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Abstract—Port authorities would like to avert excessive
amounts of marine litter by sweeping marine litter. In this way
the risk posed to vessels and the negative environmental impact
of marine litter is reduced. Nowadays, these vessels are usually
only deployed after complaints on excessive amounts of marine
litter. In this paper an innovative routing method is proposed
to sweep marine litter in a port area proactively. This routing
method makes use of input from a prediction model considering
the location and accumulation of marine litter. The routing
method is formulated as a mixed-integer programming (MIP)
model. To benchmark the performance of the model simulations
are performed, whereby the performance of different sweeping
policies is compared.

Index Terms—inventory routing problem, mixed integer pro-
gramming, simulation, marine litter.

I. INTRODUCTION

Marine litter is any persistent, manufactured or processed

solid material that is discarded, disposed of or abandoned in

the marine and coastal environment [1] (page 3). This human-

created waste is deliberately or accidentally released in the

marine environment. It is estimated that between 6.4 million

to 7 billion tonnes of litter enters the oceans each year [2]

(page 6). Marine litter includes a wide range of materials, but

plastics account by far for the most predominant share (60 to

80% [3] (page 63)). Plastic litter forms a serious environmental

threat to marine animals. They are affected in various ways

by plastic litter, such as entanglement and ingestion [4].

Marine litter can be classified into two sources: land- and

marine based. Land based litter originates from terrestrial

sources (e.g. street litter washed into a waterway or sewer

overflow). Marine based litter originates from marine activity

(like container vessels, cruise ships and offshore platforms)

and is conveyed via waterways to one of the oceans. In

literature it is widely accepted that 80% of the marine debris

originates from land based sources [5] (page 146), [6], [7].

Since seaports usually are strategically situated with an

inland waterway connection, it is not surprising that seaports

have to deal with marine litter. Besides the negative envi-

ronmental impact, marine litter also poses risks to vessels in

port areas. Incidents with marine litter are reported wherein

propellers, anchors and rudders were fouled or intake pipes

and valves were blocked [8] (page 56).

The objectives of port authorities with respect to marine

litter, the condition of marine litter in a port area and the

availability of cleaning vessels determine which sweeping

policy is suitable to fulfil these objectives. Concerning the

condition of marine litter in a port area two extremes can be

distinguished. One extreme is the condition wherein marine

litter is present everywhere in very large amounts. The other

extreme is the condition wherein marine litter is not a day-

to-day problem and sweeping of marine litter one day in the

year, for example, is fulfilling needs. This research considers

the condition of marine litter in-between these two extremes,

whereby the number of cleaning vessels is limited and the

objective of sweeping marine litter is to avert excessive

amounts of marine litter and accompanying complaints. In this

way the risk posed to vessels and the negative environmental

impact of marine litter is reduced. Nowadays, these vessels are

usually only deployed after complaints on excessive amounts

of marine litter.

Because the number of cleaning vessels is considered lim-

ited, minimization of the distance travelled is demanded. For

minimization of the distance travelled, the distribution of the

marine litter over the water surface is of importance. Various

research is performed with respect to the spatial distribution

of marine litter, e.g. [9], [10] and [11]. According to [10],

many factors can influence the spatial distribution of marine

litter. Factors are mentioned like wind, wave-action and tides.

Research considering the spatial distribution of marine litter

has in common that accumulation sites (or hot spots) are

present. At these sites, the marine litter tends to accumulate. If

a prediction model for the location and accumulation of marine

litter in a port area is developed, this could be used as input for

sweeping of marine litter. This prediction model could make

use of, for example, meteorological data, tides forecasts and

visual inspection by drones. Given that the locations of marine

litter are dispersed, a cleaning vessel must address multiple lo-

cations over a certain time span. To avert excessive amounts of

marine litter at these locations while minimizing the distance

travelled a routing method may be used. This routing method

deploys the vessel along the geographically dispersed hot spots

in the port area while making use of information with respect

to the spatial distribution of marine litter. The main objective

of the research presented in this paper is the development of

a routing method to avert excessive amounts of marine litter

(and accompanying complaints) while minimizing the distance

travelled, given a number of vessels. This routing method

makes use of input from a prediction model considering the

location and accumulation of marine litter.

This paper is structured as follows. In section II a literature

review is given. In section III various models are proposed.

In section IV the routing method is applied to a case study.

Section V contains the conclusions and recommendations for

future research.
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II. LITERATURE REVIEW

A. Inventory Routing Problem

The Inventory Routing Problem (IRP) is a combinatorial opti-

mization problem. The IRP considers the repeated distribution

of goods between a central facility and a set of geographically

dispersed customers over a certain planning horizon. The

customers possess a limited storage capacity. The distribution

of goods is performed by a fleet of vehicles, which may have

a limiting carrying capacity. At the depot the vehicles have the

possibility to stand idle and to renew their carrying capacity. A

cost is associated with travelling between a pair of customers.

Above that, inventory holding cost may be present at the

central facility and/or the customers. The objective of the IRP

is to derive a distribution policy with minimal total cost over

the planning horizon without causing stock-outs or reaching

maximum inventory level at the customers. Often a trade-off

is performed between total cost and system performance. The

IRP comes down to performing three decisions [12]:

• When to serve each customer?

• How much to transfer at each customer when it is served?

• How to combine customers into vehicle routes to mini-

mize cost?

One of the first papers in the field of IRP was published by

Bell et al. (1983) [13]. The IRP has its application in many

sectors, like in the oil and gas industry [13], retail [14] and the

medical sector [15]. A literature review concerning the history

of the IRP is given in [12]. In formulating an IRP a wide

variety of aspects can be involved. Unlike many other routing

problems for which there are clear definitions, there is almost

one new version of the IRP for every paper published [16].

Due to this variety of formulations, it is very hard to formulate

a comprehensive classification of the IRP. For a classification

of the IRP the reader is referred to [16].

In literature the IRP is often considered as a delivery

problem. However, the IRP may consider collection problems

as well. In a delivery problem goods are consumed at the

customers, to prevent stock-out goods are distributed from

the central facility to the customers. In a collection problem

goods are produced at the customers, to prevent reaching

maximum inventory level goods are collected at the customers

and brought to the central facility.

As stated in the introduction, a cleaning vessel must address

multiple locations over a certain time span. Due to the con-

tinuous supply of marine litter by rivers, the amount of litter

accumulates at the hot spots over time. So the analogy between

the problem considered in this research and the IRP holds that

the hot spots of marine litter can be seen as geographically

dispersed customers with an inventory of marine litter that

increases over time. In other words, a hot spot can be seen

as a producing customer. The consideration of the IRP as a

collection problem corresponds to the situation wherein marine

litter is collected by means of a cleaning vessel and brought to

a central facility. The limited storage capacity at the customers

is represented by setting a boundary value for the amount of

marine litter per hot spot. In the end, the IRP is able to take

into account a routing aspect and the accumulation of marine

litter together for deploying cleaning vessels along hot spots

in the port area

B. Solution approaches stochastic IRP

It is widely accepted demand is inherently stochastic in real

life IRP [17]. A way to take into account random parameters is

by means of stochastic programming. One of the first papers

considering stochastic programming was presented by [18].

The aim of stochastic programming is to find an optimal

decision in problems involving uncertain data [19] (page

xi). Contrary to deterministic models, not all information is

available for decision making and thus decisions have to be

made in the presence of random parameters by making use of

probability distributions. Stochastic programming is applied

in various fields of research, for example considering capacity

expansion of electric power stations [20], telecommunications

network planning [21] and financial portfolio optimization

[22]. Two major classes of stochastic programs are discussed.

In the first class of problems decisions are made in two

stages and the observation of the random parameters takes

place between these two stages. This class of problems is

referred to as two-stage stochastic programming problems

or stochastic programming with recourse [23] (page 373). If

the objective functions and constraints are linear, a two-stage

stochastic linear program is considered. A general formulation

of this class of problems is given below:

max cTx+ E[Q(x, ξ)] (1)

subjected to:

Ax = b (2)

x ≥ 0 (3)

wherein b and c are vectors with coefficients, A is a matrix

with coefficients, T indicates the matrix transpose, E denotes

the expectation and Q(x, ξ) is the recourse function. The

recourse function expresses the cost of decisions taken after

the realization of ξ. In the general formulation of the two-

stage problem, two problems can be distinguished: a first-stage

problem and a second-stage problem. In the first-stage problem

decisions x are taken in the presence of uncertainty about

future realization of ξ. In the second-stage uncertainty about

ξ is revealed and (recourse) decisions y are taken. However,

decisions in the second-stage problem affect the decisions of

the first-stage problem and first-stage problem decisions have

to be taken before uncertainty is revealed. Therefore, first-stage

decisions take into account their future effect by means of the

expectation of the recourse function Q(x, ξ). This expectation

expresses a measure of the future effects of taking decision

x. The actual decisions of the second-stage problem are only

taken after realization of ξ.

An approach to solve two-stage stochastic programs is by

assuming that ξ has a finite number of realizations ξ1, ξ2 . . . ξd
with each a certain probability p1, p2 . . . pd. Each considered

realization is called a scenario s. This assumption implies that

in case of a continuous probability distribution, this distribu-

tion is replaced by a discrete distribution. The expectation in
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the objective function of the first-stage problem can then be

written as the probability weighted sum:

E[Q(x, ξ)] =
d∑

s=1

psQ(x, ξs) (4)

By assuming a discrete distribution the possibility arises

to combine the first-stage problem and second-stage problem

into one linear program. Please note that the consideration

of one scenario with probability 1 corresponds to a fully

deterministic problem. From a computational point of view

it is desired to keep the number of scenarios manageable. If

necessary, a way to reduce the number of scenarios is by means

of approximating the expectation of Q(x, ξ) by Monte Carlo

sampling [24] (page 180). In general, Monte Carlo sampling

is an approach that relies on repeated random sampling to

compute an approximate result. Monte Carlo sampling is

useful in the case it is infeasible or impossible to compute

an exact result. The most direct sampling approach to a two-

stage stochastic program is to replace the recourse function

Q(x, ξ) by its approximated expected value based on Monte

Carlo sampling [19] (page 390).

The second class of problems are multi-stage stochastic

programming problems. These are a generalization of the two-

stage stochastic programming problems, but include additional

complications [19] (page 265). Multi-stage problems arise

when decisions have to be made subsequently over time, for

example in the presence of a planning horizon, while uncer-

tainty considering random parameters is revealed gradually

over time. Please note that in the special case of a planning

horizon equal to one period, the multi-stage problem reduces

to the two-stage problem [24] (page 12).

An important aspect of multi-stage stochastic problems

is whether the random parameters are independent. Multi-

stage problems do not necessarily assume independence of

the random parameters from one period to another [23] (page

425). However, if the random parameters are independent from

one period to another this gives a property to the multi-stage

problem called “block separability”, which allows for efficient

solutions of large problems. The overall result is that a multi-

period problem reduces to a much less complex two-period

problem. Since the structure of multi-stage stochastic programs

is much more complex, generally also an approximation

approach is required for efficient solution [19] (page 33). An

example of an approximation approach is to assume block

separability at the price of some error [19] (page 155).

C. Spatial distribution of marine litter

Cleassens et al. performed a research to investigate the oc-

currence and distribution of microplastics [25]. Measurements

of the concentration of microplastics in the marine sediments

of three coastal sea ports in Belgium are performed. From

measurements it appeared that partially enclosed port areas

(i.e. port compartments) exhibit the highest abundance of mi-

croplastics. This could be partially related to the geometry of

the port compartments [25]. The water movement is dependent

on various factors, such as geometric factors like port shape

[26], entrance geometry [27] and internal structures [28], but

also non-geometric factors like tides the density of water [29].

In [29] it is stated that one or more vertical vortices (i.e.

circulations) occur in the port compartments. This is caused

by the river flowing by and therefore is called the flow effect.

According to [25] microplastics could get trapped into these

vortices, instead of flushing out of the port. This an explanation

for the measured high abundance of microplastics in the port

compartments.

III. MODELLING

A. Prediction model

To knowledge of the author, no model is available in literature

that provides a prediction of the location and accumulation of

marine litter in a port area. Therefore, a basic prediction model

of the location and accumulation of marine litter is developed.

In the research discussed in subsection II-C it appeared that

partially enclosed port areas (i.e. port compartments) exhibit

the highest abundance of microplastics. In personal communi-

cation with a company involved in cleaning operations in the

port of Rotterdam, it was confirmed that the port compartments

are the locations where the marine litter tends to accumulate.

Therefore the prediction model assumes that the hot spots

(nodes) are situated in the port compartments (see Figure 1).

For the accumulation rate per node a tree structure is as-

sumed, consisting of a main waterway and dead end branches.

The port compartments are situated in the branches. The accu-

mulation of marine litter in a port compartment is dependent

on the supply of marine litter via main waterway. A fraction

of the marine litter that is present in the main waterway

that flows into a port compartment. The fraction of marine

litter that flows into a port compartment is dependent on

the entrance width of the port compartment, mutual situation

of port compartments along the main waterway and wind

direction. It is also assumed that the marine litter that flows

into a port compartment does not flow back into the main

waterway. The realizations for the supply of marine litter

are generated random numbers for a Weibull distribution.

The realizations for the wind direction are generated random

numbers for a discrete distribution with four (North, East,

South, West) possible outcomes.

B. MLS model

In this section the Marine Litter Sweeping (MLS) model

is proposed. Consider a directed graph G = (N,E) that

consists of the set of nodes N = {1, 2, . . . , n} and the set

of edges E = {(i, j) : i, j ∈ N, i 6= j}. Node 1 represents

the central facility and the nodes of N ′ = N\{1} represent

the geographically dispersed hot spots. In this graph vessels

remove marine litter at the nodes and transport it to the

central facility. The elements cij of distance matrix C provide

the distance associated with traversing edge (i, j) ∈ E. The

planning horizon is defined as length h and is divided in

discrete periods t ∈ T = {0, 1, . . . , h}. The first period t = 0
only serves the purpose of initialization of the model, while the

periods in T ′ = T\{0} represent the ‘actual’ planning horizon.

The set of vessels is denoted with k ∈ V = {1, 2, . . . , g}. The

capacity of the vessel is denoted with q, the average vessel
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speed is denoted with v and the average sweeping rate of

the vessel is denoted with e. The average sweeping rate is

the average rate at which the cleaning vessel removes marine

litter from the water. The accumulation of marine litter during

period t ∈ T of node i is denoted with ξti . The initial amount

of marine litter of node i is denoted with m0
i and the amount

of marine litter at the end of period t is denoted with mt
i. The

available (working) time per period per vessel is denoted with

w. A boundary value for the amount of marine litter per node

is set by mthres,i. Each scenario s has a certain probability

ps. The set of scenarios is denoted with S = {1, 2, . . . , d}.
All parameters are listed in Table II.

An important aspect in model development is the input from

the prediction model. The accumulation of marine litter at

hot spots in a port area is subjected to various sources of

stochasticity, like the supply of marine litter and the distribu-

tion of marine litter over the hot spots. Factors influencing the

first source are for example seasonality or a large-scale public

event. Factors influencing the second source are for example

wind direction and tides. These factors cause uncertainty in

the prediction of accumulation of marine litter at a hot spot.

This uncertainty is taken into account by means of stochastic

programming. For the following analysis, it is assumed that the

accumulation of marine litter is independent from one period

to another. As described in section II-B, this assumption allows

for approaching the problem as a two-stage problem. The

reasoning underlying this assumption is that the correlation

between accumulation at a hot spot during consecutive periods

is considered low. Above that, if the independence assumption

does not hold, it still can be seen as a necessary approximation

approach to find a reasonable solution within reasonable

computational time for a multi-stage problem. By assuming

that ξ has a finite number of realizations, the possibility arises

to combine the first-stage problem and second-stage problem

into one mixed integer program (MIP) model. The formulated

MIP model (Equation 5 to 18) is able to take into account

multiple scenarios with each a certain probability with respect

to the accumulation of marine litter.

1) Objective function: The objective function (5) minimizes

of the sum of the transport cost and the expected penalty

cost. The transport cost are the cost associated with travelling

between the nodes, whereby a travelling cost pt is incurred per

distance unit. To avert excessive amounts of marine litter at

nodes, marine litter should be removed timely at the hot spots.

To determine which amounts of marine litter are excessive, a

marine litter threshold is set per node. The situation wherein

the amount of marine litter at a node is below this threshold is

considered acceptable, while it is considered undesirable if the

amount of marine litter at a node is above this threshold. This

is reflected in the objective function by imposing a penalty

cost if a marine litter threshold is exceeded. The relative

importance of the penalty cost in the objective function is

set by a weight pc . If the marine litter threshold is exceeded,

also the degree of this exceedance is of importance. The higher

the exceedance, the higher the urgency to remove marine litter

at this location. This is reflected in the objective function by

imposing a penalty cost that increases linear with the surplus

of marine litter. Please note that the penalty cost are fictive

cost and are only present in the model to form an incentive to

sweep marine litter. The desired efficacy of the model can fine

tuned by adjusting the transport cost, penalty cost and marine

litter threshold parameters.

2) Constraints: Constrains (6) define the amount of marine

litter at the nodes. Constraints (7) impose that the marine litter

retrieved by a vessel does not exceed the vessel capacity.

Above that, they impose that if one or multiple nodes are

served (xkt
i > 0) by a vessel, the central facility must be

visited by that vessel. Constraints (8) impose that if a node is

served by a vessel (xkt
i > 0), the node is visited by that vessel

(zkti = 1). The constraint allows for the amount of marine

litter removed to be larger than the threshold. Constraints (9)

impose that the time required to execute the routes and serve

the nodes does not exceed the available time for each vessel.

Constraints (10) and (11) are routing constraints. The first set

of constraints imposes that if a node is visited, one edge must

be traversed to arrive at that node. The latter set of constraints

imposes that one edge must be traversed to leave the node if

it is visited.

Constraints (12) also are routing constraints. These are

subtour elimination constraints. To knowledge of the author, a

reformulation of the classical subtour elimination constraints

for the TSP as proposed by [30] (often referred to as DFJ) is

used throughout literature considering the IRP. However, it is

known that this formulation results in a relative large number

of constraints. Therefore, a reformulation of the subtour elmi-

nation for the TSP (often referred to as MTZ) as formulated

by [31] is proposed. At the cost of introducing continuous

variables, the number of constraints is reduced with respect to

the MTZ formulation. The MTZ formulation is extended to the

VRP by [32]. This formulation is extended to suit the specific

needs of an IRP, as shown in constraints (12). Constraints (18)

define the introduced continuous variables.

All decision variables are listed in Table I. Constraints (13)

to constraints (18) define the decision variables. Constraints

(13) and (14) consider the amount of marine litter removed.

The first set of constraints are incorporated because the amount

of marine litter removed at a node may not become negative.

The latter set is incorporated because the accumulation of

marine litter is not an instantaneous process. So the actual

amount of marine litter present depends on the time of arrival

during a period. To limit that vessels are assigned to remove

more marine litter than is actually present, these conservative

constraints are used. Constraints (17) define that the amount

of marine litter at the nodes may not become negative.

Constraints (18) define the introduced continuous variables for

the subtour elimination constraints.

min

h∑

t=1

g∑

k=1

n∑

i=1

n∑

j=1,j 6=i

ptcijy
kt
ij +

d∑

s=1

h∑

t=1

n∑

i=1

pspc max{0,m
t(s)
i −mthres,i}

(5)

subjected to:
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m
t(s)
i = m

t−1(s)
i −

g∑

k=1

x
kt(s)
i + ξ

t(s)
i

∀i ∈ N ′, t ∈ T ′, s ∈ S (6)
n∑

i=2

x
kt(s)
i ≤ qzkt1 ∀k ∈ V, t ∈ T ′, s ∈ S (7)

x
kt(s)
i ≤ qzkti ∀i ∈ N ′, k ∈ V, t ∈ T ′, s ∈ S (8)
n∑

i=2

x
kt(s)
i

e
+

n∑

i=1

n∑

j=1,j 6=i

yktij cij

v
≤ w

∀t ∈ T ′, k ∈ V, s ∈ S (9)
n∑

i=1,i 6=j

yktij = zktj ∀j ∈ N, k ∈ V, t ∈ T ′ (10)

n∑

j=1,j 6=i

yktij = zkti ∀i ∈ N, k ∈ V, t ∈ T ′ (11)

ukt
i − ukt

j + qyktij ≤ q − x
kt(s)
j

∀i ∈ N ′, j ∈ N ′, j 6= i, k ∈ V, t ∈ T ′, s ∈ S (12)

x
kt(s)
i ≥ 0 ∀i ∈ N ′, , k ∈ V, t ∈ T ′, s ∈ S (13)

x
kt(s)
i ≤ m

t−1(s)
i ∀i ∈ N ′, k ∈ V, t ∈ T ′, s ∈ S (14)

yktij ∈ {0, 1} ∀i ∈ N, j ∈ N, j 6= i, k ∈ V, t ∈ T ′ (15)

zkti ∈ {0, 1} ∀i ∈ N, k ∈ V, t ∈ T ′ (16)

m
t(s)
i ≥ 0 ∀i ∈ N ′, t ∈ T, s ∈ S (17)

x
kt(s)
i ≤ ukt

i ≤ q ∀i ∈ N ′, k ∈ V, t ∈ T ′, s ∈ S (18)

TABLE I: Decision variables

x
kt(s)
i amount of marine litter removed of node

yktij edge is traversed or not by vessel

zkti node is visited or not by vessel

m
t(s)
i amount of marine litter at node

ukt
i dummy variable

TABLE II: Parameters

n number of nodes
g number of vessels
h length planning horizon
cij distance associated with traversing edge
q vessel capacity
v average vessel speed
e average sweeping rate of vessel

m0
i initial amount of marine litter of node

mthres,i marine litter threshold of node

ξ
t(s)
i marine litter accumulation
w available time per period per vessel
pc penalty cost for exceeding marine litter threshold
pt travelling cost per distance unit
d number of scenarios
ps probability of scenario

C. Simulation models

To benchmark the performance of the MLS model in the long-

term, simulations are performed. In the simulation discrete

periods are distinguished. A period is assumed to be one day.

For the MLS model a rolling horizon simulation is proposed

(Table III). After initialization the main loop is repeated until

a termination condition is met. In subsection III-A a model

is described to predict the accumulation of marine litter. In

the main loop, first a prediction is made for the coming h

periods with this model. The prediction forms input for the

MLS model. Subsequently, the MIP as presented in Section

III-B is used to derive a routing scheme for the coming h

periods. Next, only the solution determined for period tsim is

executed. Finally, one complete time step of the simulation is

finished. All described steps are repeated until the termination

condition is met.

TABLE III: Simulation model MLS

repeat

– Create prediction of marine litter accumulation for

period tsim up to period tsim + h

– Construct solution for MLS model with planning hori-

zon tsim up to period tsim + h

– Execute solution from MLS model for period tsim
– tsim = tsim + 1

until tsim > simulation length

The performance of the MLS model compared with the

performance of two other sweeping polices. The first of these

two is the on demand (OD) policy (Table IV). During this

sweeping policy marine litter only is removed at a node after

the marine litter threshold is exceeded at that node. This

reflects a reactive policy wherein marine litter only is removed

after complaints on excessive amounts of marine litter. In

other words, if the threshold is exceeded it is assumed that

a complaint is received. If the threshold is exceeded, the

corresponding nodes are added to a queue. The nodes are

added to this queue in random order to model the arrival of

complaints during a day. If the queue is not empty, the first g

nodes from the queue are assigned to g vessels based on first-

come-first-serve (FCFS). After a node is assigned to a vessel,

that node is removed from the queue. For these nodes the

maximum amount of marine litter that can be removed at that

node is determined. Hereto the limiting factor of three aspects

is considered: time, vessel capacity and marine litter present.

For the factor time the available time and the time required to

travel back to the central facility is considered. Subsequently

the nodes are visited and the determined maximum amount of

marine litter is removed. The vessels that are not assigned to a

node will stay at the central facility. Next, it is registered when

a vessel finishes its task. For the vessel that finishes first, it is

determined whether the nearest node (with respect to current

position) from the queue can be served. Hereto, the remaining

time for each vessel is checked. The remaining time must at

least be two times larger than the time required to travel to

the node and back to the central facility. These steps are also

executed for the vessels that finish serving their assigned node

after the first vessel did. If the remaining time is not sufficient,
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the vessel is returned to the central facility. Once returned, the

vessel will stay at the central facility for the remainder of the

period.

TABLE IV: Simulation OD policy

repeat

Determine exceeded thresholds during previous period

Add corresponding nodes to queue

if queue is not empty

Assign node to vessel based on FCFS

repeat

· If sufficient time remaining, assign vessel to

nearest node

· Remove node from queue

· Determine maximum amount of litter to be

removed

· Serve node and remove maximum amount

· Determine time remaining

until queue is empty or no time remaining

end

until tsim > simulation length

The third policy is the fixed routes (FR). Like the MLS

policy, the FR policy proactively sweeps marine litter. Hereto

the FR policy makes use of predetermined fixed routes which

are based on clustering. To each cluster of nodes one vessel is

assigned. For each cluster a shortest TSP route is determined.

A vessel travels its route every period of the simulation,

whereby the route is alternately travelled clockwise and an-

ticlockwise. Based on the length of the route, a limit is set on

the time a vessel may spend on serving a node. A time limit

is derived by subtracting the time required to travel a route

from the available time and equally distributing the remainder

over the nodes in the cluster. If all the marine litter at a node

is removed and the time limit is not reached, the remainder

is used to equally raise the time limit of the nodes in the

cluster that are not served yet. Every period the time limit

will be reset to its original value. To cluster the nodes, use is

made of k-means clustering (also Lloyds algorithm or Voronoi

iteration).

IV. CASE STUDY: PORT OF ROTTERDAM

The proposed model is evaluated by applying it in a case

study on the port of Rotterdam. The results presented in this

section are determined using an Intel Core i5-4200M 2.50GHz

processor and 3GB DDR3 available working memory. A

solution for the MIP model is constructed using CPLEX. The

solution process is stopped if a feasible integer solution is

found which is proven to be within 5% of optimality.

In the case study the input from the prediction model for

the MLS model is considered deterministic (d = 1). Hereby it

is assumed that the prediction of marine litter accumulation,

is equal to the realization. In other words, the accumulation

of marine litter during the near future (up and to the length

of the planning horizon) is known without uncertainty. In this

experiment multiple replication simulation runs are performed,

with each a different random seed for generating random

numbers for the supply of marine litter and the wind direction.

The parameters applied are listed in Table V. In this case study

10 nodes are considered, which are shown in Figure 1.

TABLE V: Parameters applied for MLS policy

n 10 w 8 h

h 3 days pc 35 e/kg

v 12 km/h pt 50 e/km

e 10 kg/h d 1

m0
i 0 kg ps 1

Fig. 1: Assigned nodes in port or Rotterdam

To gain insight into the system Figure 2 is shown. The plots

shows the remaining amount of marine litter in the system

for different policies, which is the total accumulated marine

litter minus the total removed marine litter. The plots also

show the amount of marine litter accumulated per day and

the sum of the marine litter thresholds. In the figure it can be

seen that the remaining amount of marine litter in the system

reaches a steady state condition for the MLS and OD policy

after a start up period of around 20 days. For the FR policy

the remaining amount of marine litter is nearly equal to the

accumulation. In other words, marine litter is usually removed

soon (the next day) after accumulation. An explanation for the

start up period and the different levels of remaining marine

litter are the marine litter thresholds. For this amount of marine

litter (nearly) no incentive is present to be removed in case of

the MLS and OD policy. This causes the start up period and

different levels of remaining marine litter.

Fig. 2: Amounts of marine litter
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For the simulations a duration of 120 days is applied, of

which only the results of the last 100 days (after the start up

period) are considered. The minimum number of vessels for

feasible operation is taken as starting point for the comparison.

To determine whether a configuration is feasible (i.e. able to

maintain the remaining amount of marine litter in the system

stable), δ is defined. This value is defined as the marine litter in

the system at the end of day 120 minus the marine litter in the

system at the beginning of day 21. For each replication run δ is

determined. By assuming that δ is normally distributed, a 95%

confidence interval for the mean of δ can be determined [33]

(page 350). If the lower- and upper bound are small (<1%) in

comparison to the total litter accumulation over 120 days, the

configuration is considered feasible. Based on this analysis, it

is determined that 4 vehicles are required for the FR policy

and 2 vehicles for the MLS and OD policy, with the same

properties for all vessels.

Statistics of the replication runs are listed in Table VI. In this

table five performance indicators are listed. The first indicator

considers the number of kilometres travelled per day. The

second indicator considers the number of kilograms marine

litter removed per day. The third indicator considers the the

remaining (total accumulated minus total removed) amount

of marine litter in the system. The fourth indicator considers

the number of complaints per day. Every day the number

of complaints is determined once, whereby at maximum one

complaint is registered per node per day. In Section III-B1 it

is described that the higher the exceedance of the marine litter

threshold, the higher the urgency to remove marine litter at this

location. Since exceeding the marine litter threshold is consid-

ered equivalent to receiving a complaint, the exceedance is a

measure for the urgency of a complaint. This is incorporated

in the last column of Table VI.

From Table VI it can be seen that both the MLS and the FR

policy succeed similarly in preventing complaints on excessive

amounts of marine litter by proactively sweeping marine litter.

On average the number of complaints reduced by around 40%.

However, if the exceedance is considered, it can be seen that

on average the urgency of the complaints is around 65% lower

for the MLS policy compared to FR and OD policy. The table

also shows that while applying the FR policy, on average a

large distance is travelled compared to the other policies. The

average distance travelled is around 55% lower for the MLS

policy and around 70% lower for the OD policy. If the amount

of marine litter removed per day is considered, on average the

same amount is removed. This expected because only feasible

configurations are considered.

Lastly, if the remaining amount of marine litter is consid-

ered, it can be seen that on average the number of kilograms

marine litter present in the water is around 50% higher for the

OD and MLS policy. An explanation for this difference is the

incorporation of marine litter thresholds in the OD and MLS

policy. As described in Section III-B1, the situation wherein

the amount of marine litter at a node is below a threshold is

considered acceptable, while it is undesirable if the amount of

marine litter at a node is above this threshold. For the amounts

of marine litter below these thresholds, (nearly) no incentive is

present to be removed in case of the MLS and OD policy. This

can also be seen in Figure 2. This causes the average number

of kilograms marine litter is close to the sum of the marine

litter thresholds (360 kg) for the MLS and OD policy. Thus,

these policies succeed on average in maintaining the remaining

amount of marine litter close to an acceptable level, while the

FR policy on average realizes a lower remaining amount of

marine litter than strictly necessary.

TABLE VI: Statistics benchmark (10 replications)

travelled removed remaining complaints exceedance
[km/day] [kg/day] [kg] [1/day] [kg]

policy µ σ µ σ µ σ µ σ µ σ

FR 37.6 0 120 5.32 234 32.9 1.88 0.15 111 28.4

MLS 16.8 0.45 120 5.01 366 26.4 1.83 0.52 38.6 18.1

OD 11.9 0.83 120 4.65 348 36.7 3.06 0.27 110 30.4

V. CONCLUSIONS AND FUTURE RESEARCH

Port authorities would like to avert excessive amounts of

marine litter with a limited number of cleaning vessels. In

this paper an innovative routing method is proposed to sweep

marine litter in a port area proactively. This routing method

makes use of input from a prediction model considering the

location and accumulation of marine litter. To benchmark the

performance of the routing method, simulations are performed.

In a case study the performance is compared with the per-

formance of two other sweeping polices. A pro of developed

routing method is that excessive amounts of marine litter and

accompanying complaints are averted while the complaints are

less urgent and less distance is travelled in comparison with

a fixed routes sweeping policy. In perspective of the objective

of this research, the benchmark shows that qualitative good

predictions for the location and accumulation of marine litter

is of added value for sweeping of marine litter in a port area.

The future litter accumulation is taken into account in the

MLS model by considering an IRP as a collection problem. In

the end, the IRP is able to take into account a routing aspect

and the accumulation of marine litter together for deploying

cleaning vessels along the hot spots in the port area. The MLS

model is formulated in the form of a MIP. A way to take into

account a stochastic input from a prediction model with respect

to the accumulation of marine litter, is by means of stochastic

programming. For each policy the minimum number of vessels

for feasible operation is determined by setting up a confidence

interval for the difference between the remaining marine litter

in the system at the start and end of each replication run.

For future research it is recommended to perform more

study on the existing practice of sweeping marine litter. Based

on this study it could be judged whether the existing practice

is sufficient accurate represented by the models and their

parameters applied in this research. The same recommendation

holds for predicting the location and accumulation of marine

litter in a port area. In this model it is assumed that the marine

litter that flows into a port compartment does not flow back

into the main waterway. It is expected, however, that some

marine litter will flow back into the main waterway and will

subsequently be discharged into sea. Therefore, ‘leaking’ of

marine litter should be added to the prediction model.
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[23] A. Prékopa, “Stochastic programming: mathematics and its applica-
tions,” 1995.

[24] A. Shapiro, D. Dentcheva, and A. Ruszczyński, “Lectures on stochastic
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