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One of the most important issues in port connectivity refers to the availability of accessible
waterways and their traffic management. This puts a lot of pressure especially into capac-
ity restricted transport corridors, where their inefficient use may not only result in a loss of
the port competitiveness but also in an increase of the volume of ship emissions polluting
the environment. In this context, the Waterway Ship Scheduling Problem is proposed; its
goal is to schedule incoming and outgoing ships through different waterways for accessing
or leaving the port in such a way that the ships’ waiting time is minimized. This objective
allows, on the one hand, to avoid bottlenecks or congestions through scheduling the water-
way traffic, and on the other hand, reduce vessel emissions while they are waiting at the
anchorage either for entering or leaving. A mathematical model and heuristics are pro-
posed. Real scenarios based on the Yangtze Delta (Shanghai) are tackled for assessing the
performance of the heuristic and the improvement upon real-world terminal operations.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The maritime traffic growth forces port operators to efficiently reduce the ships’ waiting time when accessing their infras-
tructures if they want to increase or maintain their market share (Verstichel et al., 2011), reduce ship emissions (see Du et al.,
2011, 2015) that contribute to increase greenhouse gases and harmful pollutants, and upgrade the port position in the port
hierarchy through enhancing the port accessibility (Caldeirinha and Felício, 2014). In this regard, as indicated by Notteboom
(2006), 93.6% of the delayed schedules are attributable to port access and terminal operations. This characteristic becomes
even more relevant at some container terminals like in the port of Shanghai, where – according to practitioners – there is a
multitude of ships daily requiring to pass through the Yangtze Delta waterways. Therefore, since the waterways play an
important role at some maritime container terminals (Notteboom, 2008), it is sought to efficiently use them in order to avoid
bottlenecks or congestions that may be translated into a loss of competitiveness. Moreover, the use of inland waterways as a
transportation mode at container terminals is becoming even more relevant when we consider its increasing integration
with other transport modes within multi-mode freight network schemes (Lowe, 2005, UNESCAP1). This close inter-
modality pursues to cope with the spatial or logistic restrictions that appear at some container terminals and it adds to the
issues to be dealt with in port connectivity in the globalized economy.

From a green-logistics standpoint, on the one side, terminal operators are interested in reducing ship emissions while
maintaining the quality of the service and, on the other side, shipping companies require smooth services to avoid unnec-
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essary waiting times that cause a negative economic and environmental impact related to fuel consumption and route tim-
ing. Some works in the specialized literature have studied the relationship between the ships’ waiting time and their emis-
sions. Du et al. (2011) indicate that the waiting time of the ships has an important influence on the volume emissions, where
having flowing operations can help shipping companies to reduce emissions as well as help ports to have control over that. In
the same line the work by Kontovas and Psaraftis (2011) investigates the reduction of emissions in maritime intermodal con-
tainer networks, indicating that one of the main alternatives to reduce CO2 emissions is related to the reduction of the vessel
waiting time. Song (2014) studies the ship emissions inventory (CO2, CH4, N2O, PM10, PM2,5, NOx, SOx, CO and HC) and their
associated social cost in the Yangshan port at the south of Shanghai (China). In their work they include the waiting of the ship
at the anchorage as well as at the berth as segments for evaluating the ship emissions. Their results show that although wait-
ing at the berth has a greater impact than waiting at the anchorage, both activity modes result in sources of emissions.
Fagerholt et al. (2010) in the context of shipping routes indicated that the more vessels’ waiting time the more the potential
to reduce fuel consumption increases; this highlights the importance that waiting times have on consumption and emis-
sions. Therefore, improving the waterway access operations by avoiding unnecessary waiting time at their entrance may
lead not only to operational and social cost savings but also to an enhancement of the level of environmental quality of ser-
vice through minimizing emissions.

In maritime shipping delayed schedules attributable to port access affect terminal productivity especially at some high-
congested terminals, that are largely influenced by port access operations related to waterways. To be generic, a waterway
can be defined as a capacity restricted transport corridor filled with water, e.g., a passage within inland rivers, lakes or bays
which are navigable. A typical waterway consists of navigable waters, navigational aids and water conditions. Often natural
as well as artificial waterways may be referred to as capacity restricted transport corridors, depending on their specific char-
acteristics. They have to meet several conditions so as to serve the ships. First of all, an eligible waterway should provide
sufficient depth. Secondly, the width of the waterway is also a crucial criterion. Usually, a waterway is two-directional
and its width should exceed the sum of the breadth of the two navigating ships at the opposite direction with additional
abundant width for the sake of safety, but occasionally it just refers to the isolated passing of individual vessels.

Only a few works focus their attention on waterway scheduling. Dai and Schonfeld (1998) discuss the estimation of
waterway delays using metamodels and queuing theory. Taylor et al. (2005) develop a simulation-based software system
for barge dispatching and boat assignment in an inland waterway. Some other works are more related to the use of locks.
Smith et al. (2009) analyse the Upper Mississippi River waterway. This is a major inland waterway that includes 29 locks.
They present a discrete simulation model as a suitable procedure for improving the practice prevailing first-come first-
served strategy used. Smith et al. (2011) propose complex decision rules based on a heuristic scheduler and a mathematical
integer problem for improving the performance of the locks. Verstichel et al. (2014) study the positioning of the ships into
lock chambers; they present a mathematical formulation and a solution approach for solving it. Other works focus their
attention on the traffic planning on canals. Günther et al. (2010, 2011) deal with the bidirectional ship traffic on the Kiel
Canal. They consider the canal as an alternating collection of canal segments and sidings. They present a mathematical for-
mulation for designing the liner route and shipping networks. The aim of their model is to minimize the total passage time of
ships, where this time includes the lock and siding waiting times. Yang et al. (2014) present an integer programming model
to optimize the container liner network on the Yangtze River. They consider the Yangtze constrained only to a single water
channel rather than several alternatives and all ports queue alongside the waterway. Their approach aims to reduce the
transportation costs, that are the operation and fuel costs of the selected route. They consider the same operation times
in each port. Ulusçu et al. (2009) study the traffic along the Istanbul Strait and develop an algorithm for scheduling the
incoming ships for the specific considerations of the strait.

Despite the fact that in the related literature some works address one or the other waterway scheduling problem, the pro-
posed approaches are restricted to the specifications of the studied waterways or designing the routes for visiting terminals
along them. In this regard, in this work one of our goals is to present a more general approach for addressing the scheduling
of the traffic along the waterways. Moreover, this concept also allows us to address the specific logistic scenario that takes
place at the entering waterways of the Shanghai Port (China).2 An entrance waterway is one kind of waterway that connects a
sea or inland river main waterway and the harbour water. It is widely acknowledged that one of the criteria to judge a port is its
connectivity and it may be operationalized in a simplified way by means of its water depth. However, if one port does not have
an entrance waterway with good depth and width condition, ships with large draft still cannot enter no matter how deep the
berth-side is. That is why an entrance waterway is of great importance regarding connectivity. For example, the Yangtze Estuary
Deep-water waterway as a main entrance of Shanghai port went through three complex and large-scale regulatory projects. Its
original depth was 7 m (1998) which seriously restricted the development of the Shanghai shipping industry. Finally it reached
a depth of 12.5 m (2010) which permits the passing of the fifth and the sixth generation of maritime container ships.

The previous discussions clearly draw the economical, operational, and environmental importance that scheduling ships
along waterways has. This leads to the need of mathematical models and solution approaches for appropriately addressing
this issue. With this goal in mind, the main contributions of this paper are:
2 Due to the distance between the different areas of the Port of Shanghai, e.g., Waigaoqiao and Yangshan, the problem of accessing the berthing area and
terminals are different. In this work, when we refer to Shanghai port, we refer to the Waigaoqiao terminal cluster.
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– Propose the Waterway Ship Scheduling Problem (WSSP) in order to address the ship scheduling along waterways. This
problem is modelled as Mixed Integer Linear Program (MILP) and addressed considering the real-situation taking place
at the Yangtze Estuary, Shanghai. In this regard, according to a survey conducted with the Shanghai International Port
Group (SIPG), there is a large number of ships applying to pass the waterway per day and a great proportion of them fails
to apply for the appropriate time of passing, because of not considering the geographic constraints of the Yangtze Estuary
such as draft, breadth and night navigation.

– As Kontovas and Psaraftis (2011) indicate there are common policies used in terminals for reducing the ships’ waiting
time and, consequently, emissions. Therefore, we develop and assess heuristics based on some common policies used
at container terminals. This allows to evaluate the operational and environmental improvement by means of the reduc-
tion of the waiting time that can be obtained through the use of more sophisticated techniques such as the simulated
annealing (SA) proposed in this work. In this sense, the proposed SA approaches allow to reduce the unnecessary emis-
sions generated during the ships’ waiting time. In addition, the comparison with the model implemented in CPLEX and
the heuristics shows that the SA is able to provide high-quality schedules which justify its use as part of a decision sup-
port system (DSS). In this real application, the DSS would be used for verifying all the ships and modify their time
assignments.

– Provide a benchmark suite based on data provided by the container terminal of Waigaoqiao (Shanghai). On the other
hand, since this problem can be translated to other scenarios, the benchmark suite includes other problem instances
of different dimensions.

The remainder of this paper is organized as follows. Section 2 introduces specific characteristics of the Yangtze Estuary.
The mathematical formulation of the Waterway Ship Scheduling Problem is presented in Section 3. In Section 4, the solution
approaches proposed for solving this problem are depicted. Afterwards, Section 5 analyses the performance of our proposal
in realistic scenarios. Finally, Section 6 provides our main conclusions extracted from the work and suggests several direc-
tions for further research.
2. Study area: Yangtze Estuary

While the paper tends to formulate in generic terms it seems important to have a specific application in mind which is
described in this section.
2.1. Basic settings

The Yangtze Estuary is one of the most vital regions in China regarding freight transportation (see Notteboom, 2007;
Comtois and Dong, 2007). The Port of Shanghai located in that region is the leading container port in the Chinese mainland.
It has presented an average growth of 16.5% on container throughput in the year 2010 (Yap and Lam, 2013) and is the port
with the largest container turnover worldwide over the last years (UNCTAD, 2014). In Fig. 1, a geographical map of the estu-
ary is shown; it consists of several waterways like the deep-water waterway also known as the north passage, the south pas-
sage, north branch waterway and south branch passage. Of all the above, the north passage and the south passage are the
most important, since they are the entrance to the Waigaoqiao container terminals. The north passage which is also called
the Yangtze Estuary Deepwater passage has 12.5 m depth of water after three complex and large-scale dredge projects men-
tioned above. The width of the north passage is a little more than 80 m which to a large extent restricts the capacity of this
passage. However, it is still regarded as a two-directional waterway. On the other hand, the south passage is 5.5 m deep and
its width is 250 m which is wide enough for any two ships to navigate side by side.

The regular procedures that ships have to perform for passing along the north and south passages can be described using
Fig. 2. The passages are divided by two dashed lines, with each passage allowing at most two ships passing through the pas-
sage in different directions. This is subject to width, depth and time-dependent conditions. There are two holding areas, i.e.,
outer anchorage and berth anchorage, for ships in order to await proper tidal conditions or their turn to go through the pas-
sages if necessary. Moreover, for assigning a passage to the ships, they are classified by means of their drafts, namely, small
ships (up to 7 m) or large ships (more than 7 m). Depending on the type of the ship, the procedure of entering and crossing
the assigned passage follows the flowchart shown in Fig. 3. For the small ships, they initially might have to wait at the outer
anchorage and then go through the waterway with fewer constraints. Next they wait again at the port anchorage for berth-
ing. Once the assigned berth is available, they will load or discharge the cargo. As soon as they finish the cargo operations,
they have to wait at the port anchorage in the holding area for the right time to leave the estuary if necessary. The procedure
followed for large vessels is somewhat simpler. Large ships that want to access Shanghai port enter through the north pas-
sage because the south one is not deep enough for them to pass. After they pass the waterway eventually after waiting at the
outer anchorage, they directly navigate to the specified berth and begin to load or discharge. Once they are ready to depart,
the terminal managers have to check the most appropriate time for them to depart. In this regard, the ships might have to
stay at the berth until the appointed time of sail.

In the related literature, most works about waterways in China are focused on assessing the capacity by using simulation
approaches. Deng et al. (2011) introduce mathematical methods using queuing theory and empirical methods summarized
Please cite this article in press as: Lalla-Ruiz, E., et al. The waterway ship scheduling problem. Transport. Res. Part D (2016), http://dx.doi.
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Fig. 1. Yangtze Estuary geographical map (De Vriend et al., 2011, p. 1036).

Fig. 2. Yangtze Estuary logistic scheme.
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by practitioners to calculate the capacity of waterways. The models of Liu et al. (2008) and Ning et al. (2008) for simulating
the passage of ships consider different features which are difficult to be reflected by a mathematical model. Yang et al. (2008)
describe a simulation model to calculate the capacity of the Yangtze Estuary Deepwater waterway and predict its capacity up
to 2024. This model takes into account several factors like geographic conditions, weather conditions and traffic control time,
etc. Zhou and Hu (2004) research the sequencing of ships passing through the Yangtze Estuary north passage. To arrange
different priorities to different ships intending to pass, Analytic Hierarchy Process (AHP) is applied to consider various factors
influencing the priority of ships to pass the waterway.

The in-depth study of this brief literature review points out the necessity of building a DSS to aid the ships to arrange the
schedules for passing through the Yangtze Estuary waterways. Therefore, one of the objectives of this work is to propose a
solution concept combining experience of practitioners and mathematical methods and provide an important part of a DSS
which can serve the ship schedule controller.
Please cite this article in press as: Lalla-Ruiz, E., et al. The waterway ship scheduling problem. Transport. Res. Part D (2016), http://dx.doi.
org/10.1016/j.trd.2016.09.013
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Fig. 3. The operation procedure for small and large ships.
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2.2. Tidal impact

As studied by Du et al. (2015) at some ports the impact of tides (natural rise and fall of sea levels) have an important
impact on the vessel schedules when accessing a port resulting in longer waiting times which produce both, operational
and environmental burdens. This happens at the port of Shanghai where the tides have a relevant influence on the depth
of the waterways. During the two daily tidal peaks the water depth of the waterway will increase to some extent. For
instance, at the bottom of the tide the maximal ship draft that can pass through the north passage is 11 m but at the peak
of the tide it changes to nearly 13 m. This has to be taken into account since there is a relevant difference between the third
and the fourth generation of the loaded container liners.

For appropriately taking advantage of the tidal situation at the Yangtze Estuary, one has to predict its behaviour pattern.
In this research, for addressing this issue we consider the tidal data of three observation points, which are Ji Gujiao, Chang
Xing and Zhong Jun. These three points are suggested by the geographic experts and the experienced ship schedule con-
trollers. These points have contributed a lot for the practitioners to determine whether a ship can pass the waterway con-
sidering the tide.

Taking the tidal conditions into account, complexity issues of the waterway ship scheduling problem at Yangtze Estuary
become even more serious. Moreover, under these circumstances, many Estimated Times of Arrival (ETAs) and Estimated
Times of Departure (ETDs) could be wrong because the shipping companies fail to consider the tides correctly. That leads
to an increment of the ship schedule controllers’ workload since they have to check and modify the original schedule
reported from the shipping companies. This is one of the motivations for developing a DSS that supports terminal operators
for providing feasible schedules by simultaneously taking into account these time-dependent conditions.
3. Problem formulation

The Waterway Ship Scheduling Problem (WSSP) considers a set of vessels or ships V ¼ f1; . . . ;vg, divided into a set of
incoming ships V1 ¼ f1;2; . . . ;v1g, a set of outgoing ships V2 ¼ f1;2; . . . ;v2g, a set of available waterways W ¼ f1; . . . ;wg,
and a set of time steps H ¼ f1; . . . ;hg. Since this problem is a daily operational problem we consider a one-day time horizon
and the variation of the tide level along this time period. Furthermore, in the WSSP for each ship i 2 V1 [ V2, there is a given
Estimated Time of Arrival at the port, ETAi, Estimated Time of Departure, ETDi, width wi, length li, draft di and, depending on
the assigned waterway k 2W , a transit time tik. On the other hand, each waterway k 2W has an available time window
Please cite this article in press as: Lalla-Ruiz, E., et al. The waterway ship scheduling problem. Transport. Res. Part D (2016), http://dx.doi.
org/10.1016/j.trd.2016.09.013
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½sk; ek�, width, /k, and water depth, ah
k , which depends on the time step, h 2 H. The objective of the WSSP is to determine a

feasible schedule for the ships that have to access/depart a port through the waterways in such a way that the waiting time
of the ships after their arrival is minimized and, therefore, the total time required for the ships to pass through the water-
ways is minimized. At this point it should be stressed that the incoming and outgoing traffic along the waterways can be
simultaneous provided that the model constraints are satisfied. The assumptions of this problem are described as follows:

(a) Each ship i 2 V1 [ V2 can be scheduled only after its arrival time ETAi and it has to be scheduled and gone through the
waterway until its departure time ETDi.

(b) Each ship i 2 V1 [ V2 can only be assigned to a waterway k 2W after it becomes available at time sk and as long as it
becomes unavailable at time step ek.

(c) A ship draft, di i 2 V1 [ V2, should be at most the current water depth of its assigned waterway, ah
k k 2W;h 2 H.

(d) A subset of incoming and outgoing ships, V 0#V1 [ V2, can go through a waterway k 2W simultaneously if the sum of
their widths plus appropriate safety distance is not greater than the width of the waterway k 2W . That is,P

i2V 0wi 6 /k if the safety distance is relaxed. (Otherwise, it can also be incorporated into the definition of the wi data.)

Modelling this problem can borrow ideas from modelling rich vehicle routing problems motivated, e.g., by means of the
Multi-Depot Vehicle Routing Problem; see, e.g. (Hartl et al., 2006; Golden et al., 2008). In this mathematical model, it is con-
sidered that all time measurements are integers. Thus, the planning horizon is divided into discrete time intervals. The input
data of the model are summarized as follows:
V Set of v ships
V1 Set of v1 incoming ships
V2 Set of v2 outgoing ships
W Set of waterways
H Set of time steps
tik Time required for ship i 2 V to go through waterway k 2W
li Length of ship i 2 V
di Draft of ship i 2 V
wi Width of ship i 2 V
ah
k Water depth of waterway k 2W at time step h 2 H

/k Width of waterway k 2W
½ETAi; ETDi� [earliest, latest] arrival/departure time of ship i 2 V
½sk; ek� [start, end] of the availability time of waterway k 2W

The following graphs are defined for each waterway. For each waterway there is one for the entering direction and one for
the leaving direction:

– A graph Gk ¼ ðVk
1;A

k
1Þ is generated 8k 2W , where Vk

1 ¼ V1 [ fo1ðkÞ; d1ðkÞg, with o1ðkÞ and d1ðkÞ being additional vertices

representing waterway k and Ak
1 #Vk

1 � Vk
1.

– A graph Dk ¼ ðVk
2;A

k
2Þ is generated 8k 2W , where Vk

2 ¼ V2 [ fo2ðkÞ; d2ðkÞg, with o2ðkÞ and d2ðkÞ being additional vertices

representing waterway k and Ak
2 #Vk

2 � Vk
2.

The decision variables used in the mathematical formulation are defined as follows:

– xkij 2 0;1f g;8 k 2W;8ði; jÞ 2 Ak
1, set to 1 if ship j is scheduled directly after ship i in waterway k, and 0 otherwise.

– zkij 2 0;1f g;8 k 2W;8ði; jÞ 2 Ak
2, set to 1 if ship j is scheduled directly after ship i in waterway k, and 0 otherwise.

– yki 2 0;1f g;8 k 2W;8i 2 V , set to 1 if ship i is assigned to waterway k, and 0 otherwise.

– khi 2 0;1f g;8h 2 H;8i 2 V , set to 1 if ship i is passing through a waterway at time step h, and 0 otherwise.

– dhki 2 0;1f g;8h 2 H;8k 2W;8i 2 V, set to 1 if ship i is passing through waterway k at time step h, and 0 otherwise.

– Tk
i P 0, 8k 2W;8i 2 V , starting time when ship i is going to pass through waterway k.

– Tk
o1ðkÞ P 0, 8k 2W;8i 2 V , starting operation time of waterway k for incoming ships.

– Tk
d1ðkÞ P 0, 8k 2W;8i 2 V , ending of operation time of waterway k for incoming ships.

– Tk
o2ðkÞ P 0, 8k 2W;8i 2 V , starting operation time of waterway k for outgoing ships.

– Tk
d2ðkÞ P 0, 8k 2W;8i 2 V , ending of operation time of waterway k for outgoing ships.

Then the mathematical formulation for the WSSP is as follows:
Please
org/10
minimize
X
i2V

X
k2W
ðTk

i � ETAi þ tikÞ � yki ð1Þ
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Please
org/10
X
k2W

yki ¼ 1 8i 2 V ð2Þ

X
j2V1[fd1ðkÞg

xko1ðkÞj ¼ 1 8k 2W ð3Þ

X
i2V1[fo1ðkÞg

xkid1ðkÞ ¼ 1 8k 2W ð4Þ

X
j2V1[fd1ðkÞg

xkij �
X

j2V1[fo1ðkÞg
xkji ¼ 0 8i 2 V1; 8k 2W ð5Þ

X
j2V1[fd1ðkÞg

xkij ¼ yki 8i 2 V1; 8k 2W; ð6Þ

X
j2V2[fd2ðkÞg

zko2ðkÞj ¼ 1 8k 2W ð7Þ

X
i2V2[fo2ðkÞg

zkid2ðkÞ ¼ 1 8k 2W ð8Þ

X
j2V2[fd2ðkÞg

zkij �
X

j2V2[fo2ðkÞg
zkji ¼ 0 8i 2 V2; 8k 2W ð9Þ

X
j2V2[fd2ðkÞg

zkij ¼ yki 8i 2 V2; 8k 2W ð10Þ

Tk
i þ

X
w2W

twi y
w
i � Tk

j 6 ð1� xkijÞM 8i 2 V1; 8j 2 V1 [ fd1ðkÞg; 8k 2W ð11Þ

Tk
o1ðkÞ � Tk

j 6 ð1� xko1ðkÞjÞM 8k 2W; 8j 2 V1 ð12Þ

Tk
i þ

X
w2W

twi y
w
i � Tk

j 6 ð1� zkijÞM 8i 2 V2; 8j 2 V2 [ fd2ðkÞg; 8k 2W ð13Þ

Tk
o2ðkÞ � Tk

j 6 ð1� zko2ðkÞjÞM 8j 2 V2; 8k 2W ð14Þ

ETAiyki 6 Tk
i 8i 2 V ; 8k 2W ð15Þ

Tk
i 6 ETDiyki 8i 2 V ; 8k 2W; ð16Þ

sk 6 Tk
o1ðkÞ 8k 2W ð17Þ

Tk
d1ðkÞ 6 ek 8k 2W ð18Þ

sk 6 Tk
o2ðkÞ 8k 2W ð19Þ

Tk
d2ðkÞ 6 ek 8k 2W ð20Þ
X
k2W

Tk
i � h 6 ð1� khi ÞM 8i 2 V ; 8h 2 H ð21Þ

h�
X
k2W

Tk
i þ si � 1

 !
6 ð1� khi ÞM 8i 2 V ; 8h 2 H ð22Þ

X
h2H

khi ¼
X
k2W

tki y
k
i 8i 2 V ð23Þ
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Please
org/10
dhki P khi þ yki � 1 8i 2 V ; 8h 2 H 8k 2W ð24Þ
X
k2W

dhki ¼ khi 8i 2 V ; 8h 2 H ð25Þ

dhki ðah
k � diÞP 0 8i 2 V ; 8h 2 H; 8k 2W ð26Þ

X
i2V

dhki wi 6 /k 8k 2W; 8h 2 H ð27Þ

xkij 2 0;1f g;8k 2W; 8ði; jÞ 2 Ak
1 ð28Þ

zkij 2 0;1f g;8k 2W; 8ði; jÞ 2 Ak
2 ð29Þ

yki 2 0;1f g;8i 2 V ; 8k 2W ; ð30Þ

khi 2 0;1f g;8i 2 V ; 8h 2 H; ð31Þ

dhki 2 0;1f g;8i 2 V ; 8h 2 H; 8k 2W; ð32Þ

Tk
i P 0;8k 2W; 8i 2 V [ fo1ðkÞ; d1ðkÞ; o2ðkÞ;d2ðkÞg ð33Þ
The objective function (1) minimizes the total time required for the ships to pass through the waterways. Constraints (2)
establish that every ship i 2 V must be assigned to one and only one waterway k 2W . Constraints (3) and (4) define the out-
going and incoming flows to the waterways for entering. Flow conservation for the remaining vertices is ensured by con-
straints (5). Constraints (6) establish the link between variables xkij and yki . Constraints (7) and (8) define the outgoing and
incoming flows to the waterway for leaving. Flow conservation for the remaining vertices is ensured by constraints (9). Con-
straints (10) establish the link between variables zkij and yki . Constraints (11) and (12) ensure the precedence in every
sequence of entering ships for each waterway k 2W . Constraints (13) and (14) ensure the precedence in every sequence
of leaving ships for each waterway k 2W . The ships’ time windows are defined by the constraints (15) and (16). The water-

way time windows are defined by constraints (17)–(20). Constraints (21) and (22) link the variables khi and Tk
i . Constraints

(23) link the variables khi with the total time required to go through the waterway tki . Constraints (24) and (25) link the vari-

ables khi and dhki . Constraints (26) ensure that the water depth of the waterways is not surpassed by the ships going through
them. Constraints (27) ensure that the width of the waterways is not surpassed by the ships going through them. The def-
inition of the variables is shown in constraints (28)–(33). M represents a sufficiently large constant.

The objective function (1) of this problem is quadratic. It can be linearized by defining some additional constraints and an

additional variable bik P 0;8k 2 W;8i 2 V, which is equal to Tk
i if yki ¼ 1 and 0 otherwise. The additional constraints are as

follows:
bik 6 yki M 8i 2 V ; 8k 2W ð34Þ
X
k2W

bik ¼
X
k2W

Tk
i 8i 2 V ð35Þ
where M represents a sufficiently large constant.
Therefore, the linearized MILP formulation for the WSSP is as follows:
minimize
X
i2V

X
k2W
ðbik � ðETAi þ tikÞ � yki Þ ð36Þ
subject to constraints (2)–(35).
Before closing this section we should clarify the complexity status of the WSSP by providing the following theorem:

Theorem 1. The WSSP is NP-hard.
The prove that the WSSP isNP-hard is shown by reducing it to an alreadyNP-hard problem. This is done by means of the Multi-

Depot Vehicle Routing Problem with Time-Windows (MD-VRPTW, Cordeau et al., 2001), which is NP-hard due to the fact that it
generalizes the Vehicle Routing Problem with Time-Windows (VRPTW, Lenstra and Rinnooy Kan, 1981; Solomon, 1987) and the
Multi-Depot Multiple Travelling Salesmen Problem (MD-mTSP, Yang, 1995) considering in both cases one vehicle/salesman per
depot. For simplicity, let us contemplate a restricted version of the WSSP, termed as r-WSSP, that considers the easiest case of only
having incoming vessels (outgoing vessels are not considered), namely, V2 ¼£ such that V ¼ V1. Moreover, let us consider the
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restricted scenario allowing a maximum of one vessel passing through the waterway at a time without any dimensional constraints
due to width and draft.

Once those considerations are depicted, the next step of the demonstration is done by associating the r-WSSP to the MD-VRPTW
restricted to one vehicle per depot (i.e., MD-mTSP with time windows). In doing so, the vessels are treated as customers and the
waterways as depots only having one vehicle. Each vehicle and its respective route represents the passing order through the
waterways in r-WSSP. Hence, assigning a vessel for passing through a waterway finds its direct transformation to a vehicle
departing from that depot/waterway and visiting that customer/vessel. By means of a toy example of r-WSSP with two vessels v1

and v2 and one waterway termed as w1, a feasible solution S ¼ ðv1;v2Þ representing the passing order starting with vessel v1 and
later v2 is translated to a MD-VRPTW solution S ¼ ðd1;v1;v2; d1Þ, where in this case the depot d1 represents the waterway w1 in
r-WSSP.

As can be noticed, we have a multi-graph Gk ¼ ðVk;AkÞ for each depot/waterway k 2W with an origin and destination node
such that the set of vertices Vk is composed by the customers/vessels and those nodes aforementioned, i.e., Vk ¼ N [ foðkÞ; dðkÞg
and travelling times are defined by the arcs Ak #Vk � Vk. Moreover, assuming the same constraints as in MD-mTSP and
MD-VRPTW regarding that all the customers have to be visited and also considering that each node in the graph has the problem
specific time-window constraints imposed, then the r-WSSP can be transformed into a MD-mTSP with time windows or
MD-VRPTW with one vehicle per depot. In this context, it is easy to check that either the MD-mTSP with time windows or the
MD-VRPTW have a solution in Gk ¼ ðVk; EkÞ iff r-WSSP has a solution. Therefore, since MD-mTSP and MD-VRPTW are NP-hard
then r-WSSP is also NP-hard. Finally, including width and draft constraints as well as outgoing vessels generalizes the r-WSSP,
thus, we can conclude that WSSP is NP-hard. h
4. Solution methods for the WSSP

The use of a general purpose solver such as CPLEXmay require large amounts of computational time for solving theWSSP.
In this sense, since the WSSP is a real-world daily problem at Shanghai port, it is required to be solved frequently due to
operational circumstances such as vessels requiring to enter before their ETA, vessel delays, and change of time windows.
Thus, heuristic algorithms that provide high-quality solutions in terms of objective function value in reasonable computa-
tional times are required. To address this, we propose, on the one hand, three greedy heuristics where two of them are based
on common rule policies. In this regard, assessing their performance allows to contextualize the improvement and contri-
bution that other sophisticated techniques may provide in terms of the reduction of the vessels’ waiting time and, thus,
enhancement of the terminal quality of service, competitiveness, and environmental care. On the other hand, a simulated
annealing approach that takes advantage of the heuristic solutions for yielding better quality solutions is proposed.

4.1. Greedy heuristics

In the context of the WSSP, a solution S is defined as a set of 3-tuples ð~v ; ~w; ~hÞ; ~v 2 N; ~w 2W; ~h 2 H, where each represents

that a vessel ~v is assigned to waterway ~w and its starting time for passing through the waterway is scheduled at time step ~h.
Moreover, S is composed of Sin and Sout , where S ¼ Sin [ Sout; Sin corresponds to the incoming ships while Sout corresponds to
the outgoing ones.

In order to determine the vessels’ waterway assignment and schedule, firstly, two sequences of entrance order, Rin and
Rout , for the incoming and outgoing ships, respectively, are generated. In this regard, at container terminals, there are some
queuing rules used when scheduling incoming vessels. Thus, Rin and Rout are determined by sorting the ships using specific
rules. Some examples are described as follows:

– Random. The permutations of both, incoming and outgoing ships, are generated at random. The rationale behind this is to
include those situations where container terminal operators may determine the entrance order to the waterways dynam-
ically without a specific strategy.

– First-Come-First-Served (FCFS). This is a common rule used at some container terminals (see Cordeau et al., 2005; Douma
et al., 2011; Du et al., 2015; Lalla-Ruiz and Voß, 2016; Liang et al., 2009; Lorenzoni et al., 2006). It is based on establishing
the priority of the ships according to their arrival time. That is, the earliest vessel to arrive to the waiting area for access-
ing the waterways is the first to be allowed to pass through one of them.

– Shortest Time Windows length (STW). The vessels are sorted considering the length of vessel time windows. In this case,
vessels with the narrowest time windows will pass through the waterway first. The basis of this strategy is to establish
a priority for those ships integrated in shipping routes requiring narrow time windows to satisfy the different route time
windows.

The previous rules allow to obtain a permutation of the incoming and outgoing container vessels for passing through the
waterways. There are, then, three heuristics that can be obtained by using these rules in such a way that the ships are iter-
atively assigned to the best possible waterway bymeans of the objective function value, namely, the waterway is selected for
each ship by minimizing the impact on the objective function value.
Please cite this article in press as: Lalla-Ruiz, E., et al. The waterway ship scheduling problem. Transport. Res. Part D (2016), http://dx.doi.
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Algorithm 1. Waterway Assignment Algorithm
1: S £
2: f objðSÞ ¼ 0
3: Rin  Create a sorted sequence of incoming vessels according to selected rule
4: Rout  Create a sorted sequence of outgoing vessels according to selected rule
5: countin  1
6: countout  1
7: while (countin þ countout < jV j) do
8: if (countin 6 jV1j) then
9: v in  Select vessel RinðcountinÞ
10: win  Select waterway and time hin for vessel v in that allows the minimum impact on f objðSÞ
11: Assign v in to win in S
12: if (incoming vessel is assigned) then
13: countin  countin þ 1
14: else
15: Return �1
16: end if
17: end if
18: if (countout 6 jV2j) then
19: vout  Select vessel RoutðcountoutÞ
20: wout  Select waterway and time hout for vessel vout that allows the minimum impact on f objðSÞ
21: Assign vout to wout in S
22: if (outgoing vessel is assigned) then
23: countout  countout þ 1
24: else
25: Return �1
26: end if
27: end if
28: end while
29: Return S

As indicated in Algorithm 1, the initial solution, S, is empty (line 1). Its associated objective function value, f objðSÞ, is set to
0 (line 2). Once this initialization is done, depending on the given rule, a permutation of incoming and outgoing ships Rin and
Rout , respectively, is generated (lines 3–4). For example, using the FCFS rule, the first element of the incoming vessels permu-
tation, Rinð1Þ, is the first incoming ship that arrives to the waterway entrance, and will be the first incoming ship to be sched-
uled. With the permutation already defined, the incoming and outgoing ships are assigned one at a time to the best possible
waterway following the order given by the sorted list (lines 8–17; lines 18–27). The best possible waterway is determined
according to the impact on the objective function value of the solution (line 10 for incoming vessels; line 20 for outgoing
vessels). That is, each vessel is assigned to the waterway that least increases the objective function value of the solution built
until that moment. It should be noted that for assigning a ship to a waterway the dimensional constraints (draft, width) as
well as time-window constraints have to be satisfied (line 12 and line 22). Otherwise, the solution is considered infeasible
(line 15; line 25).

Depending on the rule used in Algorithm 1, different heuristics can be developed. In this regard, the names of the heuris-
tics in this work are derived from the names of the rules, i.e., Random Greedy (Random-G), First-Come First-Served Greedy
(FCFS-G), and Shortest Time Windows length Greedy (STW-G).

4.2. Simulated annealing

Simulated Annealing (SA, Kirkpatrick et al., 1983) is a popular local search meta-heuristic that extends the basic local
search by allowing movements to inferior solutions in terms of objective function value (Voß, 2001). It has been successfully
applied to seaside maritime logistic problems (Bierwirth and Meisel, 2015); in ship routing some examples from Kosmas and
Vlachos (2012), Dowsland et al. (2007) motivate the development of a SA as a solution method for this problem. Moreover,
the selection of this approach is also justified by the desire to avoid getting trapped by poor local optima by allowing
worsening moves as well as having a fast computational performance (as highlighted in Section 5). In a basic SA algorithm
a candidate move is randomly selected; if it leads to a better solution than the current one, the move is accepted. In case the
move does not lead to an improvement of the objective function value, it may be accepted according to a probability that
depends on the deterioration D of the objective function value. The probability of acceptance is computed as e�D=T , using
the temperature T as a control parameter.
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For solving this problem, we propose a SA approach that uses the different heuristics outlined in the previous subsection.
In Algorithm 2, the pseudocode of SA is shown. The initial solution is generated (line 1) by using one of the heuristics pro-
posed (i.e., Random-G, FCFS-G, and STW-G). A solution neighbour, S0, is randomly generated using a swap move (i.e., two
incoming and outgoing vessels exchange their positions in their respective sequences). For each temperature, R iterations
are executed. After running R iterations, T is decreased T  T � c, where 0 < c < 1. Additionally, the number of iterations R
used at each temperature is updated, R R � b, with 0 < b < 1. The complete SA algorithm is executed until the temperature
reaches a certain threshold, Tmin.

Algorithm 2. Simulated Annealing for the WSSP

Require: T; Tmin;R; b; c
1: S generate a initial solution using heuristic (see Section 4.1)
2: while (Tmin < T) do
3: for (t  1 to R) do
4: Generate a solution S0 2 NðSÞ
5: Calculate DS;S0 ¼ f objðS0Þ � f objðSÞ
6: if (DS;S0 6 0) then
7: S S0

8: else
9: S S0 with probability e�D=T

10: end if
11: end for
12: T ¼ T � c
13: R ¼ R � b
14: end while
15: Return S

2-opt neighbourhood structure: The neighbourhood structure used in this work is based on 2-opt moves. That is, given a
solution, S, the 2-opt neighbourhood, NðSÞ, is composed of the neighbourhood NðSinÞ obtained by swapping two incoming
vessels, and NðSoutÞ obtained by swapping two outgoing vessels in such a way, that NðSÞ ¼ NðSinÞ [ NðSoutÞ, where
NðSinÞ ¼ fSin � ði; jÞ : 1 6 i; j 6 Vin; i – jg and NðSoutÞ ¼ fSout � ði; jÞ : 1 6 i; j 6 Vin; i – jg.

5. Computational experiments

This section is devoted to present the computational experiments carried out to validate our model and assess the per-
formance of the proposed heuristics. In doing so, a benchmark suite is proposed. The mathematical model has been imple-
mented in CPLEX with a time limit of 3600 s. The solution approaches and the mathematical model were executed on a
computer equipped with an Intel i7 3.5 GHz and 16 GB of RAM. For the simulated annealing, by preliminary experiments,
we identified the following parameters: T ¼ 100; Tmin ¼ 1;R ¼ 10; c ¼ 0:9, and b ¼ 0:9.

5.1. Problem generation

In order to evaluate the performance of the proposed model (implemented in CPLEX) and the heuristics proposed in this
work, a benchmark suite is proposed. These problem instances are based on data provided by the port of Shanghai (China). In
this regard, besides the geographic information, for generating this benchmark suite, we had access to historical data related
to the shipping traffic and the tidal measures at the Estuary provided by the Waigaoqiao terminal. Furthermore, since this
problem can be translated to other scenarios, we have generated problem instances of different sizes. Hence, according to the
information provided, we fix the parameters for each case according to the minimum and maximum draft, length and
breadth of the vessels and randomly generate the information of the vessels following a discrete uniform distribution. More-
over, as indicated above, we had to take into account data from the minimum and maximum tide levels of the waterways
provided by terminal managers. In the following, we list the set of instances generated for assessing the WSSP.

– jV j ¼ 30 vessels (jV1j ¼ 15; jV2j ¼ 15) within jWj ¼ 2 waterways
– jV j ¼ 30 vessels (jV1j ¼ 20; jV2j ¼ 20) within jWj ¼ 4 waterways
– jV j ¼ 40 vessels (jV1j ¼ 20; jV2j ¼ 20) within jWj ¼ 2 waterways
– jV j ¼ 40 vessels (jV1j ¼ 20; jV2j ¼ 20) within jWj ¼ 4 waterways
– jV j ¼ 50 vessels (jV1j ¼ 25; jV2j ¼ 25) within jWj ¼ 2 waterways
– jV j ¼ 50 vessels (jV1j ¼ 25; jV2j ¼ 25) within jWj ¼ 4 waterways
– jV j ¼ 60 vessels (jV1j ¼ 30; jV2j ¼ 30) within jWj ¼ 2 waterways
– jV j ¼ 60 vessels (jV1j ¼ 30; jV2j ¼ 30) within jWj ¼ 4 waterways
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Five problem instances of each set have been generated, thus, a total of 40 problem instances. Since this is a daily prob-
lem, we have set a planning horizon of one day divided into 48 time steps.

Yangtze scenario – additional considerations: Furthermore, although the mathematical model can be used in scenarios
that allow more than two ships to pass through a waterway at the same time, in this work we address the particular scenario
at the Yangtze Estuary where -according to practitioners- some assumptions regarding its geographic situation have to be
used when generating the set of instances:

1. A ship, i 2 V with li > 275 m, cannot access the port through the waterways within the night time windows ½t; t0�.
2. A ship, i 2 V with li > 150 m, has its draft increased 1 m for the sake of safety.
3. A maximum of two ships can go through the waterway in the same time step.

It should be noted that considerations depicted in points 1 and 2 are taken into account when generating the problem
instances. Nevertheless, for the consideration described in point 3, we have to include the following constraints to the math-
ematical model:
Please
org/10
X
i2V1

dhki 6 1 8k 2W; 8h 2 H ð37Þ
X
i2V2

dhki 6 1 8k 2W; 8h 2 H ð38Þ
Constraints (37) and (38) do not allow that more than one ship goes through the waterway at the same time step and type
of incoming or outgoing vessels.
5.2. Comparison among heuristics

In order to assess the performance of the heuristics proposed in this work (Random-G, FCFS-G, and STW-G), a comparison
of their behaviour in terms of objective function value is presented in this subsection.

Tables 1 and 2 illustrate the results provided by the greedy heuristics for a representative set of instances proposed in this
work. The algorithms have been run ten times. For Random-G, the worst (Max), average (Avg), and best (Min) objective func-
tion values are reported. It should be noted that FCFS-G and STW-G are deterministic, hence, they provide the same solution
regardless the number of repetitions. Since the computational times required by the algorithms are very small (about
0.001 s) they have not been included in the tables.

In the tables, it can be checked that FCFS-G and STW-G are not able to provide a solution in some cases. On the other hand,
Random-G may not be able to provide a solution in some cases, hence, taking advantage of the tiny time effort required at
each run, Random-G is executed until a solution is provided. Furthermore, the cases where FCFS-G and STW-G are not able to
provide a solution belong to those problem instance sets that establish two waterways. This makes sense since there are sev-
eral real constraints that have to be taken into account such as short length time windows, vessel drafts and widths, vessel
transit time, and large number of vessels. Additionally, these results indicate that for common strategies as the ones pro-
posed in this work, the instances become difficult when there are less waterways in terms of providing feasible solutions.

At the light of these results, the use of Random-G is advisable in practical scenarios instead of using FCFS-G and STW-G
since it provides a feasible solution in all the cases. In this sense, as indicated in some works (see Cordeau et al., 2005; Liang
et al., 2009; Lorenzoni et al., 2006; Douma et al., 2011; Kontovas and Psaraftis, 2011) the FCFS policy is commonly used at
some container terminals when scheduling vessels. In this case, the use of these strategies would not be successful when
addressing some instances due to the fact that they are not able to provide a feasible solution. Thus, their use may require
that terminal managers or DSS using these rules need to consider soft time windows or require that some vessels wait to the
next day to pass through the waterway to access the terminal.
5.3. Mathematical programming and metaheuristics results and discussion

In this subsection, we present the comparison among the MILP mathematical model implemented in CPLEX, and the pro-
posed SA approach using as initialization the algorithms proposed in this work:

1. Simulated Annealing using Random-G as initialization method (SARG)
2. Simulated Annealing using FCFS-G as initialization method (SAFCFS�G)
3. Simulated Annealing using STW-G as initialization method (SASTW�G)

Moreover, a comparison among SA approaches and the common queue rules used for scheduling in order to evaluate the
benefit of using SA is also presented.
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Table 1
Comparison among heuristics for the WSSP for a representative set of instances with two waterways.

Instances Random-G FCFS-G STW-G

j V j jW j j V1 j j V2 j id Min Avg Max

30 2 15 15 1 169 186.40 210 151 189
2 97 108.70 127 88 106

40 2 20 20 1 280 307.90 344 – –
2 177 189.60 205 184 192

50 2 25 25 1 183 213.40 222 – –
2 135 154.20 167 155 150

60 2 30 30 1 245 273.70 319 252 318
2 484 546.40 580 – –

Table 2
Comparison among heuristics for the WSSP for a representative set of instances with four waterways.

Instances Random-G FCFS-G STW-G

j V j jW j j V1 j j V2 j id Min Avg Max

30 4 15 15 1 41 42.60 44 44 43
2 85 97.10 117 87 106

40 4 20 20 1 113 119.10 126 113 116
2 108 109.70 114 104 114

50 4 25 25 1 110 116.20 123 116 115
2 85 90.00 96 96 85

60 4 30 30 1 93 105.40 121 93 120
2 134 151.50 171 139 148
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Tables 3–6 report the computational results provided by CPLEX in terms of upper bound (UB), lower bound (LB), relative
error (Gap(%)) and computational time (time (s)). For the SA approaches, the best objective function value (Obj.), the relative
error (Gap(%)), and the average computational time (time (s)) are reported.

The results shown in Table 3 indicate that for the instances of jWj ¼ 4 CPLEX, SARG, and SASTW�G exhibit a similar perfor-
mance in terms of objective function value. In this regard, SA using FCFS-G as initialization method is not able to reach a
solution. Furthermore, in those instances where CPLEX is able to solve them to optimality (30�4-4 and 30�4-5), SA requires
far less computational time regardless the initialization method. From Tables 4–6, it can be noted that CPLEX is not able to
provide a solution for some instances, especially, in the set of instances considering 60 vessels. This also happens less often
for SAFCFS�G. Furthermore, it should be noted that SARG and SASTW�G exhibit a similar performance. In this sense, SASTW�G pre-
sents a slightly better performance on average in terms of objective function value. Regarding the computational times, the
proposed SA algorithms require, on average, less than 0.35 s to provide a feasible solution.

SARG and SASTW (see Tables 3–6) present a similar performance. Hence, in order to evaluate more in depth both approaches
by means of the best, average and worst value within 10 runs, Tables 7 and 8 report a detailed comparison. Moreover, since
common queue strategies such as FCFS are used at some terminals, the relative error based on FCFS-G (GapFCFS(%)) and
STW-G (GapSTW(%)) are calculated with respect to the average values provided by SARG and SASTW . The rationale behind this
is to make a fair comparison with respect to FCFS-G and STW-G, given that they are deterministic algorithms and, conse-
quently, provide always the same objective value on average.

Besides SARG and SASTW show a similar performance, on average, in terms of the best solutions provided for the smallest
instances (see Table 7), it should be noted that when the size of the scenarios increases the quality of the solutions provided
by SASTW becomes slightly better (see Table 8). Additionally, SASTW presents a better robustness by means of worst and aver-
age objective function values. This characteristic is relevant when this algorithm has to be executed jointly with other algo-
rithms and several executions have to be made. Moreover, SASTW is more competitive from the point of view of shipping
companies, the longer the vessels have to wait the more negative the impact will be on their economical benefits since they
may have more fuel costs -emitting undesirable emissions- as well as delays in their commercial routes for visiting other
terminals. Finally, from the terminal operator’s viewpoint, the benefit of using the proposed SA approaches instead of the
greedy strategies based on queue policies, would have a positive overall impact in terms of allowing more steady operations,
reducing emissions in the fuel saving of the vessels thanks to shorter waiting times, and allowing to serve more vessels influ-
encing an increased competitiveness.

Furthermore, when the SA is contextualized by considering the heuristics using traditional policies, especially with the
widely known FCFS policy, SA is able to provide, in the best case, a solution 26.86% better than the one provided by
FCFS-G, and 60% better than STW-G within 1 s. Those improvement percentages means reduction of unnecessary vessels’
waiting time involving consequently fuel costs, emissions, commercial route timing, etc. In this context, by means of related
works, if we consider the entering and leaving to the terminal by waterways as a part of a route, the reduction of the waiting
times, as indicated in Fagerholt et al. (2010), increases the potential to reduce fuel consumption and, thus, emissions.
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Table 3
Comparison among CPLEX, SA with Random-G (SARG), SA with FCFS-G (SAFCFS�G), and SA with STW-G (SASTW�G) for problem instances of 30 vessels.

Instances CPLEX SARG SAFCFS�G SASTW�G

jV j jWj jV1j jV2j id UB LB Gap
(%)

Time
(s)

Obj. Gap
(%)

Time
(s)

Obj. Gap
(%)

Time
(s)

Obj. Gap
(%)

Time
(s)

30 2 15 15 1 205 91.89 55.17 3600 139 33.89 0.06 139 33.89 0.06 139 33.89 0.06
2 157 57.12 63.62 3600 85 32.80 0.05 85 32.80 0.05 85 32.80 0.05
3 128 71.00 44.53 3600 91 21.98 0.05 91 21.98 0.05 91 21.98 0.05
4 196 66.00 66.33 3600 120 45.00 0.05 120 45.00 0.05 120 45.00 0.05
5 46 41.00 10.87 3600 46 10.87 0.04 46 10.87 0.04 46 10.87 0.04

30 4 15 15 1 41 33.73 17.73 3600 41 17.73 0.08 – – 0.08 41 17.73 0.08
2 78 74.56 4.41 3600 78 4.41 0.13 78 4.41 0.13 78 4.41 0.13
3 42 38.07 9.36 3600 42 9.36 0.13 42 9.36 0.12 42 9.36 0.13
4 76 76.00 0.00 759.57 76 0.00 0.11 76 0.00 0.11 76 0.00 0.11
5 67 67.00 0.00 504.9 67 0.00 0.13 67 0.00 0.14 67 0.00 0.12

78.50 17.60 0.08 – – 0.08 78.50 17.60 0.08

Table 4
Comparison among CPLEX, SA with Random-G (SARG), SA with FCFS-G (SAFCFS�G), and SA with STW-G (SASTW�G) for problem instances of 40 vessels.

Instance CPLEX SARG SAFCFS�G SASTW�G

jV j jWj jV1j jV2j id UB LB Gap
(%)

Time
(s)

Obj. Gap
(%)

Time
(s)

Obj. Gap
(%)

Time
(s)

Obj. Gap
(%)

Time
(s)

40 2 20 20 1 – 108.30 – 3600 227 52.29 0.09 – – 0.49 225 51.87 0.08
2 237 88.21 62.78 3600 149 40.80 0.08 149 40.80 0.07 149 40.80 0.07
3 – 97.00 – 3600 199 51.26 0.07 199 51.26 0.07 199 51.26 0.06
4 131 58.00 55.73 3600 82 29.27 0.08 82 29.27 0.08 82 29.27 0.08
5 161 46.00 71.43 3600 81 43.21 0.10 81 43.21 0.10 81 43.21 0.10

40 4 20 20 1 117 95.44 18.43 3600 107 10.80 0.10 107 10.80 0.10 107 10.80 0.10
2 213 98.00 53.99 3600 101 2.97 0.10 101 2.97 0.10 101 2.97 0.11
3 75 42.00 44.00 3600 70 40.00 0.13 70 40.00 0.13 70 40.00 0.13
4 197 61.02 69.03 3600 80 23.73 0.10 80 23.73 0.10 80 23.73 0.10
5 298 168.00 43.62 3600 193 12.95 0.13 193 12.95 0.16 193 12.95 0.16

128.90 30.73 0.10 – – 0.14 128.70 30.69 0.10

Table 5
Comparison among CPLEX, SA with Random-G (SARG), SA with FCFS-G (SAFCFS�G), and SA with STW-G (SASTW�G) for problem instances of 50 vessels.

Instances CPLEX SARG SAFCFS�G SASTW�G

jV j jWj jV1j jV2j id UB LB Gap
(%)

Time
(s)

Obj. Gap
(%)

Time
(s)

Obj. Gap
(%)

Time
(s)

Obj. Gap
(%)

Time
(s)

50 2 25 25 1 179 110.54 38.25 3600 172 35.73 0.07 172 35.73 0.08 172 35.73 0.08
2 113 72.00 36.28 3600 108 33.33 0.11 108 33.33 0.11 108 33.33 0.11
3 – 104.69 – 3600 242 56.74 0.06 242 56.74 0.07 241 56.56 0.07
4 – 120.00 – 3600 324 62.96 0.07 324 62.96 0.08 325 63.08 0.08
5 105 69.02 34.26 3600 100 30.98 0.12 100 30.98 0.12 100 30.98 0.13

50 4 25 25 1 106 82.00 22.64 3600 100 18.00 0.16 100 18.00 0.17 100 18.00 0.16
2 258 74.00 71.32 3600 82 9.76 0.10 82 9.76 0.10 82 9.76 0.10
3 117 98.00 16.34 3600 107 8.41 0.16 107 8.41 0.17 107 8.41 0.17
4 241 70.00 70.95 3600 82 14.63 0.17 82 14.63 0.17 82 14.63 0.19
5 79 62.00 21.52 3600 78 20.51 0.26 78 20.51 0.25 78 20.51 0.25

139.50 29.11 0.13 139.50 29.11 0.13 139.50 29.10 0.13
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Additionally, Moon and Woo (2014) indicate that the improvement of efficiency in port operations enhance the operational
efficiency of ships by reducing operation costs and CO2 emission. The above, therefore, supports and points out the benefit
that the use of SA has not only in the cost reductions but also in reduction of emissions and shipping companies satisfaction.

In Fig. 4 we illustrate the advantage of SASTW over SARG by means of objective function value. As can be checked, in all cases
SASTW provides at least, on average, the same quality solutions than SARG. This provides the insight, that although STW-G is
not always able to provide a solution on its own but Random-G, within the SA approach provided in this work STW-G is able
to exhibit a very competitive performance by means of best, average and worst solutions. On the other hand, SAFCFS�G is not
included in the figure, since it does not provide a feasible solution in some cases, which indicates that under this strategy
Please cite this article in press as: Lalla-Ruiz, E., et al. The waterway ship scheduling problem. Transport. Res. Part D (2016), http://dx.doi.
org/10.1016/j.trd.2016.09.013
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Table 6
Comparison among CPLEX, SA with Random-G (SARG), SA with FCFS-G (SAFCFS�G), and SA with STW-G (SASTW�G) for problem instances of 60 vessels.

Instances CPLEX SARG SAFCFS�G SASTW�G

jV j jW j jV1j jV2j id UB LB Gap
(%)

Time
(s)

Obj. Gap
(%)

Time
(s)

Obj. Gap
(%)

Time
(s)

Obj. Gap
(%)

Time
(s)

60 2 30 30 1 – 78 – 3600 239 67.36 0.10 – – 0.42 237 67.09 0.10
2 – 139.7 – 3600 199 29.80 0.10 199 29.80 0.09 198 29.44 0.10
3 – 90.7 – 3600 520 82.56 0.10 – – 0.66 443 79.53 0.10
4 – 92.27 – 3600 326 71.70 0.10 – – 0.87 290 68.18 0.12
5 – 201.06 – 3600 266 24.41 0.10 262 23.26 0.11 262 23.26 0.11

60 4 30 30 1 180 67 62.78 3600 75 10.67 0.34 75 10.67 0.33 75 10.67 0.33
2 – 70 – 3600 115 39.13 0.32 115 39.13 0.32 115 39.13 0.32
3 86 73 15.12 3600 83 12.05 0.19 83 12.05 0.19 83 12.05 0.20
4 – 141 141.00 3600 187 24.60 0.24 187 24.60 0.23 188 25.00 0.24
5 – 83 – 3600 106 21.70 0.25 106 21.70 0.24 106 21.70 0.25

211.60 38.40 0.18 – – 0.35 199.70 37.60 0.19
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some ships are not able to be scheduled to pass through the 1-day time horizon. This feature is important since, as indicated
before, this is a common rule used at some container terminals.
6. Conclusions and further research

In this work, we have presented the Waterway Ship Scheduling Problem (WSSP) aimed at scheduling the traffic of ships
along waterways. At the light of the analysis and results provided, we found that solving this problem may lead to win-win
solutions since reducing ships’ waiting time yields to economic, operational, and environmental savings for both, container
terminals and shipping companies. In order to solve this problem we have developed a MILP mathematical formulation and
implemented it on a general purpose solver such as CPLEX. Moreover, since the formulation is not able to provide a feasible
solution within reasonable time limits for some scenarios, some greedy heuristics based on commonly used queue rules as
well as a simulated annealing (SA) algorithm are proposed. In order to assess their performance, a benchmark suite which
considers some real-issues from the Yangtze Estuary has been considered.

From the computational experiments carried out in this paper it can be concluded that the problem is difficult for being
solved even for small-sized problem instances using a general purpose solver. Nevertheless, the SA approaches proposed in
this work are able to provide high-quality solutions in short computational times. The experimental tests also show that the
SA approaches are adaptable for practical-size problems used nowadays. In this regard, it can be highlighted that the com-
putational effort required by them is not strongly influenced by the dimensions of the instances since they provide feasible
solutions with a similar computational effort for different size instances. This characteristic makes SA worthy for practical
cases where, on one hand, the number of ships may vary due to delays or changes in shipping routes and, on the other hand,
the number of waterways where ships are allowed to pass through can change depending on how they are planned or
intended to be used by the terminal(s). On the other hand, the comparison of SA with common queue policies used at con-
tainer terminals show that a relevant improvement can be obtained in terms of reducing the unnecessary ships’ waiting
time. This allows a more fluid ship traffic yielding to economical and strategic benefits as well as an increase in the quality
of the environmental care level through the reduction of vessels’ emissions. Moreover, the computational results allow to
indicate, from the perspective of container terminals, that the improvement in the management of the traffic along the
waterways results not only in an enhancement of terminal’s competitiveness but also in reducing costs and emissions of
the shipping lines by reducing their waiting time allowing a smooth routing. On the other hand, not considering the dimen-
sional and tidal constraints may lead to wrong ETAs and ETDs as well as longer waiting times for ships in order to access the
waterways. All this is apart from mentioning the time savings for the ship schedule controllers of SIPG since they have to
check all the reported ships and modify their related, eventually inappropriate schedule.

Furthermore, besides the potential benefits of applying these solution approaches to real cases, these approaches can also
be used as a suitable tool in the negotiation between the terminal operators and the shipping companies while schedules are
being agreed. The terminal operators would be able to get a perspective of how the range of possible schedules would affect
the rest of the vessels’ schedules while the negotiations are being achieved. In this respect, the use of exact techniques, as can
be seen from the computational results using CPLEX, requires a high computational effort in terms of execution time which
would cause a delay or slow-down in the decision-making process during the negotiations between the terminal operators
and the shipping companies. Hence, the use of approximate techniques as the ones proposed in this work is then appropriate
for quickly getting all the possible schedules that the terminal could hold and offer to the shipping companies without com-
promising its performance or the contracts already agreed upon.

Considering the contributions presented in this paper, the next stage of our research will be focused on the analysis of
how the consideration of the tide impacts the waiting times of the vessels. Another open line for future research is to inte-
grate this approach to other related operations taking place at container terminals such as berth scheduling and quay crane
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Table 7
Comparison of SARG and SASTW for the problem instances of 30 and 40 vessels. The benefits of using Simulated Annealing instead of algorithms based on queue rules (FCFS-G and STW-G) are shown.

Instances FCFS-G STW-G SARG SASTW

jV j jWj jV1j jV2j id Min Avg Max GapFCFS(%) GapSTW(%) Min Avg Max GapFCFS(%) GapSTW(%)

30 2 15 15 1 151 189 139 140.00 142 7.86 35.00 139 139.50 141 8.24 35.48
2 88 106 85 85.00 85 3.53 24.71 85 85.30 86 3.17 24.27
3 93 112 91 91.00 91 2.20 23.08 91 91.00 91 2.20 23.08
4 138 167 120 120.50 121 14.52 38.59 120 120.30 121 14.71 38.82
5 47 49 46 46.00 46 2.17 6.52 46 46.00 46 2.17 6.52

30 4 15 15 1 44 43 41 41.00 41 7.32 4.88 41 41.00 41 7.32 4.88
2 87 106 78 78.00 78 11.54 35.90 78 78.00 78 11.54 35.90
3 45 45 42 42.00 42 7.14 7.14 42 42.00 42 7.14 7.14
4 83 87 76 76.00 76 9.21 14.47 76 76.00 76 9.21 14.47
5 70 75 67 67.00 67 4.48 11.94 67 67.00 67 4.48 11.94

40 2 20 20 1 – – 227 280.50 356 – – 225 228.50 234 – –
2 184 192 149 149.10 150 23.41 28.77 149 149.20 150 23.32 28.69
3 237 273 199 205.60 261 15.27 32.78 199 199.50 201 18.80 36.84
4 99 105 82 82.00 82 20.73 28.05 82 82.00 82 20.73 28.05
5 102 96 81 81.00 81 25.93 18.52 81 81.00 81 25.93 18.52

40 4 20 20 1 113 116 107 107.00 107 5.61 8.41 107 107.00 107 5.61 8.41
2 104 114 101 101.00 101 2.97 12.87 101 101.00 101 2.97 12.87
3 78 83 70 70.00 70 11.43 18.57 70 70.00 70 11.43 18.57
4 89 84 80 80.00 80 11.25 5.00 80 80.00 80 11.25 5.00
5 – 265 193 221.30 251 – 19.75 193 195.10 200 – 35.83

103.70 108.20 116.40 – – 103.60 103.97 104.75 – –
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Table 8
Comparison of SARG and SASTW for the problem instances of 50 and 60 vessels. The benefits of using Simulated Annealing instead of algorithms based on queue rules (FCFS-G and STW-G) are shown.

Instances FCFS-G STW-G SARG SASTW

jV j jWj jV1j jV2j id Min Avg Max GapFCFS(%) GapSTW(%) Min Avg Max GapFCFS(%) GapSTW(%)

50 2 25 25 1 – – 172 197.40 236 – – 172 173.80 176 – –
2 155 150 108 108.20 109 43.25 38.63 108 108.50 109 42.86 38.25
3 – 342 242 244.80 247 – 39.71 241 243.00 248 – 40.74
4 – 464 324 365.20 481 – 27.05 325 326.90 330 – 41.94
5 112 122 100 100.00 100 12.00 22.00 100 100.00 100 12.00 22.00

50 4 25 25 1 116 115 100 100.00 100 16.00 15.00 100 100.00 100 16.00 15.00
2 96 85 82 82.00 82 17.07 3.66 82 82.00 82 17.07 3.66
3 119 128 107 107.00 107 11.21 19.63 107 107.00 107 11.21 19.63
4 92 93 82 82.00 82 12.20 13.41 82 82.00 82 12.20 13.41
5 87 128 78 78.00 78 11.54 64.10 78 78.00 78 11.54 64.10

60 2 30 30 1 – 305 239 267.10 312 – 14.19 237 239.20 241 – 27.51
2 252 318 199 205.00 243 22.93 55.12 198 200.30 204 25.81 58.76
3 – – 520 529.60 591 – – 443 445.80 447 – –
4 – – 326 348.50 374 – – 290 290.80 291 – –
5 341 392 266 337.00 393 1.19 16.32 262 268.80 272 26.86 45.83

60 4 30 30 1 93 120 75 75.00 75 24.00 60.00 75 75.00 75 24.00 60.00
2 139 148 115 115.30 117 20.56 28.36 115 115.70 117 20.14 27.92
3 95 96 83 83.00 83 14.46 15.66 83 83.00 83 14.46 15.66
4 201 261 187 188.10 189 6.86 38.76 188 188.10 190 6.86 38.76
5 125 125 106 106.00 106 17.92 17.92 106 106.00 106 17.92 17.92

175.55 185.96 205.25 – – 169.60 170.70 171.90 – –
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Fig. 4. Comparison between SARG and SASTW in terms of average function value for 10 runs.
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deployment. On the other hand, at a more strategic level, we seek to apply a respective tool to support decision makers to
weight different options when discussing the provision of proper access to ports and terminals in case of capacity restricted
transport corridors. One example in our mind refers to the case of the current discussion of the dredging of the Elbe river
with its access to the port of Hamburg, Germany. Finally, from an algorithmic point of view, we will investigate the inclusion
of different neighbourhood structures and their impact on the performance of the simulated annealing algorithm. This way
we aim to provide, depending on the scenario, an intelligent way to select the most appropriate neighbourhood structure in
an adaptive fashion.
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