CIRRELT
CIRRELT-2026-09

Effective Policies for Addressing the
Booking Problem in Intermodal Barge
Transportation

Bita Payami

loana C. Bilegan
Teodor Gabriel Crainic
Walter Rei

March 2026

Bureau de Montréal

Université de Montréal
C.P.6128, succ. Centre-Ville
Mentréal {Québec) H3C 307
Tél - 1-514-343- 7575
Telécopie -1-514-343-7121

Bureau de Québec

Université Laval,

2325, rue de la Terrasse

Pavillen Palasis-Prince, local 2415
Québex: (Québac) GIVDAG

Tél- 1418 656 2073 E . e s RS
Telécopie -1 A8 656 2624 B AR 2 MGl e dh EF_“_ UQAM I secvowmda  tnioilla Wivabo Tigitomm Sw o




Effective Policies for Addressing the Booking Problem
in Intermodal Barge Transportation

Bita Payami', loana C. Bilegan?, Teodor Gabriel Crainic'’, Walter Rei'

" Interuniversity Research Centre on Enterprise Networks, Logistics and Transportation (CIRRELT)
and School of Management, Université du Québec a Montréal

2 Université Polytechnique Hauts-de-France, LAMIH, CNRS, UMR 8201 F-59313 Valenciennes,
France

Abstract. This paper addresses a booking problem in intermodal barge transportation, where
a carrier decides whether to accept or reject sequentially arriving shipment requests to
maximize profit using fixed, vessel-supported services with predefined schedules and routes.
In addition to these services, the carrier may rely on outsourced services with higher costs,
provided that accepting the request remains profitable, i.e., cost-efficient relative to the
revenue generated. The problem is inherently dynamic due to continuously arriving requests
and is further complicated in inland waterway systems by fluctuating water levels that directly
affect vessel capacity and service feasibility. We develop a bin-packing-based framework to
model this booking problem under various decision policies that differ in timing and in their
ability to anticipate future requests. In this context, we extend the classical bin packing
problem to a time—space network setting, where “bins” represent scheduled, vessel-
supported services defined by capacity and cost as well as route, departure time, and travel
duration. “ltems” represent shipment requests characterized by origin—destination, availability
and due times, and economic value. Assignment decisions must satisfy spatial-temporal
compatibility and profitability, whether using regular services or outsourcing alternatives. To
capture the evolution of accepted requests and the operational impact of fluctuating water
levels on vessel capacity, the model is embedded into a rolling-horizon framework. At each
decision point, the model accounts for current requests, previously accepted requests, and,
if applicable, predicted future requests and updated water-level forecasts. The performance
of different booking policies is evaluated through extensive numerical experiments using a
commercial solver.
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Effective Policies for Addressing the Booking Problem in Intermodal Barge Transportation

1 Introduction

Intermodal freight transportation refers to the movement of freight using a combination
of at least two distinct transportation modes, with transfers between modes occurring at
designated intermodal terminals (such as seaports, inland ports, or rail yards) without
the need to handle the freight itself (Bektag and Crainic, 2008; SteadieSeifi et al., 2014).
Throughout the journey, each shipment typically remains within a single loading unit,
most commonly a standardized container, to ensure continuity, reduce transshipment
costs, and facilitate interoperability across modes. Intermodal freight transportation
systems are designed to capitalize on the unique advantages of each mode along different
segments of the network: for example, road transport offers accessibility and flexibility
for local pickup and delivery; rail provides cost efficiency and scalability for long-haul
transport; and inland waterway transport offers environmental benefits and efficiency for
medium-distance segments between inland terminals. A significant share of inland and
medium- to long-distance intermodal freight is managed by consolidation-based carriers,
which group shipments from multiple shippers into shared transportation services. This
consolidation strategy enables carriers to leverage economies of scale, optimize capacity
utilization, and reduce per-unit transportation costs. These carriers typically operate
along fixed service routes with regular schedules defined over short-term planning cycles
(e.g., weekly), which are repeated consistently over a longer planning horizon (e.g., a
season) (Crainic and Rei, 2024). For instance, a barge-based consolidation carrier may
offer weekly round-trip services connecting inland terminals such as Antwerp, Rotterdam,
and Strasbourg, with predefined departure and arrival times at each terminal that remain

fixed and are repeated weekly throughout the season.

Shippers requesting these transportation services can generally be classified into two
categories. The first category comprises contractual shippers, who sign formal agreements
with the carrier prior to the start of the season. These contracts define the key charac-
teristics of the shipments in advance, including the origin and destination terminals, the
availability and due times, and the shipment size. They also define the obligation for the
carrier to fulfill their transportation requests throughout the season. The second category
consists of non-contractual shippers, who do not have such pre-established agreements
but may submit shipment requests during the season, typically several days before the
shipment becomes available at the origin terminal. Each non-contract-shipment request

specifies the origin—destination pair, the shipment size, and the associated availability

CIRRELT-2026-09



Effective Policies for Addressing the Booking Problem in Intermodal Barge Transportation

and due time, all within the same season. Non-contract-shipment requests can be sub-
mitted through various channels, including digital platforms, phone calls, or email, and
are evaluated by a general booking system, which determines whether to accept or reject
them. Importantly, booking decisions must be made before the shipment becomes phys-
ically available, often immediately upon request submission or within a short, controlled
delay upon receiving non-contract-shipment requests. Early decisions are essential to en-
able shippers with accepted requests to prepare their shipment and allow shippers with

rejected requests sufficient time to seek alternative carriers.

However, because shipments are not yet physically available at the time of booking,
they cannot be directly assigned to specific scheduled services. In other words, an optimal
shipment itinerary cannot be determined, nor can actual service capacity be allocated, as
would occur during operational planning once shipment availability information is fully
revealed (i.e., when shipments are available). Consequently, the booking system must
make accept/reject decisions before operational planning can take place, relying only
on an estimation of the shipment’s potential operational plan (i.e., the likely shipment
itinerary). This requires both a conceptual assessment of whether the shipment can
be accommodated within the scheduled service network and a quantitative estimation
of its contribution to overall profitability, including transportation costs and potential
outsourcing costs, while remaining committed to all seasonal obligations for contract-
shipment requests. Such evaluations provide the foundation for making informed and

economically rational accept/reject decisions for non-contract-shipment requests.

One of the key challenges faced by carriers, yet insufficiently addressed in the existing
literature, is the lack of effective decision-support tools to guide sequential acceptance
decisions in dynamic booking environments. Existing methodologies for determining
optimal shipment itineraries, most often used in operational planning, such as multi-
commodity network flow models, are not well suited to this context, as they require
detailed shipment itineraries. These models must specify exactly which terminals each
shipment passes through, including the departure and arrival times at each visited ter-
minal, the specific times at which loading and unloading occur, and the consolidation of
shipments along the journey. Time-space networks are the modelling instruments typ-
ically used to capture this level of detail (Crainic and Hewitt, 2021). To represent the
temporal dimension, the network is divided into many small time intervals, creating a
separate copy of each terminal for every discretized time step. This approach causes the

model to become extremely large, often containing thousands of nodes and hundreds of
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thousands of arcs (i.e., arcs between different terminals representing movement over time
and arcs between the same terminal representing loading, unloading, and holding activi-
ties over time). In large operational networks, adding separate decision variables for the
routing of both contract-shipment requests (which is necessary because, when accept-
ing non-contract-shipment requests, the carrier must remain committed to fulfilling all
seasonal obligations for contract-shipment requests) and non-contract-shipment requests
further increases the size, resulting in mixed-integer programming problems that are too
large to solve within reasonable time. This paper addresses this gap by introducing a
novel framework that enables carriers to make informed booking decisions(i.e., to accept
only profitable non-contract-shipment requests) based on conceptual and quantitative
evaluations that estimate each request’s likely shipment itinerary and its contribution
to overall profitability. In this framework, the objective is not to establish a detailed
load plan at the time of booking, but rather to quickly assess origin—destination and
time compatibility between shipments and scheduled services, along with an estimation
of profitability. The proposed approach is designed for speed, responsiveness, and scala-
bility, offering a practical alternative that is well aligned with the requirements of freight

booking systems, where immediate decisions are often necessary.

We propose three models, formulated within a bin packing framework, each defined
by a specific policy to address the dynamic nature of the booking environment. In such
environments, booking decisions must be made immediately or within a short, controlled
delay upon receiving non-contract-shipment requests. This inherent immediacy forces the
carrier to decide with incomplete knowledge of potential future non-contract-shipment
requests, creating a trade-off between accepting requests now and keeping acceptance
decisions conservative in order to preserve opportunities for potentially more profitable
requests later. When non-contract-shipment requests are highly uncertain and cannot
be reliably forecast, our first myopic policy is the natural choice, making accept/reject
decisions without anticipating future requests. When non-contract-shipment requests ex-
hibit a degree of predictability, our second lookahead policy can exploit shipment request
forecasts. In the context of intermodal barge transportation, the decision-making process
can also be influenced by predictable environmental factors such as water-level variations,
which affect navigability, vessel capacity, and feasible shipment routing (see, e.g., Payami
et al. (2025a), Payami et al. (2025b)). Our third policy, a lookahead with environmen-
tal forecasting, extends the second one by also considering predictable changes in water
levels. This enables more informed and robust planning decisions that account for both

forecasted demand and anticipated environmental conditions.
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The contributions of this paper are as follows: (i) We introduce a comprehensive
booking-level decision problem for consolidation-based intermodal freight carriers oper-
ating over fixed service networks, where sequential accept /reject decisions must be made
under incomplete information, accounting for both contractual shipment commitments
and dynamic non-contract-shipment requests. (ii) We propose a bin packing-based mod-
elling framework specifically tailored to the booking context. The framework is designed
for rapid decision-making and scalability, making it particularly suitable for environments
where immediate responses are required. (iii) We design booking policies reflecting dif-
ferent levels of predictability, including a myopic policy and a lookahead policy. (iv)
While the proposed modelling framework is general, we apply it to inland barge trans-
portation and evaluate the policies through comparative analyses that measure their
impact on acceptance rates and overall profitability. (v) We conduct extensive compu-
tational experiments on diverse instances, analyzing the impact of the scheduled service
network structure on the booking-level decision solutions. The analysis also examines
how booking behavior differences (e.g., early vs. late booking tendencies), changes in
the prediction confidence parameter, and environmental variations (such as smooth ver-
sus abrupt water-level fluctuation patterns) can affect the system’s overall performance.
The remainder of the paper is organized as follows. Section 2 presents a general overview
of decision levels in freight transportation systems, with a focus on consolidation-based
carriers, and reviews the literature related to acceptance and rejection decisions in such
systems. Section 3 describes the problem setting in detail. Section 4 introduces the
proposed methodology and provides the mathematical model formulation. Section 5 re-
ports and discusses the experimental results. Finally, Section 6 concludes the paper by

summarizing the key findings and suggesting directions for future research.

2 Decision-Making in Freight Transport:
Supply Planning and Demand Control

The aim of this section is to position our study within the broader context of freight
transportation planning and the different decision levels involved. Sub-section 2.1 pro-
vides an overview of these decision levels, with particular emphasis on their relevance
to consolidation-based carriers. Sub-section 2.2 reviews the literature on acceptance and

rejection, also referred to as demand control decisions in freight transportation.
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2.1 Decision Levels in Freight Transportation

In a freight transportation system, particularly within the context of consolidation-based
intermodal transport, one side consists of shippers who require the movement of freight
between various origins and destinations. On the other side are carriers, particularly
consolidation-based carriers for medium- and long-distance services, who operate sched-
uled services over a fixed network of terminals connected by predefined routes. Each
service is operated using one or more resources (e.g., vessels, trucks, or trains) assigned
to a fixed route with a defined origin and destination, and possibly intermediate stops, all
with specified departure and arrival times. The physical and operational characteristics
of these resources, such as load capacity and speed, determine the service’s capacity and
quality (e.g., express or standard). Effective planning is therefore required at multiple,
interconnected decision levels, including tactical, booking, and operational, which to-
gether guide the carrier toward its ultimate objective of maximizing profitability. Within
this multi-level decision structure, this sub-section clarifies the interplay between tactical
and operational planning and explicitly positions the booking problem within this hier-
archy. We frame booking-level decisions as an intermediate layer that connects long- and
mid-term tactical planning with short-term operational planning. This conceptual posi-
tioning is central to our modeling approach and highlights our contribution in structuring

the booking problem relative to existing tactical and operational formulations.

At the tactical level, carriers develop transportation plans that define the service
network and schedule, resource utilization, manage transfer and consolidation activi-
ties at terminals, and determine preliminary demand routing. These plans are designed
to ensure efficiency, profitability, and effective consolidation, while mitigating potential
drawbacks of the consolidation strategy (such as increased delays or higher terminal han-
dling costs) and maintaining the level of service quality essential for shipper satisfaction
(see comprehensive reviews, e.g., SteadieSeifi et al. (2014); Elbert et al. (2020); Crainic
and Rei (2024)). As illustrated in Figure 1, this planning process is based primarily on
estimated regular demand, referring to shippers expected to generate business consis-
tently throughout the upcoming season. Such expectations are grounded in established
contracts and long-standing relationships with regular shippers, complemented by market
forecasts that identify additional opportunities from spot shippers. The resulting plan,
designed for a given time horizon (commonly referred to in the literature as the sched-
ule length), is applied repeatedly throughout the season. It is important to note that

tactical-level decisions are made before the start of the season, when demand can only be
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estimated at an aggregated level. In this context, acceptance and demand routing at the
tactical level serve as an evaluation tool to guide the main tactical decisions. For exam-
ple, to determine which potential services are most profitable and how limited resources
and their capacities can be efficiently allocated to support those services while accommo-
dating both regular and selected spot demand. These acceptance and routing decisions
are not implemented at this level, as actual demand may differ from the forecasts used
in tactical planning. Consequently, the implemented component of the tactical plan is
comprised, in this case, of the cost-efficient services selected from the set of potential
services, their schedules, and the associated resource allocations. This plan is fixed based
on forecasted aggregated demand over the season. This fixed tactical configuration be-
comes the foundation for the next level of planning during which accept/reject decisions

are made for individual requests as they arrive throughout the season.

" " Regular
Resources __Physical Potential "
infrastructure services demand ‘
Re.gular Spot shipper
\ shipper

A x
| Tactical-level decision-making | 4| Estimated demand (aggregated at a medium level (e.g., seasonal) by OD, time, type)

— Tactical plan for a given schedule length (i.e., Scheduled services& resource utilization& optimal demand itineraries)

Actual demand: Booking requests (non-contr: i requests) d

Booking-level decision-making submitted over season and contract-shipment requests already booked before season.

Accepted bookings (selected profitable non-contract-shipment requests) + contract-shipment requests

4>| Operational-level decision-making

Operational plan for daily operations (i.e., tactical plan adjustment to low-level aggregated actual data (e.g., daily) on demand and system)

Execution of planned operations |

Figure 1: Multi-level decision-making framework

At the booking level, the carrier begins interacting with actual demand in the form of
booking requests from non-contractual shippers arriving throughout the season. These
must be considered alongside the obligation to fulfill the shipment requests of contractual
shippers, whose shipments (specified in long-term agreements) will become available at
predetermined times and origin—destination (O-D) terminals during the season. Even
under the assumption that contractual shipments will be on time and on weight, the
booking level does not rely on their preplanned itineraries from the tactical planning

level. Instead, contractual shipments are re-routed at the booking level only to allow
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flow redistributions that can make room for newly arriving non-contractual requests and,
when necessary, to permit outsourcing of part of the contractual demand. Any accep-
tance of a non-contract-shipment request is therefore evaluated under the constraint that
all contractual commitments will be satisfied, either by using internal service capacity or
through outsourcing, even though no actual allocation decisions are made at this stage.
Each non-contract-shipment request is evaluated through a two-step framework intro-
duced in this paper before an accept/reject decision is made. First, feasibility is assessed
by verifying spatial and temporal compatibility within the tactical plan. To support this
evaluation, we introduce the concept of shipment—service ways, defined as sequences of
scheduled services with consistent spatial and temporal matching that enable the move-
ment of a shipment from its origin to its destination within its availability and due dates.
Second, the operational cost of routing the non-contract-shipment request along these
feasible shipment—service ways, possibly including outsourcing alternatives, is estimated.
Requests are accepted only if they remain profitable while ensuring that all seasonal

obligations for contract-shipment requests are satisfied.

The decision to accept or reject a non-contract shipment request follows predefined
policies that govern how evaluations are conducted as requests are received during the
season. These policies are characterized by two main components: the timing of decision-
making and the informational context used. The timing of decision-making determines
whether evaluation may occur immediately upon non-contract-shipment request submis-
sion (order-based) or after a controlled delay that allows multiple non-contract-shipment
requests to be assessed together (batch-based). The informational context determines
whether evaluation may rely solely on current and previously accepted non-contract-
shipment requests (myopic approach) or may also incorporate forecasts of future non-
contract-shipment requests (lookahead approach). In this case, such forecast requests
are considered if their availability date occurs before the due date of the current request,

even if their own due date extends beyond it.

As indicated in Figure 1, the set of accepted non-contract-shipment requests, com-
bined with the tactical plan, forms the foundation for operational planning, which is
typically conducted on the day of execution using the most up-to-date information avail-
able (e.g., changes in shipment availability times, destination updates, or sizes). The
goal is to establish implementable decisions for the detailed shipment routing (see com-
prehensive reviews, e.g., Meng et al. (2014); Delbart et al. (2021); Ksciuk et al. (2023)).

One should note that the booking level is positioned between tactical and opera-
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tional planning within this framework. Unlike the tactical and operational levels, which
mainly emphasize supply-side activities such as scheduled service network design and
shipment routing, the booking level focuses exclusively on demand-side control. It de-
termines, ahead of operational planning and execution, which non-contract-shipment
requests should be accepted to maximize system profitability. No actual capacity alloca-
tion or routing is performed at this level—neither for contract nor non-contract requests.
Instead, carriers conceptually estimate the net cost of potential shipment—service way
assignments to shipment requests or outsourcing alternatives to inform early acceptance
decisions. The need to explicitly consider contract-shipment requests arises from the fact
that such requests, which require a commitment of the available service supply in the
transportation system, are important to factor in when assessing the expected profitabil-

ity of dynamically arriving non-contract requests.

2.2 Literature Review on Acceptance and Rejection Decisions

As discussed earlier, decision-making in freight transportation systems spans three in-
terconnected levels, with the role of shipment routing differing at each stage. At the
tactical level, shipment routing supports main tactical planning decisions such as se-
lecting cost-efficient services and defining their schedules—referred to as the scheduled
service network design. The booking level relies on this tactical plan but does not yet
make routing implementation decisions; instead, it uses shipment routing as a decision-
support tool to evaluate the time-space compatibility of each non-contracted shipment
request with the selected service network and to estimate its expected profitability. At
this level, accepted non-contract-shipment requests, together with all contract-shipment
requests, are assumed to be accommodated later, but no specific resource-supported ser-
vice capacity is yet assigned. The operational level then makes routing implementation
decisions by allocating the capacity of available resource-supported services to shipments

that are available for transportation operations.

The existing literature has primarily addressed shipment routing in the context of
tactical or operational planning, with less emphasis on its role in booking-level decision-
making and resource allocation mechanisms within a revenue management framework.
In the latter context—referred to here as an acceptance/rejection-based resource allo-
cation problem—shipment routing functions as a decision-support mechanism for allo-

cating limited resource-supported services, such as transportation services on single-leg
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or network-based routes, with the objective of maximizing carrier revenue through opti-
mal use of available capacity (Meng et al., 2019). The remainder of this section focuses
on acceptance/rejection-based resource allocation problems, as they closely resemble the
booking-level decision-making process. Both involve evaluating each incoming request
and deciding whether to accept or reject it based on feasibility and profitability consid-
erations. The key distinction lies in the role of shipment routing: in booking problems,
routing is used to assess both the feasibility and profitability of a request, whereas in
acceptance/rejection-based resource allocation problems, routing determines the specific
shipment itinerary through the scheduled service network, and the residual capacities of

those services are updated once a shipment is accepted.

The literature on the acceptance/rejection-based resource allocation problem high-
lights two primary strategic approaches: booking limits and bid-price controls. Booking
limits define the maximum number of shipments that may be accepted and typically
reflect a first-come, first-served strategy, where requests are accepted sequentially until
the limit is reached. In contrast, the bid-price strategy captures the opportunity cost
of allocating capacity to a current request versus reserving it for a potentially more
profitable future request (Littlewood, 1972). Several studies have compared these strate-
gies. (Kapetanovié¢ et al., 2018) analyze a bid-price-based dynamic acceptance/rejection
strategy applied to a network train service. A dynamic programming formulation and
deterministic approximations are used to demonstrate the potential revenue benefits of
bid-price strategies compared to the traditional first-come, first-served (FCFES) strat-
egy, particularly under high-demand situations. Similarly, (Bilegan et al., 2015) and
(Wang et al., 2016) use a bid-price-based dynamic acceptance/rejection strategy for rail
and intermodal freight transportation, and show advantages in comparison with FCFS.
Both papers propose a probabilistic mixed-integer program on a time-space network,
incorporating the probability distributions of future requests (considering volume uncer-
tainty) in a rolling horizon framework to handle dynamic request arrivals. (Wang et al.,
2017) formulate a dynamic and stochastic resource allocation problem in single-leg in-
termodal freight transportation as a Markov decision process, where multiple shipper
arrivals with random shipment volumes are considered at each decision epoch, thereby
improving capacity management and planning under uncertainty. In addition to the
aforementioned strategies that highlight the importance of informational context—such
as the contrast between FCFS, which bases decisions solely on current requests, and bid-
price approaches, which incorporate expectations of future demand—some studies have

emphasized the value of postponing decisions as a means to improve resource allocation
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outcomes. For instance, (Lee et al., 2009) study a dynamic and stochastic resource allo-
cation problem in single-leg maritime transportation and propose a stochastic dynamic
programming model. The paper considers both contract-shipment requests and non-
contract-shipment requests and introduces flexibility by allowing the carrier to postpone

contractual shipment deliveries to better manage available capacity.

Service disruptions have not been extensively addressed in the existing literature on
resource allocation models. Early studies such as (Wang, 2016a,b) were among the first
to introduce resource allocation problems under service disruptions and random resource
capacities. However, both works focus on static settings, dealing only with single-period
resource allocation problems. The dynamic extension is proposed by (Wang, 2017), who
formulate the multi-period version as a dynamic programming model. Their study shows
that accounting for disruption risk enhances the robustness of booking and allocation
decisions. The authors consider two distinct cases: under uniform resource consumption
rates, they characterize the monotonicity of the optimal solution and propose a tailored
backward induction algorithm. In contrast, for general consumption rates, they demon-
strate through a counterexample that the optimal solution may not be monotone, and
provide an alternative backward induction algorithm to solve the model. In the context
of global synchromodal transportation, (Guo et al., 2021) investigate a dynamic and
stochastic shipment matching problem, in which a platform makes real-time decisions to
accept or reject shipment requests and assign them to multimodal services (ship, barge,
rail, truck), while facing uncertainties in both demand and travel times. The problem is
formulated using a hybrid stochastic model, combining sample average approximation to
represent the stochastic information of future requests and chance-constrained program-
ming to handle uncertain travel times. The model is embedded within a rolling horizon
framework, where decisions are made over time as new information becomes available.
Their model explicitly incorporates service disruptions and infeasible transshipments into
the planning process, with the goal of maximizing total profit while minimizing infeasi-
bility and delivery delays. In intermodal barge transportation systems, (Cui et al., 2024)
adopt a bid-price-based strategy and introduce a mixed-integer programming model on
a time—space network that incorporates probability distributions of future shipment re-
quests. The model is also embedded within a rolling horizon framework to evaluate
whether to accept or reject a current non-contract-shipment request in order to maxi-
mize expected revenue. In addition, the model allows rerouting of accepted but not yet
delivered shipments to enhance capacity utilization. Importantly, the study addresses

the impact of environmental disruptions—such as weather events and fluctuating water
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levels—by including both rerouting options and penalty costs for outsourced demand

resulting from capacity shortfalls.

Although acceptance/rejection-based resource allocation models have been widely
studied, they are primarily situated at the operational planning level. By contrast, this
paper explicitly addresses booking-level decision-making in intermodal transportation—a
topic that remains largely unexplored. To the best of our knowledge, this is among the
first studies to address this problem with a methodology that is neither dynamic program-
ming—based nor network flow—based. Focusing on intermodal barge transportation, the
proposed framework further accounts for environmental disruptions, particularly water-
level variations, which directly affect vessel capacities, navigability, and feasibility of

shipment routing solutions.

3 Problem Setting

The problem setting is inspired by the booking challenges in barge transportation sys-
tems, which serve as a critical mid- and long-haul component of the freight transportation
network. These systems operate between major regions connected by an inland waterway
network—a system of navigable rivers, canals, and channels enabling vessel and barge
movement between ports equipped with infrastructure for barge operations, including
loading and unloading facilities, as well as warehouses and storage yards for temporary
freight storage. While the setting is general and applicable to various freight networks,

it is illustrated here in the context of barge transportation.

Within this context, the booking system involves multiple shippers—including pro-
ducers, wholesalers, and retailers—who request the transportation of their shipments
across the network. These shipment requests are categorized as either contractual or
non-contractual. Contractual shipments originate from long-term agreements and are
assumed to be on time and on weight, in accordance with the agreed contractual terms.
In contrast, non-contractual requests have no pre-established agreement and arrive dy-
namically. Each shipment request—regardless of its type—is characterized by an ori-
gin—destination terminal pair, an availability time, a due time, a weight, and an eco-
nomic value for the carrier. The economic value depends on the requested delivery time
(generally express or standard) as well as the timing of the booking submission (early or

late), with express delivery and late bookings typically associated with higher values. On
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the other hand, the booking system involves the availability of a transportation network
composed of scheduled services operated by barges. These services are used to construct
shipment—service ways, defined as sequences of temporally and spatially connected barge
movements between inland terminals. Each shipment—service way is described by its
origin (departure terminal of the first service), destination (arrival terminal of the last
service), availability time (departure time of the first service), travel time (including tran-
sit and terminal processing durations), capacity (the minimum capacity among the path
of services along the way), and total cost (covering both transportation and handling
costs). A shipment—service way is considered item-feasible if it matches the shipment
request’s origin and destination terminals, starts no earlier than its availability time, and

finishes no later than its due time.

Building on this system description, the booking problem is defined over a finite
booking length (e.g., several days), within which booking decisions are made at specific
decision points determined by the adopted policy. Under a request-based policy, each ar-
riving request triggers an immediate decision, so that every request constitutes a decision
point. Under a delay-based policy, the booking length is partitioned into fixed time inter-
vals (e.g., half-day periods), during which multiple non-contractual requests accumulate
and are jointly evaluated at the end of each interval. Although request-based decision-
making may be applied in high-frequency transportation contexts (e.g., hourly services),
where shipment consolidation is not a primary operational requirement, it is generally
less suitable for the barge transportation systems considered in this study, which rely on

consolidation-based operations and operate at lower service frequency.

The composition of the shipment request set and the associated service ways con-
sidered at each decision point depends on the adopted booking policy, which is defined
by the informational context available. Under a myopic policy, only current and past
information is used: the shipment request set includes (i) all contractual shipment re-
quests, which must be satisfied due to contractual obligations, and previously accepted
non-contractual shipment requests, and (ii) the current batch of available non-contractual
shipment requests. Under a lookahead policy, the informational scope is extended to also
include (iii) predicted non-contractual shipment requests that are expected to become
available within the time window defined by the current batch—mamely, the interval

between the earliest availability time and the latest due time among current items.

Given a shipment request and its feasible service ways at each decision point, the book-

ing system uses an optimization model to evaluate the profitability of non-contractual
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shipment requests. This evaluation accounts for transportation costs (i.e., assignment
to feasible service ways) and potential outsourcing costs, under the constraint that all
obligated shipments—including contractual shipment requests and previously accepted
non-contractual shipment requests—must be fulfilled. To provide flexibility and improve
utilization of service-way capacities, the system permits late pickups (assigning items to
services departing after their availability time) and early deliveries (arrivals before their
due time). The objective at each decision point is to maximize profit by fully serving

obligated shipments while selectively accepting only profitable non-contractual requests.

This setting is modeled as a bin-packing-based framework, where shipment requests
are represented as items to be packed into item-feasible service ways that act as bins with
limited capacity. Outsourcing alternatives are also modeled as auxiliary bins, incurring
higher costs. Our methodology builds upon the classical bin-packing framework, extend-
ing it to address the specific requirements of the booking problem in consolidation-based
freight transportation. Unlike most bin-packing formulations that operate over a single
decision period, our models consider a multi-period planning horizon to capture the tem-
poral dynamics inherent in real-world freight operations. To the best of our knowledge,
time-window constraints—critical for aligning with shipper delivery requirements—are
rarely incorporated in the bin-packing literature. Our work extends the study of Crainic
et al. (2021), which applied a multi-period bin-packing approach in a single-corridor set-
ting, by generalizing it to a network context. Furthermore, the framework explicitly
incorporates item profits and distinguishes between items, providing a richer and more
realistic representation of demand heterogeneity. The primary objective of the assign-
ment model is to evaluate profitability rather than determine the physical arrangement of
items—a focus more relevant to operational-level planning. In our case, the item “size” is
approximated solely by weight, which is consistent with the operational reality of inland
waterway transport systems where service capacity is strongly influenced by water levels.
Specifically, a service-way is considered feasible only if the total weight of the assigned
items remains within the service’s adjusted capacity, which depends on the water level
due to constraints such as vessel draught limitations and grounding risk. Therefore, we do
not adopt a full three-dimensional bin-packing formulation. This abstraction allows us to
preserve computational tractability while still capturing the critical interaction between
weight-based capacity and environmental limitations in barge transportation networks,

directly influencing the profitability of accept/reject decisions.
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4 Methodology

Based on the problem definition introduced in Section 3, in this section we first define
the notation and the parameters used and then present the mathematical formulation

developed for the problem.

4.1 Notation

Shipment request. Shipment requests originate from two categories of shippers: con-
tractual shippers, who hold long-term agreements guaranteeing transportation services,
and non-contractual shippers, who do not have such agreements and whose requests are
subject to the carrier’s acceptance decision. In this study, compulsory items (Z¢) com-
prise all not-yet-moved requests, including those from contractual shippers and previously
accepted non-contractual requests, all of which must be fully satisfied. The term non-
compulsory items (INC) refers to current requests from non-contractual shippers awaiting

IPNC)

an acceptance or rejection decision, while predicted non-compulsory items ( denote

forecasted future requests from non-contractual shippers. The complete set of items is
thus Z = Z¢ UZNC U ZPNC,

Each item i € Z, whether compulsory (i € Z¢) or non-compulsory (i € ZV¢ UZPNC),
is described by three categories of attributes: physical, temporal-spatial, and economic.
The physical attribute includes the weight w; of the item. The temporal-spatial attributes
capture the availability time ¢,, representing when the item becomes available for trans-
port at the origin terminal o(i); the delivery due time ¢; at the destination terminal
d(i), specifying the preferred arrival time at the destination; and the reservation time
r;, indicating when the transportation request is submitted. The economic attributes
are expressed through the revenue ¢; associated with transporting item ¢, which depends
on the requested delivery time: either standard or express, with express requests being
charged higher fares. Items are further classified as early or late based on the anticipation
window w; = t, —r;, relative to a predefined threshold 7: if w; > 7, the item is categorized
as early; otherwise, it is considered late. Early bookings benefit from base fares, while
late bookings may incur surcharges due to increased operational complexity. Thus, each
item generates revenue based on its requested delivery time and anticipation window. All

fares are determined in advance and remain fixed, with no negotiation process required.

Shipment—Service ways. Let X denote the set of all scheduled services. A shipment—
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service way is an ordered sequence of one or more services from Y that connects an
origin-destination (OD) terminal pair, under a given schedule. Let J be the set of
all such sequences in the network. The services within any sequence must be tempo-
rally and spatially matched (the arrival of each service precedes the departure of the
next one, and consecutive terminals are consistent). For each j € J, let Serv(j) =
(01(5),02(4)s - - -, Ogerv()(4)),  with ox(j) € X Vk, denote the ordered sequence of sched-
uled services composing j. The origin and destination terminals of j are given by the first
and last services in the sequence, respectively, denoted o(j) and d(j). Each scheduled
service ¢ € Serv(7) has a nominal capacity, an availability time, a travel time, and cost
components (transportation and handling such as loading/unloading). The aggregated
attributes of j are defined as follows: its physical capacity W; equals the minimum ca-
pacity across all o € Serv(j). Since water level directly affects the draught and thus the
effective load capacity of vessels, each W, is a function of the water level [ € L, where
L denotes the set of considered water levels (e.g., discretized levels over the planning
horizon). Consequently, the capacity of j is also water-level-dependent and is expressed
as: Wj(l) = mingeserv(j) Wo(l), ; the temporal-spatial attributes are given by ¢;, the
availability time of the first service, and «;, the sum of the travel and terminal times
of all scheduled services in the sequence; and its economic attribute C; is the sum of
transportation and handling costs of the scheduled services used by j. An additional
cost component [3; is considered to capture the cost of using an outsourced service to
transport the item ¢ € Z. Given an item ¢ € Z, we denote by J; C J the set of item-
feasible service ways for i (i.e., service ways that match the origin and destination of item
1 and whose departure and arrival times fall within the item’s availability and due time
window): J; = {j € J : 0(j) = 0(4), d(j) =d(i), t; > t;, t; + oy < 1;}.

4.2 Mathematical formulation

We develop three models for the booking problem. The first is the Myopic Bin-Packing
Booking Problem(MBBP), in which acceptance and rejection decisions are based solely
on past and current booking information. This model serves as a baseline for com-
parison with the Lookahead Bin-Packing Booking Problem (LBBP), which incorporates
predictions of future booking requests to support decision-making. The third model,
LBBP-WL, extends the LBBP by explicitly incorporating predictions of water-level con-
ditions and their impact on the capacity of item-feasible service ways. To formulate the

three models, we first introduce the following binary variables:
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1, if item-feasible service way j € J; is selected for item i € Z,
® Yij =

0, otherwise;

1, if item ¢ € 7 is assigned to item-feasible service way j € 7;,
[ J LUZ] —

0, otherwise;

1, if item ¢ € 7 is assigned to outsourcing service,
[ ] Uz’ =

0, otherwise.

The MBBP model. The MBBP can be formulated as follows:

max Zgbi [Z Tij + Uy _Zﬁiui_zcjzxij (1)

€L €Ji €L JET: €L
subject to:
Z Ty +u; = 1, Vie z¢ (2)
jeTs
Z Tij + Uy <1, Vi € INC (3)
JjET;
> wimy <Wil)yy, Vi€T, Viel (4)
€L
Z Z W; i S Wg(l)7 Vo e X (5)
el JEJ;:
o€Serv(j)
yij,xij,ui € {0,1}, VZ EI,j € .Z (6)

The objective function (1) maximizes the profit by adding the revenues from items as-
signed to item-feasible service ways and outsourcing paths, and subtracting the corre-
sponding costs for using those service ways or outsourcing paths. Constraint (2) ensures
that each compulsory item is either assigned to a item-feasible service way or sent to an
alternative path, while constraint (3) states that non-compulsory items may or may not
be assigned. Constraint (4) enforces the capacity limits of each item-feasible service way,
explicitly considering the corresponding water level. Constraint (5) ensures that the total
load assigned to all service ways sharing the same scheduled service does not exceed that
service’s physical capacity, thereby linking capacity usage across different item-feasible

service ways that include the same scheduled services. Finally, constraint (6) defines all
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decision variables as binary.

The LBBP model. Each item i € ZPVY is characterized by a point-estimated weight,
denoted by w;. Additionally, a confidence parameter ¢; € [0, 1] is associated with each
predicted item ¢, representing the reliability of the prediction for that item. This param-
eter scales the revenue term of predicted items in the objective function, allowing the

model to prioritize or de-prioritize these items based on their prediction accuracy.

The LBBP can be formulated as follows:

max Z ¢z [Z T4 + u,

+ Z 0; i Lzﬂfij‘i‘ui

i€ICUINC  Ljed; ieIPNC j€Ji (7)
R D
i€ICUINCUIPNC JET: i€TCUINCUIPNC
subject to:
Z Tij + U = 1, Vi € IC (8)
JjeT:
Y wytuw <1, VieINOuIPNe (9)
Jj€T:
Z Wj X5 + Z QZ)Z Tij < W](l) Yijs \V/] € \72‘, Viel (10)
i€ZCUINC i€IPNC
Z Z Wy 45 + Z Z QZ}ZZL‘” S Wg(l), Vo € X. (11)
i€ICUINC  jed;: i€IPNC  jeT::
oeServ(j) o€Serv(j)
Yij, Tij,u; € {0,1}, VieZ, je J; (12)

The objective function (7) maximizes profit by adding the revenues from items assigned
to item-feasible service ways and outsourcing paths, with predicted items scaled by their
confidence parameter, and subtracting the corresponding outsourcing path and item-
feasible service way assignment costs. Constraint (8) ensures that each compulsory item is
either assigned to an item-feasible service way or sent to theoutsourcing path. Constraint
(9) allows non-compulsory and predicted items to be optionally assigned. Constraints
(10) and (11) enforce individual item-feasible service way capacities and shared scheduled-
service capacities, respectively. Finally, constraint (12) defines all decision variables as

binary.

The LBBP-WL model. The LBBP-WL extends the LBBP by replacing the fixed
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service capacities with point-estimated capacities. Specifically, the parameters W; and
W, in constraints (10)—(11) are replaced by their point-estimated counterparts I/T/](l) and
Wa(l), which reflect the variations in capacity induced by the water level [.

5 Experimental Results and Analysis

In this section, we present a series of computational experiments designed to assess the
performance of the proposed decision-making models and to evaluate the influence of
diverse operational and environmental conditions on booking outcomes. The analyses
aim to provide both a quantitative comparison of alternative policies and qualitative in-
sights into their managerial implications. The organization of this section is as follows:
in Section 5.1, we present the characteristics of the instances generated for the computa-
tional experiments—based on realistic cases—and the rolling-horizon booking simulation
framework. We examine the behavior of the model in terms of computational time in Sec-
tion 5.2. In Section 5.3, we define the performance indicators required for analysing the
computational results. Five experimental settings are then examined in Subsections 5.3.
The first compares myopic, lookahead, and lookahead-with-water-level-variation policies
to assess the value of anticipating future item and environmental changes. The second ex-
plores how booking behavior heterogeneity, including early and late booking tendencies,
affects acceptance rates and profit. The third examines the impact of tactical planning
choices—such as service selection and fleet composition—on downstream booking effi-
ciency and profitability, highlighting the interdependence between the planning levels.
The fourth evaluates the system’s sensitivity to the prediction confidence parameter, of-
fering insights into its robustness against forecast accuracy. Finally, the fifth investigates

the impact of smooth versus abrupt water level variations on booking decisions.

All implementations are conducted using the Pyomo software package and the Gurobi
solver on a machine equipped with an Intel(R) Xeon(R) CPU E5-2630 v4 @ 2.20GHz
and 256 GB of memory.

5.1 Test instances

Shipment-service way generation. We define a set of scheduled services inspired by

the structure introduced in Payami et al. (2025b), following a one-week horizon divided
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into 14 half-day periods, consistent with observed practices of morning and afternoon
departures. We apply the procedure detailed in Payami et al. (2025b), of which we
just recall the main lines. Each scheduled service corresponds to a tactical planning
decision and is characterized by a fixed route connecting a predefined origin—destination
terminal pair, an availability time selected from the discrete set of 14 half-day periods
{0,1,...,13}, and a travel duration selected from {2, 3,4}, corresponding to a minimum
of one day and a maximum of two days. Each scheduled service incurs a fixed operational
cost of 5 units, while an outsourcing option is available at a fixed cost of 8 units. We
consider two vessel classes: small vessels with a nominal capacity of 35 units and large
vessels with a nominal capacity of 50 units. We consider three distinct scheduled service
networks, each representing a tactical plan obtained in advance through a prior tactical
planning process and reflecting different assumptions about navigability at the time of
planning. In the VC-U (Uniform) setting, services are evenly distributed across vessel
classes, representing a balanced fleet composition with no structural bias toward small or
large vessels. The VC-SF (Split Fleet) setting introduces a heterogeneous composition in
which half of the services are operated by small vessels and the other half by large vessels,
allowing the model to benefit from service flexibility across vessel classes. Finally, the VC-
R (Restricted) setting represents a scenario in which reduced navigability is anticipated
at the tactical planning stage, reflected in the allocation of 75% of services to small
vessels and only 25% to large vessels, resulting in an asymmetric and capacity-limited
network. Based on each of these service sets, we construct shipment—service ways by
combining temporally and spatially feasible sequences of scheduled services. As a result,
both VC-U and VC-R yield 36 distinct service ways, while VC-SF produces 72, due to

the larger number of feasible combinations arising from the mixed fleet composition.

Item generation. We generate a heterogeneous shipment request set composed of
compulsory and non-compulsory items. Compulsory items (Z¢) represent contractual
shipments that must be served, while non-compulsory items (ZV¢) may be accepted or
rejected depending on their contribution to profitability. Each item i is defined by its
availability time, due time, weight, and fare. Availability times are selected from the
discrete set of 14 half-day periods. Due times are defined by specifying a flexible deliv-
ery window relative to the item’s availability time, corresponding to approximately one
to five days after availability, thereby introducing variability in delivery time tightness.
Item weights are set according to a uniform distribution w; ~ U(5,15), and fares are cal-
culated as ¢; = m - b, where b € {1,...,9} is a base fare obtained by discretizing a linear

mapping of item weight onto nine tariff levels, ensuring that heavier shipments are sys-
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tematically associated with higher tariff levels, and m € {1.0,1.5,2.0,2.5} is a multiplier
capturing the service/booking combination (standard-early, express-early, standard-late,
express-late). Both demand sets include the same 60 compulsory items. The differ-
ence lies in the composition of non-compulsory items. The low-fare LF-/80 set contains
480 non-compulsory requests, of which approximately 34% belong to the high-fare cat-
egory (express-late), with the remainder distributed among the other service/booking
combinations. The high-fare HF-528 set contains 528 non-compulsory requests, with a
substantially higher proportion-about 65%-in the high-fare category, the remainder again
covering the other combinations. Predicted items follow the same fare generation rules as
observed items, while their weights are drawn from a uniform distribution w; ~ U(0, 15).
This structure ensures that both compulsory and non-compulsory item patterns are con-
sistent across experiments, while allowing variation in total volume, fare composition,

and the share of high-value shipments.

Rolling-horizon booking simulation. We evaluate booking policies using a rolling-
horizon approach, where at each decision step h, the model observes the fixed set of
compulsory items Z¢ and a batch of non-compulsory arrivals Z2¥¢ of randomized size
|ZNC| € [120,180]. Accepted non-compulsory items are carried forward as compulsory
in the next step, while rejected items are removed from the system and are no longer
available for future consideration. This observe—optimize-roll procedure is repeated it-
eratively, with full re-optimization at each step, enabling greater flexibility in evaluating
the profitability of dynamically arriving shipment requests. In the lookahead variant,
we simulate forecasted demand by introducing a global set of predicted non-compulsory

IPNC  which is generated a priori at the start of the simulation. At

items, denoted
each decision step h, a relevant subset is extracted based on the time window defined
by the currently observed non-compulsory batch—specifically, the interval between the
minimum availability time and the maximum due time in ZY¢. These predicted (not-yet-
submitted) items contribute in expectation, weighted by a confidence coefficient 6 € [0, 1];
we set 0 = 0.5 by default to remain neutral (higher 6 trusts forecasts more, lower 6 is
conservative). Water level fluctuations are modeled using a discrete probability space
(Q, F,P), where each realization w € € corresponds to a specific water level scenario.
For each service o, a random capacity reduction factor v,(w) € (0,1] is defined, rep-
resenting the impact of water levels on that specific service under realization w. The
realized capacity of service o under scenario w is given by: W,(w) = v,(w) - WPhase,
where WPa¢ denotes the nominal capacity. The expected capacity of service o is thus:

EW,(1)] = > caP(w) - 7o (w) - W Since a shipment-service way j € J; consists of a
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sequence of services o € Serv(j), its expected capacity is determined by the most con-
straining component: E[W;(l)] = mingeserv(j) E[Ws(1)].-We consider two distinct water-
level fluctuation scenarios, each inducing different magnitudes of capacity reduction. In
the smooth scenario, water-level variations remain moderate, leading to an average ca-
pacity reduction of approximately 9%, meaning that the expected capacity remains close
to 91% of its nominal value (with the lower bound reaching 75%). In contrast, the abrupt
scenario reflects more extreme fluctuations in water levels, causing a much sharper av-
erage reduction of approximately 42%, with the expected service capacity dropping to
about 58% of its nominal value (and potentially falling as low as 35%). These contrasting
scenarios allow us to assess the model’s sensitivity to both mild and severe environmental

disruptions.

5.2 Model performance

Tables 1 to 3 summarize the computational characteristics of the three models—MBBP,
LBBP, and LBBP-WL—across different network topologies (VC-U, VC-SF, and VC-R)
and two shipment-request configurations (LF-480 and HF-528). For each model and
instance, the tables report the average and standard deviation of (i) the number of deci-
sion variables, (ii) the number of constraints, and (iii) the total solution time in seconds.
These metrics assess the scalability and computational efficiency of each model under
varying problem sizes and network complexities. Tables 1-3 reveal consistent patterns
across the three models—MBBP (myopic), LBBP (lookahead), and LBBP-WL (looka-
head with water-level variation)—reflecting both the structural characteristics of the

formulations and the computational effects of the rolling-horizon approach. Increasing

Table 1: MBBP performance with shipment-request/Item structure

Path Item # of DV # of constraints Time (s)
Avg Std Avg Std Avg Std

LF-480 9315.6 1976.19 | 358.8 53.41 22.27 5.82

ve-u HF-528 | 10447.8 2756.26 | 389.4 74.49 72.68 11.61
VC-SF LF-480 | 20176.2 5177.49 | 4914 70.92 95.12 33.16

HF-528 | 21811.4 6160.04 | 513.8 84.38 120.56  21.03
VC-R LF-480 9382.2 2008.18 | 360.6 54.27 50.35 12.26

HF-528 10433 2766.84 389 74.77 105.77  14.29

the shipment-request set size from LF-480 to HF-528 leads to a clear expansion in prob-
lem size, with higher numbers of decision variables and constraints, and, in most cases,

longer average solution times. This is expected because larger request sets create more
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item—service-way combinations, thereby increasing the number of binary selection deci-
sions. The effect is particularly pronounced in the VC-SF topology, which consistently
yields the largest problem sizes and often the longest solution times; this topology offers
more shipment—service-way options, resulting in a denser assignment structure. Compar-
ing models, LBBP consistently produces the largest formulations because it accounts for
both revealed and predicted requests at each decision stage. Incorporating predictions
increases the number of possible alternatives for assigning requests to services and adds
more capacity-related constraints. MBBP, by contrast, works only with revealed requests
and thus has fewer variables and constraints, resulting in smaller problem sizes and gen-
erally shorter solve times. LBBP-WL lies between these two in size, as the introduction of
water-level-dependent capacity constraints removes some assignment possibilities when

low-water scenarios occur, effectively reducing available service capacity. Interestingly,

Table 2: LBBP performance with shipment-request/Item structure

Path Item # of DV # of constraints Time (s)
Avg Std Avg Std Avg Std
VO-U LF-480 | 13777.8 3074.96 | 479.4 83.10 572.47 217.24

HF-528 | 15183.8 3506.28 | 517.4 94.76 1073.69  262.404
LF-480 28834 6583.57 610 90.18 1526.39  269.95
HF-528 | 31213.8 7514.14 | 642.6 102.93 1027.23 183.06
LF-480 13763 3067.32 479 82.90 526.97 123.38
HF-528 | 15176.4  3504.4 517.2 94.71 346.98 64.79

VC-SF

VC-R

Table 3: LBBP-WL performance with shipment-request/Item structure

Path Item # of DV # of constraints Time (s)
Avg Std Avg Std Avg Std

LF-480 | 13037.8 2835.94 | 459.4 76.64 121.163 19.49

ve-u HF-528 | 14887.8  335.60 509.4 90.15 155.40 39.92
VC.SF LF-480 | 26556.4 5880.78 | 578.8 80.55 1549.70  203.38

HF-528 | 29534.8 6650.33 | 619.6 91.10 1343.25  237.31
VO-R LF-480 | 13074.8 2844.50 | 460.4 76.87 133.62 26.25

HF-528 | 14880.4  338.56 509.2 90.23 114.32 23.04

larger problem size does not always translate into proportionally higher solution times.
A key reason lies in the nature of the bin packing problems that are solved iteratively
within the rolling-horizon procedure. The computational difficulty of bin packing models
often stems not from the number of items or bins alone, but from the degree of sym-
metry in the solution space—mamely, the number of equivalent solutions (in terms of
objective value) that differ only in their decision variables (i.e., the specific item-to-bin
assignments). When there is a large number of small items relative to bin capacity (as

in the lookahead models, which incorporate predicted items), and when bins are highly
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homogeneous—such as in VC-SF or VC-R configurations where bins share identical or
nearly identical capacities—the number of equivalent item-to-bin assignments increases
substantially. This symmetry can make some instances harder to solve, even when the
nominal problem size is smaller. This behaviour aligns with what we observe in Tables 2
and 3, where LF-480 requires longer solution times than HF-528 despite involving fewer
items. Overall, the computational results align with expectations: LBBP is the largest
and often the slowest due to its predictive nature, MBBP is the smallest and generally the
fastest, and LBBP-WL occupies a middle ground—except in cases where its additional

constraints significantly accelerate convergence by tightening the feasible region.

5.3 Rolling Horizon Experiment
5.3.1 Performance metrics

Before presenting the performance metrics, we first recall that the booking process is
dynamic: demand arrives over a finite booking length, and booking decisions must be
made at specific points in time. To handle this sequential structure, the proposed bin
packing models are solved iteratively within a rolling-horizon procedure. In our setting,
the booking length is divided into five decision stages to reflect the sequential nature
of booking arrivals and to capture the operational reality that barge services typically
experience a small number of well-defined booking waves over a weekly cycle, ranging from
early to late requests. Using five stages therefore provides a realistic level of temporal
granularity—sufficiently fine to capture booking dynamics while remaining consistent
with operational practice—and offers a consistent basis for comparing the performance of
alternative booking policies. The following metrics are therefore used to evaluate system
performance across the five decision stages: Total profit: The overall profit obtained
by the carrier calculated as the total revenue minus the total costs. This metric reflects
the system’s ability to maximize economic efficiency while limiting the use of costly
alternatives (i.e., outsourcing paths). Acceptance rate: The ratio of all accepted non-
compulsory items to the total number of non-compulsory items requested throughout the
horizon. Total cost: The cumulative cost incurred over the horizon, comprising way
cost (the total cost associated with assigning items to shipment-service ways) and path

cost (the total cost associated with routing items via outsourcing paths).
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5.3.2 Impact of Anticipative Information on Booking System Performance

In this subsection, we assess the use of the three proposed models within the context of
the rolling-horizon procedure: a myopic model (MBBP), a lookahead model (LBBP), and
a lookahead model with water-level variations (LBBP-WL). The first model relies solely
on realized information available at each decision point, whereas the second incorporates
anticipative contextual information, such as expected future requests. The third model
extends this anticipative framework by additionally accounting for random water-level
variations that reduce available capacities, thereby capturing a more constrained and
operationally realistic environment. To facilitate interpretation, the experiment is orga-
nized into two distinct settings. The first setting corresponds to cases in which water-level
variability is not considered; in this environment, MBBP and LBBP operate under iden-
tical capacity assumptions and can thus be directly compared in terms of decision quality
and efficiency. The second setting explicitly incorporates water-level-induced capacity
reductions. In this more restrictive environment, LBBP-WL is not evaluated as a com-
peting policy against MBBP or LBBP, but is instead used to quantify how water-level
variability alters booking decisions and overall system performance relative to a setting

in which such variations are ignored.

Table 4 summarizes the key performance indicators (KPIs)—including total profit,
way cost, path cost, and acceptance rate—highlighting how different levels of anticipa-
tive information influence booking performance across these distinct informational and
environmental contexts. Table 4 shows that the average profit in LBBP is notably higher
than in MBBP (1580.66 vs. 1369.83). This improvement results from the anticipative
nature of LBBP: by incorporating predictions of future requests, the model strategically
accepts fewer current non-compulsory shipments (as reflected in its lower acceptance
rate, 0.49 vs. 0.51 in MBBP) to preserve capacity for potentially more profitable future
demand. Comparing MBBP with LBBP-WL reveals an even larger drop in acceptance
rate (0.51 vs. 0.44), which reflects a combination of anticipative demand forecasting and
more restrictive operational conditions. Similar to LBBP, the LBBP-WL model incor-
porates forecasts of future shipments, encouraging conservative acceptance decisions to
maintain future flexibility. In addition, the updated water-level information available to
LBBP-WL allows the model to anticipate reduced future capacity under low-water con-
ditions. Consequently, it rejects more current requests to avoid future infeasibility, which
directly contributes to its lower average profit relative to MBBP (1301.55 vs. 1369.83).
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Table 4: KPI comparison for MBBP, LBBP, and LBBP-WL

KPI MBBP LBBP LBBP-WL
Avg Std Avg Std Avg Std
Profit 1369.83  556.45 | 1580.66 600.25 1301.55  545.49
Way.Cost 831.16 260.99 968.66 277.82 458.66 141.06
Path.Cost 479.20 424.80 797.06 550.177 | 1390.93 579.96
AC 0.51 0.07 0.49 0.09 0.44 0.09

The comparison between LBBP and LBBP-WL highlights the impact of ignoring
water-level variability and the operational consequences that emerge when capacity re-
ductions are taken into account. In LBBP, service-way capacities remain fixed and op-
timistic, allowing the model to consolidate more shipments and rely more heavily on
regular services. From a cost perspective, this results in the highest way cost (968.66),
as the model can select more regular services to handle both current and predicted
demand. In contrast, LBBP-WL updates service-way capacities based on anticipated
low-water conditions, leading the model to expect tighter capacity in upcoming stages.
As regular-service capacity becomes limited, the system must rely more frequently on
outsourced services to serve already-accepted and contractual shipments. This shift pro-
duces the lowest way cost (458.66), due to reduced feasible capacity for regular services,
but simultaneously results in a higher path cost because of the increased dependence on
outsourcing paths Overall, all three models remain profitable, but their outcomes reflect
the informational and environmental conditions under which they operate. LBBP yields
the highest profit because anticipative demand information enables it to make more se-
lective acceptance decisions and reserve capacity for potentially more profitable future
requests. MBBP, which relies solely on realized information, accepts a larger share of
current requests but at the expense of lower overall profit. In contrast, the reduced
profit observed in LBBP-WL is not due to weaker decision-making, but results from the
more restrictive capacity conditions imposed by anticipated low-water levels, which limit

feasible acceptance opportunities and increase reliance on expensive outsourced services.

5.3.3 Item impact

To isolate the effect of demand composition on model performance, we analyze how
the fare structure of the shipment-request set influences booking outcomes. Specifically,
we distinguish between two input categories: LF-480 (low-fare-dominant) and HF-528
(high-fare-dominant). Figure 2a and 2b provide a visual comparison of the total number

of accepted items and the resulting profits across the three models for each input type.
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This comparison helps assess the sensitivity of each booking policy to variations in rev-
enue potential, and highlights how predictive or capacity-constrained models adjust their
decisions based on expected profitability. Across all models, the fare composition of the
input set has a strong and systematic influence on booking outcomes. When the request
set is dominated by low-fare items (LF-480), accepted volumes are markedly lower and
profits are more limited, with median acceptance ranging from approximately 30 items
in LBBP-WL to about 40 in MBBP and LBBP, and median profits between roughly 900
and 1300. Under high-fare-dominant inputs (HF-528), both accepted items and prof-
its increase substantially: median acceptance rises to around 55-60 in MBBP, 60-65 in
LBBP, and remains near 60 in LBBP-WL, while median profits improve to roughly 1800
in MBBP, exceed 2000 in LBBP (with maxima approaching 2800), and remain close to
1800 in LBBP-WL. The improvement from LF to HF corresponds to a gain of about
15-25 accepted items and 700-900 in profit across models. Prediction of future demand
(LBBP) consistently increases profit relative to the myopic case, with the largest gains
observed in HF-528. Incorporating water-level-induced capacity reduction (LBBP-WL)
reduces acceptance and profit in LF-480 more sharply, while having a more moderate ef-
fect under HF-528, where the high unit revenue enables the model to sustain profitability

despite fewer accepted bookings.
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Figure 2: Item impact

Overall, the results reveal a clear and systematic pattern driven by the revenue com-
position of the request set. When the input is dominated by low-fare items (LF-480),

all models accept fewer shipments and generate lower profits, as each accepted item con-
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tributes little revenue. Under these conditions, the system becomes far more sensitive
to operational restrictions: once capacity is reduced due to low water levels (LBBP-
WL), acceptance drops sharply. In contrast, when the request set consists primarily of
high-fare items (HF-528), acceptance levels and total profits increase substantially. The
high revenue per item makes each accepted booking worthwhile, enabling the lookahead
model (LBBP) to better exploit profitable opportunities. Moreover, the negative impact
of water-level-induced capacity reductions is noticeably weaker in this setting, because
even a smaller number of accepted high-fare shipments is sufficient to maintain strong
overall profitability. In other words, how strongly capacity reductions affect the system
depends entirely on the revenue potential of the incoming items: they amplify losses

when fares are low and dampen them when fares are high.

5.3.4 Shipment-request ways impact

This section examines how the configuration of shipment-service ways influences the
performance of the booking system across different models. Two representative config-
urations are considered: VC-R, which features a higher share of services supported by
small vessels and thus lower total network capacity, and VC-SF, which provides greater
capacity due to the inclusion of large-vessel services. The goal is to assess how these struc-
tural differences affect acceptance decisions and profitability under the MBBP, LBBP,
and LBBP-WL models.

Figure 3 illustrates the effect of two shipment-service way configurations on book-
ing system performance across the MBBP, LBBP, and LBBP-WL models. The VC-R
configuration represents a network with lower aggregate capacity due to a higher share
of small vessel supported-services, whereas VC-SF provides substantially greater total
network capacity. In terms of accepted shipments (Figure 3a), increasing total capacity
from VC-R to VC-SF leads to a rise in median acceptance across all models, but this
increase is modest relative to the scale of capacity growth. For MBBP, the median rises
from roughly 45 to 55, with the overall range expanding from about 20-70 in VC-R to
25—85 in VC-SF. In LBBP, the median increases from about 50 to 65, with the upper
range exceeding 80, representing the largest change among the models. In LBBP-WL,
the median grows from around 40 to 55 but remains below LBBP due to the additional
consideration of water-level-induced capacity reductions. These patterns confirm that

acceptance decisions are primarily driven by the economic value of shipments rather than
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the nominal capacity of the network, as even in the higher-capacity case, the system ac-
cepts only as many shipments as remain profitable. For profit (Figure 3b), the increase
from VC-R to VC-SF is more pronounced. In MBBP, the median profit rises from ap-
proximately 1200 to 1500-1800. In LBBP, the growth is more substantial—from around
1600 to over 2000, with a maximum near 2600. In LBBP-WL, the median improves from
about 1100 to 1400-1500, with the maximum reaching around 2000. The primary driver
of this improvement is the reduced reliance on costly outsourced paths in the VC-SF
configuration. Higher in-network capacity allows a greater proportion of shipments to be
routed internally at lower cost, thereby increasing total profit even if accepted items do
not grow substantially. Overall, higher capacity (VC-SF) yields limited gains in accepted
volumes but significant improvements in profit across all models. This outcome indi-
cates that the booking system’s acceptance policy is profitability-oriented rather than
purely capacity-driven, with capacity expansion primarily enhancing economic efficiency

by reducing dependence on expensive outsourced services.
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Figure 3: Shipment-request ways impact

5.3.5 Prediction confidence impact

This section explores how the level of confidence associated with predicted demand ()
influences booking decisions and overall system performance. Table 5 presents the re-
sults across three confidence levels—6# = 0.25, 0.5, and 0.85—for each combination of
way configuration and item mix. The parameter 6 reflects the model’s trust in the accu-
racy of predicted item attributes and plays a crucial role in shaping acceptance behavior,
particularly under uncertainty. Table 5 shows that increasing prediction confidence (6)

from 0.25 (low confidence)to 0.85 (high confidence) systematically increases profit while
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Table 5: Prediction confidence impact

Path Item 0 =0.25 0=0.5 0 =10.85
profit AC profit AC profit AC

LF-480 5450.50  0.40 | 5703.00 0.39 | 6048.10 0.38

Ve-u HF-528 8931.75  0.57 | 9170.50 0.57 | 9510.50 0.56
VO-SF LF-480 6624.50  0.48 | 6964.00 0.48 | 7387.10 0.46

HF-528 | 10345.50 0.63 | 10634.0 0.62 | 11024.0 0.62
VCO-R LF-480 5483.50 0.41 | 5735.00 0.39 | 6085.10 0.38

HF-528 8967.00  0.58 | 9210.50 0.57 | 9546.50 0.56

slightly reducing acceptance rates across all path configurations and item mixes. Av-
erage profit rises from 7134 at 0 = 0.25 to 7758 at 0 = 0.85 (~8.7% gain), with the
lowest value observed for LF-480/VC-U (5450.50) and the highest for HF-528/VC-SF
(11024.00). Conversely, the average acceptance rate declines from 0.512 to 0.493, indi-
cating that higher confidence leads the model to reject more current requests in favor of
keeping flexibility to accommodate predicted high-value arrivals. This trade-off is most
pronounced in high-fare-dominant cases, where profits grow disproportionately, and in
the high-capacity VC-SF configuration, where reduced reliance on costly outsourced paths
amplifies gains. Overall, the results confirm that profitability in the booking system is
driven more by selective acceptance of high-value requests than by maximizing the num-

ber of accepted items.

5.3.6 Water level impact

We consider two contrasting capacity-reduction scenarios as representative worst cases:
smooth fluctuations and abrupt fluctuations. These cases are chosen to stress-test the
model under challenging water-level conditions: the smooth case reflects moderate reduc-
tions where capacity falls at most to 75% of nominal, while the abrupt case represents
severe reductions where capacity can drop as low as 35%. Evaluating such extreme
scenarios is advantageous because it highlights the robustness of booking decisions and

reveals how system performance changes when service availability is most constrained.

Table 6 reports the evolution of profit, path cost, and way cost over five discrete
decision steps under smooth and abrupt water-level fluctuations. In both scenarios, profit
increases from step 1 to step 4 and then exhibits a slight decline at step 5. However, profit
levels differ substantially across scenarios: under smooth fluctuations, profit remains
consistently higher and reaches a maximum of approximately 1,350 at step 4, whereas

under abrupt fluctuations the peak profit is lower, around 1,200. This gap directly
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Table 6: Impact of smooth (v = 0.75) and abrupt (v = 0.35) water-level fluctuations on
system performance

. v = 0.75 (Smooth v = 0.35 (Abrupt
Decision step Profit  Path cE)st WZLy cost | Profit Path cf)st W)ay cost
1 650 380 580 530 650 350
2 940 760 600 790 1050 350
3 1080 980 640 920 1280 380
4 1350 1400 730 1200 1720 430
5 1280 1080 590 1100 1450 280

reflects the impact of tighter capacity restrictions under low-water conditions, which
constrain revenue generation even when demand remains available. Path costs also rise
with successive decision steps in both scenarios, but their magnitude is markedly higher
under abrupt fluctuations. In the smooth case, path costs increase broadly in line with
profit and reach approximately 1,400 at step 4. Under abrupt fluctuations, however,
path costs escalate much more sharply, exceeding 1,700 at step 4 and clearly surpassing
profit levels. This behavior indicates that severe capacity reductions force the system
to rely on more expensive routing and allocation options, thereby eroding margins and
overall profitability. Way costs remain comparatively stable across decision steps, varying
within a limited range in both scenarios. They are systematically lower under abrupt
fluctuations, as stricter capacity constraints reduce the number of feasible service-way
allocations, leading to lower overall way usage while shifting a larger share of demand
toward costlier path-level decisions. Overall, the results indicate that smooth water-level
fluctuations allow the system to preserve a closer balance between revenues and costs,
whereas abrupt fluctuations disrupt this balance by disproportionately increasing path
costs and limiting achievable profits. The slight decline in profit observed at the final
decision step in both scenarios further suggests diminishing returns once accumulated

commitments and tight capacity limits reduce the flexibility of feasible allocations.

6 Conclusions

This paper studied the booking problem for consolidation-based intermodal freight car-
riers, incorporating accept/reject decisions for non-contractual requests while ensuring
fulfillment of contractual commitments. To our knowledge, this is the first work to ad-
dress booking-level control in this context using a bin-packing framework, thereby linking
tactical and booking planning. The approach first identifies time—space feasible service

ways and then applies bin-packing models to evaluate profitability and make acceptance
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decisions. Three models were proposed: a myopic version (MBBP), a lookahead version
(LBBP), and an extended lookahead model with water-level constraints (LBBP-WL).
Together, they provide a unified framework to analyze how different informational and
operational conditions influence booking decisions and system performance. Compu-
tational experiments on realistic-size instances revealed clear trade-offs between profit,
acceptance rates, and computational effort. While MBBP was computationally efficient,
LBBP achieved higher profits by exploiting demand predictions, and LBBP-WL captured
the impact of capacity reductions due to water-level variability. Results highlighted the
importance of anticipative decision-making and accounting for capacity variability to im-
prove profitability. Additional analyses showed that fare heterogeneity, service and fleet
configuration, prediction confidence, and water-level scenarios significantly affect solution

structure, service utilization, and overall profit.

Finally, several directions remain open for future research. Extending the framework
to consider order-based booking decisions, rather than batch-based decisions, would en-
able a more detailed representation of how shipments arrive and are processed, and allow
comparisons between the two approaches to evaluate how the timing of decision-making
influences system profitability and booking structures. Another promising extension is to
consider flexible delivery times, where late deliveries are permitted with explicit penalty
costs. The modelling structure developed in this paper naturally supports such an exten-
sion: since each shipment is assigned to a service way with well-defined timing attributes,
the model can be augmented to represent cases where the assigned service departs or ar-
rives after the shipment’s due time. This would allow late deliveries to be explicitly
captured and penalty costs to be computed as a function of the degree of lateness (e.g.,
linearly scaled with delay duration). Implementing this feature would provide additional
flexibility in planning and enable a systematic evaluation of how different penalty struc-
tures influence the profitability and feasibility of booking decisions. Furthermore, while
contractual shipment requests were treated as deterministic commitments in this study,
relaxing this assumption and considering stochastic patterns even for contractual flows
would provide a more realistic decision environment. Integrating such uncertainty into
the accept/reject process for non-contractual requests, combined with efficient heuristic
or decomposition methods, would improve scalability and extend the applicability of the

models to larger and more complex problem instances.
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