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Abstract. Freight transportation supports trade exchanges generated by the needs and
requirements of people, and, hence, of all public and private organizations making up the
human society. Consolidation is a widely spread strategy in transportation and logistics, which
aims for increased operational and economic efficiency, by combining cargo of different
shippers and with different origins and destinations, for loading into the same vehicle for their
complete or partial journeys. Consolidation-based carriers move a large and valuable part of
the world trade over short, medium, long, and intercontinental distances. To achieve their
economic and quality-of service objectives, carriers organize operations according to a
transportation plan optimizing the resource utilization and deployment through an efficient
and profitable service network addressing the estimated shipper demand. Building this
transportation plan is part of the carrier tactical planning process, and involves addressing
many strongly interrelated activities, marshalling several types of human and material
resources. Consolidation and building a good tactical plan therefore require advanced
planning methodology, and Service Network Design is the methodology of choice to address
the carrier's system-wide tactical-planning challenge. The chapter presents a comprehensive
overview of the general SND methodology, focusing on the modeling issues, choices, and
consequences in terms of problem structure and problem solution challenges. It recalls the
structure and main components of the physical and service networks of consolidation-based
freight carriers, the associated tactical planning issues, and the Service Network Design
methodology used to address them. It identifies and discusses in some detail the modeling
the main components of consolidation-based carrier systems for tactical-planning and
Service Network Design formulations. It also discusses in some depth the characteristics and
modeling of three important extensions of the basic Service Network Design formulations:
resource-management concerns, time characteristics of demand and services, and the
explicit consideration of uncertainty. While not focusing on algorithmic developments, we
mention important developments in the field.
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Consolidation-based Transportation Planning: The Service Network Design Methodology

1 Introduction

Freight transportation, and the associated flows of power units (e.g., rail engines and road trac-
tors), vehicles, and convoys, together with the people manning them, is an important industrial,
economic, and social domain, as it results from the trade exchanges generated by the needs and
requirements of people, and, hence, of all public and private organizations making up the hu-
man society. It is thus widespread to describe transportation as the output of the interplay
between supply and demand, within a given political, social, cultural, and economic, environ-
ment (see. e.g., Crainic et al.,[2018bl and references within). To simplify the presentation, and
following Bruni et al.| (2024)), we thus identify shippers, which generate the multicommodity,
origin-destination demand side of the system, and carriers supplying the transportation and
terminal resources, services, and capacity required to satisfy the demand.

Producers, traders, brokers, importers/exporters, whole- and retail buyers, sellers, and dis-
tributors of goods may be described as shippers. On the supply side, the general “carrier”
term encompasses the actual modal and intermodal freight carrier organizations, which may be
private, that is, supporting the activities and goals of the parent organization only, or, for the
most part, for-hire, offering their services for a price/tariff to shippers. The facility (terminals,
warehouses, depots, fulfillment and distribution centers, etc.) operators are grouped under the
term "carrier" as well.

A special note for logistics-service provider firms, which act as intermediaries between
shippers and carriers. Also known as Party Logistics (PL) firms, they generally do not own
transportation means. They rather, on the one hand, act as carriers proposing transportation
and logistics services to shippers, while, on the other hand, contracting with carriers to move
the goods they received from their customers. It is in their carrier role that we treat them in this
chapter.

One distinguishes between dedicated (Full-Load) and consolidation-based carriers. The
former refers to the case when a loading unit, e.g., a vehicle (trailer for full-truckload motor
carriers, vessel in maritime tramp shipping, barge in rivers navigation) or convoy (e.g., unit
trains carrying minerals, cereals or petroleum products) is dedicated to a unique shipper de-
mand, which pays for the complete journey. The latter combine several shipments, of different
shippers with potentially different origins and destinations, for loading into the same vehi-
cle or container for their complete or partial journeys. Such consolidation is a widely spread
strategy in transportation and logistics, aimed to address both shipper concerns relative to ship-
ments whose volume or value is too low to justify paying the tariffs associated with a direct,
dedicated transport, and the carrier’s own preoccupation of not being able to offer profitable
direct service with reasonable service quality (e.g., not waiting beyond customer willingness
for vehicles to fill up with other demands) in such cases. Consolidation thus should reduce
the unit shipment cost and the journey time, benefiting all parties involved. Railways, Less-
than-Truckload (LTL) motor carriers, shipping companies moving containers on oceans, seas,
rivers, and canals, postal services and express couriers, PL firms, as well as synchromodal and
City Logistics systems are prime examples of consolidation-based carriers moving a large and
valuable part of the world trade over short, medium, long, and intercontinental distances.

We focus on the Operations Research methodology addressing the medium-term planning
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of operations and resources of for-hire consolidation-based carriers in this chapter.

Consolidation-based carriers thus aim to profitably and efficiently satisfy the requests of
many shippers with the same transportation resources and services operating among the termi-
nals of their networks. To achieve this goal, carriers organize their operations according to a
transportation plan optimizing the resource utilization and deployment through a (more or less
scheduled) service network that answers the expected/estimated shipper demand. To better an-
swer their customers’ demands and their own efficiency and profitability, the plan is drawn to
be repetitively executed for a certain planning medium-term horizon (from a few weeks to a
few months in length) for which there is a significant volume of regular and repetitive demand.
The process building this transportation plan is part of the tactical planning of the carrier’s
activities, and is therefore sometimes called tactical plan in the literature.

Tactical planning involves accounting for several different but strongly interrelated activi-
ties, marshalling several types of human and material resources. These activities, taking place
either in terminals or in moving between them, are characterized by not-necessarily converg-
ing individual objectives and strong, network-wide interacting impacts. Trade-offs must thus
be achieved in planning the service network and schedule; First, to balance customer demand
for faster and cheaper transportation, on the one hand, and the pursuit of economies of scale
and profitable and efficient carrier activities, on the other hand; Second, among the various
components of the carrier transportation system and operations in terms of costs, time, and re-
source utilization. Consolidation and building a good tactical plan therefore require advanced
planning methodology.

Service Network Design (SND) is the methodology of choice to address these tactical-
planning issues network-wide and determine the services and itineraries to operate. Closely
related to Network Design, SND has been largely applied to consolidation-based freight trans-
portation, as witnessed by a rich body of literature (reflected in this chapter and summed up in
Crainic et al., 2021b). We emphasize these relations in this chapter, as well as the particular
characteristics applications bring to SND.

The goal of this chapter is to present a comprehensive overview of the general SND method-
ology, focusing on the modeling issues, choices, and consequences in terms of problem struc-
ture and problem-solution challenges. While not focusing on algorithmic developments, we
mention important developments in the field

The chapter is organized as follows. Section [2]recalls the structure and main components
of the physical and service networks of consolidation-based freight carriers, the associated
tactical planning issues, and the Service Network Design (SND) methodology used to address
them. It also introduces the basic notation, together with the static and deterministic SND
formulations. Section [3| discusses the modeling of the main components of consolidation-
based carrier systems for tactical-planning SND formulations, namely, the physical system, the
demand, and the service network. Sections @, E], and @ discuss in some depth the characteristics
and modeling of three important extensions of the basic tactical-planning process and SND
formulations: time characteristics of demand and services, resource-management concerns,
and the explicit consideration of uncertainty, respectively. We conclude in Section [/| with a
number of research perspectives we deem important and challenging.
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2 Consolidation-based Freight Transportation

We briefly recall the basic definitions and concepts of the supply facet of consolidation-based
freight transportation, the physical and service networks in particular (Section [2.1)), the tac-
tical planning scope and objectives (Section [2.2)), the general Service Network Design (SND)
methodology and associated modeling components (Section [2.3)), and the basic SND formula-
tions (Section [2.4).

General surveys and syntheses of consolidation-based freight transportation with signifi-
cant emphasis on planning and service network design may be found in, e.g., Crainic and Roy
(1988)); |Crainic and Laporte| (1997); |Crainic| (2000, | 2003)); [Wieberneit (2008]); |Crainic and He-
witt (2021). Survey papers addressing multimodal and intermodal transport and planning, in-
clude [Macharis and Bontekoning| (2004)); |Crainic and Kim! (2007); Bektas and Crainic| (2008));
SteadieSeifi et al. (2014). Contributions to particular fields, mostly modal-defined, may be
found in, e.g., |Assad| (1980); (Crainic (1988); Cordeau et al.| (1998)); Newman et al.| (2002);
Ahuja et al. (20054); [Crainic (2009); |Yaghint and Akhavan| (2012); |Chouman and Crainic
(2021) for railways; Delorme et al. (1988)); Bakir et al.| (2021)) for LTL motor carriers; |Ro-
nen| (1983}, 1993); (Christiansen et al.| (2004, 2007, 2020, |2021) for maritime transportation;
Bektas et al.| (2017); (Crainic et al. (2023a, 2021c); Marcucci et al.| (2024) for City Logistics;
Montreuil (2011)); Ballot et al.| (2014); |Crainic and Montreuil (2016); Crainic et al.| (2023c]) for
Physical Internet, and (Giusti et al. (2019); Ambra et al. (2019, 2021) for Synchromodality.

2.1 The Carriers

Carriers providing consolidation-based services operate on infrastructure-defined single, multi,
or intermodal physical networks, the latter term being generally used when freight packaged
at origin, mostly in containers, is not handled before it is unpacked at destination. LTL mo-
tor carriers, railroads, and maritime shipping companies are identified as single-mode, when
operating exclusively trucks, trains, and ships, respectively. Postal / express-courier services,
container transport, as well as City Logistics, Physical Internet, and synchromodal systems
often involve more than one transportation mode, the transfer of loads from one to the next
taking place at intermodal terminals. Notice, however, that carriers traditionally classified as
single mode often operate multi/intermodal networks. Railroads, owning motor carriers, and
maritime shipping companies, owning railroads or motor carriers, illustrate this case.

The carrier physical network is thus made up of physical nodes, the terminals, connected
by modal, e.g., highways and rail tracks, or conceptual, e.g., maritime and air corridors, links.
One identifies two main categories of terminals. The largest category consists of local/regional
terminals, where most of the demand from the corresponding regions is brought in to be trans-
ported by the carrier, and where the freight flows coming from different regions terminate their
trips before being distributed to their final destinations. Rail stations, LTL regional terminals,
most deep-sea and river/canal ports belong to this type. The hubs make up the second category,
encompassing LTL breakbulks, major classification/blocking railroad yards, and large mar-
itime ports for intermodal (container-based) traffic. While hubs act as the regional terminals
for their hinterlands, their main role is to consolidate the flows in and out of their associated
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regional terminals for efficient long-haul transportation and economies of scale. Terminals
may be owned/managed by and dedicated to the carrier, e.g., railroad yards and LTL breakbulk
terminals, or may be shared by several carriers irrespective of ownership and management,
e.g., maritime ports and terminals, intermodal terminals, and airports. Inter-terminal links may
also be proprietary (but may still be used by other carriers for a fee), e.g., rail tracks in North
America, or shared, e.g., rail tracks in Europe and roads and highways mostly everywhere.

The multi-commodity, origin-destination (OD) demand is defined, on that same network,
as a quantity (weight and volume) of freight to be moved between specific origin and desti-
nation terminals. Many other attributes may be associated to each demand, according to the
particular context, including shipper identity and demand type (e.g., priority, express, regular
delivery), timing constraints (e.g., availability at origin and due-date at destination), fare and
penalties for missing the agreed-upon service-quality targets, particular commodity (product)
with related physical characteristics and requirements in terms of vehicle type (e.g., refriger-
ated, multi-platform for containers or vehicles, etc.), and so on.

Consolidation-transportation carriers aim to satisfy this demand by organizing their op-
erations into so-called hub-and-spoke service networks, schematically illustrated in Figure [I]
Each service is defined by a (modal) physical route between a pair of origin and destination
terminals (the full, dash, and point-dash line patterns in the figure illustrate three different
main modes, while the dotted line patterns illustrate feeder services), a possible sequence of
intermediate stops on that route where loads may be picked up / consolidated / dropped off and
resources may be handled (the dash-point service between hubs A and B, with a stop) at hub C),
a schedule indicating more or less precisely arrival and departure times at/from the concerned
terminals, as well as particular equipment, operations, and economic characteristics.

@ Hub . Main direct service

AN

Feeder
. «
services:

Q
Q

Regional
terminals

)
- —_———— = >
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Figure 1: Hub-and-spoke service network

Using the service network, carriers thus first move low-volume loads available at a regional
terminal to a hub, by using so-called feeder services. At hubs, loads are sorted (classified is the
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term used in several settings, e.g., freight railways) and consolidated into larger flows, which
are routed to other hubs by high-frequency, high-capacity services. Loads may thus go through
more than one intermediary hub before reaching the regional-terminal destination, being trans-
ferred from one service to another or undergoing re-classification and re-consolidation. Notice
that, when the level or value of demand justifies it, high-frequency, high-capacity services may
be run between a hub and a regional terminal or between two regional terminals. Notice also
that, more than one service, of possibly different modes, may be operated between consoli-
dation and regional terminals. Once at the last hub on their itineraries, loads are unloaded,
possibly sorted, and loaded on feeder services to be moved to their destination regional termi-
nal, to be distributed from there to their final destinations.

It is noteworthy that railways generally implement a more complex double consolidation
policy, which groups (classifies) cars into blocks, which are then consolidated to make up
trains. More precisely, loaded and empty cars, with different origins and destinations, being
present simultaneously in the same terminal, are sorted and grouped into a block, which is then
moved as a single unit by a series of trains until its destination, where it is broken down, the
cars being either delivered to their final consignees or classified again into new blocks. More
than one reclassification may make up the itinerary of a given demand flow. Blocks, on the
other hand, travel on a series of train services, being simply transferred (switched) from one
train to another at intermediary stops on their routes.

A hub-and-spoke network concentrates the multi-commodity flows and allows a much
higher frequency of service for the consolidated demand loads, while providing a more efficient
utilization of resources, economies of scale for the carrier, and lower tariffs for the customers.
The drawbacks of this type of organization are possibly increased delays for demand due to
longer routes and more time spent going through terminals, which play a role significantly
broader than the loading/unloading of freight within consolidation-based transportation sys-
tems. Vehicle and freight classification and consolidation, convoy making-up and dismantling,
and vehicle and freight transfer between services are all time, cost, and resource-consuming
operations performed in terminals.

The adequate, hopefully optimal in Operations Research terms, design of the service net-
work and planning of its operations and resource utilization, is required to avoid such pitfalls
and reap the full benefits of consolidation-based transportation. This is the scope of carrier
tactical planning described next.

2.2 Tactical Planning

Carriers need to be profitable while answering the demand of shippers requiring low tariffs
and high quality, timely service. Consolidation offers the operation environment to fulfill these
goals, but also raises several challenges.

First, on the demand side, services cannot be tailored to address shipper demands indi-
vidually, as the different loads of several shippers are grouped within the same vehicles and
convoys. Hence, the service network has to address globally the requirements of a large group
of shippers, which contracted or which may contract with the carrier for the period considered.
This has implications for the planning of the service network, including the so-called planning
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horizon (i.e., duration of validity), topology (i.e, where and what services to propose and oper-
ate), timeline (i.e., when to operate services), and performance measures (e.g., cost, efficiency,
and quality of service).

Material and human resources are needed to operate services, their management signif-
icantly impacting carrier service efficiency and profitability. Resources are costly, however,
and their availability is continuously and increasingly limited, due to high acquisition and
operation costs for moving and in-terminal equipment, and the shortage (and salaries) of man-
power. Then, as the cost of operating a service is greatly dependent upon the costs of vehicles,
power units, and crews used for transport and terminal work, higher economies of scale may
be achieved by assigning the most appropriate resources to each service to fill it well given
its planned load. On the other hand, idling resources are unproductive and, thus, one aims for
seamless multi-service routes with inter-service transfers at terminals.

The supply-side challenge therefore is to plan service networks and operations, which are
efficient from the point of view of using the carrier’s resources (own, rented, or obtained
through outsourcing part of operations) and, thus, achieve the best trade-off between shipper
requirements and expectations, and carrier pursuit of profitable efficiency. Tactical planning
aims to answer this challenge.

The scope and goal of tactical planning is to build a transportation plan, often together
with an associated schedule, to mitigate the drawbacks of consolidation, satisfy customer de-
mand and service-quality requirements, and operate profitably and efficiently. It addresses the
system-wide planning of operations and resources, deciding on the selection and scheduling of
services, the transfer and consolidation activities of freight and vehicles in terminals (as well
as the convoy makeup and dismantling for rail, road, and barge trains), the assignment and
management of resources to support the selected services, and the routing of freight of each
particular demand through the resulting service network. The goal is cost-efficient operation
together with timely and reliable delivery of demand according to customer specifications and
the service-quality targets of the carrier.

Such planning problems are difficult due to the strong interactions among system com-
ponents and decisions, and the corresponding trade-offs between operating costs and service
levels that need to be achieved. Two examples to illustrate these challenges and necessary
trade-offs. First, increasing the number of services operated during a certain time interval be-
tween two terminals improves customer service but may decrease the availability of resources
for other services, as well as increase congestion in terminals, and on certain infrastructure
links such as rail tracks, thus increasing costs and deteriorating customer service. Second, con-
sider the strategies, proper to consolidation transportation, based on routing of freight through
intermediate terminals, where incoming loads are re-classified and consolidated before transfer
to the next service. Such strategies generally result in better equipment utilization and lower
waiting times at the original terminals; hence, in a more rapid service for the customer. The
same strategies would also result, however, in additional unloading, consolidation, and loading
operations, involving larger delays and creating higher congestion levels at terminals. Trans-
fers may also decrease the shipment delivery reliability. The alternative, offering more direct
and frequent services, would imply faster and more reliable service for the corresponding traf-
fic and a decrease in the level of congestion at some terminals, but at the expense of additional
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resources and, thus, higher costs for the system and tariffs for the shippers.

Tactical planning is performed for a so-called medium-term planning horizon, which could
extend from a few (e.g., LTL motor carriers) to six or more (but twelve at maximum) months,
and which we call season. It builds the transportation plan considering the so-called regular
demand. One generally finds in this category shippers that are strongly believed to bring busi-
ness on a regular basis for the coming season. This prediction, which may or may not follow
from formal forecasting methods, is based on a combination of long-term contracts, informal
understanding with long-standing and trustful customers, and market estimation by sales and
customer-relation personnel. In terms of volume, regular demand is expected to make up a
good part, e.g., 75% - 80% of the pick demand to be serviced on a “normal" operating day. In
terms of consistency, demand, and, hence, service, is expected to be repetitive according to a
certain pattern, e.g., every day or every week. The plan produced by the tactical-planning pro-
cess is thus for a given time duration, called schedule length, and is to be applied repetitively
for the duration of the season. Of course, particular service networks may be build for specific
moments, e.g., for week days different from weekends, and be combined to form the repetitive
plan and schedule length.

Service Network Design (SND) is the methodology of choice to support tactical plan-
ning of consolidation-based carriers, addressing these issues and determining the services and
itineraries to operate. The SND methodology is introduced in the next subsection and is further
detailed in Sections[3]-

2.3 Service Network Design

A service network design model for tactical planning of a consolidation-based carrier yields the
transportation plan specifying operations for a given schedule length, to be repetitively applied
for the next season.

Its input follows the transportation-planning structure and includes demand and supply
components. The former gives the origin-destination matrix (or matrices, when several prod-
ucts are considered) of the quantities of freight to be moved between particular pairs of origin
and destination terminals. The latter specifies the physical network, the set of potential ser-
vices, and the available resources, out of which the service network is to be built to answer
this demand. The physical and operational attributes of demand and supply elements, as well
as the rules associating them and specifying how the system is to be operated, are also part of
the input of SND models. Section [3]discusses the modeling of these elements and rules within
various carrier-planning contexts.

Through its decision variables, a SND model represents and integrates two major sets of
decisions, one related to the design of the service network, and one associated to the utilization
of that network to service demand. The main design decision concerns building the service
network by selecting the services to be operated out of the set of potential services. When
the management of resources is explicitly accounted for within the tactical-planning decision
process, decisions relative to the association of resources to services and to the routing and
handling of those resources are also part of the design decision set.

The second major set of decisions concerns how demand for transportation is satisfied
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using the designed service network. Such utilization or flow decisions concern, for each indi-
vidual demand, the itinerary, i.e., the sequence of services, terminals, and terminal operations
(loading, unloading, inter-service transfer, classification and consolidation), used to move the
corresponding flow. Several itineraries may be used simultaneously for a given demand, when
its shipment may be split among several service paths between the respective origin and desti-
nation terminals.

The objective function of an SND formulation reflects the economics of the carrier, as well
as, increasingly, its customer-service and societal concerns and objectives. Carriers aim to
maximize their profit, generally defined as revenue minus cost. Most tactical-planning applica-
tions assume the set of shippers and corresponding commercial relations to be known. Hence,
the expected/estimated revenue is also assumed to be known and fixed for the tactical planning
horizon. Consequently, the transportation plan aims for the minimization of the total operating
costs, which also reflects the traditional carrier and shipper objectives to “get there fast at the
lowest possible cost”. Profit maximization is considered, however, when revenue-management
policies are applied by the carrier and are thus reflected in the objective function of the SND
model (see Section ??) .

Increasingly, however, shippers expect low rates for high-quality service, measured, in par-
ticular, by speed and reliability in service and delivery times. Simultaneously, carriers are
increasingly sensitive to social and legal pressure regarding energy consumption and environ-
mental impacts. Service performance measures reflecting these expectations and concerns are
modeled, in most cases, by delays incurred by freight and vehicles or by the respect of prede-
fined performance targets These measures are then added to the objective function of the SND
optimization formulation, yielding a generalized cost function that captures the trade-offs be-
tween operating costs and service quality. We discuss these issues in Section

One generally classifies SND problems and models relative to two dimensions, time and
uncertainty. Along the time dimension, one finds static and time-dependent (the term “time-
sensitive" is also used) problem settings and formulations. The former, discussed in this sec-
tion and the next one, assumes that neither demand, nor any other problem characteristic varies
during the schedule length and the planning horizon considered. Time-dependent settings, Sec-
tion 4] include an explicit or implicit representation of demand and activities in time, for the
schedule-length duration, and target the selection of scheduled services to support decisions
related to when services and freight leave and arrive at terminals on their routes and itineraries,
respectively. These schedule-length-specific time-dependent variations are assumed to be re-
peatedly present during the planning horizon, hence, the scheduled tactical plan built for that
schedule length is to be applied repeatedly for the planning horizon.

The second major dimension concerns uncertainty issues. Most contributions in the litera-
ture assume known values for the system parameters, both on the demand and the supply facets,
which will not change for the planning-horizon duration. This translates in fixed figures, which
may come from historical and field-knowledge data (one finds a lot of average measures) or
single-point estimations, when forecasting methods are used. The problem settings and for-
mulations discussed in Sections 2] - [5] belong to this class. The future is uncertain, however,
and the explicit representation of uncertainty of various system parameters, together with the
corresponding plan-adjustment actions and costs, when new information becomes available, is
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increasingly part of the tactical-planning and SND literature. We discuss these issues, chal-
lenges, and modeling avenues in Section [6]

2.4 The Fundamental SND Models

We introduce the basic notation and the arc- and path-based SND formulations addressing the
classic, static deterministic, single-mode, direct-service, linear-cost problem setting. Here as
in the rest of the chapter, we follow the notation of |Crainic and Hewitt (2021).

The fundamental system and model components of all SND problem settings and formula-
tions, discussed in some depth in Section |3} are:

Physical network, ¢™ = (/" o/"M) where .4/ stands for the set of facilities, hubs and
regional terminals, connected by the physical or conceptual links of set .«7"" (Section
B.1);

Demand for transportation of a set .#~ of OD commodities, each k € %" requiring to move a
quantity of freight vol; from its origin O(k) to its destination D(k) (Section[3.2);

Service network ¢ = (.4, .</), defined based on the physical nodes of the system and the set
of potential services X, within the context of the carrier resources, operation rules, and
economics and service goals (Section [3.3).

Resources, and their management-concerned assignment to services, enrich this basic set-
ting and are discussed in Section [5| Time-related characterization of system elements and
decisions are the topic of Section 4]

In the basic setting, 4 = A" and & = X, with 6(a) € £ and a(0) € o/ denoting the
service-arc association. Each service o € X is characterized by a fixed cost X, incurred when
selecting and operating it, a unit freight-transportation cost ¢ or ¢k, k € ¢, when commodity
characteristics are relevant, and a capacity uq, representing the total volume of freight the ser-
vice may load and haul; particular, commodity-specific capacities u’é, k € , are defined when
relevant (e.g., hazardous material-loaded railcars on general trains). The cost and capacity fig-
ures are thus inherited by the corresponding arc a € <7, i..e., c’; = c’c‘y (cqg =c¢g) and u,; = ug
Uk =uk).

Two sets of decision variables are found in all SND settings, design or service selection for
inclusion in the service network and tactical plan to be executed repeatetly diring the planning
horizon, and flow or utilization of the service network by the commodity demand. The design
SND decision variables in the basic setting model the selection of services through binary
variables ys € {0,1},0 € £. The flow decisions variables are generally defined on the arcs
of the service network ¢, which is the current case on a € 7, and take the form x]; >0,a¢c
o,k € A, prescribing the amount of commodity k that travels on the arc, i.e., on service a(0o).
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Formally, then, the basic, linear-cost, SND formulation seeks to

min Y fovo+ Y, Y chvg (D
oexr ke acod
st. Y - Y A=d neN ke, )
ae;af,f aezzfnf
Y <uayoa), acd, 3)
ket
xlccléulacyd(a)v aE"(M?kE‘%/v (4)
vo € 10,1}, ocel, &)
x>0, acd ke X, (6)

where &7 = {(n,1) € &/} and o7 = {(n’,n) € &/} define the sets of incoming and outgo-
ing arcs, for node 1 € .4, respectively, while d* = voly at the demand origin ) = O(k), equals
—voly, at the destination node of the demand 11 = D(k), and zero at all other nodes.

The objective of the SND minimizes the total cost of operating the system, computed as
the sum of the fixed costs associated with selecting the service network and the variable cost
of transporting commodities using the selected services. Equations (2) are often referred to as
flow-balance constraints and ensure that all of a commodity’s demand departs from its origin
(the first case), arrives at its destination (the second case), and departs any other locations at
which it arrives (the third case). The expression on the left-hand side of the /inking constraints
(3) computes the total flow traveling on arc a € <7, whereas the expression on the right-hand
side gives the global arc capacity provided by the corresponding service (selected or not). The
commodity-disaggregated linking constrains are given by (@)). Constraints and (6) define
the variable domains.

The flow variables x describe how the demand loads are moving through the selected ser-
vice network. Clearly, the flow of each demand follows one or several paths from its origin to
its destination. An equivalent formulation explicitly determines these paths.

Let ITF, k € .7, identify the set of possible paths of commodity k, on the potential service
network (all potential services and flow-terminal operations). Following classic network no-
tation, let set .Z* hold the sequence of arcs a € .27 (services in £X) making up the itinerary
7 e Ik, 5;”‘ be the Kronecker delta defining this path, i.e., Sa”k =1whenac le,’r‘, 0, otherwise,
and the unit path flow costs ¢k = et ckkex.

Define the path-flow decision variable /X as the amount of commodity k € .#” moved on
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its path w € [T*. The basic, linear cost, path-based SND formulation then becomes

min Y fovo+ Y, Y chii @
cEexr ke X mellk

st. Y ny=d, ke X, (8)
rwellk

Y he <uayoa), acd, 9
ket

hy <UsYo(a), acd ke X, (10)

yo € {0,1}, ocex, (11

hk >0, nell’ke.x. (12)

Recall that, the network-design arc and path-based formulations are equivalent, that is,
they yield the same service network and objective-function value, with xf =¥« 67hk a €
k€ 2 (Crainic et al., 2021a). This holds for the SND formlation above, as well as for the
straightforward generalization to the multi-stop service case.

The particular characteristics of the various carriers, modes, and operation policies yield a
number of extensions to this basic formulation, namely
Multiple design layers. While many SND models address problem settings considering a

single level of consolidation (shipments into a vehicle or container), many other address
planning issues for modes involving multiple layers of consolidation (e.g., the car-to-
block-to-train strategy of railway transportation). Similar modeling requirements arise
when resource-management concerns are part of tactical planning (Section [3)), as well as
in applications to motor-carrier platooning for long-haul movements (Scherr et al.,[2019;
Albinski et al., [2020; /Ammann et al., [2024)).

Such multi-layer service networks (Crainic et al., 2022} (Crainic, 2024) display the par-
ticular characteristic of an arc in a given decision layer being defined with respect to a
set of arcs, often making up a path or a cycle, in another decision layer. The railway case
illustrates the concept as each potential block is defined in the block layer, in terms of
the path of service arcs that would transport it, if selected in the service layer (Zhu et al.,
2014; (Chouman and Crainic, 2021)). Such interwoven definitions imply several connec-
tivity relations and requirements in terms of both design and flow-distribution decisions,
yielding rich Multi-layer Network Design (MLND) formulations raising challenging al-
gorithmic issues (Crainicl 2024)).

To define the basic multicommodity, fixed-cost, capacitated MLND formulation, let .Z
be the set of layers of multi-layer network & = ;c »{%}, where ¢ = (A7,.97) is the
network on layer [ € ., with 4] and ¢ the corresponding sets of nodes and arcs. Let
1,I' € & be acouple of (supporting, supported) layers of ¢ (e.g., (train, block)), coupled
by an arc definition specifying how an arc in supported layer I’ is related to a subset of
supporting arcs in layer [ (e.g., the supporting train service arcs form the path defining
the supported block). For simplicity of presentation, we assume that all arcs in & are
design arcs, and that a single set of OD demands %" is defined on a given layer (notice
that, the flows on that layer are be projected on the layers associated with it through the
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arc definitions). The rest of the SND already-defined notation applies in this case as well
(adjusted with the appropriate layer index), including for the decision variables y,; = 1 if
arc a € &7 of layer [ is selected, 0, otherwise; and x’;l indicating the quantity of demand
k € ¢ assigned to arc a of layer /. The basic MLND formulation then becomes, where
relations stand for the sets of constraints corresponding to the design, flow, or at-
tribute connectivity requirements proper to the multi-layer network design application at
hand:

min Y { Y fwva+ ) Y ci;,x’;,} (13)

1e? ace ket aca)

st. Y b= Y o =dp, nes ke le, (14)
aetzfnt ae;zfn?
Y X <uaya, ac ), (15)
ket
& <y, a€ ke X, (16)
(y,x) € (¢, 2, (LIe?,lc?, (17)
ya=1€{0,1},x5, >0, ac ke x. (18)

Service frequency. Independently of operating according to fixed schedules or not, a service
may have several departures during a given time interval. Such cases are modeled by
defining non-negative integer service-selection decision variables ys € Z,,0 € X;

Service capacity feasibility. Including explicitly capacity limitations Operations Research mod-
els may raise feasibility issues. These are disturbing, both from a computational point of
view and because, in practice, there is “always" a feasible solution, even if quite costly,
e.g., by calling on ad-hoc capacity provided by additional vehicles or outsourcing part
of the demand transportation, and paying the additional costs. The simplest approach to
address this issue is to include dummy arcs t a = (O(k),D(k)) between the origin and
destination of each commodity k£ € J#°, with no capacity restrictions and appropriately
high unit cost c . The associated slack-flow variable ¢k then captures the volume of
the demand unfulfilled by the capacity of the selected services, and takes care of the
feasibility issue. The flow conservation constraints (2) then become

VOlk_gku lfTIZO(k)v
Y x— Y =9 —voly+ck, ifn=D(k), ne N kex, (19

acaty acaty 0, otherwise,

and the term )y » C ¢k is added to the objective function. (These modifications are
implicit when the set of dummy arcs a* is included in .27.)

Demand distribution. The previous formulations address the case where the volume of any
particular OD demand may be split between several paths within the service network.
While this corresponds to a very large range of applications, one equally finds many
situations where the freight of an OD demand must travel together on a single path. This
is achieved by modifying the definitions of the flow variables
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. x’; equals 1 if commodity k € JZ travels on the arc a € &7, i.e., on service a(0),

and 0, otherwise;

. h’,‘r equals 1 if commodity k € % is moved on its path 7 € IT¥, and 0, otherwise .
The arc (path) formulation is then modified by multiplying xX (h’,‘r, respectively) by d* in
the objective function (I)) ((7)) and constraints (2)) - @) (€)) - (I0)), and by changing the
domain restrictions of the flow variables (6) to xf € {0,1} ((T2) to #X € {0,1}).

Objective function. While the linear-cost formulation (I)represents a very broad set of issues
and problem settings, other cases required more elaborate objective-function formula-
tions. Among these cases, further discussed in Section [3.3] one may cite modeling of
the total cost associated to several more-or-less simultaneous service departures through
non-continuously differentiable functions (e.g., |Croxton et al., 2003a,b, 2007), and the
explicit representation of congestion phenomena, in terminals or on the infrastructure,
and penalties for violating capacity restrictions or service-quality targets through non-
linear functions (e.g. |Crainic et al., 1984} |Crainic and Rousseau, |1986).

On line with the two-facet decision-making characteristics of the problem at hand, namely
design and flow distribution, we represent such cases by defining

* ¢5(v),0 € L: Fixed cost of selecting service ¢ given the selected services y;

* Qu(y,x),k € 2 Unit-transportation cost of commodity k € # on arc a € 7,

given the selected services y and flow distribution x;

Particular system features, such as limited terminal capacity to handle vehicles and freight,
freight-vehicle compatibility restrictions, and budgetary limits, are other encountered in
carrier-planning applications. We discuss a number of them further in the chapter, for
now representing them through a general set ¥ linking the decision variables (y,x) and
restricting their domains.

The general basic SND formulation then takes the form

min Y oyt Y Y Qu(yx)x (20)

ocr ke acof

subject to constraints (2)) - (@) and (6)), plus

yO'GZ+7 GEZ, (21)
(y,%) € . (22)

These basic formulations are found in many contributions in the literature targeting freight-
transportation planning issues, as synthesized in the papers and chapters indicated at the start
of this section.

These formulations also emphasize the network-design nature of the SND formulations. In-
deed, any SND model may be cast as a ND formulation on an appropriately-defined network.
Thus, model - (6) corresponds to the multi-commodity, fixed-cost, capacitated network de-
sign problem (see Crainic et al.,|2021a, for a state-of-the-art presentation) defined on a network
with &7 = £. Moreover, the general formulation (20) - (22) is the same as the general network
design model defined in the seminal Magnanti and Wong| (1984) paper, where the authors also
showed that ND englobes Minimal Spanning Tree, Shortest Path, Traveling Salesman, Vehicle
Routing, and Facility Location problems as special cases.
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3 Systems & Components

This section is dedicated to going somewhat deeper in modeling the three main components of a
SND formulation of a tactical-planning problem for consolidation-based freight transportation,
namely, the physical system, Section the demand, Section [3.2] and the potential service
network, Section

3.1 Physical system

Planning is performed and SND models are formulated on a network representation of the
physical infrastructure on which the consolidation-based freight carrier operates. Modeling this
physical network 4™ = (A1, o/"1) for medium-term, tactical planning means representing
the infrastructure, activity, and performance of the terminals and inter-terminal connections at
a level relevant for planning.

Terminals = Network nodes 11 € .#*".  Only major hubs and regional terminals, making
up the core activity network, are thus generally included. The other terminals, e.g., the small
rail stations on feeder lines and the small ports services by coastal-navigation ships out of
major ports, are generally represented through the freight originating and terminating there
only, which is aggregated and assigned to the regional terminal or hub to which the feeder line
is attached.

The included terminals are thus, generally, major infrastructure facilities equipped and
maned to perform many types of handling operations on freight and vehicles. For tactical
planning purposes, these are represented mostly through their economic and efficiency per-
formance measures related to the equipment and its handling capability. Economic measures
means costs, which can be commodity- or mode-specific, or both. while efficiency is often
measured either through the throughput, e.g., volumes processed or vehicles and convoys ser-
vices, or the associated duration / delay. One or several capacity measures are generally defined
to represent the terminal operational capability. Measured for a given time duration appropri-
ate for the planning problem at hand, e.g., a day, these measures may refer to the volume
of freight, commodity-specific or no, handled, and the number of vehicles or convoys ser-
viced. Often, a single cost or capacity measure is defined for the terminal, aggregating in an
unique figure the average (usually, sometimes the variance is also given) terminal performance.
Operation-specific measures are defined for particular activities with particular impacts. Thus,
for example, one may find four measures for classification (or marshalling) rail yards, standing
for: 1) aggregation measures of the reception, inspection, and departure activities (including
loading/unloading when appropriate); 2) transfer of railcars or blocks from one train to another;
3) classification/consolidation of railcars into blocks; and 4) accumulation of railcars to form
the selected block before it is attached to the departing train (e.g. Crainic et al., [1984)).

The physical networks of most SND models include a single node for each terminal present
in the problem setting, the performance measures and capacities being uniquely associated to
it . More complex representations may be used to account for particular operations or terminal
characteristics, usually taking the form of mini networks. The simplest mini network terminal
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representation involves two nodes, capturing the incoming and outgoing traffic, respectively,
the link connecting them capturing the performance measures and characteristics of the respec-
tive terminal (e.g., Zhu et al., 2014). Such a representation provides a more refined modeling
of particular trminal activities and performance measures, e.g., different traffic directions and
capacities.

Port Quay Port Rail Yard
Q Railcar Transfer Q \
A
o ‘Container & trailer transfer + loadingg |
Ferry/ship Railcar Engine| ' Service
Arrival Assignment to| ! Arrival
Departure Next Service 1 Departurg
1
. . . I
N St tidbtann Lalaiy) | | A
Q Railcar Transfer Q

Figure 2: Mini-network terminal representation

Larger networks may capture a richer set of activities and measures. Figure [2] illustrates
such structures through the representation of an intermodal terminal linked, on one side to a
maritime network of ferries or roll-on/roll-off ships and, on the other side, to a rail network
(inspired by Andersen et al.,|2009b). Several types of nodes make up this network: two repre-
senting the navigation and rail networks, respectively (notice that, these are indicative only in
the illustration; more detailed networks appear in actual applications), two standing for the port
quay, and two for the rail yard of the port. These last four nodes, together with the links con-
necting them, make up the actual intermodal terminal (which is often, but not always, within
the port compound). The links between the maritime and the port-quay networks capture the
loading and unloading of both rail flat cars carrying containers and trailers, and individual con-
tainers or trailers. The former are moved on the railcar-transfer arcs towards/from the port-rail
yard. The unloading from the ship, transfer, and subsequent loading on appropriate railcars of
individual containers or trailers take place on the railcar transfer arcs. Similar activities bring
individual containers and trailer to the ship. The link connecting the two port-rail yard nodes
stands for the situation when the railcars are brought to the port and taken out of it by the
railway’s own engines, in-bounding ones needing to turn around and be assigned to outgoing
movements. Finally, the two links connecting the port and the railroad networks stand for the
blocking and unblocking of the railcars in port and their transfer to and from the rail network,
respectively.

Particular cost and capacity functions or values may then be assigned to each of the partic-
ular arcs of terminal representation. Notice that, container terminals accommodating long-haul
maritime liners may be represented in this way by discarding the railcar transfer arcs. Similarly,
roll-on/roll-off ship terminals may include the railcar transfer arcs only.
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It is worth recalling that, commodity origins and destinations are defined at regional termi-
nals (or hubs when those act as regional terminals for their hinterlands). Hence, the appropriate
node must be selected when a mini network is used for terminal modeling, e.g., in a two-node
representation, the outgoing-traffic node for the origin of demand, and the incoming one for
the destination.

Moving among terminals = Network arcs a € &/"™, In its most general form, an arc of
the tactical-planning physical network stands for the possibility to move directly, i.e., without
passing by any other terminal in the network model, between the two terminals represented by
the two nodes defining it. It thus represents a path in the physical or conceptual (when air or
maritime networks are involved) network on which the carrier operates. Arcs in mini networks
modeling particular terminals follow the same rule, but may stand more for specific operations

(e.g., railcar classification), rather than actual movements.

Physical network arcs are usually directed, providing the means to represent direction-
specific characteristics, measures, and flows. They are also modal, unimodal, in fact, that
is, each arc is characterized by a specific transportation mode. Parallel arcs may be defined
between two adjacent nodes, when more than one modal connection exists between the two
corresponding terminals.

“Mode" is a very general term in transportation and logistics, referring to different concepts
and definitions according to the topic at hand. Thus, in a very fundamental way, mode may
refer to the nature support of transportation, e.g., land, water, air, and space, while, it may also
refer in a very detailed way to the specifics of a transportation system, e.g., the combination of
rail-track gauge (narrow, metric, or imperial), traction type (diesel or electric), and authority
(state or country) defining rail modes for evaluation and planning analyses (e.g., Crainic et al.,
1990alb; (Guélat et al., 1990; Crainic and Florian, 2008]). Most SND problem settings refer to a
“classical" definition of modes, based on a high-level combination of elements such as nature,
infrastructure, and vehicle/traction, in particular
Less-than-Truckload (LTL) trucking on roads, particularly in inter-urban settings, with an in-

creasingly larger array of road-based modes in cities, e.g., people-driven or autonomous
electric or hydrogen (or mixed) powered vans, cargo bikes, and robots;

Rail, particularly the general train services, performing consolidation-based rail transporta-
tion for mostly all categories of goods, and intermodal services, dedicated to moving
containerized cargo;

Navigation, with the largest part of the literature dedicated to maritime transport of contain-
ers performed by liner ships; One notices an increased interest in barge river & canal
navigation and the transportation of containers;

Air, with relatively few contributions related to service network design, most of which target
the air mode as part of the multimodal network of express-courier firms (contributions
addressing the air-cargo industry are mostly directed toward revenue-management is-
sues).

To conclude, from a carrier point of view, most transport is unimodal and, hence, such is the
physical network representation. From a shipper point of view (including intermediaries and
carriers acting as such, as well as planners/analysts at the level of a regional/national/international
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transport system study), however, most freight movements are multimodal involving two or
more modes, cargo being transferred from one mode to the next at intermodal terminals. Mul-
timodal becomes intermodal transportation when cargo is packaged in such a way that it is
not touched in transport nor when transferred. In its most general accepted definition, cargo
is thus assumed to be packaged in containers, and many assimilate intermodal and container-
based transportation. While this definition covers a good part of relevant transportation, a more
general definition specifies that cargo has to be loaded into a “loading unit", which may be a
container, but could also be a trailer, a swap body, and even boxes grouped on a pallet and
tightly wrapped. Moreover, North American railroads introduced the term intermodal rail to
designate their specific operations of handling and moving containers, often managed by par-
ticular administrative divisions of the railroad. We touch on these issues in Sections and
Gl

Several attributes are generally associated to each arc of ¥™", indicating the physical, mate-
rial, and operational characteristics and limits of the infrastructure path defining it. The nature
of each attribute determines how it is computed. Length is thus equal to the sum of the lengths
of the links of the infrastructure path, while the capacity is computed as the minimum of the
corresponding capacities. When defined, time is also computed as a sum, including, when rele-
vant, the time required by technical activities at facilities (e.g., inspection or crew changes), not
accounted for in the duration of the planned stops at intermediary terminals. It is noteworthy,
however, that traveling time is dependent upon the characteristics (e.g., speed and priority) of
each service and, thus, time is more often associated to the service network rather than the
physical one.

The capacity is generally measured in numbers of vehicles or convoys, of the respective
mode, that can pass through or be processed by the relevant infrastructure during a given time
length (e.g., hour, day, or week, depending on the degree of aggregation used in the problem
setting). The capacity may sometimes be also measured in length limiting, e.g., the length of
trains that may used waiting side-line tracks when meeting or being overtaken by other trains,
and the total length of the ships that can moor simultaneously at a given port quay. A number
of other measures may be encountered, particularly for the arcs of mini-networks modeling
terminals, e.g., the weight or volume that may be processed or stored at the terminal for the
given time length, and the number of quay cranes that may be assigned to work simultaneously
on the cargo of a ship. The water levels in port terminals, as well as over the various segments of
river, canal, sea, and ocean routes are also significantly impacting the capacity of the associated
physical-network arcs in terms of both the vessels that may be accommodated for berthing or
navigation, and the weight of the cargo those vessels may carry (bridge heights may also limit
these measures).

Several capacity measures are generally defined for an arc of the physical network, includ-
ing of the same type when, for example, several categories of commodities or service types
of the same mode (e.g., railway trains with different priorities and nominal speeds) may use
the infrastructure simultaneously. Rules are generally defined in the latter case, governing the
cohabitation of several types of commodities or services, yielding particular demand or service-
related performance measures . Consider, to illustrate, the case of several train-service types
(e.g., passenger, express freight, regular freight) operating on the same physical arc, each type
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with particular priorities when meeting trains of a different type. The average travel time of
each type of service is then given by a multivaried function dependent on the total number of
each service type operating during the same time length on the arc (e.g. Crainic et al., |1984).

Notice, finally, that the geographical, topological, and season characteristics of the regions
concerned by the transportation system under study may have an impact on the arc character-
istics, particularly in terms of capacity. Thus, for example, speed and maximum load capacity
generally decrease in mountainous terrain (unless additional power units are assigned to ser-
vices) or on sinuous physical paths. On the other hand, droughts, which are increasingly long
and strong due to climate change, decrease the water levels of rivers and canals, jeopardizing
plans and traffic.

Resources. We refer to resources required to operate “in the field", that is, manning services
and terminal operations on services and freight. Notice that the term “assets" is often used in
the industry and part of the literature. We prefer the term “resource” to refer to the human
resources and material assets of the system. Also notice that, office resources are generally not
part of the process and SND models, and are not addressed in this chapter.

Two main categories of physical resources are generally considered, moving and terminal.
The former include vehicles (e.g., trucks, ships, barges, and airplanes), traction/power units
(e.g., road tractors and locomotives), and hauling units (e.g., trailers, railcars/wagons, and
containers). Terminal-handling resources may be more of less fixed, as the quay cranes in port
terminals, or mobile, as the yard locomotives in railway networks.

The evolution of smart cities and urban-freight transport and distribution have seen the
emergence and continuously-increasing deployment of several additional types of moving
resources (e.g., Marcucci et al., 2024), which is reflected in the SND models targeting the
planning of City Logistics systems (e.g., Marcucci et al., 2024; Crainic et al., 2023bic). One
finds among those resources electric and hydrogen-powered vans, railcars, as well as public-
transport vehicles (e.g., buses, trolleybuses, tramways, subway cars) used partially or com-
pletely to transport freight. Operating the last kilometers, one also finds human-powered and
electric cargo bikes, drones, and robots.

Human resources are also required to operate the system, terminals and services, in partic-
ular. We use the term crew when referring the group of people required to operate a service
or taking care of specific terminal tasks. The composition of the crew varies with the mode,
service and activity type, distance and time to operate. Its training and qualification determines
the type of material resources and services the crew can handle.

Assigning human resources to services provides the means to execute them (except when
automated vehicles are providing the complete service). On the other hand, assigning material
resources to services define their characteristics. Power units determine how much can be
hauled in terms of combined load and vehicle weight on each type of physical-network arc.
Similarly, the loading/hauling units used determine the capacity of the service. Consequently,
the resource management and resource-to-service assignment issues are very important for the
definition, optimization, and performance of the carrier and its service network.

We address these issues in the context of tactical planning and SND modeling in Sections
[3.3]and [5] We complete this subsection with a few observations:
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1. The availability of each type of resource is limited; the term limited fleet size is generally
used with respect to moving material resources. In general, the more costly the resource,
the fewer the number of units available, e.g., locomotives are much fewer than railcars,
planes and ships are fewer than trucks, tractors, and trailers.

2. It is noteworthy that, the transportation industry is facing an increasingly serious man-
power issue. This impacts how drivers are asked to operate. To illustrate, consider
the LTL relay-based networks (Crainic and Roy, |1992; Bakir et al., 2021). In a relay-
network, drivers operate their vehicles for about half the work day until a meeting/relay
point, where several services meet. Drivers then swap vehicles or trailers, each returning
“home" to his/hers base terminal by the end of the day. Similar rules may be observed in
the U.S. rail industry (Balakrishnan et al., 2016).

3. Particular management rules govern the utilization of each type of resource. With respect
to human resources, there are the union-firm working agreements, together with national
or international work rules. Thus, for example, the driver working rules in the European
Union, Canada, and the United States are very similar but do present particularities that
must be explicitly taken into account when planning (see, e.g.,/Albinski et al., 2020; |Am-
mann et al., 2024). As for material resources, various levels and intensity of inspection
and maintenance activities are prescribed for each type, e.g., rail engines (Ahuja et al.,
2005b; Vaidyanathan et al., 2008alb; Ortiz- Astorquiza et al., 2021)).

3.2 Demand

As generally stated in the literature and recalled previously (Section[2.2), carrier tactical plan-
ning and the associated SND methodology, target the organization of the services the consolidation-
based carrier supplies to answer the estimated/forecast regular demand for transportation of
its shipper customers. Moreover, this demand for transportation means a request to move a
specific quantity of a given type of freight between two locations serviced by the carrier, at,
possibly, given time moments. A few modeling clarifications are in order.

First, we refer to “freight type" to recall that each demand is for a particular product, with
specific physical and transportation characteristics and requirements, including weight, size,
fragility, risk (e.g., dangerous goods), as well as packaging, handling, and product-vehicle ad-
equacy rules. In many applications, e.g., most LTL and postal cases, one assumes that all
demand types may be loaded together in the vehicles of the modes considered, and that each
demand is defined by its weight or volume, or both, according to the most important vehi-
cle and terminal capacity measure included in the study. This approach simplifies operations
significantly in practice and is increasingly contemplated not only in the usual long-haul trans-
port, but also in the urban context through the utilization of intelligent, modular containers in
City Logistics (e.g. Crainic et al., 2023a,b). For illustrative purposes and to simplify the pre-
sentation, unless specifically stated, the general formulations discussed in this chapter assume
all products in the problem setting may be loaded, and consolidated together, in the vehicles
considered.

A somewhat similar approach is used when freight is loaded into containers or railcars at
the shipper location, before the loading units are brought to the origin terminal. The demand
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is then expressed in terms of number of loading units (e.g., railcars or containers) of specific
types and characteristics (e.g., 20- and 40-feet long containers, and gondolas for grain, flat cars
for containers or trailers, and boxcars for general cargo on rail). Specific product-to-vehicle
assignment restrictions, e.g., fresh or frozen food requires special refrigerated vehicles, even
though one could load them in boxcars or general containers, require specific modeling of the
individual products and of the product-to-vehicle assignments (see, e.g., Crainic et al., 2009,
2021c, in the City Logistics planning context). Each OD shipper demand is then expressed
as a vector of product quantities, together with (1,0)-valued product-to-vehicle assignment
coefficients (i.e., = 1 if the product may be loaded into the vehicle type, 0, otherwise). Such
coefficients may be general for the problem or particular for each shipper. It is noteworthy,
however, that loading concerns are not included in most tactical-planning models. Only very
recently, one notices interest in refining the demand-to-vehicle loading rules and constraints
of SND models for both intermodal transportation (e.g. Morganti et al., [2020; Kienzle et al.,
2024)) and general consolidation-based transport (Bruni et al., 2024)).

Demand is also characterized by economic and service elements. The latter generally in-
volves the time allocated to the delivery of freight to destination, as well as, increasingly, when
demand is to be available for transportation (Section [Z_f]) The former takes the form of the fee,
tariff, shippers pay for the transportation of their goods, which is conditioned by a combination
of freight type, distance, service requirements, and commercial understanding (e.g., long-term
contracts offering discounts on regularity and volume). Penalties, for late deliveries and dam-
age, for example, may be part of the commercial deal. The term multi-commodity demand
is generally used to represent this diversity in the literature (Crainic et al., 2021a)) and in this
paper.

Second, the customer classification. Most contributions in the literature focus exclusively
on the regular demand, as introduced in Section [2.2] which reflects general planning processes
in industry. This is not, however, the only demand the carrier has the opportunity to service in
actual operations. One may identify two other main customer categories. First, the so-called
potential (or intermittent) demand corresponding to shippers without formal contracts or long-
term understandings, but which are “known" to the carrier and which, from time ot time, call
on the carrier’s services and which could be prompted for loads if need be (e.g., to fill up a
vehicle which would otherwise return home empty). So-called spot customers make up the
last category, including demand which, historically, pops up more or less unexpectedly during
operations. While generally not accounted for in tactical-planning models, such categories
gain in importance when exploring the market potential of our services (e.g. Andersen and
Christiansen, 2009b)), or in tactical planning of carriers and intermediary firms when customer
selection is involved, particularly in the presence of revenue management policies, tariffs, and
customer stratification definitions that have to be accounted for in the corresponding SND
models (e.g. Bilegan et al., 2015, 2022; Taherkhani et al.,[2022). Moreover, identifying sources
for additional demand within the potential and spot customers plays an important role when
explicitly addressing demand uncertainty.

Aggregation is also a core elements in defining the demand for tactical planning. Aggre-
gation takes place at two levels simultaneously, geographic and shipper identification. With
respect to the former, customer locations are assigned to a regional terminal or hub, their as-
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sociated oputgoing and incoming demands being aggregated accordingly. Turning to shipper
identification, one notices that customers are not individualized at the tactical planning level,
except for very important ones with respect to freight volumes, revenues, personal relations,
etc. Hence, the demands of shippers with similar characteristics in terms of type, economic,
service, origin and destination are aggregated yielding the OD demand used in the SND for-
mulation.

A final remark with respect to demand modeling. Trade is unbalanced among countries and
regions and, consequently, so is the demand for particular vehicle types. Hence, even though
moving empty vehicles is costly and carriers aim to minimize them, one needs to balance the
vehicle flows, and these decisions have to be echoed in the tactical-planning methods. Par-
ticularly when neglecting them yields a significant underestimation of the vehicle, or convoy
( e.g., container intermodal transport by ship and train) oreven infrastructure (e.g., ports and
rail lines) utilization. This is increasingly performed by including resource-management con-
cerns into SND models (Section [5)). When this is not the case, one can still account for the
empty flows by estimating origin-destination “empty-vehicle" volumes and include them in
the demand definition (e.g., Crainic et al., [1984; Powell, [1986a)

3.3 Service Network

Services are defined on the physical network, given the available resources and according to
the carrier’s operations policies and customer service-quality targets. Main ingredients in defin-
ing services are the physical route, resources required and capacity, evaluation measures, and
operation type.

Service route. As indicated previously, a service ¢ € X follows a path in the physical net-
work from its origin O(0) to its destination terminal O(c). Several other terminals may be
located along this path. A so-called direct service would generally pass these terminals with-
out stopping. The service route is then represented as a single arc a € o7 of the potential service
network of a static SND formulation, as defined in Section[2.4]

A multi-leg service halts at intermediary terminals on its route to load and unload cargo
into/from its vehicle (not only at the origin and destination terminals of the commodity, but
also for consolidation and transfer purposes) or, when convoys are involved (e.g., rail, road,
and barge trains), to pick up or drop off individual or groups of vehicles, e.g., car and blocks
for railroads and trailers for LTL motor carriers operating multi-trailer road trains. The service
route is then described by the sequences of n(o) stops, origin, intermediary, and destination,
and service legs connecting them. The single-leg, direct, service case has n(c) = 2. Let
A (o) ={ni(o) | i=0,...,n(6),0(c) = No,D(0G) = Ny(s)} be the stop sequence of ser-
vice 0 € X. Then, the service leg l;(c) = (n;—1,1M;) is defined as the sub-path connecting the
consecutive terminals 1;_, 1; € A4 ""(0) of the route of service o, with £ (o) = {l;(0),i =
l,...,n(0)},0 €.

Multi-leg services yield several arcs in the potential service network G, each service leg
corresponding to an arc of the service network, that is, & = .Z = Jgex -Z(0). Let a(li(0))
and /;(o)(a) stand for the link defined by leg i € .Z(0) of service o € ¥ and the service leg
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defining arc a € 7, respectively. Then u, = u;,(5(,) and uk = ué‘l (0)(@) in constraints (3) - (@)
of the SND formulations.

It is noteworthy that other operations besides those mentioned above may be carried out
at intermediary stop. Such operations include compulsory inspection of vehicles and cargo,
switching of equipment (for example, at borders or when the infrastructure requires it, e.g.,
electric tension or rail gauge for rail transport, Andersen et al., 2009bj; |Andersen and Chris-
tiansen, [2009a), and crew changes, which may be particularly observed in the LTL motor-
carrier and rail industries. Indeed, most countries, as well as the European Community, im-
pose strict truck-driving work rules. Those restrict the length of continuously-driving periods,
as well as the cumulative driving time over certain time periods (one, two, three days, for
example), imposing rest periods proportional to these cumulative values. Implementing the
relay-based operations mentioned previously mentioned is part of the answer to this issue.

Those must then undertake appropriately long rest periods, which used to be common prac-
tice but are increasingly less so, because of costs and the requirements of drivers (who are
in short supply). To address this issue, the service (truck) stops at an intermediate location,
wherein an exchange of drivers occurs, each returning to his/;hers base terminal with the other
driver’s “vehicle". Although not new (Crainic and Roy, [1992), the utilization of relay-based
service networks is increasingly steadily, but without a similar research-effort intensity. Sim-
ilar situations are encountered in melting snow and unfreezing of the ground outside will rail
transportation. In the U.S., for example, a railroad territory is divided into so-called districts,
and trains circulating through a district must be operated by crews from the same district, fol-
lowing complex regulatory and union rules (Balakrishnan et al., 2016). Hence, crew changes
must take place at appropriately selected stops. Note that, in all cases, such intermediate loca-
tions need not be a terminal on the service route in the physical network, but any suitable site.
Thus, e.g., driver exchanges may occur at rest stops on a highway.

Resources and capacity. Associated with service ¢ is a global capacity us, which can be
commodity specific, uX, as well as leg specific () (”];; () li(o) € Z(0), representing the
total volume of freight the service may load and haul on the leg. The latter are generally
defined when there are significant differences in the infrastructure state, e.g., the maximum
permitted weight of loaded motor vehicles is reduced on roads and highways in northern parts
of the globe when Spring thaw melts snow and unfreezes the ground (it is noteworthy that
climate change brings rapid negative consequences to the northern regions through unfreezing
of the permafrost supporting all settlements and infrastructures), or the power required to haul
the assigned loads, e.g., when climbing or descending mountainous terrain. Clearly, us =
min{u;,s,1i(0) € £(0)} in such cases (same note for commodity-specific capacities).

The service capacity is determined by the resources allocated to it. First, by the actual
loading capacity of the vehicle, or vehicles, associated to the service, e.g., the vessel, truck,
or trailer size, as well as the number of such vehicles when rail, truck, or barge trains are part
of the problem setting. Second, by the power and number of traction units assigned to the
service, e.g., engines for railroads and tractors for LTL motor carriers. Consider, to illustrate,
that the capacity of North American trains operating on the main lines has been significantly
increased by adding a locomotive, sometime located in the middle of the convoy. Given the
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high acquisition and operation/maintenance/depreciation costs of such material resources, it
is increasingly important to address resource-to-service and resource management concerns at
the tactical-planning level.

The limits on available human resources need to be accounted for as well, as they impact
not only the costs, but also the type and number of services a carrier may deploy. Consider,
for example, the scarcity of truck drivers, particularly for the long-haul movements requiring
several days out of home. The particular qualifications required to conduct vehicles and con-
voys for most modes, and the strict work rules controlling crew schedules in all transportation
modes are also constraining the design of the service network. We discuss the integration of
resource-management concerns into SND models in Section [3]

Service type. Different types of services may be operated on the same physical route, mainly
differentiated by the service duration (and, when relevant, priority) and related service-quality
targets in terms of predictability/regularity, i.e., achieving the planned duration and, hence, the
promised delivery dates to shippers, at a given level over the planning horizon (percentage of
number of on-time travel and delivery with respect to the total number performed).

The service duration is the total time required to reach the destination terminal once the
service leaves its origin terminal, and is the sum of the travel times of the service legs and the
stops at intermediary terminals (time at stops for equipment or crew monitoring or change are
normally included in the leg travel times). The leg travel time is primarily determined by the
carrier’s performance measures and goals. The carrier may, for example, offer both “express"
and “regular" services between two cities to better capture the different types of shipper re-
quirements. Such decisions are generally part of revenue management strategies (e.g., Bilegan
et al., 2015, 2022). Of course, “express" means shorter duration, with possibly shorter stops at
terminals, involving higher costs, more powerful traction and energy consumption (and, pos-
sibly, higher emissions), yielding higher tariffs. While deciding on implementing such service
differentiation is a strategic decision and its implementation heavily involves marketing and
sales, it also has impacts on planning through the need to assign and manage the appropriate
resources and to account for the associated performance measures in the planning processes
and models.

Travel times, and physical routes, may also be influenced by environmental and energy-
saving concerns. There is not, as yet, much work done in this area. Currently, most efforts
target the introduction of more environment-friendly transportation modes and infrastructure,
such as the cargo bikes, electric and hydrogen vans, automated vehicles, and charging stations
one finds in City Logistics systems. An interesting emerging research field addresses the case
when motor vehicles are grouped in platoons for part of their journeys, with promises to save on
energy and environmental negative impacts, as well as on crew costs (e.g.,|Scherr et al., 2019;
Albinski et al., [2020; |Scherr et al.,[2022;|]Ammann et al., 2024)). [Bauer et al.|(2010) present one
of the few studies incorporating environment-related costs into freight transportation planning.
They discuss quite at length the difficulty of estimating emissions and impacts in general and
the additional challenge of building measures which may be included into a SND formulation.
Experimentation on an intermodal rail case (from |Andersen et al., | 2009b) point to the trade
offs between operation and environmental costs and the change in service network when the
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latter are given a significant economic position.

The service type, particularly in terms of predictability and customer delivery-date satis-
faction, is also dependent on how the service is dispatched. Not long ago, many services were
dispatched out of their origin (or, even, intermediary) terminals “when full", the schedule,
when existing, being indicative only. Such an approach aims to maximize the utilization of the
vehicle or convoy and minimize operation costs, with very loose travel time targets. Operat-
ing according to more stringent schedules offers the means to aim for higher service-quality
targets.

Frequency-based operation implements a somewhat flexible schedule through a combina-
tion of “leave when full as much as possible" and “dispatch another vehicle on the same service,
if needed" policies and the definition of definite times intervals within which this combination
is applied. Thus, the “same service" may be operated several times during a “normal” activity
period, e.g., several trucks may be dispatched during the day between the same two cities, or
several ships (or the same ship performing back-and-forth services) may sail during the week
or the month. LTL motor carriers operate according to such a policy by defining shorter time
intervals over a normal activity day, each interval with a particular frequency (e.g., between the
same two cities, 2 departures in the morning, 3 between noon and 15:00, and 10 between 15:00
and 19:00), reflecting the operation practice of receiving loads in the morning and aiming for
outgoing vehicles leave on time to get to their next terminal early “the next day", to facilitate
consolidation, transfer, and delivery activities.

Precise scheduling is more the norm when the infrastructure is shared with other modes or
carriers, e.g., intermodal shipping, air, and rail transportation. In such cases, each service is
characterized by a schedule indicating the arrival and departure times at each terminal defining
its route. These times may be precise or within a specific interval. To simplify the presentation,
but without loss of generality, we assume the former in the rest of this chapter.

Then, in such time-dependent problem settings, the OD demand k € %" is characterized by
its availability time o(k) at origin O(k) and due date B (k) at destination D(k). The schedule
characterizing service ¢ € X gives the departure and arrival times, a(n;) and B(n;), at the
origin and destination terminals, respectively, of each of its legs /;(0) € .Z(0). The service
total duration is noted 7(o), and includes the time spent in terminals and the moving time
associated to each leg 7(/;(0)).

Addressing scheduled services, be it according to frequencies or to more precise arrival
& departing times, constitute a significant extension of the SND methodology, yielding time-
dependent, or time-sensitive, Scheduled Service Network Design, SSND, models discussed in
Section 4] It is also reflected in the evaluation and performance measures considered in the
problem setting and the corresponding formulations.

Evaluation measures. Following general planning and decision-making in transportation,
cost is the most encountered evaluation measure in tactical planning and SND methodology.
It is a generic term used to capture the monetary / economic measures associated to operating
the system and executing the tactical plan and, thus, to evaluate alternatives and make choices.
Time or delay measures are also found, and increasingly so, reflecting the shipper service-
quality requirements. We focus on these two categories in this chapter.
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As already indicated (Section [2.4), the SND objective function is generally composed of
two cost terms, a so-called fixed service-network design cost and a service-network utilization
cost incurred to transport the given demand. In network-design vocabulary, the “fixed" qualifi-
cation of the former aims to indicated that those costs are to be paid if selected, independently
of the flow assigned to corresponding arcs. In the vast majority of SND applications and con-
tributions, both terms are linear, as illustrated in functions (1)) and (20), i.e., both terms are
computed multiplying the appropriated decision variable, service design and commodity flow,
respectively, with the associated unit cost, and summing up the result over all services and
network arcs, respectively. In most cases, these unit costs are given constants, fs,0 € X, and
ck ke A ac of, respectively.

The service fixed cost capture the economics of operating each occurrence of the service.
It generally accounts both for the office cost to set up the service (e.g., management, market-
ing, etc.) and the in-the-field cost of operations. The latter depends upon the application. It
may involve, for example, the acquisition-depreciation-maintenance cost of the power units or
vehicles, particularly when resources and time are not explicitly included in the formulation.
Energy costs to haul the nominal service load over the route distance at the planned speed, are
generally included, as are the crew-related costs.

The unit arc commodity cost reflects the part of the total estimated service-operating cost
that relates to each particular commodity. Such a cost accounts for the length of the arc, and
may reflect, e.g., the weight of each unit of product making up the commodity, the particular
requirements in terms of vehicle used or handling procedures. Similarly to the fixed-cost case,
the unit flow cost may capture the potential environmental impact of risk (for dangerous goods,
for example) of particular commodities. It may also capture the impact of the travel and stop-
at-terminal times on the particular commodity according to its priority (the higher the priority
or the importance of rapid delivery, the higher the cost).

The trip duration, the respect of delivery-date engagements, and, more generally, the de-
lays incurred by vehicles, convoys, and freight, due to congestion and operational policies in
terminals and on the road, are generally used as a measure of service quality and increasingly
reflected in the SND “costs" and objective functions.

In its basic form, and the one most widely encountered in the literature, stopping and work-
ing times in terminals, as well as travel times between terminals are assumed known and fixed.
Such measures are then usually translated in monetary values. The resulting time-related ser-
vice and unit-commodity costs may be then either added to the operational ones, as indicated
above, or kept as separate terms of the objective function. Choosing one or the other approach
does not impact the optimization model and results. The second one may, however, provide
more flexible approach to managerial studies when one desires to study, e.g., the impact of
modifying the relative value of time and delays relative to direct cost of operations.

Such linear formulations do not always reflect reality adequately, however. Consider the
case, for example, when vehicles or convoys meet on restricted infrastructure such as rail lines
or canals, and one must “step aside" (on a side track in the rail case) to let the other one
pass by or overtake. A particular delay is then experienced by each participating vehicle or
service, according to the priority of its service type and the traffic intensity, that is, with the
number and service types of the other vehicles or services involved. The amplitude of the
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delay generally increases non-linearly with the traffic intensity. Similar situations may be
observed with increasing volumes of freight or loading units trying to use the same capacitated
infrastructure such as classification rail yards and maritime ports.

t Average delay (time)

= free travel time

* 11+ 0.70 total traffic +
0.80 (total traffic / capacity)®]

Total traffic
Capacity

Figure 3: Average delay under congestion conditions

We refer to such cases under the generic name of congestion conditions and to the related
time representation as average or unit delay. Congestion functions are widely used in road
traffic modeling and analyses. They approximate traffic conditions and impact on travel time
for use in optimization and simulation methods. Hence, they generally take the form of contin-
uous convex function representing the expected average travel time over a given road segment,
given the total traffic and a certain measure of the capacity in number of vehicle using the road
for a certain time duration. Similar approaches are used for estimating delays in congested fa-
cilities use in for tactical and strategic freight transportation planning (e.g.,|Crainic et al., 1984,
1990D)).

Starting generally from queuing models (engineering procedures is some cases), contin-
uous and convex functions are approximated to represent the behaviour of the facility under
study (e.g., Crainic and Gendreau, |1986; Powell, [1986b; Powell and Humblet, [1986; |Crainic
and Queérin, |1988). Figure [3|illustrates such an idealized congestion function. The traffic may
be in terms of vehicles, convoys, or freight, e.g., railcars in classification terminals and ships in
ports, train services on rail tracks, and load classification and consolidation in LTL terminals,
respectively. Notice that, the “capacity” measure used such function is rarely the actual phys-
ical capacity of the corresponding facility. It is rather an “ideal" limit, in terms of managerial
acceptance of delays and costs, of the maximum traffic the facility should handle while oper-
ating under normal conditions. One identifies three main parts to a volume-delay function. In
the first part, the function reflects the fact that there is a non-compressible duration required to
perform an activity and that this duration is fairly constant when the traffic volume is low. The
delay than gradually increases with traffic, more or less linearly in the second part, and then
non-linearly in the third. This last part, where the function increases more or less sharply with
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traffic, plays several roles, where it 1) reflects the fact that the average delays increase non-
linearly with traffic and models the actual behavior of the system before the ideal capacity; 2)
together with the definition of the ideal capacity, captures the managerial objective of diverting
traffic to other paths before the system becomes too congested (i.e., the traffic is larger than the
ideal capacity); 3) models the planning reality that, the capacity of a vehicle or facility may be
exceeded at a cost, increasingly higher as the overflow grows, representing the recourse to ad-
ditional capacity, rented or own; 4) finally, through the sharpness of the curve near and passed
the capacity, guides the optimization model to direct flows to other paths and facilities to avoid
congestion.

These ideas may be refined to guide the representation of many restrictions and conditions
in a more realistic way. The fundamental concept is that, while limits are hard conditions
in actual operations, one does not necessarily need to model this hardness straightforwardly
for an optimization formulation. One does not desire the method to crash because a capacity
is attained or exceeded. One would rather prefer a model that searches for more balanced
alternatives, in which vehicle or freight flows are directed toward other facilities or services.
The same situation concerns the delivery dues dates of shipments, for which, in most cases,
one may deliver late paying a more or less high cost.

Penalty terms are the usual instrument to model such situations. Formula illustrates
this approach for the service penalty, for the basic SND formulation (] - (6)). Let Po(a) be the
unit penalty cost for exceeding the capacity of service ¢ € £. Then the term in (23) stands for
the total penalty cost of the system and is to be added to the objective function (I)), while the
linking-capacity constraints (3) are to be dropped.

2
Z Po(a) (min{ou”a)’o(a) - Z xﬁ}) (23)

aca/ ket

Trade offs between the cost of increasing the level of service and the extra costs of insufficient
capacity may then be addressed while the associated mathematical programming problem is
solved.

We complete this section by noticing that averages often do not tell the full story. This may
be the case with, for example, transportation delays. Often, the goal is not only rapid delivery
but also consistent, reliable service. The variance of the total service or itinerary duration may
then be used to penalize unreliable operations (Crainic, [2003). Equation (24) illustrates this
approach for the case when service-quality targets are announced and a path-based formulation
- (12)) is used. For each commodity k € ¢, let Hy be the target delivery objective (e.g., 24
hours), p* the penalty for not complying with this service objective, and n; the reliability
requirements (e.g., target must be achieved for 90% of deliveries) the carrier defines for the
commodity (market). The term (24) then computes the total penalty the carrier contemplates
when the expected itinerary duration, adjusted for its standard deviation, does not comply with
the service objective. (Notice that, (24)) assumes that arc travel times are independent, which
is verified in deterministic version; correlations must be accounted for, when independence is
not verified.)

Y)Y (min{O,Hk — EX(y,h) — meSDE (3, h)})z (24)

ket mellk
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4 Modeling Time

The basic service network design formulations discussed in the previous sections do not inte-
grate time-related concerns, at least not explicitly. They do not ignore it, of course.

Recall that, the length of the tactical planning horizon is determined by the homogeneity
of that time duration, in terms of regular demand and activities, in a stable environment. The
season length varies with the carrier type, but may also vary with the climate, e.g., between dry
and rainy, cold (winter) and warn (no-winter) seasons. Recall also that, the schedule length,
that is, the time interval covered by the tactical plan is much shorter than the season length,
being largely determined by the repetition pattern of the regular demand. The activities planned
for this schedule length are then repeatedly executed for the duration of the tactical planning
horizon.

The basic formulations address situations where there is no variation in demand for the
duration of the schedule length. Either the schedule length is short and one assumes that every-
thing “happens simultaneously", or the demand arrivals and service departures are assumed to
be uniformly distributed over the schedule length for longer time spans (e.g., the 1440 minutes
of the week, |Crainic et al., 1984). Because the time attributes of the various problem elements
are not explicitly included, those SND models are qualified as static.

Notice that, even though identified as “static", the problem settings and models involving
service frequencies (formulated as ys € Z,0 € X in constraints (21))) are modelling time and
activities in time, assuming that the multiple executions/departures of the service are equally
spread out over the schedule length. See, for example, |(Crainic and Rousseau| (1986)); Crainic
et al. (1984); Roy and Delorme| (1989), where service frequencies are modeled as decisions,
and |Powell and Sheffi (1983)) where service frequencies are extracted out of the optimization
results.

Tactical planning problem settings and SND formulation are increasingly and consistently
addressing the variations of demand in time and the scheduling of the services selected to an-
swer the transportation requests. The problem settings and formulations explicitly identifying
time-related attributes of the system components and operations are qualified as time-dependent
(the term time-sensitive is also used). The most frequent time-related attributes of demand are
the availability time o(k) at the origin O(k) of k € ¢, and the due date (k) at destination
D(k). The latter is sometimes refined as an interval around an ideal delivery date, the lower
and upper limits of the interval modeling the earliest and latest time the consignee is ready to
accept delivery; penalty costs may be associated to these limits, late deliveries, in particular.

Similarly, services are characterized by a schedule indicating the departure and arrival
times, o(n;) and B(n;),i = 1,...,n(0), respectively, at each of the terminals .4 """ (&) on their
routes. Services are further characterized by a total duration 7(o), that includes the time spent
in terminals and the moving time associated to each leg 7(/;(c)). Schedules may be strict, as
for most European and Canadian railroads, somewhat flexible (e.g., )by specifying a day and
time interval), or more of an “indicative" nature, the schedule being eventually modified to
account for how much freight is already loaded.

How does one represent “time" in the context of SND modelling for tactical planning of
consolidation-based carriers? In other words, how does one represent within the schedule
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length the time-attributes of the system elements and the associated events, e.g., demand be-
coming available at origin, the starting and duration of a classification activity in a terminal,
and the scheduled departure of a service?

To answer such questions and capture the time-related characteristics of demand and ser-
vice, SND models are generally defined on a time-space network ¢ = (N, <7), which is typ-
ically built by extending the network ¥™" = ("1 o7"") along the dimension of time for the
duration of the schedule length. The service legs provide the (potential) arcs supporting the
movements through space and time of the vehicles and convoys of the various modes consid-
ered, while itineraries perform the same role for the transportation of time-dependent demand.
When formulated on such a network, the SND is often referred to as a Scheduled Service Net-
work Design (SSND) model.

A time-space network is often built by partitioning the schedule length into non-overlapping
periods of time. Then, as it is standard modeling practice in multi-period optimization, all
activities taking place at terminals during a period are assumed to occur at the same time, be it
the beginning (most often) or end of the period. This approach is also known under the term
time discretization. Let T be the schedule length. Let {0,1,...,|.7|—1,|.7| = T} be the set
of time instants ¢ that partition the schedule length into |.7 | periods, and .7 the ordered set of
those periods. Period 7 is then defined as (r — 1,7), all events taking place during this period
being assigned to time instant ¢.

The granularity of the partition and the definition of each period are normally governed
by the characteristics of the system elements and operation practice. Most applications in the
literature, however, implement the classical approach, first introduced by [Ford and Fulkerson
(1958), according to which all periods are of the same length and apply to all the nodes of the
network. The node set of the time-space network, are defined in such cases as A4~ = {n;,n €
NP1 =0,...,]7]}, including copies of all the terminals in the physical network at all the
time periods (instants) defined. Figure []illustrates this modeling approach for a tiny network
of four terminals and a schedule length with 7' = 4 partitioned into four equal-length periods.
Each of the four services is identified by a color and line pattern on the physical network at the
left of the figure. The service schedules are displayed, by service leg, next. The corresponding
deployment in time and space of each service, according to those schedules, is displayed on
the time-space diagram at the right of the figure.3

l1(0y) li(o)  A2B3 A - /
Al Z“———2|B l,(o;)  B3,D2 1,(04) o)
h(os) v L(s;) Do, C1 B e * e K
L (o) lz(fle)‘ o7 l L(9) I,(o;) C3,B4 C e el . ” L2(02)
- l1(03) l,(03) B4, AO RS ! 1,(07)
Cc|-=- D L(00) 20, C2 b o 1.(02) R 2(04).
lx(04)

l(0s)  C2,D4 period 0 . s 3 g4

Figure 4: Time-space network representation
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The arc set .7 consists of two types of arcs, moving and holding. Moving arcs correspond to
the service legs according to their schedules. Specifically, the moving arc a € o7, standing for
service leg [;(0) = (Ni—1,Mi),i =0,...,n(0),0 € L, is defined as a = (na(n(Fl)), MB(n:))> T€p-
resenting the departure of the service leg from its origin terminal 17;_ at time instant o( n(i_l))
and arriving at its destination terminal 7); at time 3(7;). Holding arcs represent the possibility
to wait, to “hold" for one period goods or resources at terminals. Such an arc is thus of the
forma= (1N, Mp+1),n € A, t=0,...,|.7|. There are no fixed costs associated with holding
arcs. A number of capacity and unit cost parameters may be defined, however, to represent the
handling or warehousing capabilities of the terminal and costs of this handling or of keeping
resources idling. Figure []illustrates seven moving arcs for the seven service legs, two holding
arcs at terminal C representing the length of the stop service o, performs at terminal C, and
the five holding arcs linking successive representations in time of terminal A (the other holding
arcs at terminals B, D, and D are not shown for clarity sake).

Figure [ includes two arcs, one moving from terminal B at time 4 to terminal A at time
0, and the holding arcs from time 4 to time O at terminal A, which seem to go backward in
time. The apparent time travel is only an illusion, however, produced by the graphic display
of a modeling device to account for, on the one hand, the repetitiveness of the tactical plan
answering the regularity of demand over the season and, on the other hand, the fact that not
all demands and services have their initial and terminal instants within the schedule length;
some may start during the previous application of the plan and terminate currently; others,
start during the current application of the plan, but terminate during the following one. These
issues are addressed by having the moving and holding arcs modeling activities that would
end during the next application of the plan wrap-around. To avoid the apparent time-travel
paradox, the time computations are performed modulo(T) (see, e.g., Crainic and Hewitt, 2021,
for details).

The SSND formulations then take the form of the corresponding basic SND models (Sec-
tion applied to a time-space network ¢ as defined above. The SSND considers the same
two sets of decision variables, selecting scheduled services (with frequencies, in some cases,
representing the number of simultaneous departures of the service) and building itineraries in
the service network for demand-flow distribution. The SSND constraint sets are analog to those
of the SND, but they are written to account for the time attributes of the system, e.g., for the
flow-balance equations defined according to the availability instant and the delivery due date.

The differences and challenges come from applications to particular problem settings and
the dimensions of those problems and of the corresponding formulations. Three illustrations
follow (the interested reader is directe.d to Crainic and Rei, 2024, as well as the surveys indi-
cated in Section [2)):

1. Zhu et al.|(2014) propose a multi-layer time-space SSND model, which appears to be the
first comprehensive rail SSND formulation, which selects the scheduled service network,
the car classification policies, the blocks to build in each terminal, with their routes within
the service network, the train makeup, and the demand itineraries using these services
and blocks. The authors also introduce a matheuristic solution methodology combining
slope scaling, a dynamic block-generation mechanism, long-term memory-based per-
turbation strategies, and an ellipsoidal search, i.e., a new intensification mechanism to
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thoroughly explore very large neighborhoods of elite solutions in an efficient way using
information from the history of the search.

2. Jarrah et al.|(2009) propose a time-space network SSND formulation for the LTL service-
design and flow planning problem with explicit service commitments (delivery days).
Based on LTL-carrier no-split (single itinerary) shipment policies (Powell and Kosko-
sidisl, [1992)), the authors formulate the problem using the in-tree structure of the prob-
lem, and propose a meta-heuristic integrating a dynamic in-tree generation procedure
(see, e.g., |Erera et al., 2013} Lindsey et al., 2016, for algorithmic developments).

3. (Crainic et al. (2009) introduce the first modeling framework for the short to medium-
term planning of two-tier City Logistics systems, which takes the form of a path-based
formulation combining a multi-product, multi-modal SSND model for the first tier, and
a scheduled, multi-depot, multi-tour, heterogeneous vehicle routing with time windows
formulation for the second tier. Demand itineraries link the two tiers and provide the
synchronization environment (see, e.g., (Crainic et al., 2016} |[Fontaine et al., 2021, for
extentions to uncertainty modeling and algorithmic developments).

The representation of time and the time-space formulations raise a number of issues and
challenges and, while quite a volume of work has been already dedicated to these issues, this
is still a very broad and rich research area.

One notices, for example, that the schedule-length partition does not need to be the same at
all terminals. Indeed, the relative importance of the terminal with respect to the overall work
load may point to the need to have a fine granularity for high-utilization terminals, including
the hubs. Many services start, stop, or terminate, at such terminals, over most of the schedule
length duration, and many demand flows need to be handled. In contrast, several smaller
regional terminals may have to operate at less intensive levels and at certain time moments
only. Figure[S]illustrates such a representation. It displays a number of regional terminals (e.g.,
numbers 3, 5, and 16) where very few feeder-like services originate and terminate to connect
them to hubs. It also displays the more intense time intervals hubs (e.g., terminals 2, 6, 8,
and 15) operate, together with the idle periods in-between those intensive-work periods. The
figure also displays the moving arcs of the services connecting the terminals in time and space.
The drawing is inspired by the case of freight-rail planning in Europe where freight trains
must be scheduled within particular time intervals (so-called time canals) between periods of
intense passenger traffic (Pedersen and Crainic, 2007). Services hence arrive at a terminal the
beginning of a work period and leave at the end. In more general setting. this restriction may
be relaxed.

Mini-time-space networks may then be used to appropriately model each terminal in time,
these mini-networks being then connected through the services arriving and departing at the
node during the interval. Figure[6]illustrates such a node representation. It shows three services
arriving at the terminal, two of which are at their destination (inbound full red arrows), the third
being at an intermediary stop (dashed red arrows). Two outbound services are displayed, one
at its origin (outbound full red arrow), the other departing after its scheduled stop. The figure
also displays arcs modeling particular terminal activities including, 1) cargo (and blocks for
a railway yard) transfer between inbound and outbound services (dotted blue arrows); 2) the
possibility for freight on the stopping service to stay on board (the dashed red arrow); 3) cargo
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Figure 5: Time-space network with non uniform discretization

at destination being unloaded for delivery (outbound dotted black arrow); 4) the possibility to
unload cargo (or dismantle blocks at destination) for classification and consolidation prior to
being put on a departing service (full black arrows); 5) freight at origin becoming available
and either going through the classification and consolidation operation, or being put on hold
until this operation is to be performed (dotted black arrows). Notice that a continuous-time
representation is implied for the activities modeled by the arcs of a mini-network, the particular
duration of each being at attribute of the arc. A discreet-time representation proper to the
particular terminal and time interval considered is also possible.

One may also observe that, the partitioning of the schedule-length is not required when the
schedules of potential services are strict. One may rather use the arrival and departure times of
services at terminals to create the time instants of the time-space network. Then, the physical
nodes are duplicated at relevant time instants only (that is, when the event takes place at the
terminal), and the availability time of each demand at its origin terminal is “projected" on the
first time instant following arrival (Morganti et al., 2020; Kienzle et al., 2024)). One still models
on a time-space network in such a representation, but determining an appropriate granularity
of partition in not a real issue.

Different approaches may be called upon when service schedules are not so strict (or, when
time-related uncertainty is considered) and one is interested in the number of departures within
a given time interval, to ensure timely delivery of demands at destinations, rather than in the
precise departure instant, which may vary when the plan is executed repeatedly. Modelling the
schedule length and associated events using so-called continuous time is such an approach. The
timing of events related to service, and itinerary, operations then become part of the decision
variables, and a significant amount of constraints governing arrivals, departures, and activity
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Figure 6: Time-space network with non uniform discretization

synchronization at terminals has to be included (e.g., [Lange et al., 2024). More research is
required in this area.

A coarse-granularity-based approach may be used for short schedule lengths (e.g., a work-
ing day as encountered in many LTL applications). The periods, generally of unequal length,
may then be tailored to fit the arrival pattern of demand and the desired pattern of departures
to ensure on-time arrival at the next stops of outbound services (e.g., three periods, morning,
early afternoon, late afternoon / early evening). In such a case, the schedule of the service
would indicate the coarse time of the day when it is supposed to leave or arrive at the terminal,
and a frequency-based formulation associated to each period would determine the number of
service departures.

In all the other many cases where time discretization is the preferred methodology for
SSND, the issue of the partition granularity has to be addressed. A fine granularity yields short
time periods and provides the means to build a detailed representation of time and time-related
activities. But, it results in very large time-space networks and very high solution-method
challenges. A coarser granularity alleviates partially this problem, but may result in a poorer
representation of decisions and operations in time (Boland et al., 2019). One therefore finds an
important body of work, particularly in the context of LTL applications, addressing the issue
of finding the appropriate granularity for SSND time-space networks.

The Dynamic Discretization Discovery (DDD) is a very promising algorithmic strategy ad-
dressing the issue through an iterative generation of the time-space network. Introduced by
Boland et al. (2017), and enhanced by Hewitt (2019) and Marshall et al.| (2021), DDD starts
with a coarse granularity and iteratively refines it. The initial partially time-expanded network
is defined in such a way that the corresponding SSND is a relaxation of the SSND formulated
on a time-space network derived from the finest possible granularity in managerial terms (also
called “complete enumeration", e.g., the minute). Then, at each iteration of the DDD, the par-
tially time-expanded SSND is solved and the solution is examined to see if it can be converted
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to an optimal solution to the complete-enumeration SSND, in which case the method stops,
Otherwise, the current partially time-expanded network is refined and the algorithm continues.
The method performed very well on LTL SSND applications. Successful adaptations to other
problem settings were also proposed including, SSND models to determine jointly long-haul
and local-delivery routes (Medina et al., 2019; He et al., 2023), and a mixed-integer formula-
tion combining discreet and continuous time representations for a two-echelon location-routing
problem, with time-dependent demand and synchronization requirements (Escobar-Vargas and
Crainic, 2024]).

S Addressing Resource Management Concerns

As detailed in the previous sections, carriers need physical and human resources to execute
services. Resources are generally costly and in short supply, however. Consequently, the
resource management and resource-to-service assignment issues are very important for the
definition, optimization, and performance of the carrier and its service network.

Traditionally, the literature identified such problems as “operational”. More or less sophis-
ticate network flow models are proposed in this context, to be applied over rather short planning
horizons, given a tactical plan. None of these approaches works directly on the design of the
service network. For detailed surveys and syntheses of the literature, the interested reader may
turn to |Dejax and Crainic (1987); |[Cordeau et al. (1998); Piu and Speranza (2014)), and the
general articles and chapters mentioned in Section [2]

Moreover, many of the early service network design models do not consider resource avail-
ability. The goal is a model to provide services with sufficient capacity to transport the demand
shipments, assuming that a resource-planning operational model would later be used to provide
the resources required to support the selected plan.

Early acknowledgement of the possible shortcomings of such strategies yielded a some-
what more integrative approach, in which the SND formulations account for the need to repo-
sition empty vehicles. Indeed, trade is unbalanced in the nature, volume, and value of the
goods exchanged and, therefore, so are the movements of the resources providing the means
for transportation. One thus observes surpluses of certain resources at a number of terminals
and deficits of the same resources at others. Resource repositioning, also called balancing,
is performed to address this issue and make the system ready for the next round of activities.
The method proposed by |Crainic et al.|(1984)) (see also Crainic and Rousseau, |1986}; Crainic
and Roy, 1988)) to account for repositioning within SND formulations computes an origin-
destination demand matrix of empty vehicles or power units. This demand, based on the cargo
OD-demand matrices and the corresponding estimation of surpluses and deficits at terminals,
is then distributed over the network jointly with the cargo demand.

A second integrative approach focuses on the vehicle flows at the local level of each ter-
minal, either by explicitly including decision variables capturing the balancing empty-vehicle
numbers to move between terminal pairs (e.g., [Powell, [1986a; Smilowitz et al., 2003 Jarrah
et al., [2009; [Erera et al., [2013)), or by integrating the vehicle type into the definition of the ser-
vice it supports (e.g. /Armacost et al., [2002; Lai and Lo, 2004; Pedersen and Crainic, [2007; Bi-
legan et al., |2022; Kienzle et al., 2024)). This strategy is generally identified as design-balanced
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SND and SSND (e.g. Pedersen et al., 2009). In its original form, it addresses problem settings
where each service requires a unit of resource (vehicle) only. The idea is to ensure that the
number of inbound services (vehicles) at a node equals the number of outbound services at the
same node. The set of node-degree constraints (25)) are therefore added to the formulations
introduced previously.

Y va— Y Ya=0,VneA. (25)

+ —
ac ,;a/n ae tszin

This approach may be extended in several ways. First, the service-design variables may
be multiplied by an appropriate factor when more than one unit of resource is associated to
the service, which ensures the balance of the respective resource at the nodes of the network.
Moreover, more than one type of resource may be considered by instantiating a set of con-
straints similar to (23). Note, however, that additional constraints may be required to govern
the inter-resource relations. Consider, to illustrate, several types of container-carrying railcars,
with different numbers of platforms and lengths, which can be used simultaneously. Then,
one must ensure that the length of the railcar combinations planed to be blocked together or
to move together on the same service do not exceed the block or the train maximum permitted
length (Kienzle et al., [2024).

Notice that, adding design-balanced constraints to SND formulations complicates the search
for high-quality solutions as, for example, even finding an initial solution is no longer straight-
forward, the rounding of the linear relaxation no longer guaranteeing a feasible solution. More-
over, the size of the formulation is increased by the additional constraints, as is the computa-
tional effort to address arc-based models. Heuristic solution methods are therefore generally
proposed (see, e.g., Pedersen et al.,[2009; Vu et al., 2013; Chouman and Crainic, [2015).

Notice as well that, while models incorporating design-balance type of constraints only
acknowledge that service-supporting resources are needed and may have to move empty, they
do not recognize that resources need to periodically return to their specific home-base terminal.
Moreover, they are not easily extended to account for other considerations such as the size of
the fleet, for example. Yet, such constraints induce a structure to the problem and solutions,
naturally implying that resources move according to cycles on the (potential) service network.

Cycle-based formulations thus appear natural. These cycles are anchored at the home-base
terminal to which the resource is assigned. The cycles may start at different periods during the
schedule length and be of different duration, limited in time by the need to return to their home
base for inspection and maintenance. Andersen et al. (2009alb) extend SSND formulations
to include resource cycles, cyclic schedules, and the coordination/synchronization of several
railroads and navigation services at particular junction points. The authors also show that cycle-
based formulations provide more modelling flexibility and computational efficiency. Andersen
et al. (2011)) exploit this structure in a branch-and-price-based scheme for the problem wherein
vehicles flow on cycles and commodities flow on paths, with both cycles and paths generated
dynamically via column generation.

Let ® = {0} stand for the set of feasible cycles the units of the resource considered may
perform, fg the “fixed" cost of selecting and operating the resource cycle 6 € ©, and &g the
cycle-to-service assignment indicator, where 65 = 1 if the resource performing cycle 6 € ®
may support service ¢ € X, and 0 otherwise. Define the binary decision variable yg = 1, if cycle
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0 € O is selected, and 0 otherwise. The basic SSND with single resource cyclic management
then becomes

min Y fove+ Y, fove+ Y. Y, chxs (26)

o€eX 0€® kex aco
subject to constraints (2)) - (6)) enriched with

vo < Y 6y, G X, @7
0cO
y9€Z+7 96@7 (28)

where (26) minimizes the selection and operation costs of services and resources, plus the
cost of moving the demand flows, while constraints link the selection of services and
the resources required to operate them. Appropriate constraints are added to the formula-
tion to model various resource management considerations, such as the cycle duration, unless
such characteristics are enforced during the a priori or dynamic cycle-generation procedures
(Crainic et al., 2014b, 2018a).

Crainic et al.| (2014bl 2018a); [Hewitt et al. (2019); (Crainic and Hewitt (2021) propose
more general Scheduled Service Network Design with Resource Acquisition and Management,
SSND-RAM, formulations. The problem settings encompass several types of resources, out-
sourcing servicing certain markets, as well as resource acquisition, allocation, and re-allocation
decisions. The following two-layer (services and resources, Crainic, |2024) SSND-RAM for-
mulation is based on |Crainic and Hewitt| (2021)).

The SSND notation is adjusted for multiple resources. Let & stand for the set of available
resources, fp the fixed cost (salaries, maintenance, etc.) of operating a unit of resource of type
r € % that is assigned to terminal n € 4" and I, the quantity of resources of type r initially
assigned to terminal 11. Let also ©;, be the set of potential cycles a resource of type r assigned to
terminal 71 can execute, @" = Upe 40y, and © = U,c40". The cycle-to-service assignment
indicator &g links services and resources as previously. When service costs and capacities
vary according to the assigned resource, the notation becomes f5 and u(o,r), c € X, r € %,
respectively. Notice that a resource-independent fixed service selection cost, f, may still be
associated to a service modeling, e.g., the salaries of the officers of a liner ship. Finally, F}
represents the fixed cost of operating service ¢ with a third party-owned resource of type r.

The service layer of the time-space SSND-RAM network is composed, as previously, of
the scheduled (potential) service arcs and holding arcs. The resource layer models the resource
cycles, each defined as a sequence of arcs (moving and holding) in the service layer. The re-
source acquisition and allocation modeling adds a few nodes, A, and arcs, <7, to the resource
layer, together with associated parameters and decision variables.

Two types of nodes are included in .#", symbolically defined at period 0, before the first
period of the schedule length. Each node in .#" is connected to all first representations of the
terminal nodes in the resource layer. A unique node is included to represent the acquisition of
new resources. We call it A. The arcs (A, 1) € 27,1 € A#"M represent the allocation of newly
acquired resources to terminal 1 at the first period of activity at that terminal (assumed to the
first one, for simplicity of presentation). Let hy, be the total cost of acquiring a new unit of
resource r € % and allocating it to terminal n € 41,

36 CIRRELT-2024-12



Consolidation-based Transportation Planning: The Service Network Design Methodology

The second type of node is used to model the re-allocation of existing resources. A node 7
is added at period O for each terminal 1 € A", the arcs (,n}) € «7,n’ € A", connecting
that node to each terminal representing the re-allocation of the resources initially at terminal 1
to terminal 7)". The corresponding cost of repositioning a unit of resource r € % from terminal
n € A" to terminal n” € A%, on arc (7, 7y)), is noted h%n{) (with h%né =0forn =n).

The cycle definition is extended over the additional nodes and arcs to capture the acquisition
and re-allocation activities within the resource-routing decisions. Cycles are thus associated to
nodes in .4 and include the arcs of <7, yielding the set ®r of potential cycles a resource of
type r can execute out of each respective terminal n € .4 PH

The decision variables of the SSND, ys,0 € X, and x’; >0,a € o/ ke &, are also defined
for the SSND-RAM. We define the additional decision variables:

* v =1, if service o € X is operated with a third party-owned resource r € Z, 0, other-

wise;

* 75 = 1,if cycle 8 € OF,r € Z, is selected, 0, otherwise;

. z’eﬁ =1,if cycle 6 € @%,n e NP re A, is selected, 0, otherwise;

* wy, the number of new units of resource r € % acquired and assigned to terminal 1 €

(/VPH;

. w% e the number of units of resource r € # positioned from terminal n € A4 to
0

terminal " € 4" (on arc (7, 1;)).
The Scheduled Service Network Design with Resource Acquisition and Management for-
mulation for the single-leg-service case may be then written as follows:

Minimize ) | )} mywp+ ) hpwhn |+ (29)
reZ \ neN (.)€

+Z fGYG+Zf(r; Z 55725 +Z ZFéy:,

oEL res# 0cO”r ocXre#

+Y Y MY dat ) X

re#ZneN"H 6oy ke aced
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st ) Wy =Ip reZ, m € N (30)
(M.ng)es
Z, Zn < Y Wiy r€Z e, 31
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Y £- Y d=d nervikex, (32)
aegzinf acaly,
Y h< Y uor)| Y 6§+ys |, ac, (33)
ket re# 0c®”
yO'S Z Z 32276627 (34)
reZ 0O
yo+V5 <1, 0€L, (35)
wh, w%n6€Z+, re#neN.,ne N (36)
29:267 € 10,1}, re Z,6 € ©", ) € N, (37)
Vo €{0,1}, r€Z, 0 €L, (38)
X>0,ac o ke (39)

The objective minimizes the total cost of the system. The first term models the cost of
acquiring new and re-allocating existing resources. The second term computes the cost of se-
lecting services and operating them with owned resources on particular cyclic routes. The third
term models the costs incurred to secure third-party resources. The fourth term represents the
costs associated with putting a resource into use, while the fifth and last term models shipment
transportation costs.

Constraints (30) ensure that all resources of type r that are initially allocated to terminal
i are either left at i or re-allocated. Constraints (31)) link the strategic resource acquisition
and allocation/re-allocation decisions that determine the number of resources available at each
terminal with the tactical decision of how many resources from that terminal are to be used to
execute services. Note the summation over .4~ in constraints enables the use of resources
that are newly acquired.

Constraints (32) and (33)) enforce classical network design relations. The former are commodity-
specific flow conservation constraints. The latter link the existence of flow on owned or out-
sourced services to the corresponding service-selection decision. Constraints (34) indicate that
at most one resources is used for each owned service, while constraints specify that each
service cannot be selected more than once, either supported by the carrier’s resources or out-
sourced. Finally, constraints (36)) - (39), define the domains of the variables in the formulation.

The solution methods proposed in Crainic et al.| (2014b} 2018a)); [Hewitt et al.| (2019) com-
bine dynamic cycle-generation schemes and mechanisms to choose cycles and services, as well
as to move demand flows given the resulting capacity. Moreover, Hewitt et al.| (2019) explic-
itly recognizes uncertainty in demand volume when tactical decisions are taken relative to the
design of the service network and the resource allocation (see Section [6).
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6 Addressing Uncertainty

The SND and SSND are parameterized mathematical models of consolidation-based trans-
portation systems within the context of planning processes. Using the methodology to support
those processes requires not only the model to accurately represent the system, but also the val-
ues of the model parameters to adequately predict the variations in the state of the system over
the contemplated planning horizon. The models discussed so far are built with deterministic
parameter values, which corresponds to assuming the values are certain predictions. Of course,
in reality, the validity of this assumption is not certain in most cases. Recall that, tactical plans
are actually drawn well in advance of their repetitive execution for a representative, regular
operation setting in terms of demand, resource availability, and economic, regulatory, and so-
cial environment. Defining a longer schedule length, a week rather that a day, for example, is
one way to alleviate the variation of parameter values over the planning horizon, by capturing
the corresponding regular, repetitive variations. Thus, for example, instead of a daily value
for each OD demand, a week-long schedule length provides the means to model the variations
in demand intensity (when appropriate) at each occurrence during the schedule length, with
the appropriate estimated value. Yet, the specific details of the shipper requests may change
randomly each time they are made and the plan is to be executed. Other parameter values may
vary in a similar fashion, including travel times and the cost of outsourcing. Moreover, unex-
pected events can further influence the execution of scheduled services, altering the planned
transportation supply.

Accounting explicitly for uncertainty in SND and SSND models aims to address these
issues. Discussing uncertainty and network design in any depth is beyond the scope of this
chapter. The interested reader can consult the books by |Kall and Wallace|(1994); Ruszczynski,
A. and Shapiro, A.[(2003); Birge and Louveaux| (2011); King and Wallace (2012) and |Powell
(2021) for stochastic programming and uncertainty, and to [Hewitt et al.| (2021) and Crainic
and Rei| (2024)) for in-depth discussion of uncertainty and network design. We briefly recall
the fundamental stochastic programming concepts as applied to service network design in this
section.

Uncertainty is generally classified into one of three types based upon their likelihood and
impact (Klibi et al., 2010). Randomness, refers to events whose likelihood can be described and
is reasonably high, but whose impacts can usually be mitigated within normal operations. The
classic example of such uncertainty in SND contexts is fluctuations in the shipment volume
between a given origin and destination. The second type, hazards, refers to events whose
likelihood can be described, but are quite rare. An example in SND contexts is infrastructure
or vehicle failure. The third type, deep uncertainty, refers to events whose likelihood can not be
described, but may have a significant impact, e.g., a maritime port closing down due to a threat
of terrorist attack. Most of the SND for consolidation-based carriers research has focused on
the first type of uncertainty, randomness, particularly with respect to model parameter values.
This uncertainty is modeled by extending one of these deterministic models to a stochastic-
programming formulation. We reflect this state-of-the-art.

The challenge when planning within an uncertain context raises from the combination of
the timing of decisions and the information available at decision time. Thus, tactical plans,
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which include the services, resources, and commodity itineraries selected, are built at a time
when information regarding the values of the SND parameters is incomplete and only statistical
distributions are known. Then, each time the plan is to be executed, the actual values of those
parameters are revealed, or observed, and become known. Even the most well-conceived plan
may then become infeasible or financially burdensome to implement because of the often-
costly significant revisions it requires. The critical question, then, is how to effectively address
this challenge within a SND model supporting the initial tactical planning phase performed by
carriers.

There are two general stochastic-optimization modeling paradigms applied to SND. The
first involves imposing a set of probabilistic constraints, known as chance constraints, to limit
the likelihood of solutions becoming infeasible at execution time. Stochastic models with re-
course follow the second paradigm, which explicitly identifies the decisions in accordance with
the information-revelation process inherent to the problem. The models thus explicitly differ-
entiate between decisions made under uncertainty, when the plan is built, referred to as a priori
decisions, and those made after the uncertainty is revealed, when the plan is to be revised and
then executed, referred to as recourse decisions.

We present these two paradigms as they are applied to demand uncertainty and the basic
linear-cost SND model (see Hewitt et al., 2021}, (Crainic and Rei, 2024, for discussion of un-
certainty related to other paramers). Let (Q,.#,P) be the probability space associated with a
random experiment that reveals the demand volumes d*,k € .#". The set Q contains the pos-
sible outcomes @ € Q of the random experiment, .% defines the set of events, and P is the
measure assigning probabilities to the possible outcomes of the random experiment.

6.1 Chance Constraints

Two cases may be contemplated when demand uncertainty is considered. On the one hand, the
designed service network and commodity itineraries are inadequate to cover the total demand
issued by the shippers. Such circumstances often compel carriers to outsource moving some
demand, that is, to resort to ad-hoc capacity, incurring substantially higher costs or penalties
than operating their own resources and services. On the other hand, there’s the risk that selected
services may not support the intended commodity flow to be transported due to unforeseen re-
ductions in available capacities, undermining the feasibility of the planned itineraries. Chance
constraints provide the means to embed these probabilistic considerations within the tactical
planning framework, offering a method to preemptively address potential execution challenges
and thus mitigate risk.

Recall the dummy arcs a* = (O(k),D(k)) for each commodity k € .# introduced in Sec-
tion [2.4] to model the utilization of ad-hoc capacity for transporting overflowing portions of
commodity volumes. Given the uncertainty on demand volumes and the resulting uncertainty
on the need for outsourcing, let ¢c¥(®), w € Q,k € %, be the realization-specific slack-flow
variables. The probabilistic constraints imposed on the tactical plans can then be formulated
by setting limits on the flow values assigned to these variables.

Following Hewitt et al. (2021) and Crainic and Reil (2024), let Fy (x) ¥ ye o X — Lue o, o

be the net-flow function for commodity k € 2" at node 11 € .#". A chance constraint that limits
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the total amount observed on the slack-flow variables can then be defined as follows:

Z gk(a)) > oy,
ket

PloecQ|3ckw)>0: Fopuk) =d(w)-d (o), <1-By, keX. (40)
FDk(k) (x) = —d" (@) + ¢* (o),

The chance constraint (40)) limits the probability of observing realizations @ € Q where
the total commodity volumes that are transported on ad-hoc capacity exceeds the threshold
oy (e., Yien ¢F(@) > ay) to at most 1 — B, where B stands for the requisite level
of reliability for the planned itineraries. Such conditions may also be established on a per-
commodity basis, by defining a commodity-specific threshold oy, k € J# to indicate the limit
beyond which the flow assigned to ¢*(®) is considered as an unacceptable outcome @ € Q.

6.2 Stochastic Models with Recourse

Stochastic SND models with recourse make up the alternate stochastic-programming paradigm
for addressing uncertainty in consolidation-based freight transportation planning. These mod-
els are designed to reflect the decision-making dynamics of the carrier tactical planning and
execution processes. Specifically, a stochastic formulation comprehensively incorporates both
tactical decisions for designing the service network and operational-level decisions for the re-
peated adjustment and application of the tactical plan, once the values of the random parameters
are revealed. Then, the objective of the stochastic SND model is to devise a plan that “opti-
mizes" not only the unchanging part of the plan, but also the expected cost over the planning
horizon associated to repeatedly adjusting and executing it.

This setting inherently encompasses multiple stages, that is, specific moments in time when
stochastic parameters become known, allowing decisions to be made in reaction to this newly
acquired information. In a general sense, the tactical decisions are thus made during the first
stage, often referred to as a priori decisions, under complete uncertainty. Meanwhile, opera-
tional decisions are naturally executed in subsequent stages, known as recourse decisions, as
the stochastic parameters become progressively observed.

Stochastic multi-stage formulations provide the means for a more refined representation of
the dynamics of operational decision-making. They also, however, considerably increase the
complexity of the optimization model, especially as it expands with additional stages and when
discreet decisions are part of some of the later stages. Moreover, detailed operational specifics
may not be essential for accurately establishing tactical plans, a good approximation being
often sufficient to provide guidance. It is often the case, for example, that those later-stage
decisions are included in the tactical plan (e.g., demand itineraries) but are not expected to be
implemented. They are rather to be determined for the revealed values each time the plan is
executed or, at best, to guide the adjustment of the plan. Their role then is to approximate the
impact of the first stage decisions on the performance of the system over the planning horizon.
Consequently, the predominant modeling approach in the SND literature employs a two-stage
formulation.
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How each stage is defined should reflect the specific planning problem under consideration.
Typically, the first stage involves design decisions that specify the services to be operated,
as well as the resource-management decisions when relevant, thereby establishing the carrier
service network. These decisions are made well before the actual utilization of the services,
requiring them to comprehensively address the full spectrum of anticipated uncertainty.

A broad range of potential recourse actions can be established for the second stage, repre-
senting varying degrees of flexibility in adjusting the tactical plan. On one end of the spectrum
is the simple recourse option, which involves imposing a penalty proportional to the extent of
the plan’s infeasibility. This approach essentially adopts a general observe-and-pay strategy for
defining recourse actions. More complex recourse actions are formulated at the network level.
A notable strategy within this context is the establishment of demand itineraries as second-
stage decisions, effectively treating the flow decisions as recourse actions. This is the network
strategy taken in the illustrative model presented below and has been shown to be effective
in a variety of tactical planning transportation problems (e.g., Lium et al., 2007, 2009; Hoff]
et al., 2010; Crainic et al., 2011, 2014a; |Bai et al., |2014; Dong et al., 2015; Demir et al., 2016;
Crainic et al., 2016 Hasany and Shafahi, 2017; Lanza et al., 2018; Wang et al., 2019; Hewitt
etal.,2019; Lanza et al., 2021; Scherr et al., 2022; |Jiang et al., 2021; |Liu et al., 2023)). Recourse
actions can also extend to structural adjustments in the service network initially designed dur-
ing the first stage (e.g., |Crainic et al., [2016; Muller et al., 2021). However, adopting such a
strategy introduces greater complexity, as it requires making discrete decisions as part of the
recourse actions.

In all cases, as the second stage / recourse decisions are functions of random variables, they
are random variables as well. Moreover, the general two-stage modeling approach assumes that
all uncertainty is clarified in a single stage, meaning all stochastic parameters are assumed to be
observed simultaneously. Therefore, the second stage offers an approximation of the carrier’s
real operations to meet shipper demands, guided by the tactical plan established in advance.
Consequently, the objective of the model is to minimize the sum of the costs associated with
the first stage decisions and the expected costs associated with second stage decisions. Solving
the two-stage stochastic model thus yields a comprehensive tactical plan, which includes the
setup of the service network, as well as the cost-efficient adjustments to accommodate observed
random changes.

Surveying the literature on stochastic service network design, one notices that most models
prescribe the selection of services in the first stage and the routing of commodities, given
those services and the realized parameter values, in the second stage. We therefore present
such a formulation to illustrate the previous discussion. Let the variables y be the first-stage
design decisions, and xX(w),a € o7,k € ', € Q, be the flow variables representing the
network recourse. Assuming a linear definition of the system cost, as in equation (1)), the

model formulation is (4T - #7):

min ¥ fovo +Ez[0(n6(0))] o
s.t. Vo €Z.,6 €Y, (42)
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where,
0(v&(@) =min )" Y chxz(w) (43)
ket acef

st. Y A(o)— Y (o) =d(), newNkex, (44)

aezzi,f acsly
Z X];(w) < UaY5(a)s ac d, (45)

ket

x];(a)) < u];ya(a), ac o ke X, (46)
(w) >0, aco ke X, (47)

where di(omega) = voli(w) at the demand origin 1 = O(k), equals —vol; (@) at the destination
node of the demand n = D(k), and zero at all other nodes.

Model - (@2) addresses the first-stage decisions design for the service network under
complete uncertainty. The objective function combines two components. The first, deter-
ministic component computes the total fixed costs for the selected services. The second is the
recourse cost function representing an aggregated (the expectation) measure of the anticipated
future costs of adjusting / adapting the tactical plan, given by the design decisions, to revealed
information. The recourse cost function Q(y, & (a))) , defined for the realization @ € Q, evalu-
ates the total cost incurred to optimally move the realized demand & (@) = vol, (@) given the
service network y defined in the first stage. The function Q(y, & (a))) is thus characterized as
the optimal solution to the minimum cost multi-commodity flow model (43))-(@7).

7 Conclusions and Perspectives

The chapter presented an overview and synthesis of the main classes of Service Network De-
sign models aimed at supporting decision-making in planning the activities and managing the
resources of consolidation-based freight carriers and systems. The chapter focused on issues
and model structures of general interest and relevance. We continue this approach in identi-
fying a number of challenging research perspectives of importance for service network design
and its applications.

Extending the scope of the SND methodology, with its related modeling challenges, makes
up a first broad and important research field. The aim is to enhance the representation capability
and relevance of our models, and extend the applicability of SND methodology to other plan-
ning levels and applications. As always in Operations Research, one must start with a proper
definition and specification of the problem under study, then proceed to model the system and
decisions adequately, before developing the appropriate solution method. The three phases re-
quire a significant research effort. It is also noticeable that advances in general methodology
are often prompted by model and method developments addressing challenges in particular
problem settings. The research trajectory from particular applications, to general methodol-
ogy, to tailoring the enhanced methodology to different applications settings is a challenging
but highly beneficial characteristic of our profession.
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We have discussed the integration of resource-management concerns in SND models, but
many challenges remain. First, enhance the modeling of major work rules, such as the mainte-
nance periods for equipment, and particular qualifications and permissions to operate various
equipment types for crews. Second, irrespective of mode and setting, transportation services
require in many cases resources of several types, each with its own particular operational, main-
tenance, and fleet-size characteristics, the combinations being governed by particular compat-
ibility rules to operate. Third, the integration of management concerns for several heteroge-
neous interlinked resources into SND and SSND formulations challenges the modeling of the
relations among resources, and among them and the services they may support. The result-
ing models are also significantly larger, particularly when the time dimension is also explicitly
considered, requiring the development of appropriate efficient solution methods.

Explicitly addressing time and delay-related issues enlarges and refines the scope of SND
models while raising significant modeling and algorithmic challenges. A first major research
area is the proper definition of time as integrated into SSND formulations. The granularity
issue is still not comprehensively addressed. On the one side, there is the issue of adequately
identifying the partition of the schedule length at various terminals and whether there is the
need for a uniform partition. Then, one must face the issue of an efficient time-space network
definition given strict service schedules or when particular (individual) temporal representa-
tions of the system’s terminals are contemplated. The definition of mini-terminal time-space
models and their linkage to service schedules is both a beneficial and a challenging modeling
development. A second research avenue in this area is the generalization of such studies to the
multi-resource problem settings, which give raise to multi-layer networks. The development
of efficient solution methods is required in all cases. The enhancement and generalization
of the Dynamic Discretization Discovery approach makes up a promising direction, as is its
combination with meta- and matheuristics able to address large problem instances.

Changing the modeling paradigm and considering time implicitly in SND models is a long-
time goal in the research community. A few recent contributions (e.g., He et al., 2023}, Lanza
et al., 2024) open interesting perspectives that invite for a sustained research effort in the area.

Considering time, be it explicitly or implicitly, conducts one to study the duration of ac-
tivities, particularly in terminals and particularly when several activities compete for the same
restricted capacity. We discussed some of these delay-related issues and the models proposed
in the literature. Yet, this field is still very little explored and many interesting research issues
are open, including the more refined modeling of mini-terminals and the activities herein, and
the treatment of delays in terms of model representativity and algorithmic efficiency. Related
to the latter is the issue of approximating the delays with linear or non-linear, ideally convex,
functions. The former makes for an easier algorithm development, while the latter offers a
more refined and adequate representation. More generally, research is needed into network
design formulations with non-linear objective functions and the associated solution methods.

Addressing uncertainty in transportation planning and SND models and methods consti-
tutes a broad and important research area, challenging modeling and algorithmic development
alike. We discussed two modeling approaches and mentioned several contributions to the field.
One may state, however, that research in uncertainty and SND is still in its infancy. Research
is still required in adequately representing demand uncertainty in the various problem settings.
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Almost totally overlooked, although of great operational and economic importance, is the un-
certainty in travel and terminal-activity times. The solution often adopted in practice of adding
large buffers to the planned delivery times is not only scientifically unsatisfactory, but also less
and less economically viable and impracticable in many cases (City Logistics and Synchro-
modality to name but two examples). Moreover, one should not overlook that both demand
and time uncertainty (and heavy correlations) characterize operations and their simultaneous
presence and interactions, should be reflected in the planning models proposed. Research on
this challenging topic is needed.

As indicated, the discussion and model approaches of Section [6| refer to business-as-usual
cases, when uncertainty can be somewhat easily represented with probability distributions.
Other sources of uncertainty exist, however, and should be studied. Reliability and robustness
are two such issues, as is resilience, i.e., the capability to rebound following an incident, and
the operation plans to perform the recovery and return to a desired state of system and operation
behavior. Advancing in this direction would also lead to a broader exploration of information-
revelation mechanisms and multi-stage formulations.

We complete this “modeling" discussion by returning to the overture of the section and the
need to extend the field of interest and development. Multi-stakeholder problem settings are
a first research area in such respect. These problems typically include multiple stakeholders
(e.g., carriers) that mutualize and coordinate their resources, either directly or through some
form of intermediaries (Taherkhani et al., 2022; Bruni et al., [2024), to support and execute the
services that constitute the overall transportation supply. The accurate definition of the stake-
holder interactions, with the associated cooperation mechanisms, and their modeling within
SND formulations make up a major research challenge.

Multi-Layered SSND problems, which involve planning services across interconnected and
layered systems, are also gaining attention. Yet, planning services over multi-layered systems
presents significant discrete optimization challenges. Such systems often encompass diverse
transportation operations being conducted over varying distances, and incorporate different
transportation modes both traditional and environmentally friendly options. Each layer and
mode thus introduces unique complexities that must be addressed effectively. Furthermore, the
design decisions in some layers are defined in terms of sets of design decisions in other layers,
being connected through complex relationships (Crainic, 2024). This complexity results in
significantly challenging discrete optimization models that are large-scale, possibly non-linear,
and involve elements of uncertainty to be solved.

It is worth noticing that most SND models discussed in this chapter assume that the be-
havior of customers, that is, of demand, is known with respect to economic, e.g., tariffs, and
service-level criteria. This is true even when uncertainty in these elements is explicitly repre-
sented. Or, customers do react to tariffs and require quality-of-service levels and, consequently,
so is the demand the carrier will ultimately service and the revenues it can potentially earn.
Extending the SND to address such issues requires considering not only a profit-maximizing
objective, but also modeling in mathematical terms the behavioral relations between tariffs,
service-quality levels, and the willingness of customers to give a carrier their business. The
revenue management literature is the starting point of this line of research noticing, however,
that most of it targets people-servicing industries and that one cannot simply transpose those

CIRRELT-2024-12 45



Consolidation-based Transportation Planning: The Service Network Design Methodology

results to the freight transport environment (Bilegan et al.| 2022).

Addressing large SND models makes up an extremely important but challenging research
area. Space is lacking to explore this area in any comprehensive way. Hence, we only men-
tion a few particularly interesting avenues (we mentioned already the need to explore solution
methods when time is explicitly modeled): 1) Dynamic generation of services (paths), resource
work assignments (cycles), blocks (paths), and demand-flow itineraries (paths), including ex-
tending the column-generation methodology to the SND and SSND cases with simultaneous
generation of several types of paths and cycles; 2) Recalling that network design problems are
NP-Hard in most cases of interest, and service network design ones are not different, research
is needed in heuristic-type solution methods, matheuristics, in particular, which combine exact
and meta-heuristic solution principles, ideally coupled with parallel optimization strategies,
such as the Integrative Cooperative Search (Crainic, 2019); 3) Development of efficient solu-
tion methods for stochastic SND and SSND, which are particularly challenging, even for the
two-stage formulations of business-as-usual demand uncertainty case, which has been studied
the most. Efficient decomposition and scenario-reduction methods (e.g., Rahmaniani et al.,
2017; Hewitt et al., 2021, [2022) offer interesting starting points for what should be a signifi-
cant research effort on exact and matheuristic solution methods for stochastic service network
design.
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