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The objective of the paper is to study the integration of revenue management considerations into ser- 

vice network design models targeting the tactical planning of intermodal consolidation-based freight 

transportation carriers. Revenue management strategies and mechanisms are broadly used within passen- 

ger transportation. Although identified as a desirable feature for freight transportation, interest growing 

within the industry, few contributions have addressed the topic. Moreover, almost none of those target 

the challenging issue of the interactions between the planning of the carrier’s services and operations, on 

the one hand, and the revenue-management strategy it could implement, on the other hand. We propose 

a new scheduled service network design model with resource and revenue management model, which 

selects the services and schedule to be repeatedly operated over the next season, allocates and routes 

the main resources supporting the selected services, and routes the demand flows between their respec- 

tive origins and destinations. The objective of the model is the maximization of the expected net revenue 

of the carrier when several customer categories, with specific service requirements, as well as several 

tariff and operation classes are considered. Our interest goes beyond the modeling challenges raised by 

the problem setting, to exploring the impacts of this new approach on the decision types and on the 

structure of the service network solutions obtained. The results of extensive experiments, in terms of de- 

mand distribution, network topology, fare class and quality-of-service, provide a proof of concept of the 

proposed modeling framework and its capability for insightful analyses. Experimentation was conducted 

using an off-the-shelf software to solve the corresponding mixed-integer linear programming formulation 

for realistically dimensioned barge intermodal transportation instances. 

© 2021 Elsevier B.V. All rights reserved. 
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. Introduction 

Intermodal freight transportation is generally defined as moving 

argo by a series of at least two transportation modes, the cargo 

eing transferred from one mode to the next at intermodal ter- 

inals, e.g., ports and rail yards, without handling the cargo di- 

ectly ( Bekta ̧s & Crainic, 2008; Crainic & Kim, 2007; SteadieSeifi, 

ellaert, Nuijten, van Woensel, & Raoufi, 2014 ). Intermodal cargo 

s thus generally loaded into containers for most of its journey. 

Consolidation-based carriers perform the largest share of inter- 

odal transportation, rail and navigation companies being particu- 

arly active in the long-distance segment. Carriers aim to maximize 

et profits and meet shipper demand and requirements, by set- 

ing up a resource- and cost-efficient service network and schedule 
∗ Corresponding author. 
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iven the forecast demand. The so-called tactical operations plan- 

ing process yields this service network and schedule. 

The Scheduled Service Network Design ( SSND ) problem class is 

he methodology of choice to build this tactical plan ( Crainic & 

ewitt, 2021 ). It selects the transportation services and schedules 

he carrier will operate, proposing them to shippers for the next 

eason (e.g., six months). The schedule is built for a given sched- 

le length (e.g., a week), which is then operated repeatedly for the 

uration of the season. SSND with Resource Management models, 

SND-RM , also include the determination of the resource (e.g., ves- 

els, locomotives, etc.) routes supporting the selected services (e.g., 

ndersen, Crainic, & Christiansen, 2009a; Crainic, Hewitt, Toulouse, 

 Vu, 2014 ). 

Most service network design cases and models in the literature 

onsider a single category of customers, making up what is gen- 

rally identified as regular demand , which is expected to represent 

ost of what is serviced during any “normal” period. SSND mod- 

ls are thus set to minimize the cost of performing the service, 
led service network design with revenue management consider- 

urnal of Operational Research, https://doi.org/10.1016/j.ejor.2021. 
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hich may account for both operations and the cost of time for 

esources and cargo. We take a different view and consider sev- 

ral categories of customers, including regular and so-called spot 

ustomers, as well as several tariffs and operation classes, aim- 

ng for the maximization of the net revenue through the possibil- 

ty to capture more demand, or higher priced demand, by offer- 

ng a different service network. We thus integrate Revenue Man- 

gement ( RM ) considerations into tactical planning SSND with re- 

ource management models. 

Although identified as a desirable feature for freight transporta- 

ion ( van Riessen, Negenborn, & Dekker, 2015 ), RM is rather new 

o the freight transport planning literature, as illustrated by the re- 

iews related to air cargo operations ( Feng, Li, & Shen, 2015 ), rail-

ay transportation ( Armstrong & Meissner, 2010 ), and container 

ynchromodal services ( van Riessen et al., 2015 ). Moreover, the few 

ontributions focusing on revenue management and freight trans- 

ortation (e.g., Bilegan, Brotcorne, Feillet, & Hayel, 2015; Wang, 

ang, & Meng, 2015 ) focus on the operational level, the tactical 

evel being rarely envisaged ( Crevier, Cordeau, & Savard, 2012 ). 

Our goal is to contribute to closing this gap by study- 

ng the incorporation of RM considerations, usually tackled at 

he operational planning level, into tactical planning models for 

onsolidation-based freight transportation carriers. Our interest 

oes beyond the modeling and algorithmic challenges, to exploring 

he impact of this integration on the structure of the service net- 

ork (e.g., should the carrier increase the offer of service in order 

o later be able to capture spot demand?) and the selection of cus- 

omer demands to service. We thus propose a new Scheduled Ser- 

ice Network Design with Resource and Revenue Management ( SSND- 

RM ) model for the tactical planning of such carriers. The mod- 

ling framework is general for tactical planning of consolidation- 

ased intermodal carriers operating on land, e.g., railroads and mo- 

or carriers, as well as on water, deep sea and coastal, river and 

anal navigation. It is noteworthy, however, that the later has been 

elatively neglected in the literature, in spite of its importance for 

ntermodal transport in many regions on all continents. We ad- 

ress this shortcoming by using intermodal barge navigation to il- 

ustrate of the problem setting, the formulation, as well as its be- 

avior and the structural characteristics of the solutions obtained 

hrough an extensive experimentation campaign performed on re- 

listic data. 

The contributions of the paper are: 

• Introduce what we believe to be the first comprehensive tac- 

tical planning model for freight carriers that integrates rev- 

enue management, resource management, and scheduled ser- 

vice network design; 
• Present a rather comprehensive description of barge intermodal 

transportation, including infrastructure (port terminals), vehicle 

(vessels) and economic characteristics; 
• Provide a proof of concept by using an off-the-shelf software 

to solve the corresponding mixed-integer linear programming 

(MILP) formulation for realistically dimensioned barge inter- 

modal transportation instances; 
• Analyze the impact of various problem settings, in terms 

of, e.g., demand distribution, network topology, and fare and 

quality-of-service (e.g., delivery time, etc.) classes, on the struc- 

ture of the scheduled service network and the carrier revenues. 

The paper is organized as follows. Section 2 presents the rel- 

vant literature review on service network design and revenue 

anagement topics. Section 3 describes the problem setting and 

iscusses issues related to combining tactical planning and RM. 

ection 4 is dedicated to the revenue management modeling at the 

actical level and the proposed SSND-RRM formulation. The experi- 

ental plan and the analysis of the numerical results are described 

n Section 5 , and we conclude in Section 6 . 
2 
. Literature review 

The section is dedicated to a brief tour of the relevant literature 

ith the goal of relating our work to the field. We touch on tac- 

ical planning of consolidation-based freight carriers, service net- 

ork design, barge transportation, and revenue management. 

Bekta ̧s and Crainic (2008) ; Bontekoning, Macharis, and Trip 

2004) ; Crainic and Kim (2007) ; Macharis and Bontekoning 

2004) and SteadieSeifi et al. (2014) offer general reviews on 

lanning intermodal freight transportation systems, including the 

edium-term, tactical, level of planning for consolidation-based 

reight carriers. Recall that, the goal of carrier tactical planning 

s to set up a service network to maximize net profits while 

atisfying the regular estimated shipper (i.e., customer) demand 

ver the next season (e.g., six months) of operations. The main 

actical-planning decisions address the selection of services and 

heir schedules, the determination of the terminal policies, such as 

lassification and consolidation of cargo and vehicles and the for- 

ation of convoys (when relevant), as well as the optimization of 

he cargo flow distribution on the resulting network to satisfy the 

ulti-commodity demand. The planning process takes place some 

ime (i.e., a few weeks or a few months, depending on the appli- 

ation) before the start of the season. The resulting resource- and 

ost-efficient scheduled service network is built for a given sched- 

le length (e.g., a week), which is then operated repeatedly for the 

uration of the season. 

As indicated in the Introduction, the Scheduled Service Network 

esign problem class is the methodology of choice to build such 

actical plans ( Crainic, 20 0 0; Crainic & Hewitt, 2021 ). There is a

ather rich literature on SSND for consolidation-based freight carri- 

rs, reviewed by, e.g., Crainic (2003) ; Crainic and Hewitt (2021) for 

ong-haul transportation, Cordeau, Toth, and Vigo (1998) for rail, 

hristiansen, Fagerholt, Nygreen, and Ronen (2007) ; Christiansen, 

agerholt, and Ronen (2004) for maritime, and Crainic and Kim 

2007) for intermodal transportation, as well as Crainic, Perboli, 

nd Ricciardi (2021) for City Logistics. SSND with Resource Man- 

gement include explicitly into the tactical planning models some 

igh-level representation of the management of key resources, e.g., 

ower units, vehicles or crews, necessary to operate the selected 

ervices. Encountered initially in articles targeting particular appli- 

ations (e.g., Armacost, Barnhart, & Ware, 20 02; Lai & Lo, 20 04; 

milowitz, Atamtürk, & Daganzo, 2003 ), the SSND-RM problem 

as formally modeled by Pedersen, Crainic, and Madsen (2009) as 

 network design problem with design-balance constrains, the lat- 

er imposing that the numbers of services (or resources) enter- 

ng and leaving terminal-representing nodes be balanced. Exten- 

ions are presented by Andersen et al. (2009a,b) and Crainic et al. 

2014, 2018) who, among other contributions, model the time- 

ependency of decisions through time-space networks, enrich the 

ange of resource management concerns, and emphasize the cir- 

ular nature of the routes resources must follow to support the 

elected services. It is noteworthy that, most service network de- 

ign cases and models in the literature consider a single category 

f customers, making up what is generally identified as the regular 

emand , which is expected to represent most of what is serviced 

uring any “normal” operation period. 

Barge transportation, or, more generally, river and canal freight 

avigation, is economical in terms of unit transportation cost and 

co-friendly in terms of environmental impacts. Although slower 

han other land-based transportation modes, barges may thus play 

n important role in intermodal transportation, both in exchanges 

etween maritime ports and the hinterland and among river ports. 

his role is expanding in Europe, where the European Commission 

2011) identifies barge transportation as the instrument for modal 

hift and encourages its use for intermodal freight transport, as 

ell as elsewhere, most notably in China ( Notteboom, 2012 ). Yet, 



I.C. Bilegan, T.G. Crainic and Y. Wang European Journal of Operational Research xxx (xxxx) xxx 

ARTICLE IN PRESS 

JID: EOR [m5G; August 9, 2021;13:32 ] 

c

t

t

t

d

t

J

a

a

w

p

R

a

s

o

p

W

o

W

o

J

u

t

n

t

n

o

n

i

b

o

r

fl

e

i

i

a

m

i

d

p

(

t  

e

e

t

R

s

c

d

f

w

e

d

v

a

i

e

i

t

i

a

t

C

c

b

w

w

d

i

m

V

s

a

t

c

F

i

B

m

m

2

t

t

n

p

c

c

i

w

i

m

m

t

w

t

3

i

w

c

i

(

t

F

s

t

v

c

m

w

v

u

t

z

m

s

c

t

p

d

t

s

ompared to other transportation modes, studies focusing on barge 

ransportation, particularly in the context of intermodal transporta- 

ion, are still very few. In most cases, one may class these con- 

ributions into one of two categories. The first category includes 

escriptive analyses of intermodal transportation, including barge 

ransport, within a territory or corridor (e.g., Caris, Macharis, & 

anssens, 2012; Frémont & Franc, 2010; Zuidwijk, 2015 ). One may 

lso mention within this group, the work of Konings, Kreutzberger, 

nd Maraš (2013) , who identify the need for a hub-and-spoke net- 

ork structure for intermodal barge transport linked to major sea 

orts, with the port of Rotterdam as illustration, and that of van 

iessen et al. (2015) , who examine, in the same context, the issues 

nd research opportunities related to synchromodal container as- 

ignment to available transportation modes and carriers. The sec- 

nd group of contributions addresses mostly operational issues in 

orts (e.g. Douma, Schuur, & Jage, 2011; Konings, 2007; Taylor, 

hyte, DePuy, & Drosos, 2005 ), and in routing and dispatching out 

f ports (e.g., Braekers, Caris, & Janssens, 2013; Fazi, Fransoo, & van 

oensel, 2015 ). 

We found only one publication addressing the tactical planning 

f an intermodal barge fleet ( Sharypova, Crainic, van Woensel, & 

.C., 2012 ). The authors propose a SSND-RM model for the partic- 

lar case of direct services (no intermediate stops), unique cus- 

omer and service types, single container type, and single homoge- 

eous barge fleet. The authors propose a continuous-time formula- 

ion with particular care being paid to the modeling of the termi- 

al service synchronization and the associated load/unload/transfer 

perations. Revenue management issues are not addressed. The 

umerical results obtained on very small instances are encourag- 

ng, particularly in showing the interest of SSND-RM for planning 

arge transportation systems. The formulation we propose, based 

n a discrete-time representation, takes into account a significantly 

icher set of problem characteristics, notably heterogeneous barge 

eets, several service levels, and several customer types, as well as 

xplicitly including revenue management aspects. 

Indeed, none of the contributions reviewed above address the 

ssue of revenue management. Revenue, or yield, management was 

nitially developed for passenger air transportation, and was later 

pplied more broadly to passenger rail transportation, hotel room 

anagement, etc. (e.g., Kasilingam, 1997 ). The benefits observed 

n these domains appear promising for the freight transport in- 

ustry as well. Yet, one cannot simply transpose the models and 

rocedures from one industry to the other. Thus, e.g., Kasilingam 

1997) presents the characteristics and complexities of air cargo 

ransportation (see Feng et al., 2015 , for a review of air cargo op-

rations) from the perspective of RM by emphasizing the differ- 

nces between air cargo and air passenger transportation. The au- 

hor points out, in particular, that a correct and relevant model of 

M for freight transportation requires the comprehensive under- 

tanding of customers’ behavior, the consecutive identification of 

ustomer categories, the so-called customer classification , and the 

efinition of different products and fares charged, i.e., the fare dif- 

erentiation . 

The contributions integrating RM and freight transportation of 

hich we are aware address operational-level issues only. Crevier 

t al. (2012) propose a bi-level mixed-integer formulation to jointly 

etermine fares and the capacity utilization of a given set of ser- 

ices proposed by a rail freight carrier. Bilegan et al. (2015) present 

n operational RM model applied to rail container transportation 

n which different fare classes are defined with respect to how 

arly the booking is performed and how long the delivery time 

s. Armstrong and Meissner (2010) survey RM applied to railway 

ransportation, Tawfik and Limbourg (2018) discuss pricing issues 

n intermodal transportation and review the related scarce liter- 

ture, while van Riessen et al. (2015) identify RM as an impor- 

ant topic in synchromodal-related research. Finally, Wang, Bilegan, 
3 
rainic, and Artiba (2016) studies through simulation a RM-based 

apacity allocation problem for the operations of an intermodal 

arge transportation system. The only contribution related to our 

ork is the study of Wang, Bilegan, Crainic, and Artiba (2014) , 

hich focuses on the classification and analysis of performance in- 

icators ( PI s) generally used to evaluate tactical planning solutions 

n freight transportation. The authors used an early version of the 

odel described in this paper (unpublished but presented at the 

eRoLog conference 2014; Bilegan & Crainic, 2014 ) to perform their 

imulation and identify adequate PIs for SSND with revenue man- 

gement considerations. 

Surveying the literature, one finds a few freight transportation 

actical planning settings which include issues related to RM con- 

epts, e.g., shipper differentiation based on delay value ( Crainic, 

erland, & Rousseau, 1984; Crainic & Rousseau, 1986 ), the possibil- 

ty not to service all the demand ( Andersen & Christiansen, 2009; 

raekers et al., 2013; Thapalia, Wallace, Kaut, & Crainic, 2012 ), the 

aximization of the net revenue and the possibility to accept de- 

ands only partially ( Agarwal & Ergun, 2008; Gelareh & Pisinger, 

011; Teypaz, Schrenk, & Cung, 2010 ), and the segmentation of 

he transportation demands according to the obligation to service 

hem ( Stålhane, Andersson, Christiansen, & Fagerholt, 2014 ). But 

one integrates them all into a comprehensive RM-based tactical 

lanning formulation. Our work addresses the issue and sets the 

ornerstone of research in the field. 

We define a new problem setting for the tactical planning of 

onsolidation-based intermodal freight carriers operating accord- 

ng to revenue management concepts of customer classification as 

ell as service and fare differentiation. We propose a new model 

ntegrating scheduled service network design, resource manage- 

ent, and revenue management. The model is general. Yet, to both 

ake the description more realistic and to introduce SSND-RRM 

o intermodal river, canal, and coastal navigation transportation, 

e present this integrated model in Section 4 for the intermodal 

ransportation problem described next. 

. Problem statement 

We address the problem of setting up the tactical plan of an 

ntermodal freight transportation carrier to maximize its revenues, 

hile satisfying the estimated demand and requirements of its 

ustomers, and making the best use of its resources. As previously 

ndicated, the problem setting and associated modeling framework 

 Section 4 ) are general but, without loss of generality, we illustrate 

hem for the tactical planning of intermodal barge navigation. 

We describe the problem we address along three dimensions. 

or the first dimension, we focus on the physical network and re- 

ources of a barge/coastal intermodal navigation carrier, including 

he infrastructure, the containers that need to be moved, and the 

essels that transport them. For the second one, we describe the 

ustomers of the system, that is, the shippers generating the de- 

and for transportation of various types of containers, together 

ith their requirements and expectations in terms of cost and ser- 

ice quality. The last one considers the fares, services, and sched- 

le the carrier is setting up to satisfy this demand and addresses 

hese requirements over a medium-term, tactical planning hori- 

on. The challenges and aims related to the representation of RM 

echanisms into the scheduled service network design with re- 

ource management formulation (detailed in Section 4 ) are dis- 

ussed within the second and third dimension, respectively. 

Physical network and resources A barge intermodal transporta- 

ion system is defined over a physical network of rivers and canals 

lus, eventually, coastal and short-sea-shipping navigation corri- 

ors. A number of physical characteristics often constrain naviga- 

ion on this network, e.g., the maximum draft of fully loaded ves- 

els sailing on a given part of a river or canal, and the number 
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f vessels that may simultaneously navigate, in both directions, on 

he same part of a river or canal during a given period of time. 

A number of ports with container terminals are located along 

hese rivers and canals or on the sea shore. The layout and physical 

rganization of a terminal, together with the equipment available 

nd the operation policies (as well as the conventions stating the 

orking rules for the personnel) constrain the activities that may 

e performed within and influence the associated costs and perfor- 

ance measures. Prominent among these limits and measures for 

he problem at hand are the maximum draft of fully loaded ves- 

els berthing at the terminal, the number of vessels and associated 

ength that may simultaneously berth, the number of containers 

hat may be stored within the terminal for a given period of time, 

nd the rate of vessel loading and unloading operations in terms of 

ontainers per period of time. Costs are associated to terminal ac- 

ivities and are charged to carriers using the port. Given the prob- 

em addressed in this paper, we target particularly the cost of call- 

ng at the port, which varies by vessel type and the duration of the 

resence in the port, as well as the container loading/unloading 

per container) and holding (per container and time period) costs. 

The carrier operates a number of vessels to transport the con- 

ainers shipped by its customers. Containers come in several types. 

hey differ in terms of dimensions, 20 and 40-foot long being the 

tandard dimension for maritime and river navigation, while longer 

oxes are used within land-based intermodal transportation sys- 

ems, such as the 53-foot ones found in North America. Containers 

lso differ in scope and requirements, e.g., insulated, refrigerated, 

ulk, tank, open top, high cube, and so on and so forth. For tac- 

ical planning purposes, the standard twenty-foot equivalent unit 

TEU) measure is generally used, where 20-foot containers mea- 

ure 1 TEU, while 40-foot ones account for 2 TEUs. Vessels also 

ome in several types defined by their characteristics in terms of 

imensions, draft, maximum number of TEUs carried, speed, etc. 

 limited number of vessels of each type is available for the next 

eason (vessels may be owned or rented, but we will treat them in 

 similar way in this paper). Without loss of generality, we assume 

n this paper that all vessel types considered may navigate over 

he network and berth at all ports. Operating a vessel incurs costs. 

ther than the port-related costs mentioned above, we consider 

n this paper the travel costs between particular pairs of ports, as 

ell as the cost (maintenance, depreciation, etc.) associated with 

ot using a vessel for the considered schedule length. 

Customer demand. Customers ship loaded and empty containers 

f given types among particular pairs of terminals in the network. 

hippers have quality requirements and price expectations for each 

emand for transportation of a certain number of TEUs. “Quality”

ay involve the type of vehicle and handling equipment required 

or the particular type of containers involved. It always involves, 

owever, requirements in terms of travel time and delivery date. In 

his paper, we represent the quality requirements as the due date 

ssociated to the demand, that is, the latest date containers have 

o be delivered at destination. The price expectations of shippers 

re related to the value of the cargo and the urgency of delivery. 

bviously, they desire the lowest fare possible. 

In traditional settings, including navigation-based intermodal 

ransportation, a single service type (in terms of delivery time be- 

ween two terminals in the network) is offered to shippers, the 

are being determined mainly by the distance involved, and the 

argo characteristics such as volume, weight, cargo type and han- 

ling requirements (e.g., dangerous goods require special treat- 

ent), etc. On these bases, the final price paid by the shipper then 

esults from the negotiations it and the carrier engage into, the ex- 

stence of long-term contracts or understandings with regular and 

rustworthy customers strongly influencing the proceedings. 

Following this commercial model, most service network design 

ases and models in the literature consider a single category of 
4 
ustomers, making up what is generally identified as regular de- 

and . One generally finds in this category customers, or groups of 

ustomers in particular zones, that are strongly believed to bring 

usiness on a regular basis for the coming season. This prediction 

formal forecasting methods may or may not be involved) is based 

n a combination of signed long-term contracts, informal under- 

tanding with long-standing, trustful customers, and market esti- 

ation by sales and customer-relation personnel. Regular demand 

s expected to make up a good part (a 80% figure is often men- 

ioned) of what is serviced during any “normal” period. 

When revenue management mechanisms are in place, or con- 

emplated, the situation is different. At a strategic level, one es- 

ablishes a service and tariff policy, e.g., segmenting the poten- 

ial demand and defining a number of traffic/tariff classes and ser- 

ice levels to attract the targeted customers and volume of de- 

and. One also negotiates long-term contracts or understandings 

ith important customers to ensure a good level of regular busi- 

ess, which translates into regular levels of demand and traffic. 

uring actual operations, the revenue management mechanisms 

re used to determine the acceptance and tariff of each request 

or transportation and, thus, to adjust the actual demand to the 

ffer of services with fixed capacities, regular schedules, and so 

n, which was planned based on demand forecasts. The ques- 

ions then are, how to represent such mechanisms within tacti- 

al planning models, and what is the benefit of using RM-based 

nformation and knowledge when building the transportation 

lan. 

Services and schedules. Each potential service is defined by an 

rigin terminal and the associated departure time within the 

chedule length, a destination terminal, a route through the phys- 

cal network, a sequence of intermediary calls at ports along this 

oute (the sequence is empty for direct services), and a schedule 

ndicating the arrival and, for the intermediate stops, the departure 

imes at ports. Without loss of generality, and because it reflects 

ctual practice for the problem setting we examine, we assume 

he longest service duration to be less than the schedule length. 

 vessel of particular characteristics is associated to each service. 

ach service is thus characterized by the attributes of its desig- 

ated type of vessel, as well as by the costs to set up and operate

t on the links of its route. 

Symmetrically, a vessel is assigned to a set of services during 

he schedule length. Without loss of generality, we assume ves- 

els return to their home port. Consequently, each operated vessel 

upports a circular sequence of services starting and ending at the 

ame port. These cycling vessel routes, that we call service cycles in 

he following, ensure that there are no empty-repositioning move- 

ents. 

The set of services selected by the carrier to efficiently and 

rofitably satisfy the estimated demand, makes up the transporta- 

ion plan and defines its service network and operating schedule . 

ach customer demand is moved over this service network by 

ne of the possible itineraries for the particular demand. Remark 

hat the same physical customer may have several shipments over 

he schedule length, and that these shipments may differ in vol- 

me, characteristics, and requested service level. We represent 

uch cases as different customer demands. Remark also that, while 

ome demand estimations may be made individually, for major and 

egular customers, most demands represent an aggregation of po- 

ential customers within a given zone and with similar transporta- 

ion requests. 

A demand itinerary is then defined by the origin terminal of the 

hipment and its availability time (i.e., the time period it is sup- 

osed to arrive at the origin terminal), the sequence of services un- 

il the associated destination terminal, and the number and type of 

ontainers moved. The sequence of services thus yields the sched- 

le of the itinerary, i.e., the arrival and departure moments at each 
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4

n

ort terminal, together with the time spent in the terminal to 1) 

nload the cargo from the incoming service, 2) wait in the ter- 

inal for the next service, and 3) load on that next service. We 

ssume unloading operations take place immediately after the ar- 

ival of the service at the terminal, followed by loading operations 

aking place before leaving the terminal. 

The SSND-RRM problem. As indicated earlier, the carrier aims to 

eet demand and the shipper requirements in the most resource- 

nd cost-efficient way, through planned operations that maximize 

ts net profit. The aim is thus to (1) select the services, out of a

et of potential feasible ones, and, through their departure times, 

he schedule to operate; (2) determine the circular asset routes, 

he service cycles, supporting the selected services; and (3) iden- 

ify the demand itineraries. The combination of these three objec- 

ives also yields the loads of vessels during their movements from 

ne stop of the corresponding service to the next, and the amount 

f work to be performed on vessels and containers at each port of 

all in the network. 

The integration of revenue management considerations to tacti- 

al planning is performed through two major modifications to the 

raditional problem setting and modeling approach. 

First, we take the different view of explicitly considering sev- 

ral categories of customers, and several types of delivery and fare 

lasses. The first category of customers is made up of regular ones, 

s discussed above. Two other categories correspond to spot cus- 

omers, with demand that is potentially there, and that the carrier 

ight accept or not, given the estimated revenue and the capacity 

t plans to deploy. Such demand is usually explicitly accounted for 

n fleet (e.g., Crainic, Gendreau, & Dejax, 1993; Powell & Topaloglu, 

005 ) and revenue management (e.g., Bilegan et al., 2015 ), but 

s not normally included into tactical-planning formulations. The 

hallenge of integrating it into a SSND-RRM formulation comes 

rom the difficulty to translate the business relationship a carrier 

olds with its customers. This translation is performed following 

wo dimensions: customer characteristics and demand types, i.e., 

ased on customer contractual behavior considerations, as well as 

n the level of service (urgency of delivery) requested for each in- 

ividual demand. 

Second, contrary to service network design literature, the goal 

ere is the maximization of the net revenue. The net revenue is 

omputed as the difference between the estimated profit of servic- 

ng the regular and the accepted spot potential customers and the 

ost of performing the planned services. The cost accounts both for 

etting up the services and for operating vessels and transporting 

ontainers. It is thus summing up the cost of operating the vehicles 

nd the cost associated to using the fixed resources and transport- 

ng the cargo, given the levels of service and fare classes offered 

remark that service differentiation was considered in a number of 

arlier contributions, e.g., Crainic et al., 1984; Crainic & Rousseau, 

986 , without being materialized into additional revenues for the 

arrier). 

The resulting SSND-RRM model may therefore be used both to 

lan the operations for the next season and as a tool to evalu- 

te RM policies. It aims, in particular, to provide the means to an- 

wer questions such as, whether it is profitable to assume a higher 

otal vessel cost to increase the level of service, in terms of ser- 

ice frequencies or capacities, in order to attract additional higher- 

riced demand (assuming, of course, such demand has been iden- 

ified)? Are the current or contemplated differentiated customer 

ategories, service levels, and fare classes adequate? Is the con- 

emplated contract or business relationship for regular demand ac- 

ually profitable? Which and how much of the potential demand 

hould/could be serviced within a given schedule length, while op- 

imally using the available resources? We describe in the next sec- 

ion the methodology used to address these issues and formulate 

he planning problem at the tactical level. 
5 
. The SSND-RRM formulation 

We present the formulation of the scheduled service net- 

ork design with resource and revenue management (SSND-RRM) 

odel for the tactical planning of intermodal barge transportation 

n three steps. We first discuss the representation of the revenue 

anagement considerations in terms of customer service and fare 

ifferentiation ( Section 4.1 ). We then introduce the time-space rep- 

esentation of operations, the demand, and the services one has to 

elect in order to satisfy it ( Section 4.2 ). The formulation is pre-

ented next ( Section 4.3 ). 

.1. Revenue management modeling for the SSND-RRM 

Let D represent the set of regular and potential customer de- 

ands, with d ∈ D a particular demand. We model customer ser- 

ice and fare differentiation through a two-dimensional mecha- 

ism: business relationship and service requirement . 

Business relationship addresses principally the contractual pro- 

le of customers, that is, the commitment to work with the car- 

ier: regular customers with long-term contracts or understand- 

ngs, which must be served, and customers present on the spot 

arket, which we may service or not. The latter correspond to a 

ool of irregular potential customers, who may arrive to the sys- 

em as “short-notice” requests. Individually, these customers could 

e “small” in terms of volume and, even, not regularly present but, 

aken collectively, they form a significant and consistent demand 

n terms of total volume per origin-to-destination pair. Identified 

ithin a given geographical zone - around a port that is the origin 

f their requests for transportation - the decision to service them 

s to be made according to their particular requirements and the 

vailable planned capacity on the transportation network. 

We define three categories of business relationships (and cus- 

omers), partitioning the customer demands set, D = D 

R ∪ D 

P ∪ D 

F ,

s follows: 

• Regular customer demands, grouped within set D 

R , represent- 

ing customers with long-term contracts or understandings; this 

category corresponds to the regular demand in classical SSND 

formulations and must be always satisfied; 
• Partial-spot customer demands, set D 

P , which may be frag- 

mented and only partly satisfied, which means a fraction of 

it could be integrated in the demand to be serviced by the 

planned services, the rest not being served at all by the carrier; 

we model this decision further down in this section through 

continuous decision variables yielding the percentage of the de- 

mand that is going to be serviced; 
• Full-spot customer demands, set D 

F , consisting of demands 

which may be either entirely accepted and serviced or not ac- 

cepted at all; binary selection variables are introduced in the 

formulation to represent these decisions. 

Two service levels are defined with respect to the service re- 

uirement dimension of the proposed mechanism, standard and ex- 

ress delivery reflecting the due times at destination requested by 

ustomers. Fares normally reflect service level differentiation, e.g., 

xpress-delivery requests would be priced higher than standard- 

elivery ones. We consequently introduce fare classes to character- 

ze each demand: 

• class (d) : fare class for demand d ∈ D, related to the type of de-

livery requested, standard or express ; 
• f (d) : unit fare value for demand d ∈ D with fare class class (d) . 

.2. Network modeling 

Let the directed graph G ph = (N 

ph , A 

ph ) represent the physical 

etwork supporting the operations of the carrier. The set N 

ph rep- 
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4

esents intermodal terminals. Each terminal i ∈ N 

ph is character- 

zed by a berthing capacity Q i in number of vessels per time pe- 

iod, and a container holding capacity H i in number of TEUs per 

ime period. The former is defined with respect to the average 

ength of the vessels used on the network, which is reasonable 

iven the rather limited range of vessels used in such systems. 

The set A 

ph groups the physical arcs of the network, each rep- 

esenting a possible navigation movement between two “consecu- 

ive” ports, that is, no intermediary port exists between the initial 

nd final nodes of the arc. To simplify the presentation, but with- 

ut loss of generality, we assume uncapacitated physical arcs. 

Let the schedule length be discretized into T periods of equal 

ength by T + 1 time instants t ∈ 0 , . . . , T . The period length is gen-

rally defined according to the particular operational context of the 

pplication, e.g., average travel time along links or stopping time 

t ports, and the schedule length. For a week-long schedule on 

 river/coastal navigation network, a period length of a couple of 

ours appears appropriate. By convention, activities, e.g., demand 

rrival at terminals and vessel arrivals and departures at and from 

orts, occur at the beginning of a period. 

Let � be the set of container types, with γ ∈ � a particular 

ontainer type. Then, as discussed above, each demand d ∈ D = 

 

R ∪ D 

P ∪ D 

F is characterized by: 

• v ol(d) : volume in number of TEUs; 
• γ (d) : container type, γ (d) ∈ �; 
• orig(d) : origin node, orig(d) ∈ N 

ph ; 
• in (d) : period the cargo becomes available for transportation at 

orig(d) ; 
• d est(d ) : destination node, d est(d ) ∈ N 

ph ; 
• out(d) : due date at destination, that is, the latest period the 

cargo may arrive at the destination terminal; 
• cat(d) : category of customer demand (R or P or F), according to 

whether d ∈ D 

R or D 

P or D 

F ; 
• class (d) : fare class, standard or express ; 
• f (d) : unit fare value. 

The carrier operates vessels of various types, that it owns or 

ents for the season, according to the scheduled set of services. The 

et of vessel types is noted L , each vessel type l ∈ L being charac-

erized by: 

• cap(l) : capacity in TEUs; 
• speed(l) : speed of vessel of type l ∈ L in normal operations, 

yielding δi j (l) , the normal travel time of an l type vessel over 

arc (i, j) ∈ A 

ph ; 
• B l : maximum number of vessels of type l ∈ L available. 

The formulation is defined on a time-space network capturing 

he time-dependency and repetitiveness of the demand and sched- 

le (services and resource utilization), taking the form of a directed 

raph G = (N , A ) , with node and arc sets N and A , respectively.

he network (and the transportation plan and schedule) is circu- 

ar over the schedule length, which means that any arc in A of 

ength (duration) δ that starts at time t , arrives at destination at 

ime (t + δ) mod T . 

The node set N is obtained by duplicating all physical nodes at 

ll periods in the schedule length, so that node it ∈ N corresponds 

o the physical node i ∈ N 

ph at time instant t, t = 0 , . . . , (T − 1) .

he set of arcs A is the union of the set of holding arcs at ter-

inals, and the set of possible movements performed by services. 

 holding arc (it, i (t + 1)) captures a one time period waiting at

erminal i at time t for vessels, cargo, and services. Movements in 

he time-space network are performed by services traveling physi- 

al paths between two consecutive stops on their respective routes. 

e call such movements service legs and these define the moving 

rcs of A . 
6 
A service s ∈ S is thus defined in the time-space network G
y a number of physical and time-related attributes, illustrated in 

igs. 1 and 2 , and described as follows: 

• orig(s ) : physical origin terminal, orig(s ) ∈ N 

ph ; 
• dest(s ) : physical destination terminal, dest(s ) ∈ N 

ph ; 
• η(s ) = { i k (s ) ∈ N 

ph , k = 0 , . . . , (K − 1) } : ordered set of consecu-

tive stops of the service, where K = | η(s ) | and k indicates the

k th stop of the service; 
• a k (s ) = (i k (s ) , i k +1 (s )) : k th leg of the service, k = 0 , . . . , (K − 2) ;
• r(a k (s )) ⊆ A 

ph : path of a k (s ) in the physical network; 
• δk (s ) : travel time of leg a k (s ) ; 
• w k (s ) : stopping time at terminal i k (s ) ; 
• αk (s ) : arrival time of the service at its terminal i k (s ) ; by con-

vention: 

α0 (s ) : availability time of the service to load at the origin ter- 

minal, i.e., the initial loading time w 0 (s ) = τ0 (s ) − α0 (s ) ; 

αK−1 (s ) : arrival time of the service at destination; 

• τk (s ) : departure time of the service from its terminal 

k (s ) = τ0 (s ) + 

k −1 ∑ 

j=0 

(δ j (s ) + w j+1 (s )) k = 1 , . . . , (K − 1) ; (1)

by convention: 

τ0 (s ) : departure time of the service from its origin terminal; 

τK−1 (s ) : time at destination when the vessel is completely un- 

loaded and ready for the next service, i.e., the final unload- 

ing time w K−1 (s ) = τK−1 (s ) − αK−1 (s ) ; 

• δ(s ) = αK−1 (s ) − τ0 (s ) : total duration of service s ; 
• l(s ) : vessel type of service s , l ∈ L ; 
• cap(l(s )) : capacity of service s , in TEUs; 
• φ(s ) : fixed cost of setting up and operating the service. 

Fig. 1 illustrates the time-related attributes of a multi-leg ser- 

ice. Fig. 2 illustrates a time-space network with 9 time periods 

nd four terminals. Horizontal dashed arcs are the holding arcs at 

erminals, while the plain arrows stand for service legs. Two ser- 

ices are displayed. The first one, s 0 , is a three-leg service that 

riginates at Terminal A and ends up at Terminal D. The two inter- 

ediate stops are one and two periods long, respectively. The sec- 

nd service, s 1 , travels from Terminal D to Terminal A with an in-

ermediary stop of one period at Terminal C. The availability times 

f both services are indicated as well. 

The following unit costs are defined: 

• c k (γ (d) , l(s )) : transportation of a container of type γ (d) , by a

vessel of type l(s ) , on the k th leg of service s ; 
• c(i, γ (d)) : holding a container of type γ (d) at terminal i for 

one period; 
• κ(i, γ (d)) : loading/unloading a container of type γ (d) at ter- 

minal i ; 
• h (i, l) : holding cost for a vessel of type l at terminal i for one

time period; 
• ρ(l) : penalty for a vessel of type l that is not used in the opti-

mal plan. 

.3. SSND-RRM model formulation 

We define the following decision variables: 

• y (s ) = 1 if service s is selected, 0 otherwise; 
• ξ (d) ∈ [0 , 1] = percentage of the volume of demand (number 

of containers) d ∈ D 

P that is selected and will be serviced; 
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Fig. 1. Time-related attributes of service s . 

Fig. 2. Time-space representation of the service network with two services. 
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• ζ (d) ∈ { 0 , 1 } = 1 if the demand d ∈ D 

F is selected to be ser-

viced, 0, otherwise; 
• z(l, i, t) = number of temporarily idle vessels of type l at termi- 

nal i , waiting at period (t, t + 1) for the departure of the next

service it supports; 
• v (l) : total number of vessels of type l used by the service plan;

due to the circular nature of the schedule, v (l) is the same for 

all time periods (although, at any given period, vessels may be 

moving or be idle in ports); 
• x (d, s, k ) = volume of demand d ∈ D transported by service s

on its leg k ; 
• x out (d, s, k ) = volume of demand d ∈ D to be unloaded at ter-

minal i k +1 when arriving at time αk +1 (s ) on leg k of service s ; 
• x in (d, s, k ) = volume of demand d ∈ D to be loaded on leg k of

service s before leaving terminal i k at time τk (s ) ; 
• x hold (d, i, t) = volume of demand d ∈ D on hold at terminal i

during time period (t, t + 1) ; 

The SSND-RRM model formulation then becomes: 

ax 
∑ 

d∈D R 
f (d) v ol(d) + 

∑ 

d∈D P 
f (d) ξ (d) v ol(d) + 

∑ 

d∈D F 
f (d) ζ (d) v ol(d) 

−
∑ 

l∈L 
ρ(l)(B l − v (l)) −

∑ 

s ∈S 
φ(s ) y (s ) −

∑ 

t∈ T 

∑ 

i ∈N ph 

h (i, l) z(l, i, t) 

−
∑ 

s ∈S 

∑ 

k ∈ η(s ) 

∑ 

d∈ D 
c k (γ (d) , l(s )) x (d, s, k ) −

∑ 

t∈ 0 , ... ,T 

∑ 

i ∈N ph 

∑ 

d∈D 
c(i, γ (d)) x hold (d, i, t) 

−
∑ 

s ∈S 

∑ 

k ∈ η(s ) 

∑ 

d∈ D 
κ(i, γ (d))(x in (d, s, k ) + x out (d, s, k )) (2) 

ubject to 

 

hold (d, orig(d) , in (d)) + 

∑ 

s ∈ S: i k (s )= orig(d) ,τk (s )= in (d) 

x in (d , s, k ) 
7 
 

{ 

v ol(d) , ∀ d ∈ D 

R 

ξ (d) v ol(d) , ∀ d ∈ D 

P 

ζ (d) v ol(d) , ∀ d ∈ D 

F 

(3) 

∑ 

in (d) <t ≤out (d) 

∑ 

s ∈ S: i k +1 (s )= dest(d) ,αk +1 (s )= t 
x out (d, s, k ) 

= 

⎧ ⎪ ⎨ 

⎪ ⎩ 

v ol(d) , ∀ d ∈ D 

R 

ξ (d) v ol(d) , ∀ d ∈ D 

P 

ζ (d) v ol(d) , ∀ d ∈ D 

F (4) 

 

hold (d, i, t − 1) + 

∑ 

s ∈ S: i k +1 (s )= i,αk +1 (s )= t 
x out (d, s, k ) 

− x hold (d, i, t) −
∑ 

s ∈ S: i k (s )= i,τk (s )= t 
x in (d, s, k ) = 0 

 (i, t) � = (orig(d ) , in (d )) , ∀ i � = d est(d ) , ∀ d ∈ D (5) 

 

in (d, s, k ) − x (d, s, k ) = 0 , ∀ s ∈ S, i k (s ) = orig(s ) , d ∈ D (6)

 (d, s, k − 1) − x out (d, s, k − 1) = 0 , ∀ s ∈ S, i k (s ) = dest(s ) , d ∈ D (7)

 (d, s, k − 1) − x out (d, s, k − 1) + x in (d, s, k ) − x (d, s, k ) = 0 , 

 s ∈ S, i k (s ) � = orig(s ) , i k (s ) � = dest(s ) , d ∈ D (8) 

 

∈D 
x (d, s, k ) ≤ cap(l(s )) y (s ) , ∀ s ∈ S, k = 0 . . . (K − 2) (9)

 (l) = 

∑ 

i ∈N ph 

z(l, i, 0) + 

∑ 

s ∈ 0 l 

y (s ) , ∀ l ∈ L (10)
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 (l) ≤ B l , ∀ l ∈ L (11) 

∑ 

 ∈ S −
itl 

y s + z(l, i, t − 1) = 

∑ 

s ∈ S + 
itl 

y s + z(l, i, t) ∀ l ∈ L , it ∈ N (12)

 

l∈L 
z(l, i, t) + 

∑ 

l∈L 

∑ 

s ∈ S: i k (s )= i,l(s )= l,αk (s ) ≤t<τk (s ) 

y ( s ) ≤ Q i , ∀ it ∈ N (13)

 (s ) ∈ { 0 , 1 } ∀ s ∈ S (14) 

(d) ∈ [0 , 1] ∀ d ∈ D 

P (15) 

(d) ∈ { 0 , 1 }∀ d ∈ D 

F (16) 

(l, i, t) ≥ 0 ∀ l ∈ L , it ∈ N (17) 

 (l) ≥ 0 ∀ l ∈ L (18) 

 (d, s, k ) ≥ 0 ∀ d ∈ D, s ∈ S, k = 0 . . . (K − 2) (19) 

 

out (d, s, k ) ≥ 0 ∀ d ∈ D, s ∈ S, k = 0 . . . (K − 2) (20) 

 

in (d, s, k ) ≥ 0 ∀ d ∈ D, s ∈ S, k = 0 . . . (K − 2) (21) 

 

hold (d, i, t) ≥ 0 ∀ d ∈ D, it ∈ N . (22) 

The objective function (2) maximizes the net profit, where the 

rst three terms correspond to the revenue obtained by servic- 

ng the complete demand of regular customers (which is constant 

ere), the selected proportion of demand of the partial-spot cus- 

omers, and the complete demand of the selected full-spot cus- 

omers respectively. Remark that the first term (revenue obtained 

y servicing the complete demand of regular customers) is kept in 

he formulation to have the objective function as a homogeneous 

athematical expression. The following terms stand for the activ- 

ty and time-related costs of operating the selected service net- 

ork and resource routes, that is, the penalty cost of having but 

ot using vessels (never assigned to a service during the entire 

chedule length), the fixed cost of setting up and operating ser- 

ices, the cost of the vessels idling at a port waiting for their next 

ervice departure, the cost of transporting containers on services, 

nd the cost of holding and handling containers in terminals. 

Eqs. (3) –(5) are flow-conservation constraints for containers of 

ll customer types, at their particular origins, destinations, and in- 

ermediary nodes, respectively. Similarly, Eqs. (6) –(8) enforce the 

onservation of container flows, for all customer types, on each 

ervice at its origin, destination and intermediary stops, respec- 

ively. Constraints (9) enforce the service capacity on each leg. 

Eq. (10) computes the number of vessels used in the plan as 

he sum of vessels idling in ports or moving between them per- 

orming services. Due to the resource management concerns and 

he resulting circular vessel routs, v (l) is the same at all peri- 

ds, only the relative proportion of idle versus active vessels be- 

ng different at different time periods. We therefore compute this 

umber for the first period, i.e., t = 0 , the set 0 l = { s ∈ S, l(s ) =
| (αK−1 (s ) mod T ) < τ0 (s ) and τ0 (s ) ≥ 0 } ⊆ S containing all

ervices, of the appropriate vessel type, that operate one of its legs 
8 
uring the first period. Constraints (11) enforce the fleet size for 

ach vessel type, while Eq. (12) are the so-called design-balance 

onstraints, enforcing the vehicle-flow conservation at terminals 

the number of services and vessels entering a node equals the 

umber exiting the node), where sets S −
itl 

and S + 
itl 

 

−
itl 

= { s ∈ S | dest(s ) = i, τK−1 (s ) = t, l(s ) = l} (23) 

 

+ 
itl 

= { s ∈ S | orig(s ) = i, α0 (s ) = t, l(s ) = l} (24) 

roup the services of type l that arrive at their destination or de- 

art from their origin i at time t , respectively. Finally, Constraints 

13) enforce the terminal berthing capacity at each time period, 

hile decision-variable domains are defined by Constraints (14) –

22) . 

. Analysis of experimental results 

We aim to explore the behavior and performance of the pro- 

osed model and its capability to provide meaningful managerial 

nsights. We aim for two intertwined goals: analyze the model be- 

avior impacted by a number of important problem characteristics 

type of demand, topology of the network, number of potential ser- 

ices, cardinality of the demand sets, fare differentiation, mix of 

ustomer categories, ...) and provide a proof-of-concept and valida- 

ion framework for the proposed model. 

Along with analyzing the experimental results, important ad- 

itional research questions have been addressed: first, exploring 

he applicability of the proposed model under different well- 

haracterized situations (e.g., proportion and network distribution 

f express demands, proportion of spot customers); second, eval- 

ating the propensity of the modeling approach and solutions ob- 

ained to constitute a relevant decision-making support, providing 

eaningful insights, when choosing among alternatives in apply- 

ng RM tactical policies and parameter tuning (e.g., number and 

rice ratios of fare classes, categories of customers, transportation 

etwork and demand characteristics, etc.). 

An experimental campaign was designed in order to work to- 

ards achieving these objectives and answer the research ques- 

ions. A realistic set of test instances was built based on the North 

f France and Belgium network and exchanges with the barge 

ransportation industry of the region. The set was then gradu- 

lly enriched, by introducing additional characteristics to the test 

nstances, as needed to answer the research questions. We first 

how that fare differentiation (based on demand characteristics) is 

 condition to guarantee the profitability of offered services. The 

roblem setting for this initial (basic) version combines different 

etwork topologies and combinations of express and standard de- 

ands. Second, we focus on analyzing the model behavior when 

are differentiation and customer categories are introduced. We al- 

ow the RM model to act (sequentially fixing values for certain 

ecision variables) in three different ways, following three differ- 

nt decision policies, thus gradually increasing the flexibility of the 

ecision-making process, by increasing the degree of freedom of the 

ervice selection. The results are then compared and conclusions 

re drawn. The proof of concept is based on an analysis of the be- 

avior of the model under these varying conditions, showing that 

he model reacts to changes as expected and in a reasonable way. 

The characteristics of test instances generated for the purpose 

f the experiments are presented in Section 5.1 . The transportation 

ystem and RM-specific performance indicators used to perform 

he evaluation are presented in Section 5.2 . The numerical results 

nd analyses of the model behavior corresponding to the different 

roblem settings are the scope of Sections 5.3 and 5.4 , each corre- 

ponding to one of the research questions discussed above. 
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Fig. 3. The physical network topologies considered for the SSND-RRM model validation. 
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.1. Test instances 

The SSND-RRM formulation belongs to the network design 

roblem class, which is NP-Hard in all but the most trivial cases. 

e aimed for exact optimal solutions, obtained in reasonable com- 

uting times, in order to correctly characterize behavior and com- 

are performances. Hence, we focused the experimental study on 

elatively small-size test instances. Each instance contains trans- 

ortation system information in terms of physical network char- 

cteristics, available fleet of vehicles to be operated by the carrier, 

nd the size (in time-periods) of the schedule length. 

Examples of physical networks were chosen based on represen- 

ative topologies of barge transportation networks, corresponding 

o the following three particular situations: (1) a linear network, 

ith four terminals; it corresponds to a common corridor net- 

ork type, quite representative for the North of France and Bel- 

ium; it is named Linear 4 (n4) ; (2) a hub-and-spoke network with 

ix terminals, including a single common leg to be shared by dis- 

ant OD pairs; this is a more challenging network configuration 

rom the perspective of service planning and demand routing; it 

s named Star 6 (n6) ; (3) a more general network with seven ter- 

inals, combining linear and hub-and-spoke topologies, and rep- 

esentative of transportation systems covering a larger geographic 

one; it is named General 7 (n7) . These three configurations are il- 

ustrated in Fig. 3 . 

The fleet of vehicles operated by the carrier is assumed to in- 

lude two types of vessels, large and small. The large vessels are 

et to offer 2.5 times more capacity than the small ones (50 TEUs 

nd 20 TEUs, respectively), with the fixed cost of operating large 

essels set at around twice that of small ones (reflecting economies 

f scale). Each type of vessel is able to travel everywhere in the 

etwork, in both directions, and thus the set of potential services 

onsists of all possible origin-destination itineraries (paths) in the 

etwork, for all vessel types available. 

The schedule length (cyclically repeated over the planning hori- 

on), is considered to be one week (7 days) and is divided into 14 

qual time periods (half day). This corresponds to common prac- 

ice in inland waterway transportation, since operational consider- 

tions make departures, arrivals and other service-related actions 

o be generally planned on time windows corresponding to the 

orning or afternoon of working days. 

Test instances were generated for each network topology, n4, 

6 and n7, applying the procedure detailed in Wang et al. (2014) , 

f which we just give the main lines. A set of demands was ran-

omly generated for each instance, assuming origin-destination de- 

ands are uniformly distributed over the network and each origin- 

estination pair appearing at least twice. The demand volumes 
9 
or each test instance were generated uniformly between zero and 

n upper bound value (half the capacity of a large vessel, i.e., 25 

EUs). Note that the volume of a demand might exceed the capac- 

ty of a small vessel. This is not restrictive, however, since demand 

plitting is allowed. A number of instances contain R customers, 

hereas others contain a mix of R, P , and F customers. The former 

re used in the experiments of Section 5.3 , the latter being part 

f experiments analyzed in Section 5.4 . A parameter indicating the 

roportion of R versus P/F customers characterizes each instance. 

To ensure consistency when comparing results, instances 

resent the same total volume of demand. We vary, however, the 

roportion p of volume of express ,versus standard demand within 

his total. Different fare classes are associated to different delivery 

ypes. A low fare corresponds thus to a standard delivery, while a 

igh fare is associated with an express one. 

The distances between any two consecutive ports in the physi- 

al network are considered to be, without loss of generality, almost 

he same. The delivery times for demands (time ranges between 

he availability date, in(d), and the due date, out(d)) are generated 

ased on the distance between the origin and destination of each 

emand, as well as the delivery type (express or standard). The 

xpress delivery time values (in number of time periods) are set 

ccording to the shortest travel time between the origin and desti- 

ation of the corresponding demand on the carrier’s physical net- 

ork. As a general rule, the standard delivery time values are two 

imes longer than the express delivery ones for the same origin 

nd destination pair. 

R customers have demand of either standard or express delivery 

ype, the choice being governed by an instance-specific fare ratio . 

 and F customers have a single type of demand, standard and ex- 

ress delivery, respectively. Based on this procedure, 20 instances 

ere randomly generated for each specific value of the parameter, 

aried from one column to another in each of the following tables 

100 instances per table, so 600 in total, in the 6 tables discussed 

n Section 5.3 ; 80 instances per table, solved 3 times each, for each 

ecision-making policy, so 240 instances and 720 problems solved 

or the 3 tables discussed in Section 5.4 ). 

The MILP optimization problems were solved with the help of 

 commercial solver (IBM CPLEX 12.8) on a multi-processor server 

unning under Linux 64-bit with an Inter Xeon X5675, 3 GHz and 

0 GB of RAM. The computational effort required to address the 

P-Hard SSND-RRM problem is detailed in Annex A. Not surpris- 

ngly, this effort increases considerably with the number of de- 

ands (commodities), the number of potential services examined 

o answer to these demands, and the number of periods in the 

ime discretization of the schedule length. The impact of network 

opology is less noticeable. 
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Table 1 

Express demand; uniform distribution; n4 network; no fare differentiation. 

Performance indicator 0% express 25% express 50% express 75% express 100% express 

Total cost 9175.37 9459.17 9946.92 10364.02 10996.47 

Opening services cost 4567.5 5040 5557.5 6198.75 6997.5 

# Open services (small) 5.7 13.2 17.1 22.15 24.5 

# Open services (large) 7.3 4.6 3.8 2.7 3.3 

Distance ∗Capacity usage (%) 70.17 69.34 64.46 59.32 52.62 

Waiting at origin 469.05 377.25 347.6 216.25 115.45 

Transshipment 1.60 6.95 3.7 2.45 0 

Split standard (%) 27.82 43.46 48.92 56.68 NA 
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.2. Performance indicators 

The following performance indicators ( PI ) are used to evaluate 

xperimental results, where all volumes are measured in container 

EU (Twenty-feet Equivalent Unit): 

• Total cost : sum of all fixed (opening services) and variable 

(holding barges while in use of not, holding containers, trans- 

porting and handling containers) costs; 
• Service cost : total fixed cost of the opened services, which pro- 

vide the total transportation capacity made available in the op- 

timal solution on the network; 
• Relative yield : net profit divided by the total cost; indicator of 

profitability of accepted demands; 
• # Open services (small) : number of open services with small 

vessels; 
• # Open services (large) : number of open services with large 

vessels; 
• Distance ∗Capacity usage : proportion of selected transportation 

capacity effectively used , computed as the ratio of total volume- 

km moved with respect to the total capacity-km operated 

( Eq. (25) ) 

Distance*Capacity usage = 

∑ 

s 

∑ 

k 

∑ 

d dis (k ) ∗ x (d, s, k ) ∑ 

s 

∑ 

k dis (k ) ∗ cap(s ) 
(25) 

• Waiting at origin : volume-weighted sum of demand waiting 

times at origins; 
• Transshipment : volume-weighted sum of demand waiting 

times at intermediate stops; 
• Split standard : ratio of the volume of standard demands for 

which the routing solution will split the flow (will transport 

different parts of the same demand) among several different 

itineraries; 
• Additional TEU : total volume of P or F customer demands ac- 

cepted for transportation. 

.3. Model behavior 

We analyze in this subsection experiments performed with the 

asic version of the problem setting and model, showing that, in 

rder to improve carrier profitability, differentiation in fare and 

ustomer categories is necessary. In this first group of experiments, 

est instances contain regular customers only. Standard and ex- 

ress delivery types are considered, depending on customer re- 

uirements, but no differentiation in price between the two service 

equirements is applied. 

Two sets of experiments were run with different distributions 

f the customers requiring express service. The origins of express 

emands were uniformly distributed over the network in the first 

ase; results on the n4 network are summarized in Table 1 . For 

he second set of experiments, express demands were assumed to 

ccumulate in a single main terminal (e.g., the port with the high- 

st throughput), i.e., each express demand either originates or ter- 

inates at thst terminal; Table 2 displays the results of these ex- 
10 
eriments on the n4 network. The values in both tables are aver- 

ges over 20 different instances for different proportions of cus- 

omers requiring express delivery, columns 0% express and 100% ex- 

ress providing the lower and upper bounds on the total cost, re- 

pectively. It is noteworthy that no profit-related performance in- 

icators are used to evaluate results in these experiments, because 

he same regular customers, paying the same type of fare (no fare 

ifferentiation is applied), are considered in all cases. 

The results obtained when the customers requiring express de- 

ivery are uniformly distributed over a linear network ( Table 1 ) 

onfirm that more small, direct services are needed, which implies 

 higher total cost, as the volume of express demand increases. 

he results also show that the number of selected small vessels 

roviding direct service increases with the proportion of express 

emands, by almost five times when only express customers are 

resent compared to the 0% express case. This trend may be ex- 

lained by the double benefit direct services operated by small- 

apacity vessels bring in such cases. On the one hand, direct ser- 

ices deliver cargo faster than services with intermediary stops; on 

he other hand, small vessels fill up rapidly (waiting of demand 

t origins decreases steadily - Waiting at origin PI), and may thus 

eave more rapidly than large vessels, which results in saving more 

n holding costs. The prevalence of direct services is reflected in 

he progressive decrease of the volumes transferred between ser- 

ices ( Transshipment PI). As demand for fast, direct services grows, 

o does the number of appropriate small vessels. Yet, unused ca- 

acity exists, and one observes a drop in resource utilization from 

0.17% to 52.62% ( Distance*Capacity usage PI), and the unit prof- 

tability of transport capacity, without fare differentiation, is get- 

ing lower. 

It is noteworthy that, in order to satisfy express delivery de- 

ands, some standard demands have to be delayed. The percent- 

ge of split among standard demands ( Split standard PI) increases 

ith the increase of the number of express demands. This behav- 

or follows from the aim of the model (and system) to maximize 

rofitability and, thus, decrease costs by making use of the residual 

apacity of vessels once the express demands are loaded. 

Similar trends are observed when customers require express 

ransport out of or to a single (main) terminal, while standard 

equests are present at all terminals ( Table 2 ). It is noteworthy, 

owever, that consolidation opportunities for better vessel utiliza- 

ion grow when the volume of demand at the same port grows. 

he consolidation mechanism embedded in the proposed SSND- 

RM model delivers a transportation plan providing such opportu- 

ities. Indeed, comparing the results with those of the uniformly- 

istributed case, one observes less services selected and more ves- 

el capacity used. This results into a higher system performance as 

easured by lower service-opening and total costs, due to better 

onsolidation opportunities. 

Moreover, examining the Waiting at origin PI when all ex- 

ress demands are concentrated at a single port, one may notice 

hat total waiting duration is higher than that of the uniformly- 

istributed case. This is due to the fact that, in this unbalanced de- 
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Table 2 

Express demand concentrated at main port; n4 network; no fare differentiation. 

Performance indicator 0% express 25% express 50% express 75% express 100% express 

Total cost 9175.37 9426.67 9619.72 9886.52 10204.87 

Opening services cost 4567.5 4927.5 5175 5535 5940 

# Open services (small) 5.7 11.7 15.6 19.4 21.6 

# Open services (large) 7.3 5.1 3.7 2.6 2.4 

Distance ∗Capacity usage (%) 70.17 69.59 68.27 65.37 61.97 

Waiting at origin 469.05 431.4 388.9 335 282.85 

Transshipment 1.60 4.15 3.4 0.7 0.7 

Split standard (%) 27.82 38.02 47.06 48.00 48.83 

Table 3 

Varying customer categories, fare classes, decision processes - n4 network. 

Performance indicator Decision-making policy R only R + P R + F R + F + FareDiff

Relative Yield Fixed service 0.13 0.24 0.22 0.33 

Extra service 0.13 0.25 0.23 0.46 

Global service 0.13 0.29 0.26 0.51 

# Open services (small) Fixed service 5.7 5.7 5.7 5.7 

Extra service 5.7 7.2 9.5 11.7 

Global service 5.7 0.8 2.1 3.8 

# Open services (large) Fixed service 7.3 7.3 7.3 7.3 

Extra service 7.3 12.9 11.6 14.5 

Global service 7.3 15.6 15.3 17.5 

Additional TEU Fixed service 0 173.65 135.35 151 

Extra service 0 488.4 446.75 576.1 

Global service 0 503.25 480.75 577.55 
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and network situation, profitability is higher when holding costs 

re paid, and then small services with less stops are used, instead 

f opening additional services. Indeed, waiting at origin is gen- 

rated by the combined effect of standard and express demands 

hich wait to be transported by the high number of small direct 

ervices concentrated at the main port, the one where express de- 

ands are concentrated as well. These higher values of waiting at 

rigin may also be interpreted in correlation with the values of the 

istance ∗Capacity usage PI. The latter shows a decrease in resource 

tilization, from 70.17% to 61.97%, which is less important than in 

he uniformly-distributed case; this is a direct indicator of a higher 

nd better consolidation of flows. 

Similar experiments were conducted on the other network 

opologies. The result tables are in Annex B of the Supplementary 

aterial. The same general trends were observed in all cases. A 

ew small differences may be observed, however, and we explain 

hem in the following. 

For the linear network, in contrast with the other topologies, 

ittle transshipment is needed when no express demand is to be 

erved (Columns 0% express in Tables 1 and 2 ). Indeed, the optimal 

SND-RRM solution for such a demand composition and particular 

opology opens services with large vehicles and several stops to 

ccommodate standard demands within the standard delivery de- 

ays. This corresponds to a very low level of transshipment, due to 

he linearity of the network. Indeed, any service along the corridor 

hich stops at each terminal may serve any demand. When ex- 

ress demands have to be accommodated, an increasing number of 

mall, with less stops and thus faster, services are open. To accom- 

lish optimality, many of the standard demands are then trans- 

hipped in order to take advantage of the empty space available on 

hose open small direct services and some of the large services are 

onsequently closed. The growing number of small direct services, 

mplying more frequent services open on shorter distances, yields 

igher levels of consolidation and lower volumes of transshipped 

emands. 

The role of consolidation is particularly enhanced when looking 

t the results corresponding to the Star 6 (n6) network ( Tables 2 

nd 3 , of the Supplementary Material), where the number of open 
s

11 
ervices with large vessels in also getting higher with the increase 

f the proportion of express demands. This is due to the particular 

opology of the network, which presents a unique link between the 

wo hubs, namely the segment [CD]. Since many OD demands have 

o pass on this particular physical link, an increasing number of 

arge vehicle services is open, as the number of express demands 

ncreases. However, this is only true in the case where the express 

emands are uniformly distributed over the network. Indeed, when 

xpress demands are concentrated at a single terminal, the balance 

n demand is lost, and the central segment [CD] cannot play the 

ame role any more. 

We conclude the first part of the model-behavior analysis 

bserving that, even though express customer requests consume 

ore resources, one may take advantage of consolidation to in- 

rease profitability, provided transportation activities are organized 

nd planned properly. The proposed SSND-RRM model offers the 

ethodology to achieve that purpose. Yet, the results of the first 

eries of experiments also show clearly that, irrespective of the 

ype of network and distribution over that network of customers 

equiring a high level of service, providing high-quality services 

ithout fare differentiation results in low overall profitability for 

he company. We explore further the role of differentiation in cus- 

omer categories and service levels next. 

.4. Model behavior - advanced version 

The analysis of the role and impact on model and system be- 

avior of fare differentiation, customer categories, and decision- 

aking policies is the topic of this subsection. The definitions used 

or the first two elements in this phase of our numerical experi- 

entation are stated in Section 5.4.1 , while decision-making poli- 

ies are presented in Section 5.4.2 . Section 5.4.3 presents and anal- 

ses the results. 

.4.1. Customer categories & fare differentiation 

We consider the typical resource-management situation when 

ifferent fares are charged according to the customer request for 

ervice type, express and standard delivery in our case. 



I.C. Bilegan, T.G. Crainic and Y. Wang European Journal of Operational Research xxx (xxxx) xxx 

ARTICLE IN PRESS 

JID: EOR [m5G; August 9, 2021;13:32 ] 

s

s

c

t

t

d

T  

t

r

l

t

t

5

r

t

p

p

a

t

v

r

t

T

i

t

a

 

5

m

e

T

f

u

o

i

c

t

t

i

(

c

s

p  

a

c

h

a  

c

e

e

b

u

w

h

e

b

q

i

a

r

t

a

e

p

o

t

a

w

g

t

f

t

c

v

t

w

a

i

c

m

v

t

p

S

t

We consider a “complete” gamut of customer types with re- 

pect to the carrier-customer contractual agreements or under- 

tandings, or the lack thereof. Three categories are defined: Regular 

ustomers ( R ), Partial-spot (P) customers, for which the carrier has 

he possibility to decide how much (from nothing to all) demand 

o accept, and Full-spot (F) customers, for which the only possible 

ecision is to accept, and transport all of their demand, or reject. 

he total volume of demand of spot customers ( P and F ) equals

hat of the regular ( R ) ones. 

R and P customers request standard delivery, while F demands 

equest express delivery. The fare ratio of standard to express de- 

ivery is 1:1.5. Express delivery requests are uniformly spread over 

he network. Four different cases of customer and fare combina- 

ions are defined: 

• R only : basic configuration; only regular customers, no fare dif- 

ferentiation; 
• R + P : mix of regular and partial-spot customers, no fare differ- 

entiation; 
• R + F : mix of regular and full-spot customers, no fare differen- 

tiation; 
• R + F + FareDiff: mix of regular and full-spot customers; fare 

differentiation between standard and express delivery demands. 

.4.2. Decision-making policies 

Another important characteristic of the problem is how the car- 

ier makes use of a tactical-planning SSND-RRM model to build up 

he operations plan for the next season. We aim to evaluate the 

otential gain, if any, of integrated planning, versus more defensive 

olicies of considering only regular customers to build the plan 

nd address the other customer categories at a latter moment. We 

hus examine three policies, with increasing flexibility in the ser- 

ice selection and the optimization of the system operations and 

esource utilization. 

The first two represent two-step decision processes, where the 

raditional plan, based on regular customers only, is devised first. 

he plan is then adjusted to add the other customer-demand types 

n a second step. The third policy optimizes the system in an in- 

egrated way, in a single-step decision process. The three policies 

re described in more details in the following. 

Fixed service: the most rigid policy solves first the SSND-RRM 

considering R customers only; the operations plan, i.e., the 

scheduled service network and resource utilization, is thus 

fixed (i.e., open and closed services are fixed); then, in a sec- 

ond step, the flow distribution is re-optimized considering 

all customer demands ( R, P , or F ) together; no new services

may be added, no change is performed on the selected ves- 

sels either, but additional P or F customer demands may be 

accepted to fill up the residual capacities of the already se- 

lected vessels; 

Extra service: the first step is the same as for the previous 

policy, considering R customers only, but additional services 

may be open; thus, the services selected in the first step are 

fixed (i.e., open services only are fixed); then, in a second 

step, the SSND-RRM is solved again, including regular and 

spot ( P or F ) customer demands; it is thus possible to select 

(and open) additional services, among those not selected ini- 

tially; compared to the first policy, larger volumes of addi- 

tional demand may thus be serviced, the demand flow dis- 

tribution being re-optimized on the resulting larger service 

network; 

Global service: the most flexible case corresponds to solv- 

ing the SSND-RRM in a single step, with the objective of 

selecting the best profit-maximizing plan, integrating all 
customer-demand types, R, P , or F , simultaneously. 

12 
.4.3. Results and analysis 

Table 3 summarizes the results of the second wave of experi- 

ents, performed with the various combinations of customer cat- 

gories, fare classes, and decision-making policies described above. 

hese results measure the impact on system performance of dif- 

erentiating customers and fares, in terms of profitability, resource 

tilization, and additional demand serviced, under the three levels 

f decision-making integration. Table 3 corresponds to the exper- 

ments performed on the Linear 4 ( n4) network. The experiments 

onducted on the other network topologies show the same trends; 

he result tables are in Annex C of the Supplementary Material. 

A number of interesting observations may be made based on 

he results of the second wave of experiments. 

First, considering several categories of customers and demands 

s always beneficial as underscored by the higher relative yields 

consecutive to additional freight moved) of all cases with several 

ustomer categories compared to the R only situation. 

Second, the possibility to accept less than the total demand of 

ome spot customers is beneficial in all cases, as indicated by com- 

aring the relative yield of the R + P case to those of the R only

nd R + F ones. This is not surprising because, in this situation, the 

arrier may accept additional demand and fill up the vessels for 

igher total revenue. 

Third, fare differentiation is beneficial, as illustrated by the rel- 

tive yield of R + F + FareDiff compared to the R + F and R + P

ases. The former comparison involves the same problem setting 

xcept for the presence or absence of fare differentiation. The ben- 

fit is clear, the latter comparison indicates that higher profits may 

e attained by accepting demands bringing in more revenue per 

nit moved, even when one must accept and move all the demand, 

hich might imply adding capacity to the system. This observation 

olds even in the case of a very strict decision-making process, 

.g., Fixed service , when less additional freight (TEUs) is accepted, 

ut each additional customer brings in more revenue. 

Fourth, the decision-making process may have a marked conse- 

uence on performance. Indeed, planning flexibility and account- 

ng in the initial tactical planning step for the estimated volume 

nd type of spot demand is clearly beneficial, as indicated by the 

elative yield figures of the three policies over various problem set- 

ings. Providing flexibility is beneficial even when one desires to 

void committing too soon to calling on additional resources for 

stimated spot demand. A two-step decision process providing the 

ossibility to add resources offers superior performance in terms 

f additional demand services and relative yield. 

A final observation emerged from the experiments, enforcing 

he idea that optimization models and methods are required to 

chieve the best results, as not everything which appears profitable 

hen considered individually, is profitable when the system is 

lobally optimized. We set the basic fare for the regular customers 

o cover costs (to move one individual container) and be profitable, 

ares for spot customers and express service being higher (up to 1.5 

imes higher). One would then expect that, when there is sufficient 

apacity available to call upon, all the spot demand would be ser- 

iced, most of the time. This was not observed, however, even for 

he highest fares considered. Some individually-profitable demands 

ere turned down as acceptance would have involved operating 

dditional vessels with little loads. This observation reinforces the 

dea of customer and fare differentiation, and points to the need to 

orrectly define those. This is beyond the scope of this paper but 

akes up an interesting research perspective. 

The results of experimentation also illustrate the interest and 

alue of including revenue management considerations into tac- 

ical planning, as well as the worth of flexible and adaptable 

lanning models to propose highly profitable operation plans. The 

SND-RRM modeling framework introduced in this paper presents 

hese desirable characteristics and fulfills these goals. 



I.C. Bilegan, T.G. Crainic and Y. Wang European Journal of Operational Research xxx (xxxx) xxx 

ARTICLE IN PRESS 

JID: EOR [m5G; August 9, 2021;13:32 ] 

6

c

i

t

m

s

r

s

o

m

c

a

t

a

t

t

p

n

t

t

p

t

b

p

t

I

i

t

d

q

n

t

o

a

o

d

f

s

e

T

m

i

a

“

p

M

u

c

t

e

l

A

f

U

p

C

S

d

fi

v

g

C

t

S

f

R

A  

A

A  

A  

A  

A

B  

B  

B

B  

B  

C  

C  

C

C  

C

C

C  

C  

C  

C  

C  

C  

C  

C

. Conclusions 

We proposed in this paper what we believe to be the first 

omprehensive scheduled service network design model, target- 

ng the tactical planning of intermodal consolidation-based freight 

ransportation carriers, which integrates both revenue and resource 

anagement considerations. The model selects the services and 

chedule to be repeatedly operated over the next season, allocates, 

outes, and manages the main resources supporting the selected 

ervices, and routes the demand flows between their respective 

rigins and destinations. The objective of the model is the maxi- 

ization of the expected net revenue of the carrier when several 

ustomer categories, service types, and fare classes are considered. 

The proposed Scheduled Service Network Design with Resource 

nd Revenue Management modeling framework is general for the 

actical planning of consolidation-based intermodal carriers oper- 

ting on land, e.g., railroads and motor carriers, as well as on wa- 

er, deep sea and coastal, river and canal navigation. We illustrate 

he problem setting and the modeling framework through an ap- 

lication to intermodal barge navigation, which has been largely 

eglected in the literature, in spite of its importance for intermodal 

ransport in many regions on all continents. 

Extensive experimentation has been carried on, using an off- 

he-shelf software to solve the corresponding mixed-integer linear 

rogramming formulation, on data and test instances based on 

he North of France and Belgium network and exchanges with the 

arge transportation industry of the region. The result analysis 

rovided the means to assess behavior of the proposed formula- 

ion and the structural characteristics of the solutions obtained. 

t also provided a proof of concept of the proposed model and 

ts capability for insightful analyses. We explored, in particular, 

he impact of various problem settings in terms of, e.g., demand 

istribution, network topology, customer categories, and fare and 

uality-of-service classes, on the structure of the scheduled service 

etwork and the carrier revenues. The results showed that cus- 

omer, service, and fare differentiation have an important impact 

n the utilization of resources, the additional demand serviced, 

nd increasing profitability. 

Several research directions appear worthy of exploring. A first 

ne relates to modeling more refined customer, service, and fare 

ifferentiation policies. These should be combined with the quest 

or models to set up these policies. Integrating into the problem 

etting and model more resource types and the corresponding op- 

ration rules makes up a second, complementary, research avenue. 

he third one is, clearly, integrating explicitly uncertainty on de- 

and (regular and spot) and activity time (in port and while mov- 

ng) into the tactical models. 

Algorithmic developments for these formulations and large-size 

pplications make up a very challenging research avenue. Tailored 

exact” algorithms should be developed but the complexity of the 

roblems at hand indicates that metaheuristics are needed as well. 

atheuristics combining exact algorithmic components (e.g., col- 

mn generation techniques to generate services and resource cy- 

les) and metaheuristic concepts (e.g., activity-based decomposi- 

ion and integrative parallel cooperative search) appears as the av- 

nue to follow. We hope to share results on some of these chal- 

enging issues in the near future. 

cknowledgments 

While working on this project, T.G. Crainic was Adjunct Pro- 

essor, Department of Computer Science and Operations Research, 

niversité de Montréal. Partial funding for this project has been 

rovided by the Natural Sciences and Engineering Council of 

anada, through its Discovery Grant and the Discovery Accelerator 

upplements programs, the Strategic Clusters program of the Fonds 
13 
e recherche du Québéc (Canada), and the ELSAT2020 project co- 

nanced by the European Union with the European Regional De- 

elopment Fund, the French state, and the Hauts-de-France Re- 

ional Council. The authors gratefully acknowledge the support of 

IRRELT, Calcul Québec and Compute Canada through access to 

heir high-performance computing infrastructure. 

upplementary material 

Supplementary material associated with this article can be 

ound, in the online version, at doi: 10.1016/j.ejor.2021.07.032 . 

eferences 

garwal, R. , & Ergun, O. (2008). Ship scheduling and network design for cargo rout-

ing in linear shipping. Transportation Science, 42 (2), 175–196 . 
ndersen, J. , & Christiansen, M. (2009). Designing new European rail freight ser- 

vices. Journal of the Operational Research Society, 60 (March), 348–360 . 

ndersen, J. , Crainic, T. G. , & Christiansen, M. (2009a). Service network design with
asset management: Formulations and comparative analyzes. Transportation Re- 

search Part C: Emerging Technologies, 17 (2), 197–207 . 
ndersen, J. , Crainic, T. G. , & Christiansen, M. (2009b). Service network design with

management and coordination of multiple fleets. European Journal of Operational 
Research, 193 (2), 377–389 . 

rmacost, A. P. , Barnhart, C. , & Ware, K. A. (2002). Composite variable formulations

for express shipment service network design. Transportation Science, 36 (1), 1–20 . 
rmstrong, A. , & Meissner, J. (2010). Railway Revenue Management: Overview and 

Models. Technical Report . The Department of Management Science, Lancaster 
University . 

ekta ̧s , T. , & Crainic, T. G. (2008). A brief overview of intermodal transportation. In
G. D. Taylor (Ed.), Logistics engineering handbook (pp. 1–16). Boca Raton, FL, USA: 

Taylor and Francis Group . 
ilegan, I. C. , Brotcorne, L. , Feillet, D. , & Hayel, Y. (2015). Revenue management for

rail container transportation. EURO Journal on Transportation and Logistics, 4 (2), 

261–283 . 
ilegan, I. C., & Crainic, T. G. (2014). A revenue management approach for barge 

transportation service network design. VeRoLog 2014, the third meeting of the 
EURO working group on vehicle routing and logistics optimization, Oslo, Nor- 

way. 
ontekoning, Y. , Macharis, C. , & Trip, J. (2004). Is a new applied transportation re-

search field emerging? - A review of intermodal rail-truck freight transport lit- 

erature. Transportation Research Part A: Policy and Practice, 38 (1), 1–34 . 
raekers, K. , Caris, A. , & Janssens, G. K. (2013). Optimal shipping routes and vessel

size for intermodal barge transport with empty container repositioning. Com- 
puters in Industry, 64 (2), 155–164 . 

aris, A. , Macharis, C. , & Janssens, G. K. (2012). Corridor network design in hinter-
land transportation systems. Flexible Services and Manufacturing Journal, 24 (3), 

294–391 . 

hristiansen, M. , Fagerholt, K. , Nygreen, B. , & Ronen, D. (2007). Maritime transporta-
tion. In C. Barnhart, & G. Laporte (Eds.), Transportation . In Handbooks in Opera- 

tions Research and Management Science: 14 (pp. 189–284). North-Holland, Ams- 
terdam . 

hristiansen, M. , Fagerholt, K. , & Ronen, D. (2004). Ship routing and scheduling: 
Status and perspectives. Transportation Science, 38 (1), 1–18 . 

ordeau, J.-F. , Toth, P. , & Vigo, D. (1998). A survey of optimization models for train

routing and scheduling. Transportation Science, 32 (4), 380–404 . 
rainic, T. G. (20 0 0). Network design in freight transportation. European Journal of 

Operational Research, 122 (2), 272–288 . 
rainic, T. G. (2003). Long-haul freight transportation. In R. W. Hall (Ed.), Handbook 

of transportation science (pp. 451–516). Kluwer Academic Publishers, Norwell, 
MA . 

rainic, T. G. , Ferland, J.-A. , & Rousseau, J.-M. (1984). A tactical planning model for

rail freight transportation. Transportation Science, 18 (2), 165–184 . 
rainic, T. G. , Gendreau, M. , & Dejax, P. J. (1993). Dynamic stochastic models for the

allocation of empty containers. Operations Research, 41 (1), 102–126 . 
rainic, T. G. , & Hewitt, M. (2021). Service network design. In T. G. Crainic, M. Gen-

dreau, & B. Gendron (Eds.), Network design with applications in transportation 
and logistics (pp. 347–382). Springer, Boston . 

rainic, T. G. , Hewitt, M. , Toulouse, M. , & Vu, D. M. (2014). Service network design

with resource constraints. Transportation Science, 50 (4), 1380–1393 . 
rainic, T. G. , Hewitt, M. , Toulouse, M. , & Vu, D. M. (2018). Scheduled service net-

work design with resource acquisition and management. EURO Journal on Trans- 
portation and Logistics, 7 (3), 277–309 . 

rainic, T. G. , & Kim, K. H. (2007). Intermodal transportation. In C. Barnhart, & G. La-
porte (Eds.), Transportation . In Handbooks in Operations Research and Manage- 

ment Science: 14 (pp. 467–537). North-Holland, Amsterdam . 
rainic, T. G. , Perboli, G. , & Ricciardi, N. (2021). City logistics. In T. G. Crainic,

M. Gendreau, & B. Gendron (Eds.), Network design with applications in trans- 

portation and logistics (pp. 507–537). Springer, Boston . 
rainic, T. G. , & Rousseau, J.-M. (1986). Multicommodity, multimode freight trans- 

portation: A general modeling and algorithmic framework for the service 
network design problem. Transportation Research Part B: Methodological, 20 , 

225–242 . 

https://doi.org/10.1016/j.ejor.2021.07.032
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0001
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0001
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0001
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0001
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0002
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0002
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0002
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0002
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0003
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0003
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0003
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0003
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0003
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0004
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0004
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0004
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0004
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0004
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0005
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0005
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0005
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0005
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0005
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0006
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0006
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0006
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0006
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0007
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0007
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0007
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0007
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0008
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0008
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0008
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0008
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0008
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0008
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0010
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0010
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0010
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0010
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0010
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0011
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0011
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0011
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0011
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0011
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0012
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0012
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0012
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0012
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0012
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0013
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0013
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0013
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0013
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0013
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0013
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0014
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0014
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0014
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0014
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0014
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0015
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0015
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0015
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0015
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0015
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0016
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0016
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0017
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0017
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0018
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0018
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0018
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0018
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0018
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0019
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0019
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0019
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0019
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0019
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0020
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0020
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0020
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0020
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0021
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0021
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0021
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0021
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0021
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0021
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0022
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0022
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0022
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0022
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0022
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0022
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0023
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0023
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0023
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0023
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0024
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0024
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0024
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0024
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0024
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0025
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0025
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0025
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0025


I.C. Bilegan, T.G. Crainic and Y. Wang European Journal of Operational Research xxx (xxxx) xxx 

ARTICLE IN PRESS 

JID: EOR [m5G; August 9, 2021;13:32 ] 

C  

D  

E

F  

F  

F

G  

K

K

K  

 

L  

M

N

P  

P  

v

S  

S  

S  

S  

T

T  

T  

T

W  

W  

W  

Z

revier, B. , Cordeau, J.-F. , & Savard, G. (2012). Integrated operations planning and
revenue management for rail freight transportation. Transportation Research Part 

B: Methodological, 46 (1), 100–119 . 
ouma, A. , Schuur, P. , & Jage, R. (2011). Degrees of terminal cooperativeness and the

efficiency of the barge handling process. Expert Systems with Applications, 38 (4), 
3580–3589 . 

uropean Commission (2011). White paper 2011: Roadmap to a Single European 
Transport Area - Towards a Competitive and Resource-Efficient Transport Sys- 

tem. Technical Report . Directorate for Mobility and Transport, European Com- 

mission . 
azi, S. , Fransoo, J. C. , & van Woensel, T. (2015). A decision support system tool for

the transportation by barge of import containers: A case study. Decision Support 
Systems, 79 , 33–45 . 

eng, B. , Li, Y. , & Shen, Z.-J. (2015). Air cargo operations: Literature review and com-
parison with practices. Transportation Research Part C: Emerging Technologies, 56 , 

263–280 . 

rémont, A. , & Franc, P. (2010). Hinterland transportation in Europe: Combined 
transport versus road transport. Journal of Transport Geography, 18 (4), 548–556 . 

elareh, S. , & Pisinger, D. (2011). Fleet deployment, network design and hub loca-
tion of liner shipping companies. Transportation Research Part E: Logistics and 

Transportation Review, 47 (6), 947–964 . 
asilingam, R. (1997). Air cargo revenue management: Characteristics and complex- 

ities. European Journal of Operational Research, 96 (1), 36–44 . 

onings, R. (2007). Opportunities to improve container barge handling in the port of 
Rotterdam from a transport network perspective. Journal of Transport Geography, 

15 (6), 443–454 . 
onings, R. , Kreutzberger, E. , & Maraš, V. (2013). Major considerations in developing

a hub-and-spoke network to improve the cost performance of container barge 
transport in the hinterland: The case of the port of rotterdam. Journal of Trans-

port Geography, 29 , 63–73 . 

ai, M. F. , & Lo, H. K. (2004). Ferry service network design: Optimal fleet size,
routing and scheduling. Transportation Research Part A: Policy and Practice, 38 , 

305–328 . 
acharis, C. , & Bontekoning, Y. M. (2004). Opportunities for OR in intermodal 

freight transport research: A review. European Journal of Operational Research, 
153 (2), 400–416 . 

otteboom, T. (2012). Challenges for container river services on the Yangtze river: 

A case study for Chongqing. Research in Transportation Economics, 35 (1), 41–49 . 
edersen, M. B. , Crainic, T. G. , & Madsen, O. B. G. (2009). Models and tabu search

meta-heuristics for service network design with asset-balance requirements. 
Transportation Science, 43 (2), 158–177 . 
14 
owell, W. B. , & Topaloglu, H. (2005). Fleet management. In S. Wallace, & W. Ziemba
(Eds.), Applications of stochastic programming . In Math Programming Society - 

SIAM Series on Optimization (pp. 185–216). SIAM, Philadelphia, PA . 
an Riessen, B. , Negenborn, R. , & Dekker, R. (2015). Synchromodal container trans- 

portation: An overview of current topics and research opportunities. In Compu- 
tational Logistics (pp. 386–397). Springer . 

harypova, M. B., Crainic, T. G., van Woensel, T., & J.C., F. (2012). Scheduled service
network design with synchronization and transshipment constraints for inter- 

modal container transportation networks. Publication CIRRELT-2012-77, Centre 

interuniversitaire de recherche sur les réseaux d’entreprise, la logistique et le 
transport, Montréal, QC, Canada. 

milowitz, K. R. , Atamtürk, A. , & Daganzo, C. F. (2003). Deferred item and vehicle
routing within integrated networks. Transportation Research Part E: Logistics and 

Transportation, 39 , 305–323 . 
tålhane, M. , Andersson, H. , Christiansen, M. , & Fagerholt, K. (2014). Vendor man-

aged inventory in tramp shipping. Omega, 47 , 60–72 . 

teadieSeifi, M. , Dellaert, N. , Nuijten, W. , van Woensel, T. , & Raoufi, R. (2014). Mul-
timodal freight transportation planning: A literature review. European Journal of 

Operational Research, 233 (1), 1–15 . 
awfik, C. , & Limbourg, S. (2018). Pricing problems in intermodal freight transport: 

Research overview and prospects. Sustainability, 10 (9), 3341 . 
aylor, G. D. , Whyte, T. C. , DePuy, G. W. , & Drosos, D. J. (2005). A simulation-based

software system for barge dispatching and boat assignment in inland water- 

ways. Simulation Modelling Practice and Theory, 13 (7), 550–565 . 
eypaz, N. , Schrenk, S. , & Cung, V.-D. (2010). A decomposition scheme for large-scale

service network design with asset management. Transportation Research Part E: 
Logistics and Transportation Review, 46 (1), 156–170 . 

hapalia, B. K. , Wallace, S. W. , Kaut, M. , & Crainic, T. G. (2012). Single source single–
commodity stochastic network design. Computational Management Science, 9 (1), 

139–160 . 

ang, S. , Wang, H. , & Meng, Q. (2015). Itinerary provision and pricing in container
liner shipping revenue management. Transportation Research Part E: Logistics and 

Transportation Review, 77 , 135–146 . 
ang, Y. , Bilegan, I. C. , Crainic, T. G. , & Artiba, A. (2014). Performance indicators

for planning intermodal barge transportation systems. Transportation Research 
Procedia, 3 , 621–630 . 

ang, Y. , Bilegan, I. C. , Crainic, T. G. , & Artiba, A. (2016). A revenue management

approach for network capacity allocation of an intermodal barge transportation 
system. In A. Paias, M. Ruthmair, & S. Voß (Eds.), Computational logistics . In Lec- 

ture Notes in Computer Science: 9855 (pp. 243–257). Springer . 
uidwijk, R. (2015). Are we connected? . ERIM Inaugural Address Series Research in 

Management . 

http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0026
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0026
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0026
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0026
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0026
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0027
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0027
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0027
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0027
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0027
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0028
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0028
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0029
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0029
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0029
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0029
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0029
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0030
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0030
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0030
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0030
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0030
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0031
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0031
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0031
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0031
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0032
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0032
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0032
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0032
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0033
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0033
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0034
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0034
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0035
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0035
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0035
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0035
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0035
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0036
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0036
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0036
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0036
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0037
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0037
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0037
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0037
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0038
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0038
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0039
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0039
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0039
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0039
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0039
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0040
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0040
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0040
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0040
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0041
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0041
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0041
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0041
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0041
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0043
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0043
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0043
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0043
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0043
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0044
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0044
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0044
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0044
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0044
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0044
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0045
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0045
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0045
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0045
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0045
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0045
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0045
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0046
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0046
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0046
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0046
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0047
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0047
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0047
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0047
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0047
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0047
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0048
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0048
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0048
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0048
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0048
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0049
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0049
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0049
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0049
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0049
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0049
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0050
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0050
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0050
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0050
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0050
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0051
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0051
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0051
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0051
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0051
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0051
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0052
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0052
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0052
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0052
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0052
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0052
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0053
http://refhub.elsevier.com/S0377-2217(21)00627-5/sbref0053

	Scheduled service network design with revenue management considerations and an intermodal barge transportation illustration
	1 Introduction
	2 Literature review
	3 Problem statement
	4 The SSND-RRM formulation
	4.1 Revenue management modeling for the SSND-RRM
	4.2 Network modeling
	4.3 SSND-RRM model formulation

	5 Analysis of experimental results
	5.1 Test instances
	5.2 Performance indicators
	5.3 Model behavior
	5.4 Model behavior - advanced version
	5.4.1 Customer categories & fare differentiation
	5.4.2 Decision-making policies
	5.4.3 Results and analysis


	6 Conclusions
	Acknowledgments
	Supplementary material
	References


