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Abstract

To efficiently map the oceans in support of the SeaBed 2030 project and other mapping pro- Keywords

grams, newly collected mapping lines should ideally not duplicate existing data but slightly mutibeam echo sounders -
overlap prior mapping coverage. BathyGlobe GapFiller is a software tool designed to support bathymetry - ocean mapping -
planning for transit and area mapping. At its core is an algorithm that adjusts transit lines so Seabed 2030 - survey planning -
that they overlap existing lines by a specified amount. Two novel methods for accomplishing transit planning - gap filler

this are presented. The better solution uses a custom overlap detecting filter. While it is more
computationally intensive than the alternative, it performs better and is robust. Other capa-
bilities of the BathyGlobe GapFiller are described, including swath width estimation based on
system specifications and/or past performance, automatic transit planning, polygon filling,
and the production of detailed statistics representing planned survey coverage, overlap and
time to complete the survey.

Resumé

Pour cartographier efficacement les océans dans le cadre du projet SeaBed 2030 et d’autres programmes
de cartographie, les profils cartographiques nouvellement collectés ne devraient idéalement pas dupliquer
les données existantes, mais chevaucher légerement la couverture cartographique antérieure. BathyGlobe
GapfFiller est un outil logiciel congu pour soutenir la planification de la cartographie des transits et des zones
de levés. Il s’agit d’un algorithme qui ajuste les lignes de transit de maniere a ce qu’elles chevauchent les
lignes existantes d’une quantité spécifiee. Deux nouvelles méthodes pour y parvenir sont présentées. La
meilleure solution utilise un filtre de détection de chevauchement personnalisé. Bien qu’elle soit plus exi-
geante en termes de calcul que I'autre méthode, elle est plus performante et plus robuste. D’autres capac-
ités du BathyGlobe GapFiller sont décrites, notamment I’estimation de la largeur de la fauchée sur la base
des spécifications du systéeme et/ou des performances passées, la planification automatique du transit, le
remplissage des polygones et la production de statistiques détaillées représentant la couverture prévue du
levé, le chevauchement et le temps nécessaire pour achever le levé.

Resumen

Para cartografiar eficazmente los océanos en apoyo del proyecto SeaBed 2030 y otros programas car-
tograficos, lo ideal es que las lineas cartograficas nuevas no dupliquen los datos existentes, sino que
se solapen ligeramente con la cobertura cartogréfica anterior. BathyGlobe GapFiller es una herramienta
informatica disefada para apoyar la planificacion de la cartografia de transito y de areas. Su nucleo es un
algoritmo que ajusta las lineas de transito para que se solapen con las lineas existentes en una cantidad es-
pecifica. Se presentan dos métodos nuevos para conseguirlo. La mejor solucion usa un filtro de deteccion
de solapes personalizado. Aungue es mas intensiva informaticamente que la alternativa, funciona mejor y
es mas robusta. Se describen otras capacidades del BathyGlobe GapFiller, como la estimacion del ancho
de la franja en funcion de las especificaciones del sistema y/o de resultados anteriores, la planificacion au-
tomatica del transito, el rellenado de poligonos y la produccion de estadisticas detalladas que representan
la cobertura prevista del levantamiento, el solape y el tiempo necesario para completar el levantamiento.
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1 Introduction

The Nippon Foundation-GEBCO-Seabed 2030
(SB2030) project (Mayer et al., 2018) is an initiative
to map the world's oceans 1o a set of specified res-
olutions by the year 2030. As part of the strategy to
achieve this objective, ships equipped with multi-
beam echo sounders (MBES) are encouraged to map
whenever in transit. This paper describes software
developed to assist in the planning of transits, while
mapping Nnew bathymetry and minimizing extra time
and distance costs. The software also supports the
generation of overlapping survey lines (with amount
of overlap a specified variable) to fill polygonally de-
fined regions. While originally designed to specifically
support the SB2030 project, the capabilities of the
software tool are applicable to all transits and many
survey situations.

To date, less than 25 percent of the global seafloor
has been directly mapped with high-resolution (multi-
beam sonar) mapping systems. Given the expense of
operating the large vessels equipped with deep-wa-
ter multibeam mapping systems, if we ever hope to
complete the ambitious goal of mapping of the entire
seafloor, we must assure that we collect data in the
most efficient way possible. One way to help reach
this goal is to ensure, whenever possible, that ves-
sels cable of collecting multibeam sonar data in tran-
sit cover unmapped seafloor during their transits. At
the same time, the quality of bathymetric maps is im-
proved when swaths overlap areas that have already
been mapped. This is because the outer boundaries
of swaths are often ragged and the outer beams of
MBES more prone to much higher levels of uncer-
tainty (Bird & Mullins, 2005; Beaudoin et al. 2004).
For this reason, “mowing the lawn” surveys are usu-
ally done with some degree of overlap (Lucieer et
al.,, 2018; Kongsberg, 2023; R2Sonic, 2023) with
recommendations varying between 10 % (Kongs-
berg) and 100 % (R2Sonic), although for deepwater
surveys the degree of overlap is usually at the lower
end of this range. The same reasoning applies to gap
filing in transit, we want to cover as much unmapped
seafloor as possible, however we also want to ensure
some degree of overlap with pre-existing lines, if pos-
sible. Another reason why transit segments should
be planned to overlap existing mapped bathymetry
is that the alternative — planning with the aim only of
maximizing the coverage of unmapped areas — will
result, after many transits, in irregularly spaced slivers
of unmapped seabed. Filling them will be costly and
inefficient. Transits with lines that parallel and slightly
overlap prior lines should result in larger areas without
gaps to be filed and thus the most efficient approach
to transit mapping.

Significant prior work has been done to develop al-
gorithms and methods for bathymetric mapping using
autonomous undersea vehicles (AUVs) and autono-
mous surface vehicles (ASVs). In particular methods
have been developed where line spacing is varied as
a function of depth to deal with the fact that swath
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width varies as a function of depth and where the
seafloor is iregular this can result in irregular swath
boundaries (Li et al., 2018). To deal with this situation
Manda et al. (2015) developed a method whereby
the complex edge of the region already mapped is
used to automatically plan a new complex polyline to
be followed by an ASV. As an alternative approach
where prior depth estimates already exists (Galceran
& Carreras, 2012) proposed segmenting bathyme-
try into polygonal regions of approximately constant
depth and then designing sets of parallel, equally
spaced lines for each region with lines in shallow-
er regions being more closely spaced than those in
deeper regions.

In the work we present here, we have a different
goal, focusing for the most-part on transit planning
while taking advantage of satellite derived predicted
bathymetry As these long transit plans are typically
laid out by surveyors, our focus has been to provide
a tool to support the survey planner rather than ful-
ly automate it. That said, the algorithms described
here lay an important foundation for a fully automated
planning process. The tool described, “BathyGlobe
GapFiller” is aimed at supporting planning for efficient
transit and area mapping. We begin with a brief de-
scription of BathyGlobe GapFiller before focusing on
the algorithms developed for automatic and semi-au-
tomatic transit planning.

2 BathyGlobe GapkFiller
The BathyGlobe GapFiller application has been de-
veloped for use with gridded bathymetric data sets;
in the examples presented here we are using the
GEBCO (2022) digital bathymetric grid and the IB-
CAO (Jakobsson et al.,, 2020) bathymetric grid.
Because of the resolution of these grids are most
suitable for planning transits through deeper water
(> 200 m). Nevertheless, the algorithms presented
here are equally applicable to mapping in shallower
water where higher resolution grids are available.
There are currently three versions of BathyGlobe
GapFiller, one based on GEBCO grids which uses a
Mercator projection and is applicable in areas below
70 deg. north, one for the Arctic which uses IBCAO
grids with a polar stereographic projection, and a
third that combines both GEBCO and IBCAO data
sets in a locally defined stereographic projection. For
simplicity and clarity, we will only use the Mercator
version to describe and illustrate BathyGlobe GapFill-
er's functionality and algorithms but it is similar in all
three versions.

The user interface

When the application is loaded, the user is present-
ed with a Mercator view of the sub-arctic globe. This
shows the globe with existing multibeam mapping
data (in this case as captured in the GEBCO 2022
digital grid) portrayed using a brightly colored colorm-
ap over shaded globally predicted bathymetry based
on satellite altimetry (Smith & Sandwell, 1997; Beck-
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Fig. 1 A screenshot from the
BathyGlobe GapFill application
showing a planned transit in
light blue color with 10 % over-
lap of the existing dataset, and
a polygon outline in dark blue
color with 20 % overlap.

BATHYGLOBE GAPFILLER

er et al.,, 2009). Where there is only predicted ba-
thymetry (i.e. no available multibeam sonar data) the
underlying predicted bathymetry is shown in a dark
grey color (Fig. 1). The user can zoom to get to a
region of interest for transit planning. Whenever part
of the Mercator display is clicked on, data at the full
GEBCO resolution (15 arc seconds) is loaded for that
area. Data grids are also loaded automatically for any
region that a planned survey line passes through.

To manually plan a transit, the user enters “Add
Waypoints” mode with a pull-down menu selection.
In this mode, waypoints may be added by clicking
on the map. As waypoints are added, the applica-
tion computes what the sonar coverage (swath width)
would be for a given system specifications and water
depth and the estimated coverage is displayed as a
transparent overlay. Empirically derived or modelled
swath coverage curves as a function of depth can
be input into the application, or a simple water depth
multiplier entered. Since GapFiller will mostly be used
to fill regions where multibeam coverage does not
exist, the estimated swath will normally be comput-
ed based on satellite-derived predicted bathymetry.
Where planned track lines overlap existing mapped
areas, the estimated coverage will be based on the
directly measured depths (typically using a multibeam
echosounder) and the overlap calculation will be
more accurate.

Once waypoints have been added, the user can
select “Edit Waypoints” mode making it possible to
adjust the waypoints by simply clicking and drag-
ging. This also brings up an interface panel whereby
a selected waypoint can be deleted or moved to an
exact location by entering geographic coordinates.
At any point the user can return to “Add Waypoints”
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mode and add to the end of the planned track, or
insert waypoints into an existing segment. A pre-de-
termined list of waypoints file can also be input as a
CSV or TXT file.

If a segment has been laid alongside a previously
mapped line, its overlap can be adjusted by the user
hitting the ‘o’ key. This causes the waypoints at ei-
ther end to be shifted orthogonal to the line so as to
achieve a specified amount of overlap using a meth-
od described in the algorithms section of this paper
(Figs. 1 and 2). This capability will normally be used
in “Edit” mode allowing a user to rapidly select and
adjust a transit design to edge overlap existing map-
ping.

Transits can also be planned automatically using
a special menu. The user first defines the start and
end points which causes a great circle line to appear
with distance computed and displayed. Other menu
selections result in an automatic transit plan being
computed in one of two modes; one generates a
set of waypoints designed to maximize the amount
of new mapping without regard to existing lines, the
other computes a set of waypoints designed to pro-
duce lines that slightly overlap existing lines. It is this
capability that makes BathyGlobe GapFiller a particu-
larly useful tool for rapidly planning long transects that
maximize the coverage of unmapped regions.

Other capabilities of BathyGlobe GapFiller are:

1. Polygon filing — GapFiller allows the user to
draw a polygon, which can then be filled auto-
matically with planned track lines. As polygons
are filled, the overlap of successive swaths is
automatically adjusted based on local depth
estimates. Multiple polygons can be linked to
form a survey plan (Fig. 1).

https://doi.org/10.58440/ihr-29-2-a19
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Fig. 2 On the left are two planned mapping lines. On the right, the positions of the waypoints has been automatically adjusted to achieve

10 % overlap with existing multibeam mapping.

Fig. 3 (left) A previously mapped swath is shown as green. A planned swath is defined by waypoints wp,, wp, is shown in orange. R1 is

a regression line computed through the new swath boundary. R2 is a regression line computed through the edge of the overlap region.

2. Survey statistics — GapFiller can compute
mapping statistics, based on a transit or sur-
vey plan. These include total area mapped,
overlap with existing mapping, self-overlap,
area of new mapping, time to complete the
survey based on an assumed survey speed
(which can be adjusted), and an “estimated
cost” for the survey based on an input day
rate for the vessel (which can also be adjust-
ed). While it is understood that the actual cost
of surveying is a complex calculation, we have
added this feature to allow the user to get a
quick feel for relative costs of different survey
options if they have a reasonable idea of the
day rate of their platform.

3 Computational methods

BathyGlobe GapkFiller incorporates a method for esti-
mating the coverage of planned survey lines as well
as an algorithmic method for adjusting planned line
segments so that they partially overlap existing seg-
ments by a specified percentage. These capabilities
can be applied in interactive line planning and are the
basis for both automatic transit planning and defining
a set of lines to fill a polygonal region.

In the following sections the algorithms for comput-
ing swath area estimates, for adjusting overlap, for
automatic transit planning and for polygon filing are
described in detall.

3.1 Computing swath estimates

Once a track line has been defined a set of discrete
sample points are computed by interpolation along
the line with a spacing approximating the beam foot-
print in the along-track direction. These points can be
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thought of as ship locations for virtual pings. For each
point a swath boundary to the port and the starboard
side is computed based on the extinction curve for
the particular multibeam system that is to be used and
on the estimated depth based on the underlying ba-
thymetry. An extinction curve describes how the beam
width of a particular MBES decreases with depth (e.g.
MAC 2023; Candio et al, 2021; Kongsberg, 2011).
The swath limits to either side of the vessel are esti-
mated using a binary search to find the point at which
the extinction curve intersects with either previously
measured or predicted bathymetry. Figs. 1, 2, 4, 8
and 9 show swath coverage estimated in this way.

3.2 Automatic overlap adjustment

BathyGlobe GapFiller provides automatic adjustment
of a planned track line to achieve a specified degree
of overlap with existing multibeam mapping data (Fig.
2). Two novel methods for this have been developed
and implemented. The first is based on linear regres-
sion and the second on a custom overlap detecting
filter. Although the first, was demonstrated far less
useful than the second, we briefly discuss it here be-
cause it is the more obvious solution, and we hope
that in describing its shortcomings we may forestall
others from following this path. Because of problems
with this first regression method, we later developed
the filter method which proved to be superior.

Both methods assume that a transit segment
has been defined that partially overlaps a previously
mapped line based on the computed swath estimate.

The regression-based method computes two re-
gression lines R1 and R2 as illustrated in Fig. 3. R1
approximates the boundary of the planned swath, R2
approximates the edge of the overlap region. The two
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Fig. 4 A filter custom designed to test overlap in planned multibeam swaths. The dots represent sample points, with white points giving

a positive signal when they fall on existing mapping and a negative signal when they fall on unmapped area. Black points do the reverse.

Parameters s, and s, set the sample spacings.

Fig. 5 Two examples (above and below) of automatic overlap adjustment with a target of 10 % overlap. (left) Before adjustment. (above

center and right) Adjustment by regression method. (below center and right) Adjustment by filter method.

sets of regression parameters are then used to adjust
the waypoints or achieve the desired level of overlap.
More detall is provided in Appendix 1.

3.3 Feature detection-based method

Because of the problems with the regression-based
method a second algorithm was developed for au-
tomatic overlap adjustment using techniques derived
from image processing (e.g. Dougherty, 2020). It is
pased on a custom edge detecting filter and it has
proven to be more robust and reliable.

The overlap edge detecting filter incorporates ar-
rays of samples designed to give the strongest re-
sponse when the filter overlaps an existing multibeam
mapped edge by a designated amount. As shown
in Fig. 4, the sampling is based on the shape of a
proposed swath. Its sampling pattern is asymmetric
with sample points more widely spaced on the un-
mapped side than on the previously mapped side.
This asymmetry biases to increase the overlap when
the boundary of prior bathymetry is irregular and re-
duces gaps. When a previously mapped swath is
perfectly straight it has no effect on overlap.

If a raster digital map of the seafloor is labelled
such that all mapped regions are given a value of +1

and all unmapped regions are given a value of -1, the
filter's response will be maximal when the edge over-
laps by the specified amount.

The custom overlap filter is illustrated in Fig. 5. The
Overlap function is computed using Eqg. (1), where
alt is a function that returns a value at a sample point
from a raster attribute map of the seafloor, ¢, repre-
sents a point along the planned track, w;, represents
the estimated swath width at the sample point, s, is
the spacing of samples on the overlap side (white in
Fig. 4), s, is the sample spacing on the non-overlap
side (black in Fig. 4). If the raster attribute map of
the seabed has a value of +1 where prior multibeam
mapping exists and -1 where it does not, the func-
tion Overlap returns a value between +1 and -1 be-
ing maximal when the designated degree of overlap
is attained.

In practice we have obtained good results using
the spacing parameters s, and s, setto 1 % and 5 %
of the swath width respectively. The value of 0.005
(representing half a percent of the swath width) is
an arbitrary small amount designed to separate the
positively weighed sample points from the negatively
weighted sample points.

Sy Yoioy ((att(c; + Twi(1.0 — p + js1 4 0.005)) — att(c; + Fw;(1.0 — p — jsy — 0.005)))

Overlap =
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Fig. 6 The overlap filter is used to test a set of lines generated from the product
of two sets of sample points as shown. The number of sample points is reduced
here for clarity. The starting track line is shown in red.

Simple edge filter Fig. 7 The first stage of transit planning is to test
a large set of potential line segments with the
End transit goal of finding one which partially overlaps the

longest possible previously mapped line.

O Start transit

3.4 Overlap adjustment
The overlap filter is applied using a brute force com-
putational approach. Two sets of test waypoints are
calculated using lateral offsets from waypoints wp,
and wp,. The product of these two sets is used to
generate a set of possible lines illustrated in Fig. 6
and each of these is tested with the overlap filter
to find the maximum result. The spacing of the test
points is 1 percent of the swath width and values
ranging between + 20 % of the swath width are test-
ed at both ends of the line. This results in 41 x 41 =
1,681 potential lines being evaluated. Greater preci-
sion could be achieved by decreasing the spacing,
though at increased computational cost.

Whichever test line returns the strongest response
replaces the original line.

3.5 Automatic transit planning

The automatic transit planning algorithm generates a
series of waypoints defining a transit. It is designed to
maximize the number and length of transit segments
that partially overlap previously mapped bathymetry by
a designated amount. At the same time, it minimiz-
es additional costs in terms of distance travelled. The
method is similar to the overlap adjustment algorithm,
but with a much coarser sampling to find previously
mapped lines to partially overlap. Once the best can-
didate has been found, the overlap adjustment meth-
od is applied. The candidate line is tested with both
shorter and longer variants to find the optimal length.

Given transit start and end points entered by the

user, the algorithm proceeds with the following steps.

1. Compute a great circle line between the start
and end points.

2. On the great circle line compute points t, and
t, at ¥4 and % of the distance between the
start and end points (Fig. 7).

3. Compute a set of test lines in the vicinity of
line (t, t,) as shown in Fig. 7. The test lines are
pbased on a set of sample points spaced by
¥ of the swath width to the left and right of
points t, and t,.
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4. For each test line, apply the simple edge fil-
ter illustrated in Fig. 7. This has along-track
sampling of 8 points per degree. The lateral
spacing of sample points to the left and right
is ¥4 of the swath width. The retun value is
weighted by two inverted parabolic functions
based on the distances from t, and t, so that
lines closest to the great circle are given high-
er weights.

5. Continue with the test line that returns the larg-
est positive response.

6. Use the overlap adjustment method to refine
the line to vyield the required overlap percent-
age.

7. The candidate line is extended or shortened
by evaluating candidate test lines in steps of
Yo" of a (great circle) degree to find the maxi-
mal value according to the overlap filter. Once
this step is completed the transit segment is
set and the algorithm moves on.

To complete the transit, exactly the same process
is repeated between the transit start and the begin-
ning of the center segment, and between the end
of the center segment and the transit end point. The
edge overlapping lines discovered by the method are
linked together and line segments are created to the
start and end points of the transit. An example transit
generated in this way is illustrated in Fig. 8.

The two methods were evaluated by hydrographers
skilled in survey planning in a study described in Ap-
pendix 2. The results strongly support our choice
of the second method, based on feature detection.
Fig. 5 shows two examples of both methods where
the regression method performs poorly and the fea-
ture detection-based method performs well.

3.6 Automatic polygon filling

BathyGlobe GapFiller also enables the user to
define a polygonal boundary for full-coverage area
surveys. Following this, either of two types of fill can
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Fig. 8 Above: an automatically planned transit with a start point in the vicinity of Los Angeles and an
end point in the vicinity of Hawaii. Below: The central section of the planned transit enlarged to show
a 10 % overlap with a previously mapped line. The great circle route is shown with a white line.

Fig. 9 Automatic polygon filling with a 30 % overlap specified. (a) parallel lines down slope start; (b) with overlap adjustment, down slope start; (c) parallel lines, across slope
start; (d) with overlap adjustment, across slope start.

Fig. 10 A frame buffer image with rendering conFig.d for coverage calculation.

E P-1 THE INTERNATIONAL HYDROGRAPHIC REVIEW https://doi.org/10.568440/ihr-29-2-a19



BATHYGLOBE GAPFILLER @ IHO

MB Survey Costs by Depth

30

25

20

1

(%]

1

o

Survey Cost (dollars/sq km)
U

Depth 1800 m

mEM122 mEM124 mEM302

be requested of the software. Both result in sets of
lines constructed to fill the polygon with a specified
amount of overlap.

Parallel line spacing is the norm for surveying po-
lygonally defined areas (e.g. HYPACK, 2021).The
simple fill sets up line spacings where lines are par-
allel and the spacing is based on the average of the
depths at the two end points of the previous line.

If the ‘extra’ fill option is selected, the overlap ad-
justment method is applied to each line as it is laid
down. This improves coverage where the seafloor in
the area varies with depth. Fig. 9 shows two exam-
ples of polygon fills with and without the extra adjust-
ment. In Fig. 9a, the lines are parallel and oriented up
and down slope. This results in too much overlap at
the deep end of the polygon and too little overlap at
the shallower end. When overlap adjustment is se-
lected (Fig. 9b) the result is a fan shaped set of lines
with much more uniform overlap. Figs. 9¢c and 9d
show the results when the initial line is across-slope.
In this case the differences are less marked, although
overlap adjustment still results in somewhat more uni-
form coverage. However, it also results in non-par-
allel lines. By exploring these options, the user can
quickly determine the most efficient orientation to run
a survey while maintaining required overlap.

3.7 Coverage calculation

The BathyGlobe GapFiller estimates coverage for a
planned survey, generating statistics for new cover-
age, as well as the amount by which the planned sur-
vey will overlap previously mapped areas.

The method used involves setting set up a graph-
ics projection so that each 15 arc sec. GEBCO grid
cell is mapped to exactly one pixel of the frame buffer.
The planned survey is then drawn in a way that makes
use of the color channels of the frame buffer. GEBCO
regions that have multibeam data are displayed in
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the red frame buffer channel and planned multibeam
mapping is displayed transparently in the green frame
buffer channel. Fig. 10 shows an example. Cov-
erage is estimated by retrieving the contents of the
frame buffer and counting pixels classified accord-
ing to their color content. Pixels that have both red
and green indicate overlap of new mapping with prior
mapping. Pixels that have only green colors represent
new mapping and pixels with a lighter green represent
self-overlap. Area mapping statistics are calculated by
counting pixels of each type and correcting for latitude
(because the area of GEBCO grid cells increases with
latitude). Total area mapped is the sum of the areas
represented by green pixels. To calculate new map-
ping, the area represented by pixels having both red
and green colors is subtracted. The area of self-over-
lap is calculated from the light green pixels.

3.8 Survey efficiency calculation

The estimated ship time in days required to com-
plete the transit or survey polygon entered with the
predetermined overlap is calculated and displayed
whenever the ‘Stats’ menu option is selected. This
is calculated based on entered parameters for ship
speed and the MBES extinction curve defined in the
config file. The user is also allowed to enter a day-rate
for the survey platform, if known which allows a quick
estimate of survey cost simply based on distance
traveled during the survey divided by the ship speed
and multiplied by the entered day rate.

Sometimes a survey planner may have the option
of contracting with different suppliers who have ac-
cess to ships with different MBES systems. GapFiller
can be used to provide a rough comparison of survey
efficiency and costs for different MBES and ship day
rates. In order to compare costs for a polygonal area,
the area should first be defined and saved. Following
this the config file can be set with the parameters (day

~

Fig. 11 A comparison of the
predicted costs, based only on
platform day-rate, for survey-
ing three areas having different
mean depths using different
MBESs.
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rate, speed, and extinction file) for each system and
the polygon filled for each instance in the usual way.

Fig. 11 shows an example of the costs for sur-
veying three different areas with four different MBES
systems using a standard ship day rate of $ 45,000,
using a 20 % overlap setting and surveying at 9
knots. Each of the areas was approximately 40,000
km2 and their mean depths averaged approximate-
ly 1,800 m, 3,400 m and 5,650 m respectively. The
survey cost is given in dollars per square meter. The
MBES extinction curves came from various sources:
The EM124 and EM304 curves are empirical and
come from a method developed by the Multibeam
Advisory Committee (MAC, 2023). The EM302 curve
is based on a hand fit to measurements made on
the E/V NAUTILUS (L. Gee, personal comm.). The
EM122 curve is a theoretical curve provided in the
Product Description document from the manufactur-
er — Kongsberg Maritime (Kongsberg, 2011). There
has been no attempt to standardize these results for
such variables as bottom type and water tempera-
ture. Consequently, they are given as examples only
and should not be used to provide support for an ac-
tual cost analysis, but they are quite informative when
considering tradeoffs among various MBES systems
and the water depths they may be used in.

4 Conclusion

BathyGlobe GapFiller has proven to be useful in rapid
interactive multibeam survey planning. It can auto-
matically estimate swath coverage, generate fill pat-
tems for survey polygons, estimate survey times and
costs (based on a simple assumption of day-rate),
and generate transit paths with edges overlapping
previously mapped lines.

One of the most innovative features in GapFill-
er is an algorithm to provide automatic adjustment
of survey lines so that they overlap prior mapping
data by a specified amount. This feature is used in
both transit planning and polygon filling. Two meth-
ods for accomplishing this were implemented, one
based on regression, the second based on a cus-
tom overlap detecting filter. The filter based method
was more successful and is recommended. It derives
from a standard technique used in image process-
ing, namely edge detection using a convolution filter,
and adapts it to the needs of survey planning. The
customized edge detecting filter incorporates the pre-
dicted MBES coverage based on estimates of water
depth, either from predicted bathymetry based on
satellite altimetry (Smith & Sandwell, 1997) or from
prior mapping. The sampling pattern within the filter
is shaped by this coverage estimate. The algorithm
is computationally intensive, relying on a brute force
testing of many possible lines. However, because of
the speed of modern computers the results are pro-
duced in a fraction of a second resulting in fluid inter-
action experience during path planning.

Nothing reported in this paper is proprietary. In-
deed, we support the use of the algorithms and
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methods presented here and will be happy to offer
advice, source code and other assistance to individ-
uals or companies wishing to incorporated them. \We
have not, however, provided an on-line repository of
the source code because it is continuously evolving.
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Appendix 1: Regression method

The first method we developed to automatically adjust
the overlap of planned lines with previously mapped
lines was based on linear regression. The method in-
volves first estimating the swath from a planned line
as described in the body of the paper. Next a line is fit
through the boundary of this swath on the side where
it overlaps an existing swath. Following this we com-
pute the amount of overlap of the planned swath as a
proportion of the width of the existing swath convert-
ed to meters, and a regression line in fit through the
overlap boundary. Note: the regressions calculated
in meters, with rotated coordinates, the x axis being
defined by the original proposed track line, and the y
axis orthogonal to it.

In outline, the regression method has the following

steps:

1. Compute a swath estimate as described in
Section 3.1. Sample along the left and right
edges of the swath to determine if there is
more overlap with existing multibeam coverage
to the left or the right (the method is the same
for the feature detection-based method).

2. If there is little overlap or minimal difference
between the left and the right overlap no track
adjustment occurs.

3. If (left overlap)

a. Compute a linear regression line through the
estimated swath boundary on the left hand
side (regression R1 in Fig. 3 left).

b. For each ping along the left hand bound ary,
compute a set of points where the overlap
ends as a proportion of the planned swath
width. Compute a linear regression line
through the overlap boundary (regression
R2 in Fig. 3).

4.  Else (right overlap)

a. Compute a linear regression line through
the estimated swath boundary on the right
hand side.

b. For each ping along the right hand bounda-
ry, calculate where the overlap ends. Com-
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pute a linear regression line through the
overlap boundary.

5. Use the two sets of regression parameters to
compute waypoint adjustments to achieve the
desired level over overlap as diagrammed in
Fig. 3 (right).

6. Re-compute the swath estimate based on the
adjusted waypoints.

The waypoint adjustments are determined by the
following equations:

R1 (linear fit to boundary of planned swath in me-
ters prior to adjustment)

y=aix+ )

R2 (linear fit to prior overlap boundary as a propor-
tion of the swath width)

Y =z + B2 3

Where x corresponds to the distance along the
planned track line. If x is scaled between 0 and 1 be-
tween the defining waypoints, translations 1 and #: at
waypoints wp, and wp, respectively are given by

t = (p— B2) 17 4)

tr=(p— (az + B2)) (a1 + B1)¥ (5)

Where p is the designated overlap as a proportion
of swath width and # is a unit vector orthogonal to the
planned line.

In some cases, this method performed poor-
Iy (Appendix 2). We believe that its problems derive
from the fact that linear regression is a least squares
method and because of this outlying points are over
weighted. The poor performance occurs where there
are gaps and irregularities in existing multibeam cov-
erage, as well as prior cross tracks. We attempted to
remedy some of these issues with piecemeal fixes,
such as detecting and excluding gaps. However, this
burdened the code with too much complexity and
rendered it prone to erratic unpredictable behaviour.

Appendix 2: Evaluation of overlap
adjustment methods

In order to evaluate which of the two automatic ad-

justment methods was more effective we carried out

a study in which three NOAA corps officers, skilled in

multibeam survey planning, rated the results of auto-

matic overlap adjustments made by the two methods.

Method

30 test lines were created each producing a swath
which partially overlapped a previously mapped
swath. These lines were chosen to exemplify a vari-
ety of different conditions. (1) Simple lines where the
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Fig. 12 Examples of the different test cases used in the evaluation study.

Table 1 Mean ratings.

LAT 26.729 LON -

Participant Mean fo_r Mean for Regression Filter-based Methods
regression method filter-based method method better method better equally good

1 6.8 5.1 2 20 3

2 6.1 4.3 2 21 7

3 6.4 4.4 4 19 7

existing mapped swath was clean and had no gaps
or other lines crossing — this is the base case where
both of the methods could be expected to perform
well. (3) Lines where prior mapping had crossing lines
— this is commonly the case. (2) Lines where exist-
ing mapping had gaps. (4) Lines with ragged edges.
Each of these is illustrated in Fig. 12.

Each of the test lines was adjusted using both the
two methods with a target overlap parameter set at
20 %. Screen shots were captured of the results. The
resulting images were placed in pairs on PowerPoint
slides with random left right assignment of the two
conditions.

For each example, study participants were required
to rate the goodness of overlap by the following two
criteria. Is the overlap around 20 %7 Is the overlap
uniform along the length of the swath? Rating was
done using a 7 point Likert scale. In addition, partic-
ipants were required to say whether the left or right
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example was a better solution or if there was no qual-
ity difference in quality.

Results
There was only instance where all three of the judg-
es rated the regression method better, whereas there
were 18 where all three judges rated the overlap
method better. All 30 of the mean ratings for the fil-
ter based method were greater than 5 (of 7) and all
but three were greater than 6. In comparison only 15
of the mean ratings for the regression method were
greater than 5 and only 7 were greater than 6.
Because the ratings data were not close to being
normally distributed, non-parametric binomial tests
were applied to compare the goodness rating for the
two methods using the data in Table 1, columns 3
and 4. For each of the three participants the prefer-
ences for the filter method was significantly greater
with p < 0.001.
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