected to take place by the end
f 2023. Although this track is intended to be used by manned vehicles,
n the future it may be possible to test autonomous vehicles as it is
urrently evaluated in the Port of Hamburg. Under a four-year pilot
roject subsidized by the European Union (MODI project), Hamburg
s the first city that will be testing autonomous truck transport from
he motorway to the terminal area of the Port of Hamburg. This was
acilitated by the ITS strategy (Intelligent Transport System), as the
est track will be used based on the ITS-G5 technology. Furthermore,
he vehicles will be tested on motorways between Rotterdam in the
etherlands and Moss in Norway (Hamburg News, 2022). Although

here are some initiatives such as those mentioned above, most roads
re not yet ready and are not expected to be ready in the short or
id-term to be safely used by Automated Ground Vehicles (AGVs).
ccordingly, platooning can be considered as a transition step for the
arly adoption of automated vehicle technology such as AGVs, and as a
ransport mode with the potential to reduce the environmental impact
f freight transportation (Boysen et al., 2018).

Truck platooning links two or more trucks in a convoy by con-
ectivity technology and automated driving support systems. A lead-
ng human-driven truck is followed by the rest of the vehicles that
o not necessarily need drivers and automatically adapt to changes
n the leader’s movement. Platooning is an emerging and promising
lternative transportation mode as an intermediate solution on the
ay from human-operated vehicles to full automation in road trans-
ort (Carbaugh et al., 1998), and platoon coordination is a complex
roblem that may involve different uncertainties (Johansson et al.,
021). Driving closely together reduces fuel consumption as it im-
roves the aerodynamics of the vehicles in the platoon, which also
ranslates into emission savings (Bergenhem et al., 2012). Moreover,
arlier work on hinterland transportation has demonstrated that col-
aborative transportation (which is naturally required for platooning)
s an effective means to reduce empty runs as well as related costs
nd emissions (Schulte et al., 2017). Considering the above, platooning
as the potential to reduce costs and emissions while enabling more
fficient use of road capacity.

The implementation of AGVs for a direct transfer of cargo from the
essel (thereby avoiding the traditional storage option) has received
imited attention in the literature. However, this strategy could hold
everal advantages, specifically for those ports in which yard space is a
carce resource. Fig. 1 illustrates the traditional transferring of cargo
rocesses in a container terminal compared to an alternative mode
sing platoons. In a traditional approach, a container is unloaded off
he vessel and temporarily stacked in the yard, and then picked up by
n external carrier that transports it to its destination in the hinterland.
lternatively, a container, unloaded from the vessel, may directly be

ransported by AGV platoons, thus avoiding additional storage and
oading operations. The coordination of landside and seaside operations
nd their different modalities is challenging. However, when only a
ertain subset of containers is considered, such as empty containers or
hose containers that are stored in bonded warehouses, the potential
ains make it a viable option to explore this alternative and thus also
void additional handling operations for this subset of containers.

In this work, we propose a new robust optimization approach to
ssess the time and cost-efficiency of applying such AGV platoons in a
ontainer pickup and delivery problem. In this case, import containers
nloaded from a vessel are directly transported to a dry port or other
ocations in the hinterland, avoiding the stacking of the containers in
he yard. To this end, we develop a bi-objective mixed-integer program-
2

ing model, which simultaneously minimizes time and cost elements s
or the best combination of AGV platoons and conventional trucks.
n order to obtain more environmentally friendly results, emission
eduction is taken into account by considering the emission penalty as
component of the cost-related objective function. Each transportation

ask may either be carried out by AGVs or conventional trucks, and the
umber of available vehicles for each mode faces uncertainty because
hey may be used by different parties to connect different transport
odalities in the container terminal and the port hinterland corridor.

The robust optimization approach (Ben-Tal et al., 2009; Caserta &
oß, 2019) builds on an ellipsoidal uncertainty set, and the augmented
psilon constraint method is adopted to handle the uncertainty and ob-
ain Pareto optimal solutions, respectively. The proposed framework is
llustrated in two case studies: the Port of Rotterdam in The Netherlands
nd the Port of Valparaíso in Chile. We consider the transportation of
ontainers between the port and a dry port in the hinterland in both
ases. The case study of the Port of Rotterdam outlines a long traveling
istance to the dry port in the logistic hub Venlo (200 km distance),
hile the case of the Port of Valparaíso represents a short traveling
istance to the pre-terminal ZEAL (11 km distance). This allows us to
ontrast the benefits of platoons for short and long traveling distances.
n this work, we intend to evaluate the dual use of AGVs in terminal
perations and hinterland platooning, as an explorative study. Since
here is almost no prior work on this particular question, let alone any
eal-world data on the viability of using terminal AGVs for hinterland
latooning, the robust optimization approach under explicit consid-
ration of AGV unavailability is chosen to provide sufficient insight
nto the underlying economic trade-off. The uncertainty related to the
umber of containers as well as its impact on port operations, on the
ther hand, is much better understood. Therefore, we consider different
cenarios to model this uncertainty in our problem.

The remainder of this paper is organized as follows: Section 2
rovides an overview of the related literature and existing gaps. The
roposed model is introduced in Section 3 and the solution procedure
s outlined in Section 4. Section 5 illustrates two case studies for
ur problem, including numerical results, a sensitivity analysis, and
anagerial insights derived from the experiments. Finally, the paper

s concluded, and future research directions are presented in Section 6.

. Literature review

Automated technology has been a key factor to support interna-
ional trade growth, and several container terminals worldwide have
een automatized at a certain level. In this regard, Kon et al. (2020)
resent a survey of the current trends and conclude that the adop-
ion of automated equipment and technology in a container terminal
inimizes the inefficiencies of container handling by reducing total

ravel times of the transport of containers and lowering operational
osts. Moreover, inter-terminal transportation and the application of
GVs in this area have been investigated (Heilig & Voß, 2017; Tierney
t al., 2014). Among the different automated equipment for container
andling, AGVs have been implemented for the horizontal transport of
ontainers during the loading and unloading operations, transporting
ontainers between the quay and the yard. Platooning has emerged as
promising technology that not only offers significant fuel savings but

lso prepares the ground for increased autonomy in freight transporta-
ion (Janssen et al., 2015). Research developments in the area date
ack to the early 1980s, when Van Aerde and Yagar (1984) provided
ne of the initial related studies. A large part of the relevant literature
as been devoted to technical and technological aspects of platooning,
ncluding string sequence and stability, signal timing, longitudinal tra-
ectory control, speed profile, connectivity issues, obstacle avoidance,
nd vehicle-to-vehicle communications.

As emphasized by Gerrits et al. (2019) and Pourmohammad-Zia,
chulte, Souravlias, and Negenborn (2020) studies on the operational
ide of platooning, such as planning, routing, and scheduling, are still

carce in the logistics literature. A first attempt to explore the benefits
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Fig. 1. The container drayage process with conventional trucks and AGV platoons in port hinterland corridors.
of platooning is presented by Larsson et al. (2015). The main objective
is to maximize fuel savings while considering the formation and routing
of the platoon. For the same platooning problem, an improved model is
developed in Larson et al. (2016). This approach significantly reduces
the problem size, thereby enabling to handle realistic instances more
efficiently. Different aspects of the platoon formation problem are ana-
lyzed in Boysen et al. (2018). Their computational analysis shows that
the benefits of platooning on fuel consumption depend significantly on
the number of platoon partners, restrictions on the platoon length as
well as the size of the delivery time-windows.

A related idea to platooning is the road trains or multi-trailer
trucks (MTT). An MTT consists of several container-carrying trailers
that can generally transport up to five 40-foot containers and is not
automated, requiring a human to drive a tractor unit that pulls the
trailer (Tierney et al., 2014). Although platooning and MTTs share
similarities from a modeling perspective, the technology significantly
differs. An MTT is less flexible than an AGV that can perform different
transport operations, as it is considered in the approach proposed in
this manuscript. Furthermore, the coupling time of the tractor unit to
the trailer can result in a slower turn-around time for the vehicles
than AGVs, as it is explained by Duinkerken et al. (2007). Another
important distinction is that an MTT requires more space as the trailers
are coupled, while AGVs are more flexible and only need a space for
platoon formation. The versatility of an AGV to carry out transport
operations in the port terminal, or transporting the container to a dry
port or other terminals by means of platooning, is one of the advantages
presented by the proposal of this manuscript.

Before presenting an overview of the existing literature, it is im-
portant to refer to preliminary research presented by the authors
of this manuscript as conference proceedings, and the main differ-
ences with this work (Pourmohammad-Zia, Schulte, & Negenborn,
2020; Pourmohammad-Zia, Schulte, Souravlias, & Negenborn, 2020).
3

Pourmohammad-Zia, Schulte, and Negenborn (2020) investigate a
platform-based container transportation problem between a port and
an industrial, considering two transport modes. Truck or an automated
vehicle. A mathematical model is proposed with the aim to assign
vehicles to transport services. As there is an interactive decision-
making process between the carriers and the platform, this is modeled
as a two-level constrained Stackelberg competition and transformed
into a one-level MIP model. The main differences with this work are
related to the problem setting and the solution methodologies. Previous
research considers that freight transportation is performed by multiple
carriers between the port and an industrial zone and a single objective
function is considered (minimizing total costs). In this work we are
considering drayage services between the port and a dry port, we
are assuming that the available number of vehicles for each delivery
mode is uncertain and modeling the problem as a bi-objective MIP
model. On the other hand, the same problem as in this manuscript is
considered by Pourmohammad-Zia, Schulte, Souravlias, and Negenborn
(2020). The main differences with this work are related to the modeling
and solution methodologies. In previous research, a bi-objective MIP
problem is defined, minimizing dwell times and costs as the objective
functions. This work considers the same objectives, but emissions are
directly modeled as a cost, while the previous research performs an
independent analysis of the solutions found. Another difference is that
the previous model assumes deterministic variables. In contrast, in the
current model, the available number of vehicles is stochastic and a
robust optimization approach is considered as a solution methodology.

Tables 1 and 2 provide a general overview of the existing literature
related to truck platooning and AGV scheduling for freight transporta-
tion. Seven categories are considered here. Table 1 presents four of
such categories that correspond to the Decision Problem, Modeling Ap-
proach; Solution Approach, and Uncertainty. Table 2 presents the last
three categories, involving: Objective Function, Scope, and Features.
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Table 1
Overview of the existing literature (Part I).

Decision Modelling Solution Uncertainty

Scheduling Routing Analytical Mathematical Markov Exact Approximate Simulation Stochastic Robust Deterministic
programming chains

Nishimura et al. (2005) ✓ ✓ ✓ ✓

Duinkerken et al.
(2007)

✓ ✓ ✓

Tierney et al. (2014) ✓ ✓ ✓ ✓ ✓ ✓

Cordeau et al. (2015) ✓ ✓ ✓ ✓

Larsson et al. (2015) ✓ ✓ ✓ ✓ ✓ ✓

Larson et al. (2016) ✓ ✓ ✓ ✓

Zhang et al. (2017) ✓ ✓ ✓ ✓ ✓

Boysen et al. (2017) ✓ ✓ ✓ ✓

Tschöke and Boysen
(2018)

✓ ✓ ✓ ✓

Boysen et al. (2018) ✓ ✓ ✓ ✓ ✓

Luo et al. (2018) ✓ ✓ ✓ ✓ ✓ ✓

Larsen et al. (2019) ✓ ✓ ✓ ✓

Abdolmaleki et al.
(2019)

✓ ✓ ✓ ✓ ✓ ✓

Scherr et al. (2019) ✓ ✓ ✓ ✓ ✓

Luo and Larson (2020) ✓ ✓ ✓ ✓ ✓ ✓

Hirata and Fukaya
(2020)

✓ ✓ ✓

Xiong et al. (2020) ✓ ✓ ✓ ✓ ✓ ✓

You et al. (2020) ✓ ✓ ✓ ✓ ✓ ✓

Chen et al. (2020) ✓ ✓ ✓ ✓

Zhong et al. (2020) ✓ ✓ ✓ ✓

Zheng et al. (2020) ✓ ✓ ✓ ✓

Shouwen et al. (2020) ✓ ✓ ✓ ✓ ✓ ✓

Zhang et al. (2020) ✓ ✓ ✓ ✓

Pourmohammad-Zia,
Schulte, and Negenborn
(2020)

✓ ✓ ✓ ✓

Pourmohammad-Zia,
Schulte, Souravlias, and
Negenborn (2020)

✓ ✓ ✓ ✓

Xue et al. (2021) ✓ ✓ ✓ ✓ ✓

Repoux et al. (2021) ✓ ✓ ✓ ✓ ✓ ✓

Scholl et al. (2022) ✓ ✓ ✓ ✓

Caballero et al. (2022) ✓ ✓ ✓ ✓

Scherr et al. (2022) ✓ ✓ ✓ ✓

This work ✓ ✓ ✓ ✓
The overview of the literature presented in Table 1 reveals that in
terms of the decision problem, the contributions are similarly focused
on routing and scheduling problems and there are some that deal
with the two decision problems such as (Abdolmaleki et al., 2019;
Luo & Larson, 2020; Luo et al., 2018; Scherr et al., 2019; Shouwen
et al., 2020; Xue et al., 2021; You et al., 2020; Zhang et al., 2017).
This manuscript, as well as previous research (Pourmohammad-Zia,
Schulte, & Negenborn, 2020; Pourmohammad-Zia, Schulte, Souravlias,
& Negenborn, 2020), is focused on solving only the scheduling problem.
On the other hand, most of the contributions consider a mathematical
programming or analytical approach in terms of modeling, and few
consider an analytical approach or Markov chains (Boysen et al., 2018,
2017; Hirata & Fukaya, 2020; Larson et al., 2016; Larsson et al., 2015;
Xiong et al., 2020). With respect to the solution methodologies, there
is a relatively similar number of exact and approximate approaches. In
this manuscript and in previous research (Pourmohammad-Zia, Schulte,
& Negenborn, 2020; Pourmohammad-Zia, Schulte, Souravlias, & Ne-
genborn, 2020), only an exact approach is considered. As shown in the
table, most of the papers have proposed deterministic models, and only
five of them deal with uncertainty (Cordeau et al., 2015; Duinkerken
et al., 2007; Repoux et al., 2021; Scherr et al., 2022; Xiong et al., 2020),
as it is done in our research. In terms of the uncertainty approach,
this is the only paper proposing a robust optimization approach. A
mathematical programming model is proposed, based on a network
flow formulation and explicitly considers the underlying uncertainty of
the problem.

As Table 2 suggests, concerning the objective function, the con-
tributions have considered optimizing both time and costs, including
4

fuel consumption. However, no paper has considered emissions. On the
other hand, all of the research works have taken a single objective, and
only (Pourmohammad-Zia, Schulte, Souravlias, & Negenborn, 2020)
and the present work have applied a multi-objective structure. In terms
of the scope, a very confined part of the literature on platooning is
related to inter-terminal and hinterland transport operations, which
is the focus of this manuscript. Inter-terminal problems have been
addressed by Duinkerken et al. (2007), Tierney et al. (2014), Zheng
et al. (2020), and hinterland transport by Pourmohammad-Zia, Schulte,
and Negenborn (2020), Pourmohammad-Zia, Schulte, Souravlias, and
Negenborn (2020), Scholl et al. (2022), Xue et al. (2021), You et al.
(2020). Seven out of the thirty contributions are focused on port
terminals, considering hence, a closed area to operate the automated
vehicles. The rest of the reviewed articles are not oriented to port
operations, focused on either rail terminals or a heterogeneous vehicle
network. In this manuscript, the scope of the problem is related to
both inter-terminal and hinterland transport. A heterogeneous vehicle
network that confines the AGVs’ application to restricted AGV-ready
areas is heeded by only nine papers, including this manuscript. We
can also observe that contributions related to MTTs are scarce and
some of them are associated with the horizontal transport of containers
in a rail terminal, while only one considers the inter-terminal trans-
portation (Duinkerken et al., 2007). MTTs are considered neither in
this manuscript, which is focused only on platoons and AGVs. When
dealing with inter-terminal or hinterland transportation, most of the
contributions consider both AGVs and Platoons, with the exception

to You et al. (2020) that considers only AGVs.
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Table 2
Overview of the existing literature (Part II).

Objective function Scope Features

Time Cost Emission Single- Multi- Inter Hinterland Port- Rail- HVN* Platoon AGV MTT**
objective objective terminal terminal terminal

Nishimura et al. (2005) ✓ ✓ ✓ ✓

Duinkerken et al.
(2007)

✓ ✓ ✓ ✓ ✓

Tierney et al. (2014) ✓ ✓ ✓ ✓ ✓ ✓

Cordeau et al. (2015) ✓ ✓ ✓ ✓

Larsson et al. (2015) ✓ ✓ ✓

Larson et al. (2016) ✓ ✓ ✓

Zhang et al. (2017) ✓ ✓ ✓

Boysen et al. (2017) ✓ ✓ ✓ ✓

Tschöke and Boysen
(2018)

✓ ✓ ✓ ✓

Boysen et al. (2018) ✓ ✓ ✓

Luo et al. (2018) ✓ ✓ ✓

Larsen et al. (2019) ✓ ✓ ✓ ✓

Abdolmaleki et al.
(2019)

✓ ✓ ✓

Scherr et al. (2019) ✓ ✓ ✓ ✓ ✓

Luo and Larson (2020) ✓ ✓ ✓

Hirata and Fukaya
(2020)

✓ ✓ ✓

Xiong et al. (2020) ✓ ✓ ✓

You et al. (2020) ✓ ✓ ✓ ✓ ✓ ✓ ✓

Chen et al. (2020) ✓ ✓ ✓ ✓

Zhong et al. (2020) ✓ ✓ ✓ ✓

Zheng et al. (2020) ✓ ✓ ✓ ✓ ✓ ✓

Shouwen et al. (2020) ✓ ✓ ✓ ✓

Zhang et al. (2020) ✓

Pourmohammad-Zia,
Schulte, and Negenborn
(2020)

✓ ✓ ✓ ✓ ✓ ✓

Pourmohammad-Zia,
Schulte, Souravlias, and
Negenborn (2020)

✓ ✓ ✓ ✓ ✓ ✓ ✓

Xue et al. (2021) ✓ ✓ ✓ ✓ ✓ ✓

Repoux et al. (2021) ✓ ✓ ✓ ✓ ✓

Scholl et al. (2022) ✓ ✓ ✓ ✓

Caballero et al. (2022) ✓ ✓ ✓ ✓

Scherr et al. (2022) ✓ ✓ ✓ ✓ ✓

This work ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

(HVN*): Heterogeneous Vehicle Network; (MTT**): Multi-Trailer-Truck
To put the related literature in a nutshell, despite the increasing
interest in platooning, there is limited research in the freight trans-
portation sector and particularly port-related operations. This provides
opportunities, especially for new decision-making approaches inves-
tigating its role in a wide spectrum of logistics applications. So far,
platoon formation, scheduling, and routing problems have claimed
most of the research attention, while the role of platooning as a
transfer mode for port-hinterland and inter-terminal transportation still
remains widely unexplored. More precisely, only three contributions
consider a heterogeneous vehicle network (that confines the application
of AGVs to restricted AGV-ready areas) and thereby apply platooning
as a transfer mode in non-AGV-ready areas. From those references, two
are related to port transport operations and one (Scherr et al. (2019))
to last-mile distribution. Moreover, up to now, fuel costs have been
the main focus of platooning problems. Considering other objectives
will reveal the impact of platooning on additional aspects, thereby
unlocking its full potential.

As previously highlighted, none of the reviewed contributions pro-
pose a multi-objective optimization approach, and, to address uncer-
tainty, this work is the only one that proposes a robust optimization
approach. As emphasized by Gabrel et al. (2014), robust optimization
aims to protect the decision-maker against parameter ambiguity and
stochastic uncertainty and the main paradigm relies on worst-case anal-
ysis in which a solution is evaluated considering the realization of the
most unfavorable uncertainty. In this regard, computing the worst-case
5

analysis may consider a finite number of scenarios based on historical
data, or continuous, convex uncertainty sets such as polyhedra or ellip-
soids. In this manuscript, the proposed solution methodology considers
ellipsoidal uncertainty sets proposed by Ben-Tal and Nemirovski (1999,
2000) to account for uncertainty in the number of available vehicles.
According to Ben-Tal et al. (2009), an ellipsoidal set may be used to
reduce the conservatism when the real-life uncertainty is a box, while
still maintaining a large probability of constraint satisfaction. Bertsi-
mas and Sim (2004) analyze the complexity and practical efficiency of
this approach and showed that general ellipsoidal uncertainty sets are
NP-Hard even though the nominal problem can be polynomially solved.
Hence, approximation techniques based on piecewise linearization are
employed to tackle such problems (Beyer & Sendhoff, 2007), which
is also done in this manuscript. This methodology has been applied
to tackle uncertainty issues of several operations management prob-
lems, such as retailer-supplier flexible contracts with uncertain demand
that is only known to reside in some uncertainty set (Ben-Tal et al.,
2005); network design problems with uncertainty either on demand or
cost (Gao & Ryan, 2014; Mudchanatongsuk et al., 2008); evacuation
planning transportation planning with demand uncertainty (Yao et al.,
2009); facility location problems (Baron et al., 2011); vehicle routing
problems (Pelletier et al., 2019; Sungur et al., 2008); among others. For
comprehensive reviews of different approaches to tackle uncertainty
under a robust optimization approach, the reader can refer to Beyer
and Sendhoff (2007), Lu and Shen (2021).
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Table 3
Dwell time in two delivery modes.

Dwell time

Delivery by AGV (𝑛 = 1) Delivery by Truck (𝑛 = 2)

Loading containers on AGVs (𝑡1) Loading containers on AGVs (𝑡′1)
Traveling to platooning area (𝑡2) Traveling to stack (𝑡′2)
Waiting for platoon formation (𝑡3) Unloading containers off the AGVs (𝑡′3)
Forming platoons (𝑡4) Stacking (𝑡′4)
Traveling to gate (𝑡5) Loading containers on external trucks (𝑡′5)

Traveling to gate (𝑡′6)

3. Model development

3.1. Problem description

The proposed framework outlines pre- and end-haulage container
transportation, precisely the full container pickup and delivery problem
between a port and its hinterland depot or adjacent dry port referred
to as the target area in our paper. After unloading a vessel in the
traditional terminal process, the import containers are moved to the
stack, where they wait for the rest of their delivery journey. We assume
that a subset of these containers can be directly delivered to their target
area without requiring stacking as a buffer. That is, these containers
do not need intermediary processes before the delivery, their release
time are close to each other, and their delivery time-windows at the
target-zone opens in near time. After being unloaded off the vessel,
these containers can be loaded on the AGVs and directly head to their
final destination. Therefore, for this subset of the containers, denoted
as 𝐾𝐷 in our model, two delivery modes can be applied, including
he direct delivery by AGVs in platoons (𝑛 = 1) and the conventional
rucks with traditional stacking procedure (𝑛 = 2). After delivering
hese containers to the target area, the export containers, denoted as
𝑃 , are picked up by the vehicles on their way back to the port. The

dea is to investigate if the proposed direct pickup and delivery scheme
or the set of containers 𝐾 = 𝐾𝐷 ∪ 𝐾𝑃 can bring savings in time and
ost to the system.

A key feature of this direct delivery scheme is eliminating some
oading-unloading activities and waiting times. Therefore, the model
onsiders one journey at a time and multiple journeys are independent
f each other. More precisely, if we consider multi-trip structure in
ur problem, a part of the containers should wait at stack until the
revious journey of the fleet is completed, which is in contrast with the
ain purpose of the proposed direct delivery scheme. We consider an

mport-oriented port suggesting that the number of import containers is
igher than that of export containers and define a set of dummy export
ontainers such that |𝐾𝐷| = |𝐾𝑃 |. In this way, it is guaranteed that the
ehicles carrying import containers will return to the port delivering
he export containers.

The transportation network is considered to be heterogeneous. The
ort and the target area are ready for the application of automated
riving, while the linking road segment that connects these two areas
s not suitable for AGVs. Therefore, the AGVs have to join a platoon
ith a human-driven leader to move within this linking road segment.
he set of potential platoons is distinguished by 𝑃 , the size of which
hows the number of available leading vehicles and their drivers. A
art of internal AGVs managed by port authorities are assigned to the
roposed direct delivery scheme (known as external AGVs). The avail-
ble numbers of vehicles for each delivery mode are not deterministic
nd belong to an uncertainty set. That is because these vehicles may be
sed to carry out other transportation tasks in different situations. For
nstance, the AGVs may serve as internal port vehicles to transfer the
ontainers between the quayside and stack, which affects the number
f available AGVs for the direct delivery scheme.

Import containers’ dwell-time is understood as the time taken for
he containers to be loaded onto the external vehicles leaving the
6

ontainer terminal. The elements of dwell-time for each delivery mode
re represented in Table 3. 𝑡1, 𝑡2, 𝑡4, 𝑡′1, 𝑡

′
2, 𝑡

′
3, 𝑡

′
5, and 𝑡′6 are fixed known

arameters, whereas 𝑡3 and 𝑡′4 are variables that will be determined in
he model.

Decreasing the dwell time is highly important as it is a key perfor-
ance indicator in ports. Additionally, reducing the idle time of the

ehicles is of great significance due to the negative impact of their
nderutilization. As Table 3 suggests, despite the dwell-time, the idle
ime of the AGVs can be potentially higher compared to conventional
rucks. This is why we have simultaneously taken the dwell-time and
aiting times as our time-related objective function. On the other hand,
ecreasing the time can come at the price of higher costs, diminishing
he benefits of the proposed structure. Accordingly, this research aims
o specify optimal delivery modes and schedules that minimize dwell
nd idle time elements as well as the related costs.

.2. Mathematical formulation

The problem is modeled on a directed graph 𝐺 = (𝑉 ,𝐴) where 𝑉 is
he set of vertices and 𝐴 is the set of arcs. 𝑉 = {𝐼𝐷} ∪ 𝑆1 ∪ 𝑆2 ∪ {𝐹𝐷}
ncludes the initial origin (𝐼𝐷) and its copy as the final destination
𝐹𝐷), the destination of import containers in the target area (𝑆1)
nd the origin of export containers in the target area (𝑆2). The set
f admissible arcs is defined as: 𝐴 = {(𝑖, 𝑗)|𝑖, 𝑗 ∈ 𝑉 , 𝑖 ≠ 𝑗, (𝑖, 𝑗) ∈
1 ∪ 𝐴2 ∪ 𝐴3} where: 𝐴1 = {(𝑖, 𝑗)|𝑖 = 𝐼𝐷, 𝑗 = 𝑆1}, 𝐴2 = {(𝑖, 𝑗)|𝑖 =
1, 𝑗 = 𝑆2}, 𝐴3 = {(𝑖, 𝑗)|𝑖 = 𝑆2, 𝑗 = 𝐹𝐷}

The remainder of the notations used to formulate the model of our
roblem is listed as follows.

otations

Parameters
𝑈𝐵 Maximum allowed number of AGVs in a platoon
𝐿𝐵 Minimum allowed number of AGVs in a platoon
𝑇𝑖𝑛 Service time at vertex 𝑖 for delivery mode 𝑛
𝑇𝑅𝑛

𝑖𝑗 Travel time of arc (𝑖, 𝑗) for delivery mode 𝑛
𝑅𝑇 𝑘 Release time of container 𝑘 ∈ 𝐾𝐷
𝑇𝐴𝑘

𝑖 Lower bound for admissible delivery time for
container 𝑘 at vertex 𝑖

𝑇𝐵𝑘
𝑖 Upper bound for admissible delivery time for

container 𝑘 at vertex 𝑖
̃𝐴𝑉 𝑛 Available vehicles of mode 𝑛 (belonging to the

uncertainty set 𝜁 )
𝐶𝑇 𝑛 Unit fuel consumption cost of mode 𝑛 (𝐶𝑇 𝑝

respective cost for platoon 𝑝)
𝐶𝐿𝑛 Driver wage for mode 𝑛 (𝐶𝐿1 = 0 and 𝐶𝐿𝑝

respective cost for platoon 𝑝)
𝐶𝐴𝑛 Acquisition cost for vehicles of mode 𝑛 ( 𝐶𝐴𝑝

respective cost for platoon 𝑝)
𝐶𝐸 Emission penalty cost per gr, that is charged by

the government
𝑒𝑛𝑖𝑗 Energy consumption of the vehicle of mode 𝑛 for

traveling arc (𝑖, 𝑗)
𝑐𝑒𝑛𝑖𝑗 Carbon emission of the vehicle of mode 𝑛 for

traveling arc (𝑖, 𝑗)
𝑒𝑝𝑖𝑗 Energy consumption of a platoon leader for

traveling arc (𝑖, 𝑗)
𝑐𝑒𝑝𝑖𝑗 Carbon emission of a platoon leader for traveling

arc (𝑖, 𝑗)
𝑚1. . .𝑚9 Lower bounds for the left-hand side of the

respective constraints
𝑀1. . .𝑀5 Upper bounds for the left-hand side of the

respective constraints
𝑤1. . .𝑤3 The weights, projecting the relative importance of
the time components
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l

𝑀

Variables

𝑦𝑘𝑛
1: if the import container 𝑘 ∈ 𝐾𝐷 is transported
by a vehicle of mode 𝑛
0: otherwise

𝑧𝑘𝑛
1: if the export container 𝑘 ∈ 𝐾𝑃 is transported by
a vehicle of mode 𝑛
0: otherwise

𝑥𝑘𝑙𝑛
1: if the vehicle of mode 𝑛 carries the export
container 𝑙 ∈ 𝐾𝑃 after delivering
the import container 𝑘 ∈ 𝐾𝐷
0: otherwise

𝜑𝑝
1: if platoon 𝑝 is formed
0: otherwise

𝑣𝑘𝑝
1: if the AGV carrying container 𝑘 ∈ 𝐾𝐷 joins
platoon 𝑝
0: otherwise

𝑢𝑘𝑝
1: if the AGV carrying container 𝑘 ∈ 𝐾𝑃 joins
platoon 𝑝
0: otherwise

𝑆𝑇 𝑘𝑛
𝑖 Time when the vehicle of mode 𝑛 carrying

container 𝑘 starts to service vertex 𝑖
𝐿𝑇 𝑘𝑛

𝑖 Time when the vehicle of mode 𝑛 carrying
container 𝑘 leaves vertex 𝑖

𝑡𝑘3 Waiting time of AGV carrying container 𝑘 ∈ 𝐾𝐷
to join its platoon at the gate

𝑡′4
𝑘 Stacking time of container 𝑘 ∈ 𝐾𝐷

𝐷𝑇 𝑘𝑛 Dwell-time of container 𝑘 ∈ 𝐾𝐷 transported by a
vehicle of mode 𝑛

𝑇𝑊 𝑘𝑛 Waiting time of the AGV carrying container
𝑘 ∈ 𝐾𝑃 to join a platoon at the target area
(𝑇𝑊 𝑘2 = 0 )

𝑇𝑂𝑘𝑛 Waiting time of the vehicle of mode 𝑛 carrying
container 𝑘 ∈ 𝐾 to start its service at the target
area

𝑆𝑇𝑃𝑖𝑝 Time when platoon p starts to service vertex i

Then, the proposed multi-objective optimization model is formu-
ated as:

𝑖𝑛 𝐹𝑇 =
∑

𝑛=1,2

∑

𝑘∈𝐾𝐷

𝑤1𝐷𝑇 𝑘𝑛 +
∑

𝑛=1,2

∑

𝑘∈𝐾
𝑤2𝑇𝑂

𝑘𝑛 +
∑

𝑛=1,2

∑

𝑘∈𝐾𝑃

𝑤3𝑇𝑊
𝑘𝑛

(1)
𝑀𝑖𝑛𝐹𝐶 =

∑

𝑛=1,2

∑

𝑘∈𝐾𝐷

∑

(𝑖,𝑗)∈𝐴
𝐶𝑇 𝑛𝑒𝑛𝑖𝑗 𝑦

𝑘𝑛 +
∑

𝑛=1,2

∑

𝑘∈𝐾𝐷

(𝐶𝐿𝑛 + 𝐶𝐴𝑛) 𝑦𝑘𝑛

+
∑

𝑛=1,2

∑

𝑘∈𝐾𝐷

∑

(𝑖,𝑗)∈𝐴
𝐶𝐸 𝑐𝑒𝑛𝑖𝑗 𝑦

𝑘𝑛 +
∑

𝑝∈𝑃

∑

(𝑖,𝑗)∈𝐴
𝐶𝑇 𝑝𝑒𝑝𝑖𝑗 𝜑𝑝

+
∑

𝑝∈𝑃
(𝐶𝐿𝑝 + 𝐶𝐴𝑝)𝜑𝑝 +

∑

𝑝∈𝑃

∑

(𝑖,𝑗)∈𝐴
𝐶𝐸 𝑐𝑒𝑝𝑖𝑗 𝜑𝑝

(2)

Subject to:
∑

𝑛=1,2
𝑦𝑘𝑛 = 1 ∀𝑘 ∈ 𝐾𝐷 (3)

∑

𝑛=1,2
𝑧𝑘𝑛 = 1 ∀𝑘 ∈ 𝐾𝑃 (4)

∑

𝑘∈𝐾𝐷

𝑦𝑘𝑛 ⩽ ̃𝐴𝑉 𝑛 ∀𝑛 = 1, 2 (5)

∑

𝑘∈𝐾𝑃

𝑧𝑘𝑛 =
∑

𝑘∈𝐾𝐷

𝑦𝑘𝑛 ∀𝑛 = 1, 2 (6)

𝑦𝑘1 =
∑

𝑝∈𝑃
𝑣𝑘𝑝 ∀𝑘 ∈ 𝐾𝐷 (7)

𝑧𝑘1 =
∑

𝑢𝑘𝑝 ∀𝑘 ∈ 𝐾𝑃 (8)
7

𝑝∈𝑃
∑

𝑘∈𝐾𝐷

𝑣𝑘𝑝 ≤ 𝑈𝐵 𝜑𝑝 ∀𝑝 ∈ 𝑃 (9)

∑

𝑘∈𝐾𝐷

𝑣𝑘𝑝 ≥ 𝐿𝐵 𝜑𝑝 ∀𝑝 ∈ 𝑃 (10)

∑

𝑘∈𝐾𝑃

𝑢𝑘𝑝 ≤ 𝑈𝐵 𝜑𝑝 ∀𝑝 ∈ 𝑃 (11)

∑

𝑘∈𝐾𝑃

𝑢𝑘𝑝 ≥ 𝐿𝐵 𝜑𝑝 ∀𝑝 ∈ 𝑃 (12)

𝑆𝑇 𝑘1
𝐼𝐷 = (𝑅𝑇 𝑘 + 𝑡1 + 𝑡2)𝑦𝑘1 ∀𝑘 ∈ 𝐾𝐷 (13)

𝑆𝑇 𝑘2
𝐼𝐷 = (𝑅𝑇 𝑘 + 𝑡′1 + 𝑡′2 + 𝑡′3 + 𝑡′5 + 𝑡′6)𝑦

𝑘2 + 𝑡′4
𝑘 ∀𝑘 ∈ 𝐾𝐷 (14)

𝐿𝑇 𝑘1
𝐼𝐷 = 𝑆𝑇 𝑘1

𝐼𝐷 + 𝑡𝑘3 + (𝑡4 + 𝑡5)𝑦𝑘1 ∀𝑘 ∈ 𝐾𝐷 (15)

𝐿𝑇 𝑘2
𝐼𝐷 = 𝑆𝑇 𝑘2

𝐼𝐷 ∀𝑘 ∈ 𝐾𝐷 (16)

𝑆𝑇𝑃𝑖𝑝 = max
𝑘∈𝐾𝐷

(𝑆𝑇 𝑘1
𝑖 𝑣𝑘𝑝 ) ∀𝑖 ∈ {𝐼𝐷} ∪ {𝑆1}, 𝑝 ∈ 𝑃 (17)

𝑆𝑇𝑃𝑖𝑝 = max
𝑘∈𝐾𝑃

(𝑆𝑇 𝑘1
𝑖 𝑢𝑘𝑝 ) ∀𝑖 ∈ {𝑆2} ∪ {𝐹𝐷}, 𝑝 ∈ 𝑃 (18)

𝑡𝑘3 =
∑

𝑝∈𝑃
(𝑆𝑇𝑃𝐼𝐷𝑝 − 𝑆𝑇 𝑘1

𝐼𝐷)𝑣
𝑘
𝑝 ∀𝑘 ∈ 𝐾𝐷 (19)

𝑥𝑘𝑙𝑛 ≤ 𝑦𝑘𝑛 ∀𝑘 ∈ 𝐾𝐷, 𝑙 ∈ 𝐾𝑃 , 𝑛 = 1, 2 (20)

𝑥𝑘𝑙𝑛 ≤ 𝑧𝑙𝑛 ∀𝑘 ∈ 𝐾𝐷, 𝑙 ∈ 𝐾𝑃 , 𝑛 = 1, 2 (21)
∑

𝑘∈𝐾𝐷

∑

𝑙∈𝐾𝑃

𝑥𝑘𝑙𝑛 =
∑

𝑘∈𝐾𝐷

𝑦𝑘𝑛 ∀𝑛 = 1, 2 (22)

∑

𝑘∈𝐾𝐷

𝑥𝑘𝑙𝑛 ≤ 1 ∀𝑙 ∈ 𝐾𝑃 , 𝑛 = 1, 2 (23)

∑

𝑙∈𝐾𝑃

𝑥𝑘𝑙𝑛 ≤ 1 ∀𝑘 ∈ 𝐾𝐷, 𝑛 = 1, 2 (24)

𝑇𝑊 𝑘1 =
∑

𝑝∈𝑃
(𝑆𝑇𝑃𝑆2𝑝 − 𝑆𝑇 𝑘1

𝑆2
)𝑢𝑘𝑝 ∀𝑘 ∈ 𝐾𝑃 (25)

𝑇𝑊 𝑘2 = 0 ∀𝑘 ∈ 𝐾𝑃 (26)

𝑆𝑇 𝑘𝑛
𝑆1

≥ (𝐿𝑇 𝑘𝑛
𝐼𝐷 + 𝑇𝑅𝑛

𝐼𝐷𝑆1
)𝑦𝑘𝑛 ∀𝑘 ∈ 𝐾𝐷, 𝑛 = 1, 2 (27)

𝐿𝑇 𝑘𝑛
𝑆1

= 𝑆𝑇 𝑘𝑛
𝑆1

+ 𝑇 𝑛
𝑆1
𝑦𝑘𝑛 ∀𝑘 ∈ 𝐾𝐷, 𝑛 = 1, 2 (28)

𝑆𝑇 𝑘𝑛
𝑆2

≥ (𝐿𝑇 𝑘𝑛
𝑆1

+ 𝑇𝑅𝑛
𝑆1𝑆2

)𝑥𝑘𝑙𝑛 ∀𝑘 ∈ 𝐾𝐷, 𝑙 ∈ 𝐾𝑃 , 𝑛 = 1, 2 (29)

𝐿𝑇 𝑘𝑛
𝑆2

= 𝑆𝑇 𝑘𝑛
𝑆2

+ 𝑇 𝑛
𝑆2
𝑧𝑘𝑛 + 𝑇𝑊 𝑘𝑛 ∀𝑘 ∈ 𝐾𝑃 , 𝑛 = 1, 2 (30)

𝑆𝑇 𝑘𝑛
𝐹𝐷 ≥ (𝐿𝑇 𝑘𝑛

𝑆2
+ 𝑇𝑅𝑛

𝑆2𝐹𝐷)𝑧
𝑘𝑛 ∀𝑘 ∈ 𝐾𝑃 , 𝑛 = 1, 2 (31)

𝐿𝑇 𝑘𝑛
𝐹𝐷 = 𝑆𝑇 𝑘𝑛

𝐹𝐷 + 𝑇 𝑛
𝐹𝐷𝑧

𝑘𝑛 ∀𝑘 ∈ 𝐾𝑃 , 𝑛 = 1, 2 (32)

𝑇𝑂𝑘𝑛 = 𝑆𝑇 𝑘𝑛
𝑆1

− (𝐿𝑇 𝑘𝑛
𝐼𝐷 + 𝑇𝑅𝑛

𝐼𝐷𝑆1
)𝑦𝑘𝑛 ∀𝑘 ∈ 𝐾𝐷, 𝑛 = 1, 2 (33)

𝑇𝑂𝑙𝑛 = 𝑆𝑇 𝑙𝑛
𝑆2

− (𝐿𝑇 𝑘𝑛
𝑆1

+ 𝑇𝑅𝑛
𝑆1𝑆2

)𝑥𝑘𝑙𝑛 ∀𝑘 ∈ 𝐾𝐷, 𝑙 ∈ 𝐾𝑃 , 𝑛 = 1, 2 (34)

𝐷𝑇 𝑘1 = (𝑡1 + 𝑡2 + 𝑡4 + 𝑡5)𝑦𝑘1 + 𝑡𝑘3 ∀𝑘 ∈ 𝐾𝐷 (35)

𝐷𝑇 𝑘2 = (𝑡′1 + 𝑡′2 + 𝑡′3 + 𝑡′5 + 𝑡′6)𝑦
𝑘2 + 𝑡′4

𝑘 ∀𝑘 ∈ 𝐾𝐷 (36)
𝑇𝐴𝑘

𝑖 𝑦
𝑘𝑛 ≤ 𝑆𝑇 𝑘𝑛

𝑖 ≤ 𝑇𝐵𝑘
𝑖 𝑦

𝑘𝑛 ∀𝑖 ∈ {𝐼𝐷} ∪ {𝑆1}, 𝑘 ∈ 𝐾𝐷, 𝑛 = 1, 2
(37)

𝑇𝐴𝑘
𝑖 𝑧

𝑘𝑛 ≤ 𝑆𝑇 𝑘𝑛
𝑖 ≤ 𝑇𝐵𝑘

𝑖 𝑧
𝑘𝑛 ∀𝑖 ∈ {𝑆2} ∪ {𝐹𝐷}, 𝑘 ∈ 𝐾𝑃 , 𝑛 = 1, 2

(38)

𝑣𝑘𝑝 , 𝑢
𝑘
𝑝 , 𝜑𝑝, 𝑦

𝑘𝑛, 𝑧𝑘𝑛, 𝑥𝑘𝑙𝑛 ∈ {0, 1} ∀𝑝 ∈ 𝑃 , 𝑘 ∈ 𝐾, 𝑛 = 1, 2 (39)

𝑆𝑇 𝑘𝑛
𝑖 , 𝐿𝑇 𝑘𝑛

𝑖 , 𝑇𝑊 𝑘𝑛, 𝑇𝑂𝑘𝑛, 𝑆𝑇𝑃𝑖𝑝, 𝑡
𝑘
3 , 𝑡

′
4
𝑘, 𝐷𝑇 𝑘𝑛 ≥ 0

∀𝑖 ∈ 𝑉 , 𝑝 ∈ 𝑃 , 𝑘 ∈ 𝐾, 𝑛 = 1, 2 (40)

The objective function (1) minimizes the dwell-time of the contain-
ers and the idle time of the vehicles of two modes, including the waiting
time of the vehicles carrying import containers to start their service at
the target area and the waiting time of the AGVs to join their platoon.
In the objective function (2), the total cost of the system is minimized,
which involves transportation, labor wage, vehicle acquisition, carbon

emission penalty, and platoon formation costs. Platoon formation cost
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expresses the charge of assigning a human-driven leading vehicle and
its driver to each string. It involves the transportation cost of the
platoon leaders, as well as their drivers’ wages, acquisition costs, and
emission penalty costs. Constraints (3) guarantee that each import con-
tainer is delivered by one of the delivery modes. Constraints (4) express
the same principle for the export containers. Constraints (5) ensure that
the limits on the available numbers of AGVs and trucks, which are
random variables, are respected. Constraints (6) guarantee the vehicles
of each transportation mode that deliver the import containers to the
target area, pick up the export containers and go back to the port.
Constraints (7) imply that an AGV can leave the port only if it joins
a platoon. Constraints (8) ensure that an AGV leaving the target area
joins a platoon, too. Constraints (9)–(12) specify the number of allowed
AGVs in a platoon and also indicate that AGVs can join a platoon
if that platoon is formed. Since making a platoon of one vehicle is
meaningless, the lower bound on the platoon size is usually taken as
two.

Constraints (13) and (14) determine the service start time of the
vehicles of the two modes, that is, when the vehicle arrives at the gate
of the container terminal. The time that the vehicles of two modes leave
the gate is specified by Eqs. (15) and (16). Constraints (17) and (18)
determine the service start time of each platoon at each vertex, which
is the time when all of the vehicles in the platoon have started their
service at that vertex. The waiting time of each AGV for forming a
platoon at the gate is obtained by constraints (19). Constraints (20)–
(24) check if a vehicle that delivers a specific import container 𝑘
ransports a particular export container 𝑙. Constraints (25) specify the
aiting time of each AGV for forming a platoon at the target area,
nd constraint (26) indicates that this value is zero for the trucks.
ervice time and leaving time at different vertices are obtained through
onstraints (27)–(32). Constraints (33) and (34) specify the waiting
ime of the vehicles of each delivery mode to start their service at
he target area. Dwell-time of the containers of each delivery mode is
btained by Eqs. (35) and (36). Admissible service time-windows are
ntroduced in constraints (37) and (38). Finally, constraints (39) and
40) specify the type of the decision variables.

Eqs. (17)–(19), (25), (27),(29), (31), (33), and (34) are non-linear,
hich are linearized as follows:

𝑇𝑃𝑖𝑝 − 𝑆𝑇 𝑘1
𝑖 ≥ 𝑚1(1 − 𝑣𝑘𝑝 ) ∀𝑖 ∈ {𝐼𝐷} ∪ {𝑆1}, 𝑝 ∈ 𝑃 , 𝑘 ∈ 𝐾𝐷 (41)

𝑇𝑃𝑖𝑝 − 𝑆𝑇 𝑘1
𝑖 ≥ 𝑚2(1 − 𝑢𝑘𝑝 ) ∀𝑖 ∈ {𝑆2} ∪ {𝐹𝐷}, 𝑝 ∈ 𝑃 , 𝑘 ∈ 𝐾𝑃 (42)

𝑘
3 + 𝑆𝑇 𝑘1

𝐼𝐷 − 𝑆𝑇𝑃𝐼𝐷𝑃 ≤ 𝑀1(1 − 𝑣𝑘𝑝 ) ∀𝑝 ∈ 𝑃 , 𝑘 ∈ 𝐾𝐷 (43)
𝑘
3 + 𝑆𝑇 𝑘1

𝐼𝐷 − 𝑆𝑇𝑃𝐼𝐷𝑃 ≥ 𝑚3(1 − 𝑣𝑘𝑝 ) ∀𝑝 ∈ 𝑃 , 𝑘 ∈ 𝐾𝐷 (44)

𝑡𝑘3 ≤ 𝑀2
∑

𝑝∈𝑃
𝑣𝑘𝑝 ∀𝑘 ∈ 𝐾𝐷 (45)

𝑇𝑊 𝑘1 − 𝑆𝑇𝑃𝑆2𝑝 + 𝑆𝑇 𝑘1
𝑆2

≤ 𝑀3(1 − 𝑢𝑘𝑝 ) ∀𝑝 ∈ 𝑃 , 𝑘 ∈ 𝐾𝑃 (46)

𝑇𝑊 𝑘1 − 𝑆𝑇𝑃𝑆2𝑝 + 𝑆𝑇 𝑘1
𝑆2

≥ 𝑚4(1 − 𝑢𝑘𝑝 ) ∀𝑝 ∈ 𝑃 , 𝑘 ∈ 𝐾𝑃 (47)

𝑆𝑇 𝑘𝑛
𝑆1

− 𝐿𝑇 𝑘𝑛
𝐼𝐷 − 𝑇𝑅𝑛

𝐼𝐷𝑆1
≥ 𝑚5(1 − 𝑦𝑘𝑛) ∀𝑘 ∈ 𝐾𝐷, 𝑛 = 1, 2 (48)

𝑆𝑇 𝑘𝑛
𝑆2

− 𝐿𝑇 𝑘𝑛
𝑆1

− 𝑇𝑅𝑛
𝑆2𝑆2

≥ 𝑚6(1 − 𝑥𝑘𝑙𝑛) ∀𝑘 ∈ 𝐾𝐷, 𝑙 ∈ 𝐾𝑃 , 𝑛 = 1, 2 (49)

𝑆𝑇 𝑘𝑛
𝐹𝐷 − 𝐿𝑇 𝑘𝑛

𝑆2
− 𝑇𝑅𝑛

𝑆2𝐹𝐷 ≥ 𝑚7(1 − 𝑧𝑘𝑛) ∀𝑘 ∈ 𝐾𝑃 , 𝑛 = 1, 2 (50)

𝑇𝑂𝑘𝑛 − 𝑆𝑇 𝑘𝑛
𝑆1

+ 𝐿𝑇 𝑘𝑛
𝐼𝐷 + 𝑇𝑅𝑛

𝐼𝐷𝑆1
≤ 𝑀4(1 − 𝑦𝑘𝑛) ∀𝑘 ∈ 𝐾𝐷, 𝑛 = 1, 2 (51)

𝑇𝑂𝑘𝑛 − 𝑆𝑇 𝑘𝑛
𝑆1

+ 𝐿𝑇 𝑘𝑛
𝐼𝐷 + 𝑇𝑅𝑛

𝐼𝐷𝑆1
≥ 𝑚8(1 − 𝑦𝑘𝑛) ∀𝑘 ∈ 𝐾𝐷, 𝑛 = 1, 2 (52)

𝑇𝑂𝑙𝑛 − 𝑆𝑇 𝑙𝑛
𝑆2

+ 𝐿𝑇 𝑘𝑛
𝑆1

+ 𝑇𝑅𝑛
𝑆1𝑆2

≤ 𝑀5(1 − 𝑥𝑘𝑙𝑛) ∀𝑘 ∈ 𝐾𝐷, 𝑙 ∈ 𝐾𝑃 , 𝑛 = 1, 2

(53)
𝑇𝑂𝑙𝑛 − 𝑆𝑇 𝑙𝑛

𝑆2
+ 𝐿𝑇 𝑘𝑛

𝑆1
+ 𝑇𝑅𝑛

𝑆1𝑆2
≥ 𝑚9(1 − 𝑥𝑘𝑙𝑛) ∀𝑘 ∈ 𝐾𝐷, 𝑙 ∈ 𝐾𝑃 , 𝑛 = 1, 2

(54)

Constraints (17) and (18) are linearized by the constraints (41)
and (42), respectively. Constraints (43)–(45) are linearized versions
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of constraints (19). Constraints (25) are linearized by constraints (46)
and (47). Constraints (48), (49), and (50) are linearized versions of
constraints (27), (29), and (31), respectively. Finally, constraints (33)
and (34) are linearized by constraints (50)–(54).

4. Solution approach

4.1. Robust optimization

In order to reflect a more practical setting, the number of available
vehicles of each mode is considered uncertain in our model. There exist
several approaches to handling uncertainty in optimization problems.
Among those is robust optimization, whose good performance in facing
uncertainty has long been outlined. We confine these uncertain avail-
ability parameters to vary within a predetermined uncertainty set 𝜁 .
This is in place of taking a hypothetical probability distribution, which
may not be applicable in related problem settings (Caserta & Voß,
2019). The box uncertainty set is the most widely applied uncertainty
set in robust optimization due to its computational simplicity. On the
other hand, it allows for highly conservative solutions where all random
variables can take the values of the worst-case scenario. The ellipsoidal
uncertainty set resolves this issue by cutting out unlikely scenarios at
the price of higher computational complexity compared to the box and
polyhedral uncertainty sets. The ellipsoidal uncertainty set has been
successfully applied in a wide variety of problems and is formulated
as:

𝜁𝐸 = {�̃� ∈ 𝑅𝑞 ∣ (�̃� − �̄�)𝑇𝛴−1(�̃� − �̄�) ≤ 𝛺2} (55)

Where �̃� is the uncertain vector, 𝑞 is linked to the size of the vector, �̄�
is the vector of nominal values (usually taken as the average over the
past historical records), 𝛴 is the covariance matrix, and 𝛺 is the safety
parameter that reflects the attitude of the decision-maker towards risk.
As ̃𝐴𝑉 𝑛 is a vector of size one in our problem, 𝜁𝐸 is decreased to:

𝜁𝐸 = { ̃𝐴𝑉 𝑛 ∈ 𝑅 ∣
( ̃𝐴𝑉 𝑛 − ̄𝐴𝑉 𝑛)2

𝜎𝑛2
≤ 𝛺2} (56)

For a robust optimization approach, we capture the worst condition
that can take place based on the values of ̃𝐴𝑉 𝑛. Then, constraints (5)
are reformulated as:
∑

𝑘∈𝐾𝐷

𝑦𝑘𝑛 ≤ min
̃𝐴𝑉 𝑛∈𝜁𝐸

{ ̃𝐴𝑉 𝑛} ∀𝑛 = 1, 2

(57)

By applying Karush-Kuhn–Tucker conditions on the right-hand side
of constraints (57), we have:

̃𝐴𝑉 𝑛 = ̄𝐴𝑉 𝑛 −𝛺𝜎𝑛 (58)

Then, the robust counterpart of constraints (57) is:
∑

𝑘∈𝐾𝐷

𝑦𝑘𝑛 ≤ ̄𝐴𝑉 𝑛 −𝛺𝜎𝑛 ∀𝑛 = 1, 2

(59)

Accordingly, constraints (5) are replaced with the new constraints (59).

4.2. Augmented epsilon constraint method

In the proposed bi-objective model, it is impossible to obtain an
individual solution that can simultaneously optimize both objective
functions. For this reason, the augmented epsilon constraint method
is used to achieve Pareto optimal solutions that capture the trade-offs
between minimizing cost and time (Mavrotas, 2009). In the considered
case with two objectives, this method equals the AUGMECON2 method
proposed by Mavrotas and Florios (2013). In this approach, we op-
timize one of the objective functions using the other as a constraint
accompanied by the original constraints of the problem. We take time

(𝐹𝑇 ) as the main objective function and calculate the range of 𝐹𝐶 by
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Fig. 2. Graphic representation of the Port of Valparaíso–ZEAL case study.
creating the payoff table obtained by the lexicographic optimization
of the objective functions. Then, the range of 𝐹𝐶 is divided into 𝑘
equal intervals resulting in 𝑘 + 1 grid points for 𝐹𝐶 . Subsequently,
𝑘 + 1 optimization sub-problems are solved to obtain the Pareto front
of the problem. The optimization sub-problem for the 𝑙th grid point is
formulated as:

𝑀𝑖𝑛𝐹𝑇 − 𝜀(
𝑆𝑙
𝑟
) (60)

s.t.

𝐹𝐶 + 𝑆𝑙 = 𝑒𝑙 (61)
𝐶𝑜𝑛𝑠𝑡𝑟𝑎𝑖𝑛𝑡𝑠 (3), (4), (6)–(16), (20)–(24), (26), (28), (30), (32), (35)–(40),

(41)–(54), (59)

where 𝜀 is a small number (10−6−10−3) and 𝑒𝑙 is obtained as 𝑒𝑙 = 𝑢𝑏− 𝑙𝑟
𝑘

(where 𝑢𝑏 and 𝑟 are the upper bound and range of 𝐹𝐶 , respectively).
In order to derive the best compromise solution from the ob-

tained Pareto front, the membership function in fuzzy sets is ap-
plied (Tavakkoli-Moghaddam et al., 2015). A linear membership func-
tion for each of the objective functions is introduced as:

⎧

⎪

⎪

⎨

⎪

⎪

⎩

𝜇𝑙
𝑚 =0 𝐹 𝑙

𝑚 ≤ 𝐹𝑚𝑖𝑛
𝑚

𝐹𝑚𝑎𝑥
𝑚 −𝐹 𝑙

𝑚
𝐹𝑚𝑎𝑥
𝑚 −𝐹𝑚𝑖𝑛

𝑚
𝐹𝑚𝑖𝑛
𝑚 ≤ 𝐹 𝑙

𝑚 ≤ 𝐹𝑚𝑎𝑥
𝑚

1 𝐹 𝑙
𝑚 ≥ 𝐹𝑚𝑎𝑥

𝑚

(62)

where 𝑚 = 𝑇 , 𝐶 and 𝑙 indicate the two objective functions and grid
points, respectively. Then, the overall membership function is normal-
ized as:

𝜇𝑙 =
𝜛1𝜇𝑙

1 +𝜛2𝜇𝑙
2

∑𝑘+1
𝑔=1

∑

𝑚=1,2 𝜛𝑚𝜇
𝑔
𝑚

(63)

where 𝜛𝑚 is the weight value of the 𝑚th objective function. Finally, the
solution with the maximum membership function 𝜇𝑙 is selected as the
best compromise solution.

5. Numerical results

Our developed structure is illustrated through two case studies: the
Port of Valparaíso in Chile and the Port of Rotterdam in The Nether-
lands. In both cases, we consider the transportation of the containers
between the port and a dry port in the hinterland. The traveling dis-
tance of the latter case is considerably longer than the former one. This
9

provides us with the opportunity to contrast the benefits of platoons for
short and long traveling distances.

The model is a variant of the assignment problem and can be solved
for large-size instances in a reasonable time. The MIP model is coded
in IBM ILOG CPLEX Optimization Studio 12.7, and the experiments are
carried out on a computer with Intel®Core i7-8650U CPU 1.9 GHz,
2.11 GHz, and 7.88 GB memory available.

5.1. Experimental settings

In the first case study, we consider full container pickup and deliv-
ery between the port of Valparaíso, in particular, the main port terminal
TPS (South Pacific Terminal, TPS by its acronym in Spanish) and the
pre-terminal ZEAL (Logistics Economic Activities Zone). According to
the logistics model of the port of Valparaíso, ZEAL operates under a
centralized system in which all trucks should arrive at this pre-terminal,
register, and wait until the port terminal authorizes their arrival to the
container terminal. Once the truck is called, it travels to the port and
either drops off the export container or picks up an import container.
ZEAL is located 11 kilometers from the port and was implemented
to reduce traffic and congestion of heavy vehicles in the port city of
Valparaíso and the two terminals of the port have very limited space.

The second case study illustrates a similar problem between the port
of Rotterdam, in particular APM terminals Maasvlakte II (The western
part of the seaport) and the logistic hub Venlo, which is an international
hub connecting the port to the German hinterland. The hub is located
in the southeast of The Netherlands and within 200 km distance from
the port of Rotterdam. Figs. 2 and 3 provide a graphic representation
of these case studies.

The input parameters of these case studies are defined mainly
based on the experience of the authors in past projects with the Port
of Rotterdam and Chilean ports like Valparaíso, San Antonio and
Arica. Moreover, we incorporated the available information on the
websites of each port terminal to get an idea of the current TEU
transfer volume and the available equipment. The port of Valparaíso,
for instance, provides this information on its website related to seaside
planning, that is, it announces the vessels that are expected to arrive
and their assignment to berths. Additional information of the route,
arrival and departure times of the vessels is obtained from the website
of MarineTraffic. We also collected the available statistics to determine
the maximum number of quay cranes assigned to a vessel and the
maximum number of container movements per quay crane per hour.
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Fig. 3. Graphic representation of the Port of Rotterdam–Venlo case study.
We assume that an average-size vessel in the Port of Valparaíso
and the Port of Rotterdam, may require unloading around 2000 and
4000 containers, respectively. From those containers, 30% correspond
to empty ones that will be transported to empty container depots.
25% and 20% will be directly transported to the hinterland and 11%
and 7.5% will need additional time in the port due to administrative
requirements, respectively. 30% are transported to bonded warehouses
located in the inter-port area in both cases and 20% are transported
by barge in the case of the Port of Rotterdam. Finally, 4% (80 con-
tainers) and 2.5% (100 containers) are transported to ZEAL and Venlo,
respectively.

It is assumed that, on average, a quay crane operator performs 25
movements per hour and that three quay cranes will be assigned to
handle the vessel in the Port of Valparaíso. In the case of the Port
of Rotterdam, these are 40 movements and five quay cranes. We are
assuming that the Port of Rotterdam is more efficient in terms of
transferring capacity than Valparaíso and that it has more available
quay cranes.

Accordingly, for a vessel that requires unloading 2000 (4000) con-
tainers, approximately 26 (20) h will be necessary to serve the vessel in
the Port of Valparaíso (the Port of Rotterdam). The unloading sequence
is, in general, uncertain and determined according to the way contain-
ers are organized in the vessel and the corresponding stowage plan. The
planning horizon starts as the first container of the subset is unloaded
off the vessel. Hence, unloading of this subset of the containers can start
at any time step of the unloading process without impacting the results.
Thereby and without loss of generality, we assume 80 (100) containers
that will be transported to the ZEAL (Venlo) are positioned in the vessel
such that they are among the first 5% of the unloaded containers. That
is, their release time, which reflects the order in which the containers
are unloaded off the vessel, is distributed over 80 (60) min requiring
them to serve these containers in groups of three (five) consecutive
containers every 2.4 (1.5) min. The release time values are provided in
Tables 4 and 5 for the two cases. The containers are numbered based
on their release time in ascending order.

Service time-windows of the import containers at ZEAL and Venlo
start (end) based on their release time plus a lower (upper) bound on
the required time to arrive there. For the export containers, we take the
time-windows of import containers as the basis and add the required
time to start loading the export containers after arriving at ZEAL and
Venlo. Tables 6 and 7 provide the time-windows of import and export
containers for the two case studies.

For the uncertainty set, we let the safety parameter 𝛺 equal one in
both cases (we investigate the impact of changing the 𝛺 value later).
10
̄𝐴𝑉 𝑛 is considered to take integer values uniformly distributed within
[70, 85] and [90, 105] for the case of Valparaíso and Rotterdam,
respectively. 𝜎𝑛 is uniformly distributed within [1, ̄𝐴𝑉 𝑛

10 ], in both cases.
Thus, the available vehicles can take any value within the uncertainty
set characterized by these parameters. In Table 12, in the first row, we
also show how neglecting 𝜎𝑛 and taking only the average value would
impact the results. Similarly, we also show how varying the level of 𝛺
affects the results (the level of risk aversion).

Distances are transformed into travel time by considering speeds of
45 km∕h for the trucks and 30 km∕h for the AGVs in the linking road
of the port of Valparaíso to ZEAL and 20 km∕h for both modes within
the AGV-ready areas. In the second case, these speeds are 75 km∕h for
the trucks and 55 km∕h for the AGVs in the linking road of the port of
Rotterdam to Venlo and 25 km∕h for both modes within the AGV-ready
areas. In a recent research project that was carried out to investigate the
potential for the application of AGVs (Pauwels, 2021), the simulation
results showed that the driving speed largely impacts the emergency
breaks and collisions of AGVs. Platooning and autonomous driving
regulations can also put limits on these speeds. It should be noted that
these speeds are experimental choices regarding our case and can be
varied for different problem settings.

Travel costs are proportional to traveling distance and are higher
for the trucks due to higher fuel consumption. The reason is that for
vehicles traveling in a platoon, their fuel consumption decreases due to
lower air drag. The number of admissible AGVs in a platoon is confined
to (2, 4) in both case studies.

5.2. Results

Optimizing the proposed model for the two case studies yields
the following results (Table 8). The results indicate that in both case
studies, AGVs deliver the majority of the import containers and thereby
pick up the export containers. In the Port of Valparaíso–ZEAL (the Port
of Rotterdam–Venlo) case, the AGVs join 22 (27) platoons to reach their
destination, where nine (15) platoons contain four (four) AGVs, 12 (10)
involve three (three) AGVs, and one has (two have) two (two) AGVs.
Economically, it is desired to form the minimum number of possible
platoons. However, our approach provides a compromise solution out
of the Pareto optimal set, simultaneously seeking to minimize time and
costs, with a higher priority devoted to time reduction. Precisely, if we
had the single objective of cost minimization, the numbers of formed
platoons were 18 and 23, each with four AGVs in the first and second
case studies, respectively. On the other hand, with a focus on time
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Table 4
Release time of the import containers in the Valparaíso–ZEAL case (in minutes).

Import 1–3 4–6 7–9 10–12 13–15 16–18 19–21 22–24 25–27containers

𝑅𝑇 𝑘 2.4 4.8 7.2 9.6 12 14.4 16.8 19.2 21.6

Import 28–30 31–33 34–36 37–39 40–42 43–45 46–48 49–51 52–54containers

𝑅𝑇 𝑘 24 28.8 31.2 33.6 38.4 40.8 43.2 45.6 50.4

Import 55–57 58–60 61–63 64–66 67–69 70–72 73–75 76–78 79–80containers

𝑅𝑇 𝑘 55.2 57.6 60 62.4 64.8 67.2 69.6 72 74.4
Table 5
Release time of the import containers in the Rotterdam–Venlo case (in minutes).

Import 1–5 6–10 11–15 16–20 21–25 26–30 31–35 66–40 41–45 46–50containers

𝑅𝑇 𝑘 1.5 3 7.5 9 13.5 15 16.5 19.5 21 22.5

Import 51–55 56–60 61–65 66–70 71–75 76–80 81–85 86–90 91–95 96–100containers

𝑅𝑇 𝑘 25.5 27 34.5 36 37.5 40.5 43.5 46.5 48.5 52.5
Fig. 4. Comparison of (a) Total Costs, (b) Total Time, (c) Average Dwell Time, and (d) Total Emissions in four settings — The Port of Valparaíso–ZEAL.
Table 6
Service time-windows in the Valparaíso–ZEAL case (in minutes).

Import 1–10 11–20 21–30 31–40 41–50 51–60 61–70 71–75containers

𝑇𝐴𝑘
𝑆1

20 28 36 44 52 60 68 76
𝑇𝐵𝑘

𝑆1
150.4 158.4 166.4 174.4 182.4 190.4 198.4 206.4

Export 1–10 11–20 21–30 31–40 41–50 51–60 61–70 71–75containers

𝑇𝐴𝑘
𝑆2

26.9 34.9 42.9 50.9 58.9 66.9 74.9 82.9
𝑇𝐵𝑘

𝑆2
157.3 165.3 173.3 181.3 189.3 197.3 205.3 213.3

minimization, 25 platoons were formed, out of which 24 had three
AGVs, and one contained two AGVs, for the first case study. This leads
to decrease dwell time by reducing the waiting times of AGVs to join
11
a platoon. In the second case study, a focus on time minimization led
to 30 platoons, out of which 14 had four AGVs, six involved three, and
10 contained two AGVs. This is while taking the bi-objective approach,
allows for considering both objectives and their relative significance
and results in applying 22 and 27 platoons.

In comparison to the traditional scheme, the proposed approach not
only shortens the dwell time of the import containers by decreasing
loading/unloading processes and eliminating stacking but also brings
cost savings in terms of lower transportation, labor, and emission
penalty costs. This is obtained by the application of AGVs, together
with taking a bi-objective approach. Figs. 4 and 5 provide a comparison
basis in terms of the value of the two objective functions, as well as
the average dwell time of each import container and carbon emissions
in four structures, including our proposed one, the single time and cost
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Table 7
Service time-windows in the Rotterdam–Venlo case (in minutes).

Import 1–10 11–20 21–30 31–40 41–50 51–60 61–70 71–80 81–90 91–100containers

𝑇𝐴𝑘
𝑆1

166.1 169.1 172.1 175.1 178.1 181.1 184.1 187.1 190.1 193.1
𝑇𝐵𝑘

𝑆1
296.6 299.6 302.6 305.6 308.6 311.6 314.6 317.6 320.6 323.6

Export 1–10 11–20 21–30 31–40 41–50 51–60 61–70 71–80 81–90 91–100containers

𝑇𝐴𝑘
𝑆2

172.6 175.6 178.6 181.6 184.6 187.6 190.6 193.6 196.6 199.6
𝑇𝐵𝑘

𝑆2
303.1 306.1 309.1 312.1 315.1 318.1 321.1 324.1 327.1 330.1
Fig. 5. Comparison of (a) Total Costs, (b) Total Time, (c) Average Dwell Time, and (d) Total Emissions in four settings — The Port of Rotterdam–Venlo.
Table 8
Results for the two case studies.
Case 𝐹𝑇 𝐹𝐶 𝑦𝑘,𝑛

V-Z 487.6 10 277 𝑘 = 1–74, 𝑛 = 1 1 𝑘 = 75–80, 𝑛 = 2 1
R-V 619.4 99 941.89 𝑘 = 1–94, 𝑛 = 1 1 𝑘 = 95–100, 𝑛 = 2 1

Case ∑

𝑛
∑

𝑘 𝐷𝑇 𝑘𝑛 ∑

𝑛
∑

𝑘 𝑇𝑊 𝑘𝑛 𝜑𝑝

V-Z 487.6 0 𝑝 = 1–22 1 𝑝 = 23–25 0
R-V 616.4 0 𝑝 = 1–27 1 𝑝 = 28–30 0

Case ∑

𝑛
∑

𝑘 𝑇𝑂𝑘𝑛 ∑

𝑛
∑

𝑙 𝑇𝑂𝑙𝑛 ∑

𝑘 𝑡
𝑘
3

∑

𝑘 𝑡
′
4
𝑘

V-Z 0 0 31.12 0
R-V 0 0 60 0

V-Z: The Port of Valparaíso–ZEAL , R-V: The Port of Rotterdam–Venlo Case Studies.

objectives, and the classic approach where only conventional trucks are
applied.

As Figs. 4 and 5 depict, the proposed scheme is more cost- and
time-efficient than the classic approach and provides a more sustainable
transportation mode. Switching to the proposed direct delivery scheme
leads to a 57% (56%) decrease in the average dwell time of the import
containers in the first (second) case study, which is highly desirable
as it can boost up the efficiency of container handling at the port of
Valparaíso and Rotterdam. While the single ‘‘time-objective’’ approach
comes quite close to the bi-objective approach for several performance
indicators, it performs clearly worse on costs. Thus, we cannot consider
12
it an equal alternative to the bi-objective approach. Furthermore, a
large share of the savings may not require a bi-objective approach.
However, the bi-objective approach is the only one that offers balanced
and high-quality solutions for all performance indicators considered.
The results validate the claim that by applying a bi-objective approach,
a compromise solution providing a balance between the two extreme
directions (minimizing costs and time) is obtained that, to large extents,
holds the advantages of separately minimizing each objective function.

Comparing the benefits of direct delivery by AGVs between the two
case studies shows that switching from the classic approach to the pro-
posed scheme leads to almost the same benefits in the two case studies.
Expressly, the percentage of reductions in time and carbon emissions
are very similar, while the cost saving in the port of Rotterdam–Venlo
case is higher. This shows that the cost-efficiency of using AGV platoons
gets more intensified as the traveling distance increases. This is not only
because of the decreased air drag and, thereby, fuel consumption when
traveling in platoons, but also stems from the elimination of the labor
costs, which are higher for long traveling distances.

The maximum number of allowed AGVs in a platoon has an impact
on platooning benefits. To study this impact, a sensitivity analysis on
this parameter is required. Table 9 provides optimal solutions of the
problem for different values of 𝑈𝐵 for the first case study. The same
pattern of changes is observed in the second case study.

As suggested by Table 9, the total cost of the system increases
by decreasing 𝑈𝐵. This is because by reducing the value of 𝑈𝐵, the
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Table 9
The impact of the maximum number of allowed AGVs in a platoon in the
Valparaíso–ZEAL case.
𝑈𝐵 𝐹𝑇 𝐹𝐶 Number of Number of Number of Average

AGVs trucks platoons dwell time

2 682 11 821 50 30 25 8.53
3 485.2 10 684.01 72 8 24 5.89
4 487.6 10298.87 74 6 22 6.095
5 494.79 10 049.08 74 6 20 6.18
6 497.8 9878.68 74 6 18 6.21

platooning option gets more expensive, as the same platoon can contain
fewer AGVs. Therefore, more platoons need to be formed, and fewer
AGVs are applied. This is while changes in 𝑈𝐵, do not lead to a
recognizable pattern in the total time. By decreasing 𝑈𝐵, and thereby
using fewer AGVs, the dwell time of the containers shipped by trucks
increases. On the other hand, the reduction in 𝑈𝐵 can also decrease
the waiting time of the AGVs for making platoons at Valparaíso. So,
the change in the value of 𝐹𝑇 depends on the two contradictory factors.
For instance, by changing 𝑈𝐵 from four to three, two more trucks are
used that will have larger dwell times. Alternatively, the waiting time
for making platoons (𝑡𝑘3) decreases as three containers are unloaded
simultaneously, and their release times are the same. The decrease in
𝑡𝑘3 is larger than the impact of two additional trucks. So, the average
dwell time and total time decrease.

One may expect an increase in the number of applied AGVs with an
increase in 𝑈𝐵. The reason why this is not observed in Table 9 is that
the number of available AGVs is restricted to 74 in our case. So, if this
value was larger, an increase in the application of AGVs was expected.

The platoon formation cost, which is associated with assigning a
human-driven vehicle to each platoon as the leader, is expected to have
an impact on the platooning benefits. To study this impact, a sensitivity
analysis on this parameter is carried out, the result of which is provided
in Table 10 for the second case study. The same pattern of changes is
observed in the first case study.

As suggested by Table 10, decreasing the platoon formation cost
makes platooning more attractive. Then, the number of applied AGVs
and the number of formed platoons can increase (here, we had the
maximum number of available AGVs applied). An increase in the
number of platoons results in fewer AGVs in some platoons, decreasing
the waiting time for these AGVs to form the platoon. Therefore, the
dwell time of the containers and both objective functions undergo a
reduction.

In order to deep dive into the features of our proposed model, it is
also essential to analyze the impact of time windows on the optimal
solutions. Table 11 provides optimal solutions obtained by varying
time-windows ∀ 𝑘 𝑎𝑛𝑑 𝑙 = 61–80 for the first case study. The same
pattern of changes is observed in the second case study.

By shifting the service time-windows to 30 min later, the idle time of
the AGVs increases. That is because the vehicles need to wait longer for
the delivery time-window to be open. The optimal transportation mode
is still the same; hence, the system’s total cost undergoes no changes.
As the time-window shifts 60 min later, it is not optimal to use AGVs
for those 20 containers (∀ 𝑘 𝑎𝑛𝑑 𝑙 = 61–80) anymore, and conventional
trucks are applied instead. Accordingly, the total cost increases. It is
noteworthy that we have put a higher priority on time components,
and that is why the transportation mode switches to decrease idle
times despite higher costs. These 20 containers will wait on average
38.5 min in the stack before leaving the port. By shifting the time-
windows later than 60 min, the stacking time increases. These results
convey an important insight: As the delivery time-window shifts later,
direct delivery by AGVs loses its efficiency due to longer idle times at
the destination.

In order to get better insights into the complexity of the formulated
model, the time taken to obtain the optimal solutions for different
instance sizes is derived. A weighted sum of the two objective functions
13
Fig. 6. CPU time taken to obtain optimal solutions (in seconds).

Fig. 7. The price of robustness and the reliability of the robust solutions.

s taken as the objective function, and the problem size is varied
etween 50 and 500 containers. Fig. 6 depicts the run time for these
roblem sizes.

As the figure depicts, the problem is solved for large instances in a
easonable time. As an instance, the CPU time for solving the problem
f 500 containers is less than an hour.

.3. Robustness evaluation

In robust optimization, evaluating the robustness price versus the
eliability of the robust solutions is of great significance. We applied
he ellipsoidal uncertainty set as it is less conservative in comparison
o the box uncertainty set. Therefore, our approach guarantees the
easibility of the optimal solutions for every realization of the uncertain
arameters as long as they belong to the ellipsoidal uncertainty set.
owever, after observing the real parameters, one may realize that the
alues belong to a box (Caserta & Voß, 2019). Therefore, the following
nalysis is carried out:

Taking the values of ̄𝐴𝑉 𝑛 and 𝜎𝑛, 1000 realizations of 𝐴𝑉 =
̃𝐴𝑉 1, ̃𝐴𝑉 2] are randomly generated within [ ̄𝐴𝑉 𝑛 − 𝜎𝑛, ̄𝐴𝑉 𝑛 + 𝜎𝑛]. Then,

he failure probability and robustness price are calculated for different
values, the results of which are provided in Table 12.
Fig. 7 provides a graphical representation of these results. The same

ehavior is distinguished in both case studies, and thereby, we only
rovide the results of the Rotterdam–Venlo case here. The price of
obustness measures the relative increase in the objective function by
witching to robust optimization from the nominal approach where the
ncertain parameter is replaced with its average value.

Since 𝛺 projects a measure of risk aversion, as it increases, we
bserve an increase in the price of robustness due to the increase in
he objective function and a decrease in the probability of failure.
ccordingly, the minimum reliability and minimum robustness price
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a

Table 10
The impact of platoon formation cost in the Rotterdam–Venlo case.

Platooning 𝐹𝑇 𝐹𝐶 Number of Number of Number of Average
cost AGVs trucks platoons dwell time

−50% 592.4 97 656.33 94 6 30 5.82
−25% 610.4 98 398.83 94 6 29 6.1
0% 619.4 99941.89 94 6 27 6.19
+25% 627.62 102 034.95 91 9 25 6.28
+50% 641.74 103 778.01 89 11 24 6.41
Table 11
The impact of time-windows on the optimal solutions in the Valparaíso–ZEAL case.

Changes 𝐹𝑇 𝐹𝐶
∑

𝑛
∑

𝑘 𝑇𝑂𝑘𝑛 ∑

𝑘 𝑡
′
4
𝑘 Number of Number of

AGVs trucks

0 ′ 487.6 10298.87 0 0 74 6
+30 ′ 750.49 10 298.87 148.87 41.9 74 6
+60 ′ 1406.9 10 814 0 770.87 60 20
+90 ′ 2006.9 10 814 0 1370.87 60 20
+120 ′ 2606.9 10 814 0 1970.87 60 20
Table 12
The price of robustness and the reliability of the robust
solutions.
𝛺 Robustness price (%) Failure probability

0 0 0.667
0.25 0.015 0.5
0.5 0.028 0.348
0.75 0.043 0.194
1 0.057 0.004
1.25 0.071 0
1.5 0.085 0
1.75 0.099 0
2 0.113 0

are obtained for 𝛺 = 0. As Table 12 projects, the results of the nominal
pproach (𝛺 = 0) fail to meet feasibility in 67% of the realizations.

This shows that neglecting uncertainty can lead to considerable losses
in the system. A sharp decrease in the failure probability is observed by
the increase of 𝛺, such that altering it from 0 to 1 decreases the failure
probability by almost 66%. By taking the desired reliability value as an
input, one can specify the value of 𝛺 that meets this reliability.

5.4. Managerial insights

The experiments conducted for the two case studies let us derive
several insights for the future management of AGVs at ports and in
logistic networks in the hinterland of ports.

• It was shown that the application of AGV platoons for direct
delivery provides a more cost-efficient and sustainable connection
between the port and the hinterland.

• Additionally, this new transportation mode brings considerable
reductions in the dwell time of the containers by eliminating
stacking and several loading/unloading processes. Average con-
tainer dwell time is a performance measure for the ports, and its
reduction is highly desirable as it decreases container traffic and
congestion. Accordingly, our proposed transportation solution is
expected to be a suitable option for the port authorities, specif-
ically when they face congestion and limited space (as, e.g., in
Valparaíso) in the port and at their container terminals.

• By using the robust planning approach, the failure probability is
reduced by 66% (i.e., the failure probability in the non-robust ap-
proach) without a significant increase the robustness price. That
is, if the robust optimization approach is applied, the dual use of
AGVs in the port and hinterland is a reliable transport concept
and this reliability does not come at a significant additional cost.
14
• We observed that the maximum admissible number of AGVs in
a platoon plays a key role in platooning decisions. This empha-
sizes the impact of platooning regulations, as a first step, on the
widespread application of automated driving in open areas.

• The results also imply that if platoon formation costs are man-
aged, the benefits of applying AGVs in terms of costs and time
are even higher. This suggests that, by platooning getting cheaper
due to technological developments in the future, one can expect
their widespread application in drayage operations due to their
notable benefits.

• Cost savings of switching to AGV platoons become more sig-
nificant as the traveling distance increases. On the other hand,
it should be noted that the traveling speed of AGVs is lower
than conventional trucks, resulting in their longer traveling times.
When considering remote destinations, the travel time difference
between the two transportation modes needs to be highlighted.
Then, if there exists a strict limitation on the number of available
AGVs for other transportation tasks, direct delivery by AGVs may
not be a good option for long traveling distances. Accordingly,
if the decision-makers face multiple destinations for applying the
proposed direct delivery scheme, their choice highly depends on
the number of available AGVs for the remaining transportation
tasks and the relative importance of the proposed direct delivery
benefits.

6. Conclusions and future research

AGV platoons, as the first step towards automated driving in open
port hinterland corridors, can be applied to establish efficient links
between the port and hinterland. This work proposes a robust optimiza-
tion approach that allows us to evaluate the time and cost-efficiency of
applying such AGV platoons in a container pickup and delivery problem
between ports and their hinterland. We propose a bi-objective mixed-
integer programming model, which simultaneously minimizes time and
cost elements. Emissions are taken into account to derive more sus-
tainable results, and the number of available vehicles faces uncertainty
as multi-purpose vehicles connecting land- and seaside modalities. To
handle this uncertainty, we propose a robust optimization approach,
adopting an ellipsoidal uncertainty set. And to obtain Pareto optimal
solutions for the bi-objective problem, we develop an augmented ep-
silon constraint method. We have found that AGV platoons indeed offer
a significant potential to reduce costs (on average by 8%), dwell time
(on average by 56%), and emissions (on average by 10%).

In this way, this study transfers the platooning concept to port
hinterland corridors. It explores the potential of AGV platoons as time-
efficient, economical, and sustainable transportation modes between
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ports and their hinterland in transport corridors with different char-
acteristics, instead of only using AGVs inside container terminals. Our
results provide the first evidence for the advantages of this concept
in terms of reduced dwell time, savings in cost, and lower carbon
emissions. Hence, the results of this work contribute to advancing
research and innovative solutions for synchromodal transport planning.
In the long run, these findings may motivate further case studies and
alternative concepts of AGV platoons in port-hinterland corridors, as
well as gradual infrastructural investments that could allow us to scale
up the approach.

There exist several interesting directions for future research. As an
extension of this work, one may consider a dynamic planning approach,
under which it will be necessary to determine not only the transport
modes but also the scheduling over a planning horizon. Evaluating
the benefits of platoons in comparison to rail or barges will provide
further insights into the features of this direct delivery scheme and can
be regarded as another fruitful future direction. In order to assess the
performance of the proposed approach concerning different metrics, in
the long run, a simulation model can be developed that provides clear
insights into the long-term efficiency of the proposed direct delivery
scheme.
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