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ABSTRACT

UOPTIMIZING THE COVERAGE OF NAVIGABLE WATERWAYS: THE OPTIMAL
PLACEMENT OF ENVIRONMENTAL MONITORING STATIONS
Trevor Mackessy-Lloyd, M.S.
George Mason University, 2017
Thesis Director: Dr. Kevin M. Curtin

This paper presents a method for optimally placing environmental monitoring stations to
maximize coverage of areas that enhance the safety of commercial marine navigation.
This method is based on traditional maximal covering formulations, incorporating marine
traffic volume data derived from Automatic Identification System (AIS) broadcast data to
prioritize high volume areas. This research shows that operations research techniques can
be used as the basis for designing navigation support networks, highlighting the synergy
found between coastal oceanography, geographic information science and optimization
modeling.

xi

INTRODUCTION

The Marine Transportation System consists of all waterways, ports and
intermodal landside connections that allow the transportation of people and goods on the
water. The vast majority of overseas trade (by volume) enters or leaves the United States
by ship each year (Wolfe and MacFarland, 2013), making commercial ship transportation
an integral activity to the economy of the United States. As such, the importance of
navigation safety cannot be emphasized enough. When access to a major port is impacted
by obstruction of its shipping channels in the coastal zone, the economic losses and
recovery costs related to the event can reach the hundreds of thousands or millions of
dollars.
When merchant vessels transit from the open ocean to port, they are often guided
through established ship channels by professional pilots. These navigators utilize an array
of tools in order to bring the vessels to port safely, including charts, landmarks and aids
to navigation that provide spatial references and aid in plotting a course. Compasses and
depth sounders on board provide additional information on the vessel’s direction and
under-keel clearance. In the largest ports, the Automatic Identification System is utilized
by a Vessel Traffic Service (VTS) to monitor the movement of all vessels operating
within the port’s jurisdiction in real-time. AIS transponders are used in conjunction with
global positioning technology to transmit position, speed and other data about the vessel
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to the VTS. VTS operators provide guidance and information on vessel movement, and
orchestrate transit through ship channels in a safe and organized fashion.
A newer addition to the growing pool of resources available to pilots and other
navigators is the Physical Oceanographic Real-Time System (PORTS®). The PORTS
program is operated by the Center for Operational Oceanographic Products and Services,
a program office of the National Oceanographic and Atmospheric Administration
(NOAA). These terrestrial environmental observing networks are operated by NOAA in
partnership with local port authorities, pilots associations, emergency responders and
other entities interested in commercial navigation. Many of the highest volume ports and
harbors currently utilize a PORTS (Wolfe and MacFarland, 2013) to collect an array of
environmental data tailored to address the unique navigational concerns of the port in
question. Each PORTS is comprised of a network of in situ monitoring stations located in
and around navigable waterways that collect a variety of data including current speeds,
water levels, air and water temperature, wind speed/direction/gust, barometric pressure,
visibility and other phenomena of interest. Real-time or near real-time data products are
delivered to users of PORTS by various means, primarily through a mobile-accessible
website. Additional products are derived from the time series of collected data and made
available for use, including water level datums, tide predictions and operational forecast
models. PORTS data and derivative products are regularly used for other applications
including marine construction, coastal oceanography, emergency planning and early
warning systems for natural disasters such as hurricanes.
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The need for real-time environmental data provided by the PORTS has increased
dramatically over the years. Panamax container ships built in the 1980s designed to
transit the Panama Canal typically carried 3,000 TEUs (twenty-foot equivalent units) and
had a draft of 12.5 meters. The New-Panamax, Post Panamax III and Triple E vessel
classes, which have been put into service over the past decade, are capable of carrying in
excess of 10,000 TEUs and have drafts between 15 and 15.5 meters (Rodrigue et al.,
2017). Many ports are investing in expanding their capacity to accept these vessels,
dredging deeper ship channels, elevating bridges and reconstructing docks, cranes and
other port facilities supporting the intermodal transport system (Cannon, 2016). Data
from the PORTS give greater confidence to local pilots and port authorities when
transiting shallow or fast channels, beneath bridges, around tight bends or near other
challenging coastal features.
The location of observation platforms in the PORTS networks are generally
dictated by local pilots and port authorities, who provide funding for the initial
construction and regular maintenance of the systems. Little or no quantitative analysis is
involved in the location decision-making process, which is based primarily on anecdotal
evidence. The concept of a water level station service area has been explored before in
support of the National Water Level Observation Network (Gill and Fisher, 2008; Gill,
2014), but these approaches have provided very large station service areas based strictly
on water level datums derived from longer term observation periods. These methods are
not suitable for determining a service area representative of real-time navigation
products. Given the current economic climate and the steadily increasing pressure to push
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the limits on marine shipping, the need to examine optimal real-time sensor network
design is evident.
This thesis will present a method for determining service areas of environmental
observation stations intended to support large commercial navigation in the coastal
environment with real-time data and information products. A family of locationallocation models will be formulated to determine the minimum number of stations
required to provide complete coverage for a future PORTS®, as well as to optimize
placement of water level stations assuming a limited budget. Optimal placement will be
determined by maximizing coverage of vessel traffic in navigable waterways. Potential
station locations (typically piers, wharves, and other existing marine structures) will be
identified from nautical chart data. The models will be solved optimally using linear
programming in order to identify the set of locations (for a given number of stations to
place) that cover the greatest amount of vessel traffic. The model-designed network will
be compared with existing PORTS layouts to evaluate the efficiency of its current
configuration.
The following section reviews the literature related to location-allocation
modeling, specifically the set covering location problem (SCLP) and maximal covering
location problem (MCLP). A discussion of the data and methodologies used to develop
this thesis follows. Computational results are presented that demonstrate the efficacy of
the method, followed by a discussion of the potential importance of these findings for
policy and practice, and suggestions for future research.

4

BACKGROUND AND LITERATURE REVIEW

The models used in this thesis are location-allocation models. Location-allocation
modeling is a class of spatial optimization model where decisions about the placement of
a facility and the service being provided by the facility are made simultaneously (Murray,
2010a). These models are formulated to locate a number of facilities within a defined
problem space such that the coverage of demands is optimized. Demands are considered
covered when the location of the demand is within a defined region around the facility,
known as the service area or distance. Many location-allocation models are inherently
combinatorially complex; only the most basic examples can be solved through
enumeration. Models of a practical level of complexity must be solved by other means.
The field of operations research specializes in analyzing highly complex and
specialized problems. Many mathematical tools have been developed in this field to
describe and solve these problems optimally. One such tool is linear programming.
Linear programming establishes a mathematical model of the problem. The relationships
between different components of the model are described with linear functions (Hillier
and Lieberman, 2005). The functions of a linear program are the boundaries of the
solution space, a multi-dimensional region containing all feasible solutions to the model.
All solutions to the model found outside the solution space are infeasible, as they violate
one or more of the constraints on the problem. Optimal solutions to the model are found
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at the vertices of the solution space. When an optimal solution cannot be computed in a
reasonable amount of time, heuristic methods may be employed to approach the optimal
solution instead. A discussion of linear programming and heuristic methods follows, as
well as a review of common facility placement problems.

Location-Allocation Modeling
In his discussion of location-allocation problems, Cooper (1963) traces the
examination of industrial location back to Weber’s work on the location of industries and
Isard’s study of land use and industrial location. To aid in locational decision-making,
decision makers regularly turn to facility placement models that are used with spatial
demands for service to simulate the placement of facilities and test how well the demands
can be satisfied.
One class of facility placement model is the covering model. These models
operate by utilizing a facility service area, expressed as a set distance or a function of
distance within which a demand for service is considered satisfied. The most basic type
of covering model, the SCLP, seeks to determine the minimum number of facilities
required to cover all demands, assuming the cost of each potential facility is identical
(Toregas, et al, 1971).
The classic MCLP (Church and ReVelle, 1974) is designed to find the optimal
solution to the problem of locating a limited number of facilities within a designated
service distance while attempting to maximize coverage of a set of demands. While
derived from the SCLP, this model differs in that it accounts for a limited number of
resources available to achieve the model’s objective. Covering models have successfully
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been implemented to site various emergency services including fire stations (Murray,
2013), warning sirens (Murray et al., 2008), police patrol areas (Curtin et al., 2010), and
in a non-geographic context has been used as a framework for human cognition (Chung,
1986). The classic MCLP has proven to be quite flexible, and has been successfully
extended to account for facility downtime (Daskin, 1983), the provision of backup
coverage (Hogan and ReVelle, 1986), and partial coverage both implicitly (Murray et al.,
2010) and explicitly (Tong and Murray, 2009). The MCLP has also been shown to be
related to the p-Median problem (Church and Weaver, 1986), which is designed to
minimize travel times between locations by designating certain sites as “centers”
(ReVelle and Swain, 1970).
One logical extension to this model is Daskin’s maximum expected covering
location problem (Daskin, 1983). This extension would incorporate the probability p that
a given facility will be available, in this case the expected sensor uptime, in order to
strengthen the robustness of the systems design. Daskin’s algorithm tends to encourage
backup coverage for the highest demands, unlike the backup covering location problem
(Hogan and ReVelle, 1986), which seeks to maximize coverage with multiple facilities
covering all demands.
The use of covering models to design oceanographic observation sensor networks
is seemingly non-existent. Network gap analysis has been approached using various
methods (Gill and Fisher, 2008; Gill, 2014), but the methodology used is suitable for the
identification of gaps in tidal datums only. Due to the real-time usage of PORTS stations,
this method is unsuitable for this study. Other studies have been conducted on the design
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of oceanographic data collection networks, but no studies utilizing covering models were
found in the literature.

Linear Programming
Linear programming, as a field of study, came together by the efforts of a number
of well-known mathematicians and economists immediately following the end of the
Second World War. Prior to Dantzig’s development of the simplex method, the concept
of assignment problems were known but were unable to be solved due to their
combinatorial complexity (Dantzig, 2002). Heuristic methods were often employed to
search the solution space efficiently for a reasonable solution approaching optimality.
Development of electronic computers in the late 1940s was critical, enabling researchers
such as Dantzig to develop and implement algorithms capable of solving systems of
linear equations that form the model. By the end of the 1950s, linear programming had
been accepted into a broad array of areas collected under the header of “mathematical
programming” and the use of linear programming and operations research had
successfully been put to commercial use.
It is important to recognize that the analysis of operations research problems
through linear programming and other methods requires an abstraction of the problem in
question in order to express the problem in discrete mathematical terms. Reality often
does not follow strict linear relationships, but framing the problem using linear
relationships allows the practitioner to approximate reality sufficiently enough to inform
policy and decision-making. The first step in developing an operations research problem
requires detailed knowledge of the system being studied, the data upon which decisions
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will be based and a clear identification of the problem being solved. It is equally
important to understand what data and constraints are not significant in order to limit the
model to that which is necessary to describe it, keeping the model solvable (Hillier and
Lieberman, 2005). After the problem and data are clearly stated and understood, the
practitioner can proceed with development of the objective function and constraints: the
parameters of the mathematical model that describe the relationships between each of the
variables used to represent the various quantifiable decisions to be made in the model.
The model can then be evaluated with linear programming to search for the optimal
solution to the model, and if unable to find the optimal solution, heuristic methods may
be utilized to search the solution space in order to approach optimality. This thesis will
discuss the abstractions necessary for utilizing linear programming to optimize the
placement of atmospheric sensors in following sections. Linear programs will then be
constructed and employed to determine the optimal number and location of sensors.

Observation Network Design and Navigation Safety
Recent research in maritime waterway modeling has primarily been focused on
the assessment of risk (Li, et al. 2012), and channel design (Allen, 2010), but very little is
related to meteorological and oceanographic data observation. Tides and meteorological
phenomena can have a drastic impact on ship traffic (Lee and Lee, 2007), and PORTS
provides critical information regarding local conditions that enables pilots to make
critical go/no-go decisions with a greater degree of certainty. This increases the overall
throughput and productivity of port facilities.

9

Fowler and Sørgård state discuss five types of generalized accidents that lead to
severe consequences: inter-ship collisions, powered grounding, drift grounding, ship
structural failure/foundering and on-board fires and explosions. Of these five, an
environmental monitoring network can only contribute to reducing the risk of inter-ship
collisions or powered groundings due to navigational errors. Powered groundings include
both groundings due to human error in navigating as well as error in navigational aids.
Drift groundings occur due to mechanical failures on board the vessel in question, and are
not related to navigational errors (Fowler and Sørgård, 2000). The structural failure and
on-board fire modes are completely unrelated to navigation.
Not all types of environmental data currently being collected by PORTS are
critical to safe navigation as real-time products. The literature indicates that only a few
types of real-time data directly contribute to the reduction of risk. The risk model
developed by Fowler and Sørgård utilizes visibility as a key factor in determining the risk
of both inter-ship collisions and powered groundings. Lin’s research on the physical risk
of ship groundings indicates that error in the forecast of astronomical tides has no
significant effect on the risk of grounding and (rather intuitively) that navigation at night
is more risky than during the day. However, his work does not address meteorological
effects or include differences in vessel draft, bottom types and dredged maintenance
depths of ship channels at the various ports examined (Lin, 1998).
A survey of ship pilots currently using PORTS at various locations around the
country was conducted with the goal of identifying the relative importance of the
different types of oceanographic and atmospheric data collected by PORTS observing
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stations. The twelve respondents generally agreed that data in their respective PORTS
was being collected at the right locations for their mission and that they were able to use
data to make inferences about atmospheric conditions at other locations in their region.
Some respondents indicated that data was not being collected at enough locations.

Figure 1 – Relative Importance of Data Types

Meteorological phenomena of interest for navigation safety are primarily
measured at the meso-β and meso-γ scales (Orlanski, 1975). The meso-γ scale ranges
from 2 kilometers to 20 kilometers, and includes phenomena such as thunderstorms,
clear-air turbulence and urban effect; the meso-β extends up to 200 kilometers and
includes squall lines, inertial waves and lake effects. Additional scales and atmospheric
phenomena are shown in Figure 2. A sensor network using a spacing of ten kilometers
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between stations could be used to track the majority of these phenomena. A service
distance of 40 kilometers has previously been used in the implementation of an
atmospheric monitoring network for agricultural purposes (Hubbard et al., 1983), but this
spacing was intended to collect data for prediction on the synoptic scale and is likely
inappropriate for navigational purposes.

Figure 2 – Atmospheric Scales

Both current meters and real-time water level sensors are inappropriate for the
station placement models used in this thesis, as the criteria for deciding whether to place
them is contingent on very specialized needs. The service area of a real-time water level
station is not usually a function of distance as much as it is a function of the waterway
geometry. In most PORTS, a small number of water level stations are placed in large
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bodies of water, usually one near the entrance channel, one nearer to berths, and
additional sensors as the coastal geography dictates. The presence of a sill, such as those
found in fjords, may also dictate a need for water level sensors on either side to provide
information about water flow across the sill.
Current meters are utilized to measure the speed of flowing water only where
high-speed currents affect navigation; at very sharp bends in a waterway or ship channel
or in locations where vessels regularly pass one another. The demands governing the
placement of current meters are localized, and anecdotal information on where they are
needed is likely to be sufficient to support station placement decision making. As such,
this thesis does not consider the placement of current meters.
Environmental monitoring networks focused strictly on scientific data collection
have been designed based on statistical experiment design methods and sensitivity field
frameworks (Frolov et al., 2008). These primarily function by evaluating the quality of
hindcast and nowcast models, and do not consider the need for real-time use of the data
being collected.
As this review of the literature and practice demonstrates, it is clear that there is a
need for a data-driven methodology for determining the optimal placement of real-time
environmental monitoring stations throughout a region. The research presented in this
thesis addresses that need with covering models to optimally select station locations from
a set of suitable candidate locations.
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Similar Problems and Notable Extensions
Regional Infrastructure
Covering models have frequently been used to investigate the optimal placement
of various types of regional infrastructure. These are often problems such as the
placement of evacuation centers, warning sirens, cell phone towers, etc.; all of which
provide service to some area around them to cover an entire region or maximize coverage
of a spatial demand. Solving these problems is a critical part of planning for regional
infrastructure projects. Utilizing variants of the SCLP provides planners with an upper
bound on the number of facilities that must be placed in order to cover an entire
population. MCLP variants optimize coverage in order to ensure equitable service is
provided when resources are limited. These problems can be critical to planners that are
mandated to ensure a minimum level of service across a wide region.
Variable Coverage
A number of variants of covering models have been formulated to address the
limitation of binary coverage, where demands within a facility service area are
completely covered and those outside of the service area are completely uncovered.
Gradual cover models address this by making coverage a function of the distance
between the demand and facility locations. A gradual cover model may express the
service area in stepwise terms: demands located within coverage radius R 1 are considered
fully covered, demands located between R1, and R 2 are considered partially covered
(Berman and Krass, 2010). Coverage may also be expressed as a continuous function of
distance from the facility location rather than using a step-wise approach.
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Summary
Linear programming and coverage models are suitable tools for optimizing the
placement of real-time atmospheric monitoring stations throughout a region. Analysts
have utilized coverage models to achieve regional coverage with similar types of public
service facilities. Therefore, there is a compelling need to optimize the location of realtime environmental monitoring sensors for navigation, and the models and methods are
present to permit such location. This thesis will demonstrate the efficacy of implementing
these models in this application context, and identify any unique needs that arise in this
context. The following sections will discuss the data and methods used to frame, analyze
and optimally solve this problem.
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DATA

Potential Station Locations
New observation platforms must be installed on stable structures that sit on, over
or in the water. Observation platforms must be regularly inspected to ensure CO-OPS
delivers on the station uptime requirement of PORTS stations, making ease of physical
access a priority to reduce maintenance costs. Wind sensors must be installed above any
nearby obstructions to avoid collecting data influenced by local eddies and airflow,
commonly referred to as “wind shadow”. This is usually accomplished by installing the
sensors on towers or booms, above either the ground or existing buildings, and clear of
any large vegetation. Seawalls, bulkheads, small bridges, marinas or substantial privately
owned piers are all examples of structures that would be suitable for a new sensing
platform. Installation of platforms on open coastline or in the water is possible, but is
often prohibitively expensive and will not be considered in this study. Choosing to install
stand-alone platforms or buoy-mounted systems would only be considered to fill any
gaps in coverage after using available third party platforms located on shore. For
purposes of developing this model, it is assumed that the potential sites used in this study
are suitable for a typical sensor platform installation and that the site owners would be
willing to allow the equipment to be installed at all, which is often not the case. After this
model is used to prioritize station placement, additional analysis could be performed after
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confirming suitability through field reconnaissance and discussion with site owners. The
general vicinity of Tampa Bay, a port area with an existing PORTS network, was used as
a test region for the covering models. For general application of the models in this thesis,
availability of comparable data sources would be required.
In order to fulfill these requirements, data from the NOAA Electronic Navigation
Charts (ENCs) was used as the source for potential sites, shoreline data and wind shadow
obstructions. ENCs are nationally available, high quality navigation products commonly
used in heads-up displays on the bridge of commercial vessels. ENC data is encoded in
the International Hydrographic Organization’s S-57 format. ArcGIS supports the S-57
“triple-zero” file format natively, allowing for rapid extraction and manipulation of ENC
data without pre-processing. The S-57 data also comes with a large array of metadata
describing the properties of structures, vegetation and other features.

Table 1 – S-57 Data for Station Candidates

Acronym Geometry
Object Name
Filter
BERTHS
Point
Berth
BUISGL
Point
Building, Single
FUNCTN <> 'hospital'
CGUSTA
Point
Coastguard Station
HRBFAC
Point
Harbor Facility
LNDMRK
Point
Landmark
CATLMK = 'tower'
SMCFAC
Point
Small Craft Facility

Each of the point layers listed above were extracted from the ENCs describing the
Tampa Bay vicinity. The Landmark and Single Building layers were filtered to remove
inappropriate building types. The resultant set of points was then merged, and all
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potential locations outside of a one-kilometer distance from the shoreline were
eliminated. Potential locations identified by this methodology that were not within the
Tampa Bay region were removed manually, leaving the pool of 35 potential station
locations shown in Figure 3.

Figure 3 – Candidates and Vessel Density in Tampa Bay
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The candidates that were selected by this process exhibit a high degree of
clustering and are primarily located near the bay entrance and along the north side of the
bay. On the southeastern shore of Tampa Bay are located a series of parks and aquatic
preserves, which would not have the types of charted structures this process searches for.
There are a few notable locations and structures in the Tampa Bay region that were also
excluded by this selection process, but are in fact obvious candidates for environmental
monitoring stations. The Manatee County Port Authority facility is one of the few
locations on the southeastern shore with infrastructure to support an environmental
monitoring station (and in fact has an active station on the property), but it was not
included as part of the candidate list. This specific facility, as well as a number of private
port facilities in Tampa Bay, point to additional criteria from the charting data that could
be included in the process. There are also a number of large bridges crossing Tampa Bay
(the Courtney Campbell Causeway, the Howard Frankland Bridge, the West Gandy
Boulevard Bridge and the Sunshine Skyway Bridge) that would also be good candidates.

Vessel Traffic Demands
The AIS is both a tracking system used to identify and locate ships as well as a
data transfer system intended to exchange data between ships and AIS base stations or
satellites. As stated by United States Coast Guard carriage requirements, AIS
transponders are required on large commercial, passenger, tanker and fishing vessels in
US waters. In addition to the ship’s latitude and longitude at the time of transmission,
AIS broadcasts include a variety of other data as shown in Table 2. AIS units typically
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broadcast every two to 10 seconds while underway. These properties allow for a thorough
analysis of ship traffic in the United States.

1
0
0
15
10
12
16
0
0
0

258
208
75
205
253
120
340
173
259
219

511
73
75
204
511
120
511
90
511
511

128
0
0
0
128
0
128
0
128
128

BaseDateTime

Status

12/31/2009 11:59:00 pm
12/31/2009 11:59:00 pm
1/1/2010
12/31/2009 11:59:00 pm
12/31/2009 11:59:00 pm
12/31/2009 11:59:00 pm
1/1/2010
12/31/2009 11:59:00 pm
12/31/2009 11:59:00 pm
1/1/2010

Not-Defined
Under way using engine
Under way using engine
Under way using engine
Not-Defined
Under way using engine
Not-Defined
Under way using engine
Under way sailing
Under way using engine

VoyageID

ROT

Heading

COG

SOG

Table 2 – Typical AIS Broadcast Attributes

1
2
3
4
5
6
7
8
9
10

An archive of AIS data in the United States from 2009 to 2014 is available from
the NOAA Coastal Services Center and the Bureau of Ocean Energy Management,
Regulation and Enforcement. These data have been preprocessed into a raster format
indicating the number of vessels passing through each cell of the raster over the year in
question. A range of summary raster data sets are available, providing both the total
vessel counts for each calendar year as well as a more granular view of different vessel
types, including commercial vessels, passenger ships, tankers, recreational craft and other
subsets of the AIS dataset. This thesis will develop covering models based solely on the
total vessel density data from 2013, but future models could utilize the different types of
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vessel traffic to weight traffic differently by vessel type, prioritizing higher risk vessels
such as tankers over lower risk vessels such as recreational craft.
These data are well suited to feed the station placement models proposed. While
high vessel traffic is not a good predictor for navigation risk (Mazaheri, et al, 2015),
providing coverage of areas that are infrequently transited would be unlikely to be of
value to navigators in the port area. Structures described on nautical charts are permanent
and are often used by navigators as visual points of reference, thus utilizing ENC data to
derive a set of candidate station locations provides additional value to the local
navigation community. Combined with elevation data describing the region’s terrain, the
potential coverage of a station placed at viable locations can be ascertained and evaluated
to form the basis of the proposed coverage models.
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METHODS

This study develops an appropriate service area for a real-time atmospheric
monitoring station used to provide navigation support data. The service area for a real
time atmospheric monitoring station is, for the purposes of this study, be defined as the
unobstructed area contained within a ten to fifteen kilometer distance from the potential
station location. An assumption of this range is justified in that navigators would find
more highly localized meteorological phenomena at the meso-γ scale to be of interest
(Orlanski, 1975).
Some covering models consider cells within ten or fifteen kilometers from the
station completely covered. Others assume a linear reduction in coverage between ten
and fifteen kilometers. This is a critical component of the covering models that are
developed in this study, as the service area dictates how much coverage a potential
station would be able to provide.
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Figure 4 – Generation of Geodesic Viewsheds

The area that each candidate is able to cover is determined by a viewshed analysis
of each candidate with a 7.5-meter vertical offset, a typical installation height for wind
sensors, and a vertical upper angle of zero and an outer radius of ten kilometers. This
ensures a more realistic estimate of the demand each station can cover by eliminating
areas blocked by hills or large spits of land. The resultant viewshed raster for each
potential station is then resampled to match the cell size of the vessel density raster. This
process is repeated for a fifteen-kilometer range to compare the model results using a
different radius.
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Figure 5 – Candidate Viewshed Analysis Results

Site Selection Models
Various station placement models will be developed in order to determine the
number of stations required for complete coverage of the study area as well as the
optimal combination of sites that would maximize new coverage. The following model
formulations will be implemented.
The SCLP seeks to determine the minimal number of located facilities that will
cover all demands.
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Formulation 1 – Set Covering Location ProblemError! Bookmark not defined.

Minimize:
Subject To:
Where: I, i
J, j
S
dij
xj
Ni

𝑍𝑍 = ∑𝑗𝑗∈𝐽𝐽 𝑥𝑥𝑗𝑗
(1)
∑𝑗𝑗∈𝑁𝑁𝑖𝑖 𝑥𝑥𝑗𝑗 ≥ 1 ∀𝑖𝑖
(2)
𝑥𝑥𝑗𝑗 ∈ {0, 1} ∀𝑗𝑗
(3)
=
set and index of cells in the demand raster
=
set and index of existing and proposed stations
=
estimated service area of stations
=
distance from the centroid of raster cell i to the proposed station j
=
1 if a sensor platform is proposed at station j
0, otherwise
=
{j ∈ J | dij ≤ S}
R

The objective function of the SCP is to minimize the number of candidate stations
needed to cover all of the demands that can be covered. Demand weights are not utilized,
as all demands must be covered.
While the SCLP and its derivatives are useful for planning purposes, many
practical applications of facility placement models are constrained by the number of
facilities that can be placed. The MCLP family of covering models addresses this concern
by maximizing the coverage of demands with a fixed number of facilities to utilize from
a pool of candidate facility locations. The MCLP is formulated as follows.
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Formulation 2 – Maximal Covering Location ProblemError! Bookmark not defined.

Maximize:
Subject To:

Where: I, i
J, j
S
dij
xj
yi
Ni
Ai
P

𝑍𝑍 = ∑𝑖𝑖∈𝐼𝐼 𝐴𝐴𝑖𝑖 𝑦𝑦𝑖𝑖
(4)
∑𝑗𝑗∈𝑁𝑁𝑖𝑖 𝑥𝑥𝑗𝑗 ≥ 𝑦𝑦𝑖𝑖 ∀𝑖𝑖
(5)
∑𝑗𝑗∈𝐽𝐽 𝑥𝑥𝑗𝑗 ≤ 𝑃𝑃
(6)
𝑥𝑥𝑗𝑗 ∈ {0, 1} ∀𝑗𝑗
(7)
𝑦𝑦𝑖𝑖 ∈ {0, 1} ∀𝑖𝑖
(8)
=
set and index of cells in the demand raster
=
set and index of existing and proposed stations
=
estimated service area of stations
=
distance from the centroid of raster cell i to the proposed station j
=
1 if a sensor platform is proposed at station j
0, otherwise
=
1 if a demand area is covered by at least one proposed station
0, otherwise
=
{j ∈ J | dij ≤ S}
=
weight/priority of traffic-based demand
=
number of stations to be located

The goal of this model is simply to maximize coverage using up to P stations, so
no value is given to overlapping coverage of demands. Ni is the neighborhood set for
each demand cell, the set of potential sites for new observation platforms that are able to
provide coverage for the cell i. A cell is considered to be covered if distance between the
centroid of that cell and the candidate, dij, was within S kilometers of a sensor platform.
Partial coverage is not considered in this formulation.
Constraint (5) ensures that candidate selection was tied to the coverage provided,
i.e. yi equals one when one or more candidates in the ith cell’s neighborhood is chosen.
Constraint (6) requires the model to select no more than P candidates. Constraints (7) and
(8) limits the decision variables to a boolean output; a candidate either provides coverage
to a cell or does not.
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Formulation 3 takes a step-wise approach to provide half coverage to all demands
between 10 and 15-kilometers away from the candidate location. This model utilizes two
neighborhoods to efficiently relate the distance between cell i and candidate j to the
desired level of coverage without including these distances in the model directly.

Formulation 3 – Stepwise Coverage Location ProblemError! Bookmark not defined.

Maximize:
Subject To:

Where: I, i
J, j
S1
S2
dij
xj
yi
Ni1
Ni2
Ai
P

𝑍𝑍 = ∑𝑖𝑖∈𝐼𝐼 𝐴𝐴𝑖𝑖 𝑦𝑦𝑖𝑖
(9)
∑𝑗𝑗∈𝑁𝑁𝑖𝑖1 𝑥𝑥𝑗𝑗 + ∑𝑗𝑗∈𝑁𝑁𝑖𝑖2 𝑥𝑥𝑗𝑗 /2 ≥ 𝑦𝑦𝑖𝑖 ∀𝑖𝑖 (10)
∑𝑗𝑗∈𝐽𝐽 𝑥𝑥𝑗𝑗 ≤ 𝑃𝑃
(11)
𝑥𝑥𝑗𝑗 ∈ {0, 1} ∀𝑗𝑗
(12)
𝑦𝑦𝑖𝑖 ∈ {0, 1} ∀𝑖𝑖
(13)
=
set and index of cells in the demand raster
=
set and index of existing and proposed stations
=
estimated inner service area of stations
=
estimated outer service area of stations
=
distance from the centroid of raster cell i to the proposed station j
=
1 if a sensor platform is proposed at station j
0, otherwise
=
1 if a demand area is covered by at least one proposed station
0, otherwise
=
{j ∈ J | dij ≤ S1}
=
{j ∈ J | S1 < dij ≤ S2}
=
weight/priority of traffic-based demand
=
number of stations to be located

Utilizing two neighborhoods in the coverage constraint (10) allows the demand to
be considered covered under either of these two scenarios. First, the demand is covered if
first term is greater than or equal to one, as the demand falls within the first service
distance from the candidate. The second term allows the station to be covered if it is
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greater than or equal to two, i.e. the demand is covered by at least two candidates. If the
first term is equal to zero and the second term is less than two, the demand is not covered
by either part and the demand is not included in the objective function.
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RESULTS

Optimal Network Designs
The covering models formulated above were solved using a demand raster
developed from AIS broadcast data with candidate station locations in the Tampa Bay
region selected from features on nautical charts of the area. The solutions to the models
were found using the commercial optimization package CPLEX, and were coded and
executed in version 12.7.0.0 of the IBM ILOG CPLEX Optimization Studio IDE on a
2.67 GHz Intel® Core™ i7 CPU with 12.0 GB of RAM.

Set Covering Location Problem
A few variations of the SCLP program were utilized to determine the minimum
number of stations required to cover all demands in the Tampa Bay area. The SCLP
program executed on the 35 discrete candidate locations resulted in all thirty-five
candidates being chosen in order to minimize the number of uncovered demand cells.
This is mainly due to the fact that is not possible to cover all demands with the pool of
candidates selected from the nautical chart data, so additional facility locations would
need to be identified as candidates to achieve this goal. Alternatively, buoy-mounted
stations or offshore platforms could be used to fill the gaps left in the network.
Another implementation of the SCLP was run using 32 potential station locations
distributed across the region in a 10-kilometer square grid. The geodesic viewsheds for
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these gridded candidates were ascertained using the same methodology as the discrete
candidates. Three candidate locations were in the southeast corner were removed to
reduce computational complexity of the problem, as they were incapable of covering any
demand. This implementation was run for coverage radii of both 10 and 15-kilometers.
All but one of the candidate locations were selected, requiring 31 locations to cover all
demands.
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Figure 6 – SCLP Result: 10km Square Grid, 10 & 15km Radii

Maximal Covering Location Problem
Multiple versions of the MCLP described by Formulation 2 were run using the
discrete station locations. The execute time for each model run was about one minute,
making it feasible to execute the model for all potential values of P. One version utilized
a coverage radius of 10 kilometers; a second utilized a 15-kilometer radius.
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Figure 7 – MCLP Result: P = 7 with 10km Radius
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Figure 8 – MCLP Result: P = 4 with 15km Radius

The implementation of the stepwise coverage model described by Formulation 3
was also run for all potential values of P.
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Figure 9 – MCLP Result: P = 5 with Stepwise Radius
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CONCLUSIONS

This thesis demonstrated a series of analyses performed in order to formulate and
solve multiple linear programs, each with the goal of optimally designing a network of
atmospheric monitoring stations. The SCLP was utilized to determine the number of
stations that would be required to cover navigable waterways in the region of interest.
The MCLP and various derivative models were solved to find the optimal placement of
these stations assuming a limited pool of resources. An analysis of the results follows.

Set Covering Location Problems
The set covering models produced mixed results. Using a 10-kilometer square
grid, the model indicated that 31 evenly distributed stations would be required to provide
real-time environmental data relevant to all ship traffic in the Tampa Bay area. While this
model was solvable using CPLEX, 10-kilometers is probably too coarse a spacing to
produce quality solutions. However, using a finer resolution grid would drastically
increase the complexity of the problem and may require heuristic methods to solve. An
implementation using a 2.5-kilometer spacing resulted in 600 candidate locations, and
CPLEX was unable to find a feasible solution.
On examining the solutions generated on the 10-kilometer grid, selection of 31
candidate locations at both coverage radii produces a significant amount of duplicate
coverage. It is likely that the model itself is performing correctly, as the goal of the SCLP
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is to minimize the number of locations selected, but that the viewshed analyses result in
each candidate providing a small, unique portion of additional coverage to the final
solution. Additional work is required to determine the root of the issues with these
implementations of the SCLP.

Maximal Covering Location Problem
The MCLP variants using different coverage radii all produced similar results.
The corresponding objective function achieved by each configuration are shown below.
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Figure 10 – MCLP Results
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As the cost of installing and operating meteorological monitoring stations is high
(approximately $30,000 for installation and $2,200 for annual maintenance, excluding
data processing and product generation), quantifying the increased coverage is a critical
tool in determining the cost/benefit of adding additional stations to a network. The chart
clearly shows that changing the coverage radius does not cause the models to perform
differently from one another. Furthermore, the return on placing additional facilities
drops off rapidly after four facilities are placed by the models. This is primarily due to
two issues.
First is the clustering of candidate locations, resulting in smaller differences in
coverage between members of the same cluster. Using this model to design an
operational network would require high levels of investment to achieve small amounts of
increased coverage. This limitation of the model exemplifies the benefit of the stepwise
coverage model, which could be enhanced further by weighting coverage using a linear
or polynomial weighting function of distance rather than a basic stepwise function.
Second is the concentration of high vessel traffic, and thus the concentration of
demands in the model, in the main ship channel running across Tampa Bay. There is a
subset of candidates that can provide coverage to the traffic in the main ship channel. The
clustering of these candidates further restricts flexibility of the model to select candidates
in a variety of locations.
While the clustering of the candidate locations diminishes their effectiveness in
the MCLP models, their distribution in the Tampa Bay area strongly correlates with the
distribution of navigable waterways. The standard deviational ellipses of the candidate
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locations and dredged areas are very close to one another. The center of the ellipse of
dredged areas is 8.8 kilometers east-northeast of the ellipse of candidates, and the
orientation of the two ellipses are about 8 degrees out of parallel.

Figure 11 – Standard Deviational Ellipses
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In the study area, the total demand is equal to 51,106. Using a 15-kilometer range
and all 35 candidate locations, an objective function of 41530 can be achieved. Since no
candidate locations on the eastern shore of the Bay were identified, a significant portion
of additional demand can be covered using a 15-kilometer range in order to reach the
main ship channel.

.
Figure 12 – Potential Coverage at Multiple Ranges
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.
Figure 13 – Existing Network Compared with Stepwise MCLP Solution for P = 5

As can be seen in Figure 13, the Stepwise MCLP placing five facilities generated
a solution very close to the actual locations of the Tampa Bay PORTS network. One
actual facility in the network is located at a position that was not identified in the
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candidate pool, and the model placed one facility near the Tampa Bay Entrance Channel
where one does not exist in reality.
These coverage models are useful for performing exploratory analyses and
finding the optimal arrangement given the input requirements, however, the optimal
solution to the MCLP models may not be the best solution to a real world station
placement problem. The needs of the local navigation community may differ from the
basic assumptions made by this work. Solutions found by the model may be used as a
starting point to estimate the needs of the region. The models could then be adjusted to
take new constraints into consideration.
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FUTURE RESEARCH

This research demonstrated the capability of designing a regional atmospheric
monitoring network with covering models to optimize coverage of navigable waterways.
This is presently a little-explored research area offering many possibilities for future
work. More work must be done to understand the effects of providing real-time
environmental data parameters on navigational safety fully. The pool of candidate station
locations can also be enhanced by further refining the criteria for site identification and
introducing additional data sources. Aside from new constraints and candidates, the
covering models can also be developed further to include variable demands, backup or
multiple coverage, account for existing coverage to model network expansion or include
different station types (land-based, buoy-mounted and offshore structures, for example).
As previously stated, the candidate location selection process demonstrated in this
thesis did not include some obvious candidate locations, some of which presently have
stations in operation. The candidates that were identified exhibited a high degree of
clustering in certain areas. Further examination of the underlying S-57 nautical chart data
is needed to understand why some areas were omitted and others over-emphasized. If this
methodology were utilized to design a real environmental monitoring network, a review
of the candidate locations with local pilots and other stakeholders is strongly
recommended to add other candidates to the pool that would otherwise be omitted.
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Spatial data describing prevailing winds could also be used to eliminate candidates from
the clustered areas that would offer nearly identical benefit to the solution set.
The implementations of the SCLP demonstrated in this thesis are not particularly
useful in their present state, but they do highlight some limitations of the viewshed
analyses that should be considered to make the models more beneficial. Future research
should utilize a higher resolution grid and examine the cost of covering difficult pockets
of demand. A higher resolution spacing of candidates was considered in this work, but an
optimal solution was not able to be found in a reasonable amount of time. Heuristic
methods should be employed to search for good solutions to SCLP models implemented
on tightly packed candidate locations. The “hard to reach” cells of the demand raster
force the SCLP to place additional facilities, but offer very small increases in overall
coverage. Once identified, these small areas of demand requiring unique coverage could
be eliminated.
In this thesis, unweighted vessel traffic was used as the demand on which station
locations were prioritized. Future models could decompose the general vessel traffic data
and instead weight various types of vessel traffic, to prioritize cargo and tankers over
passenger ships. Environmental data on currents or prevailing winds could be used to
identify high-risk areas. Ship channel layout and geometry could also be utilized to
develop areas of relative importance. Larger vessels often need environmental data to
support traversing sharp turns, high current areas or cross beneath bridges. These criteria
could provide additional weighting to emphasize station placement near these higher-risk
areas over generally low risk areas like straight, deep channels. The models in this study
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likely over-emphasize high traffic, low-risk areas like channel entrances. Incorporating
these weights as multipliers in the objective function seems more suitable than utilizing
multi-objective coverage models.
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APPENDIX A – LINEAR PROGRAMS

Formulation 1 – Set Covering Location Problem
/*********************************************
* OPL 12.7.0.0 Model
* Set Covering Location Problem (SCLP)
* Author: Trevor Mackessy-Lloyd
*********************************************/
using CPLEX;
/*Data*/
int NbCells = ...;
int NbCandidates = ...;
/*I*/range Cells = 1..NbCells;
/*Demand cells*/
/*J*/range Candidates = 1..NbCandidates;
/*Facility candidates*/
/*Ni*/int Neighborhood_00_10[Cells][Candidates] = ...;
/*Neighborhood set at cell i, dij <= S (implicit)*/
/*Decision Variables*/
/*x(j)*/dvar boolean x[Candidates];
/*true if candidate j is utilized*/
/*y(i)*/dvar boolean y[Cells];
/*true if demands at i are covered*/
/*Objective Function*/
minimize
sum(j in Candidates)
/*Demand at i times whether or not i is covered*/
x[j];
/*Constraints*/
subject to {
/*Ensure cells are covered at least once*/
forall(i in Cells)
ctCoverage:
sum(j in Candidates)
Neighborhood_00_10[i][j] * x[j] >= 1;
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}

Formulation 2 – Maximal Covering Location Problem
/*********************************************
* OPL 12.7.0.0 Model
* Maximal Covering Location Problem (MCLP)
* Author: Trevor Mackessy-Lloyd
*********************************************/
using CPLEX;
/*Data*/
int NbCells = ...;
int NbCandidates = ...;
/*P*/int P = ...;
/*Facilities to locate*/
/*I*/range Cells = 1..NbCells;
/*Demand cells*/
/*J*/range Candidates = 1..NbCandidates;
/*Facility candidates*/
/*Ni*/int Neighborhood_00_10[Cells][Candidates] = ...;
/*Neighborhood set at cell i, dij <= S (implicit)*/
/*ai*/float Demand[Cells] = ...;
/*Traffic demand at cell i*/
/*Decision Variables*/
/*x(j)*/dvar boolean x[Candidates];
/*true if candidate j is utilized*/
/*y(i)*/dvar boolean y[Cells];
/*true if demands at i are covered*/
/*Objective Function*/
maximize
sum(i in Cells)
/*Demand at i times whether or not i is covered*/
Demand[i] * y[i];
/*Constraints*/
subject to {
/*Ensure cells are covered at least once*/
forall(i in Cells)
ctCoverage:
sum(j in Candidates)
Neighborhood_00_10[i][j] * x[j] >= y[i];
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}

ctFacilities:
/*Locate P facilities*/
sum(j in Candidates)
x[j] <= P;

Formulation 3 – Stepwise Coverage Location Problem
/*********************************************
* OPL 12.7.0.0 Model
* Stepwise Covering Location Problem (SwCLP)
* Author: Trevor Mackessy-Lloyd
*********************************************/
using CPLEX;
/*Data*/
int NbCells = ...;
int NbCandidates = ...;
/*P*/int P = ...;
/*Facilities to locate*/
/*I*/range Cells = 1..NbCells;
/*Demand cells*/
/*J*/range Candidates = 1..NbCandidates;
/*Facility candidates*/
/*Ni*/int Neighborhood_00_10[Cells][Candidates] = ...;
int Neighborhood_10_15[Cells][Candidates] = ...;
/*Neighborhood set at cell i, dij <= S (implicit)*/
/*ai*/float Demand[Cells] = ...;
/*Traffic demand at cell i*/
/*Decision Variables*/
/*x(j)*/dvar boolean x[Candidates];
/*true if candidate j is utilized*/
/*y(i)*/dvar boolean y[Cells];
/*true if demands at i are covered*/
/*Objective Function*/
maximize
sum(i in Cells)
/*Demand at i times whether or not i is covered*/
Demand[i] * y[i];
/*Constraints*/
subject to {
/*Ensure cells are covered at least once*/
forall(i in Cells)
ctCoverage:
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y[i];

}

sum(j in Candidates)
(Neighborhood_00_10[i][j] + Neighborhood_10_15[i][j]/2) * x[j] >=

ctFacilities:
/*Locate P facilities*/
sum(j in Candidates)
x[j] <= P;
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