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AUTONOMOUS SURVEY SYSTEM (AUTO SURVEY)

BACKGROUND OF THE INVENTION

Field of the Invention

This invention pertains generally to the efficient employment of a swath survey system

and more particularly a swath survey system wherein the swath surveys are automated.

Description of the Related Art

The traditional goal when surveying an ocean bottom has been primarily to provide the

mariner with the data needed to ensure safety of ship navigation. Bottom contours and sparse

 selected soundings are generally sufficient to meet this need. However, with increasing demands

on the accuracy of hydrographic surveys and accelerating commercial exploitation of the sea
floor, data is desired that will provide more than a general characterization of the sea floor.
Modern requirements demand 100% coverage, i.e.; coverage that provides a dense set of
soundings suitable for generation of a gapless topographic representation of the sea floor.
Modern hydrographic sounding systems are capable of meeting this need, but the
environment significantly impacts their perfofmance. Because of the complexify of the
environmental effects, in-situ assessment of system performance is required to ensure 100%

coverage.

For many decades surveys have been primarily conducted using vertical single-beam
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sonar systems. Since it is impractical to achieve 100% coverage with these systems, surveys are
conducted using a series of preplanned lines that are based on typically scant historical
knowledge of an area’s depth contours. Acoustic imaging syﬁéiems are used to ensure that
shallower areas do not exist between the sounding lines. These imaging systems provide wide
area bottom coverage but do not yield sufficiently accurate depth soundings for charting
purpdses, and the generated images typically reqﬁire humaﬁ interpretation. When questionable
areas are found in the imagery, the singlefbearﬁ system is dei)]oyed over the area for accurate
soundings.

In contrast, modern swath systems use multibeam sonar technology. Th¢se systems
provide multiple soundings with each sonar ping that are located within a wide swath
perpendicular to a ship’s track. When properly compensated, all of the soundings generated can
achieve the required accuracy needed for charting and other purposes. As compared with single-
beam systems, swath systems can provide 100% bottom coverage, yielding denser soundings and
faster coverage of the area. Even though swath system hardware cost is much higherv than single-
beam, the ability to acﬁieve rapid total bottém coverage allows these systems to be more cost |
effective for charting. | |

Swath syétems can provide superior performance, achieved througﬁ significant added
complexity in the survey system a;ad its operation. The effective sea floor coverage and accuracy
of a swath system is principally affected by several factors: ocean depth, positioning errors, ray

bending, and bottom type and morphology.

Swath systems are typically operated at or near the ocean surface in order to maximize

2
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boftom coverage with time. Since a swath sonar covers an angular sector (as larger as 150
degrees for some commercially available systems) the actual swath width on the ocean floor
varies with ocean depth - - narrower in shallow water and Wider in deep water.

Swath sonar systems provide range as a function of angle with respect to the sonar head.
To generate soundings fréni this data accurate measurements of sensor pitch, roll, heading, heave
» and position (vertical and horizontal) are required. The affect of pitch, roll and heading errors

are most severe in the outer beams of the system due to the greater slant range. The result of

such errors is to redﬁce the usable systems swath width.

Sea state and sea direction can adversely affect system performance. Rough seas can
exceed the capability of the pitch, roll, heading, and heave sensors to correctly compensate the
sonar data. Consequently, sea direction becomes significant since the vessel will handle
differently depending on its heading reiative to the seas. High sea states can also result in
aeration of the water under the sonar head which can drastically reduce effective range and swath
width, and this effect will vary with time and héading.

The sound veldcity structure of the mwater column affects the direction sound travels
through the watef, resulting in ray bendiﬁg. The consequences of this for a swath gystefn is
uncertainty in the proper location of the bottom, particularly in the outermost beams. |

Bottom cpmposition affecigs the return strength of the sonar pulse and thus the effective
range and swath width of the system.

Bottom morphology can have several affects on swath system performance. Sand waves

can result in destructive interference of the acoustic signals. Proud bottom features can mask
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low-lying areas. Excessive slope can affect the ability of the system to track the bottom and

affects return signal strength.

The significant consequence of these combined factors is that it is difficult to predict a-

priori the effective swath width of a multibeam sonar, making it impractical to pre-plan survey
lines to achieve minimum survey time while eﬁsuring c&nplete bottom coverage. Consider a
particularly simple case, where a series of parallel lines are to be run over an area with a slope,
and the lines are oriented perpendicular to the éontour of the slope. This might be necessary due
to weather or sea state. If planned line spacing is computed using the average depth arid the
nominal swath width, the result will be excessive overlap between swaths in the deep areas
(wasted survey time) and gaps between swaths in the shallow areas (missing data). The missing
dafa are called "holidays" and the areas of excessive overlap are called "overages."

Tﬁerefore, it is evident that the current techniques have has two fundamental drawbacks;
fifst, the swath system performance, in terms of swath covérage width, is significantly affected
unpredictable environmental conditions, and second, parallel survey lines will result in data gaps
(holidays) and overagés (excessive coverage) in areas where the ocean floor has significant
morphology. Holidays result in loss of aata and overages result in wasted survey time. ”

In a normal survey practice data is collected and the achieved data quality and coverége is
analyzed after completion of the .s‘urvey. Existence of holidays and overages, considering only
quality data (data that meets some defined quality constraint), are not apparent until after the
survey is completed. At this point the time loss due to overages cannot be recovered, and the

survey vessel must be re-deployed to recover the data over the gaps.

4
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SUMMARY OF THE INVENTION

The object of this invention is to achieve 100% survey coverage with survey data of
acceptable quality in minimum time. |

Another objective of the invention is reduced human operator requirements.

Another objective is to provide a simulation capability that will allow prediction of
systein performance over an area given pre-existing data.

These and other objectives are achievea in the autonomous survey system (AutoSurvey)
by evaluating the effects of the environment and system performance on the collected data. The
AutoSurvey system accomplishes this by modulizing the data collection into a series of modules
-- data collection and error detection, data georectification, data quality validation, swath-edge
fit, next-line way point generation, and the autopilot. All of these processes are implemented in '
near real-time, allowing unfettered survey progress. The data is applied directly between
processes, providing opefator independent system operation; the AutoSurvey system directly
controls the survey vessel via the autopilot. Through the real-time data acquisition the system
provides autoﬁlatién of the operator qualit}; and coverage assessment tasks and also provides
quantified data. The operator is able to adjust the system operating parameiers to gompénsate for

ambient conditions and to determine subsequent navigation way points as a function of the

specified survey criteria.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 shows a block diagram of the autosurvey system.

5
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5 Figure 2a shows a typical survey are coverage.

Figure 2b shows the relation of data coverage to shift factor
Figure 3 shows a flow chart depicting the autosurvey:ﬁ f)rocessing overview
Figure 4 shows a flow cl:hart of the data collection and correction process, along with the
edge determination process.
10 " Figure 5 shows a flow chart for the calculation of shift factor.
Figure 6 shows a flow chart for the detc;.rmination of next navigation path.
Figure 7 shows a flow diagram for straight line (SL) calculation.
Figure 8 shows a flow chart of the parametric linear regression (PLR) line computation.
Figure 9 shows a flow chart of the parametric center-of-masses (PCOM) line
15 computation.
Figure 10 shows the relationship of survey bounds, previous navigation path, and next
navigatipn path.

Figure 11 shows a flow chart of the new survey bounds process.

20

DESCRIPT_ION OF THE PREFERRED EMBODIMENT
The autosurvey system 10, as shdwn in Figure 1, is basically comprised of a navigation
system 12 for the vehicllev, a meaﬁs of piloting the vehicle 14, a swath survey system 16, a
computer system 18, and a display 22 of thc data obtained. The navigation system 12 may be
25 any type acceptable for steering a vehicle along a predetermined course, generally an electroni;:

6
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navigation system, such as a global positioning system satellite grouping or an inertial navigation
system; the means for piloting the vehicle 14 may be either an autopilot system or manually.

The swath survey system 16, preferably, a swath sonar systeniql; however, swath laser ranging or
swath radar ranging may be used. The computer system 18 can be any type with sufficient
processing power to handle the data input to the system and process it efficiently so as to be
displdyed 22 On either a standard color monitor and/or x-y plotter.

The autosurvey system 10 provides autémation of thé operator quality and coverage
assessment tasks and also provide quantified, vice empirical, measures of theses parameters.
Consequently, the operator is freed from dedicated attention to system performance and way
point generation, and only required to infrequently evaluate survey progress. In addition to
ensuring that the survey mission’s goals are being adequafely met, the real-time coverage map
shown on the display 22 also provides the capability for the operator to observe unexpec‘ted
features in real-time and to alter mission objectives accordingly. A typical survey path is shown
in Figure 2a.

The essentilal eiement of the autosurvey system is the algorithm resident in the computer.
This algorithm is comprised of a data coilection and error detection médule, data gporeétiﬁcation
module, data quality validation module, swath-edge line module, and a next-line way point
generation module. All of these processes are implemented in near real-time, allowing unfettered
survey vehic]e progress. The data is piped directly betwe;en processes, providing independent
system operation by a direct control of the'survey vehicle by the autosurvey system 10.

Data quality assessment is performed using both georectified and gridded data, primarily

7




10

15

20

25

e

Inventors: Bourgeois et al. PATENT APPLICATION
Serial No. ‘ Navy Case No. 79,746

through self-consistency validation. Intra-swath validation is achieved by analyzing the variation
of samples within a grid cell and By evaluation of along the track and across the track trends in
the data. Where ovelapping data exists between swaths, inter;swath data validation can also be
performed. Data quality assessment is used for two specific functions, to ensure sufficient data is
being collected that meets a predefined quality criterion, and to extract from the trimmed data the
swath leading edge that will be used to generate the next navigation path or track line .

The design approach of the autosurvey eystem 10 is euch that sufficient quality data must
be collected in each swath for the automated survey to continue. Otherwise, the operator (or a
supervisory program) must be alerted to evaluate and take action on the problem. In simple
cases, siich as moderate sized gaps within a swath, an operator alert would be issued but the
survey would continue. For more extreme degradation, such as no-data collected in a line, an
operator alert would be issued and the automated survey would be terminated. The no-data
condition is in fact the normal termination method for an area survey, wherein the system halts
the survey if no new data is collected within the defined survey boundary. This approach takes
into account operator errors (such as forgettmg to turn on the sonar system) and system failures
that result in total loss of data. In either case, the survey vessel is put into a safe cc')ndition by
terminating the survey. To determine actual coverage, data that does not meet the quality
constraint is eliminated from the ewath, both interior and along the edges. Given the remaining
area, and correcting for interior gaps, the total swath extent and percentage coverage within the
swath can be computed directly. Additionally, gaps between the current swath and the previous

swath can be determined in a similar fashion. Analysis of the achieved coverage within the
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swath(s) is then utilized to determiné if the survey will continue.

In the performance of multibeam bathymetry swath surveying, the best information for
determining the next navigation path is from the previous na;/igation path’s data. This is an
entropological approach to surveying wherein each new swath provides innovations, i.e., new
information, and represents the "best" knowledge of the area to be surveyed. This applies to
swath width, bottom depth, bottom reflectivity, etc. For example, the best estimate of swath
width over an area is twice the half-swath widfh from the préceding navigation path and the
swath data in the direction of the survey progression, given that this navi gation path 18 bolth
spatially and tempofally "close"to the next one.

Given that the first requirement is met, a sufficient quantity of quality data within the
swath, the data required for next track line generation is then extracted. Utilizing only the
trimmed data set (poor qualit)./ data removed), the points corresponding to the outer swath’s
edges are extracted and trimmed by the defined survey boundary. This produces a set of
bathymétry points corresponding to the leading edge of the swath, considering only quality-
constrained data. T heéé points are then pa;sed to the swath-edge line fit modﬁle.

With this processing method it ié sufficient to note that dropouts in the data, or ﬁings
where no data is returned, will result in spatial gaps within the resulting swath-edge line.
Dropouts coﬁld occur due to inter:mittent system faults or due to conditions where no sonar return
is received, such as excessively deep waters (holes, cliffs) or areas with a soft bottom. The
spatial gaps in the swath edge data are preferred over filling those gaps using the edge data from

the previous swath. this is because it is not desirable for the system to repeatedly drive over the
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Serial No.

same dropout areas trying to acquire data and it is assumed that the dropout occurred because
system capabilities have been exceeded. By allowing spatial gaps, the line fit module will
effectively generate lines across the gapped area using points" o.n either side of the gap. It is the
function of the swath coverage algorithms to determine if the gaps are large enough to require
corrective actions.

- The straight line (SL) aporoach uses a series of straight parallel lines to cover the survey
area, and adaptive spacing between adjacent sufvey lines is employed. The SL. approach is very
effective over areas that afe reasonably flat and over areas with gradual slopes when the track
lines are 1;un collinear with the bottom contours. Advantages of the SL approach include a
sifnple navigation track or path (particularly in high traffic areas), staying close to the point
where the last sound velocity profile was taken, and ability to choose line orientation for minimal
sea state effect on the vessel. The algorithm for the SL approach finds the best-fit line (least
squares) to the previous lines" swath edge, with the constraint that the fit must be .parallel to the
previous track line. This method provides the least flexibility in compensatlon of survey tracks
for actual bottom morphology and is expected to produce gaps and areas of e);ces51ve swath
overlap when traversing across bathymetry contours.

The linear regression (LR) approach uses a series of straight lines, without the constraint
that the hnes must be parallel. The LR approach offers the same advantages as the SL, but will
typically provide more efficient coverage over areas with nominal depth variations since the
track lines are approximately parallel to the previous swath’s edge. Except in areas with extreme

changes in depth, the LR lines will remain nearly collinear, offering simple navigation and the

10
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ability to choose vessel orientation with respect to the seas. The algorithm for the LR approach
simply finds ‘the least squares fit to the previous lines’ swath edge.

The piecewise linear (PL) approach uses a series of lme segments that approximate the
shape of the previous lines swath edge. This method, as compared with SL and LR, provides a
superior ability to improve survey efficiency in areas with rough bottoms. However, the PL
épproach can generate complex track lines that complicate vessel navigation, and preferred
headings (for sea state reasons) cannot be readfly adhered to.l Implementation éf the PL approach
is significantly more complicated than the SL or LR approaches which only required a legst
squared error fit be done to a set of points. There is a multitude of techniques for fitting curves
to an arbitrary set of points (polynomial, spline, etc.) but this application requires an-
unusupervised algorithm that is fast and robust. Consequently, a center-of-mass technique was
chosen, which finds the spatial center of a sequence of swath edge points. While this algorithm
does not provide a least square error solution, it essentially generates the path a human operator
would cﬁoose and is computationally inexpensive. An adaptive PL method, where line segment
length is adjusted accofding to the spatial \;ariance of the local swath edge, h;ndles the
conflicting goals of smoothing transienfs and following sharp swath edgé changes.

The box approach entails driving t he boundary. With this technique the first survey track
line would Be the survey area bou;ldary. Subsequent track lines would then be generated by
doing a best-fit to the interior swath’s edge of the resulting data. The box method offers the
potential of a more time-efficient approach in that all turns are executed within the survey

boundary so data collection is not interrupted. To utilize the Box approach the sound velocity
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profile must be valid over the entire survey area, instead of just the local area of the current line.
Also, sea-state must be low enough so that vessel track orientation is not a factor in survey
system performance since multiple headings will be taken. The Box method algorithm also
employs the center-of-mass technique.

The first survey track line is defined to be a survey boundary edge, or whole boundary for
the Box approach. For the second and subsequent track lines, the next track line is generated by
performing a shift, and is doing a fit to the previous lines’ shifted swath edge déta. The shift is

required to properly position the fitted line (or line segments) to ensure a specified percent data
coverage.

Referring to Figure 2a, it is useful to relate the data coverage to the shift factor, but
doing this requires formal definition of percentage coverage. Let d, be the distance from the
vessel’s location to the (trailing) edge of the swath. This is the half-swath distance. Also, d, is
the distance from the vessel location to the edge of the previous swath’s data. The value of d,is
negative if it is in the opposite direction of d,, that is if the vessel location is inside the previous
data. Since the concerﬁ at this point is onl& the coverage at the trailing edge, ; fictitious swath of
width 2d, is used in computations. The 6ver1ap between adjacent swaths at the leading édge is
(d; - d;). Using these quantities, the percent overlap between adjacent swaths, V, is defined as
the overlap aivided by the effecti\;e swath width.

V=(d,-dy 24, 1)
and the percent coverage (C) is defined as:

C=1/(1-V) )

12
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The shift factor (S) is a function of C and is given by:
S=2/C 3)

Again referring to Figure 2b, the shift factor is applié& to the distance between the
current track line and the leading swath édge to determine the proper position of the next track
line. This approach effectively shifts the resulting fit line or line segmenfs by the average (or
local ‘averagé) width of the previous swath. Typically, the specification would be for 100%
coverage with data meeting the quality constraint. In this caée, the edges of eéch adjacent swath,
after bad data is trimmed, would butt up against each other seamlessly. Greater than 100%
coverage is often specified since some swath-to-swath overlap is desired to allow for inter-swath
data validation, and gaps could occur where the swath edges are poorly fit. The aﬁtosurvey

system 10 provides for operator specified desired coverage up to 200%, where the next track line

.would be the éurrent track line’s swath edge. Less than 100% coverage can also be specified for

situations where it is determined that gaps bétween swaths are allowable, such as a quick-look
survey of aregion. In the case of a quick-look survey if is likely that either the SL or LR fit
approaches would be ﬁsed. In the simplestnimplementation, the shifted lines are clipped by the
survey boundary and a series of evenly épaced way points are generated aloﬁg the !ine ﬁsing the
equation for the line. For PL and Box, the segmented line is clippéd by the survey boundary and
the set of vertice_s that connect thelline segments are used as the way points. These way points
are then passed to the vessel autopilot 14 for execution. With the current implementation,
autosurvey 10 processes the previous track line’s data and generates the next track line way

points within a few seconds after crossing the survey boundaries’ edge. The autopilot 14 is
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designed to halt the vessel in the event that insufficient valid data is collected and next-line way
points cannot be generated.

For all of the line fit approaches, the root—mean-squaréd (RMS) error for the fit is
computed. The RMS error has a direct relationship to the actual percént coverage that will be
achieved assuming the vessel steers the generated track line, and that the next lines’ swath width
is the same as the previous line.

Assuming Gaussian errors in the line fif, it is strai ghf forward t~o compﬁte the expected
area missed between swaths. The overlap d, - d, is a random variable; let its mean valﬁe be d,
the expected overlap between swaths. If the line fit to the swath edges are assumed to have
Gaussian errors with standard deviation, o, equal to the RMS error of the fit, then the overlap is
also Gaussian with the mean d and variance 202 Data missed at the outer edge of each ping is
represented by its length & which is zero when overlap is greater than zero and equal to the

negative of the overlap otherwise.

0 d,-d,>0
6 - . - ( 4)

d,-d, otherwise

- When adjacent swaths o‘}erlap, 8 = 0. When gaps occur, & > 0 and it is distributed as the tail of

a Gaussion with mean - d and variance 20°. The expected distance missed er ping is thus
p A per ping

= 6 (6+d)*
Ed = 620\/-7r_eXp( 157 Jd5 5)

14
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i) (7)

where @(-) is the standard normal cumulative distribution function (cdf). The expected area
missed is the distance traveled times the expected length missed per ping. For example, for a
shift factor of S = 2 (resulting in a nominal coverage of 100% and a value of d = 0), the area
missed is o/v'w times the distance traveled,. Using Eq. (5), the shift factor can thus be scaled to
compensate for a lower percentage cdverage resulting from a poor fit. The RMS error can also
be used to execute a tiered approach to the type of line fit used. With a tiered approach, the line
fit process would start with the SL élgorithm for every line. If the RMS error were too great,
indicating possible gaps or excessive overlap, then LR and PL algorithms in turn would be

attempted until a satisfactory error is obtained.

With more advanced implementations, the shift factor can be used to compensate for
predicted environmental effects such as bq;tom slope and signal strength. If a consistent across-
swath slope is observed, then the shift factor can be adjusted to compensate for the projected
swath width by altering the position of the next navigation path. This would be utilized only
when an up-slope is observed, singe_: the swath will become narrower and gapping could occur.
On a down-slope the swath would be broader and will not result in gapping. If the return signal
strength is observed to be decreasing to a critical point (particularly in the outer beams) the shift

factor can likewise be used to bring the next navigation path closer, compensating for the
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5 predicted reduction in the next navigation path’s swath width.

The autosurvey process, as shown in Figure 3, is accomplished through preferably a
software system called Hydromap, howevér any c‘omparablet éystem may be used. Hydromap
was developed for the data collection, georectification and quality modules and is a software
system for multibeam bathymetry surveying that provides functions of sensor control, data

10 loggitg, real-time data proéessing and georectification, geographic display of processed data,
raw data and vehicle position, and manual way. point generafion and line following. The data

collection, error detection and georectification modules within Hydromap perform the following

functions
(a) Acquisitibn and storage of raw sensor data from the bathymetric sonar,
15 position (vertical and horizontal), heading, attitude énd surface sound velocity
systems.
(b) Low-level rejection of invalid data due to detected errors in any of the
individual éensors.
(c) Geéreétiﬁcation of sone;r data using the supporting sensor systems, éound
20 velocity profile and fides, and

(d) Gridding of the data into uniform cells
Real-time acquisition, lowv-level‘ data validation, georectification, and gridding of the data
are prerequisite to the generation of a full-area presentation of the data collected, vice individual;
swath or waterfall display. Waterfall displays do not georectify the data so it is difficult to assess

25 intra-swath data consistency unless the vehicle motion is small and the vessel is traveling in a

16
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straight line.v Individual georectified swath displays allows intra-swath data assessment, but not
intra-swath. Hydramap performs both georectification and gridding and provides a £eal-time
coverage map that displays the collected data for the entire afé‘a being surveyed, showing
previous and current line data. A human operator uses the coverage map display to empirically
assess the quality of the collected data and to determine actual, vice pr¢dicted, coverage of the
sensor system. This aliows the operator to adjust the system operating parameters to compensate
for ambient conditions and to determine subse(juent navigatibn way points as a'function of the
specified survey criteria. |

An overview of the data collection and edge detection processing is shown in Figure 4.

The current data swath is composed of "pings" of sensor data, preferably sonar as in this
case, presented to the system in a time ordered manner. Each beam within each ping is
subjected to various corrections and/or rejections based upon the inputs from a number of other
sensors (heave, pitch, roll, etc.). each beam is then analyzed by a number of quality filters.
Beams passing these quality checks are then geodetically referenced. The two outermost of these
good beams from each- ping (assuming the”entire ping has not been rejected) are kept és a portion
of the edges of the current data swath. The fact that some pings or beams are rejec'ted dﬁe to
quality checks leaves "gaps" in the edges. The algorithms that determine the next navi gation
path to run tend to bridge these géps left in the edge due to either poor quality data or nonexistent
data.

Figure 5 shows the shift factor computation process.

Percent coverage (PC) is defined as:

17
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5 PC=100| ————
1 O(IOO—POJ ©

Percent overlap (PO) of adjacent swaths is defined as:

PO =100 overlap o)
~ 7 Uswathwidth
d,—-d
=100 2
( 2d, :
10 where d, is the distance from the vessel location to the (trailing) edge of the swath, this is the

half—swath distance; d, is the distance from the vessel location to the edge of the previous
swath’s data, d, is negatlve if it is in the oppos1te direction of d,, i.e., if the vessel location is
inside the previous data See, Bourgeios et al., AUTONOMOUS BATHYMETRIC
SURVEYING, Proc. 10" Intl. Symp. on Unmanned Untethered Submersible Tech. (UUST’97),
15 Durham, NH, pp. 1-11, Sep 97; and Bourgeois et al., AUTONOMOUS BATHYMETRY
SURVEY SYSTEM, IEEE J. of Oceanic Engr., Vol 24, No. 4, pp. 414-423, Oct. 99; which are
hereby incorporated in total by reference. The total swath width is given by 2d, and the overlap

is given by (d, - d,), d, and d, are used to compute the actual PO and PC achieved between

swaths.
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5 A coverage of 200% implies that the next navigation path will lie upon the edge of the
collected data that is insid¢ the survey bounds. Choosing a percent coverage other than 200%
implies that the next navigation path must be shifted in an apﬁropriate manner. Although it is
conceivable to achieve more than 200% coverage, more than 200% is not éllowed for pragmatic
reasons, as this would imply more than two passes to achieve, and one of the design goals is

10 speed. The shift factor calculation ensures a range of 10% to 200% coverage, inclusive.
The position of the next navigation patﬁ is determined by applying a spacing multiplier,
m, to the navigation path fit through the current swath’s edge. The spacing multiplier (shift
factor), S, is used to adjust the across-track distances of the current swath’s edges in relation to
the current navigation path. This method of sﬁifting to adjust for percent coverage is
15 independent of any algorithm used to determine the navigation path tﬁrough the current swath’s

edge.

PO and PC are also a function of S, and are given by:

2§ ,
PO = 100(—2—) (8)
' 2}
. PC=100(§J Q)

20 Eqgs. (8) and (9) are valid for S>0. The following examples (flat bottom assumed) are provided

for clarification:
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For S = 0 there is no shift; the next nayigation path is the same as the current navigation
path. This gives 100% overlap and infinite coverage since all subsequent navigation paths are

the same.

For S = 1 the next navigation path is over the line fit to the current swath’s edge. This

gives 50% overlap and 200% coverage.

* For S = 2 the edges of adjacent swaths are aligned. This gives 0% overlap and 100%

coverage.

. For S =4 every other swath is skipped. This gives an overlap of -100% and coverage of
50%. |

For all of the line fit approaches, the root-mean-square-error (RMSE) for the fit is
computed. The RMSE has a direct relationship to the actual percent coverage that will be
achieved assuming the vessel steers the generated navigation path and that the nexf swath has thé
same width as the swath just analyzed. These computations of RMSE have been discussed
aBove, réfer to Egs. (4) and (5). and accompanying text.

The edge that Will be used to dete@ne the next navigation path must be chosen from the
two edges that are output in the edge detection phase. The desired edge is the current hélf—swath
edge in the direction of the survey progression. This edge is determined by taking each data
point in the ;adges file in conjuncti:on with the survey bounds and applying a point-in-polygon
algorithm. See, GRAPHICS FAQ, on-line http://.www cis.ohio-state.edu/hypertext/fag/usenet/

graphics/algotithms-faq/faq.html.

This simple point-in-polygon approach eliminates the need for complicated and error-
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prone algorithms that attempt to decide in which "real" direction the survey is progressing. Note
that this type of processing is not needed in previous attempts at automation, since the strict
following of predetermined navigation paths does not rely up-dn data for guidance. The edge-
choosing process is illustrated in Figure 3.

For this api)lication, the line fit algorithms must be sufficiently robust as to allow
unsupervised work. Speed is important as well. It is also imperative that each line fitting
algorithh produce a RSME to allow a subsequént unsuperviéed decision upon fhe adequacy of
the new navigation path’s fit to the data. |

Following are three algorithms used to determine the navigation way points for the next
pass through the survey area. All of these algorithms generate a navigation path "through" the
edge chosen, as described above. An overview of the processing for all three algorithms is
sﬁown in Figure 6.

The straight line (SL) approach, shown in Figure 7, generates a line parallel to the
current navigatibn path. This method provides the least flexibility in compenﬁsating the
navigation path for the- actual bottom morphology, but is the simplest approach with respect to
navigational safety since all navigation paths are parallel. This approach may result in beriods of
excessive overlap as well as periods of insufficient overlap when traversing across bathymetery
contours. Excessive overlap resul‘ts in wasted survey time and insufficient overlap can result in
data holidays (gaps). The user may choose from two ways to specify the distance from the
current navigation path to the next navigation path. The first choice, called minimum distance,

calculates an average distance using the smallest ten percent (10%) of the perpendicular distances
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from the current navigation path to the current swath’s edge. The second choice, called average
distance, calculates an average of all perpendicular distances from the current navigation path to
the current swath’s edge. Choosing the minimum distance ex;r;s toward excessive overlap in order
to ensure complete coverage. Choosing average distance may have areas of both excessive
overlap and areas with no covérage.

" The algorithm for an adaptive parallel line fit first calculates tﬁe user-selected (minimum
or average) distance from the last navigation péth to the edgé of the data swath. The approximafe
course direction pursued on the last navigation path is then determined, which the algorithm uses
to determine the order of output of the way points for the next navigation path (as showﬁ in
Figure 7 by the "Determine New Course" box). This information is then used to generate a new
navigation path at the proper spacing toward the swath edge and parallel to the last navi gation
path. After the new navigation path is determined, each end point of the path is extended beyond
the survey bounds and then the resultant line is clipped at the survey bounds to ensure that the/
final navigation path’s endpoints lie upon the survey bounds. As the next to %ast step, a RSME is
calculated by squaring‘the sum of the perpéndicular distances from the swath edge to the new
navigation path. Finally, the next navigaﬁon path and the DISTRMSE ére output. |

The algorithm for calculating the intersection of two lines is described in Graphics FAQ,
supra. |

A common way of measuring how well a line fits a set bf data points is to measure the
distance from each point to the line and take the sum of all the distances divided by the number

of data points as the error of the fit. It is also common to square the distance and sum, the
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squares of the distances. The latter is the method used here. The distance based RMSE is
defined as:

1< v ) .
DISTRMSE = =Y distan ce(i, line)? (10)
n

i=]

where line is a navigation path (SL) or a portion of a navigation path and n is the number of
points.
The algorithm for computing a distance-based RMSE is:
INPUT:
number of points
array of points
navigation path to test against
PROCESSING:
for i = 1 to number of points do
calculate perpendicular distance from point i to test navigation path
square it .
add it to the total distance

end for
divide total distance by number of points

OUTPUT:
DISTRMSE
The parametric linear regression (PLR) approach, an overview of which is shown in

Figure 8, finds the best line fit (parametric) to the edge of the current half-swath in the direction
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of the survey progression with no restrictions on its orientation by calculating a barametric linear
regression of the x’s and the y’s, then utilizing this informaﬁon to calculate the linear regression
line for the data set. PLR also provides a simple navigation épproach since all navigation paths
are still straight lines.
A parametric first-order linear regression fit on a set of (x, y) data is given by the

following:

x(n) = mn +b,

forn=0,..,N=1 (11)
y@m) = mpn +b, '

N = number of points and b, and m, are defined as:

N-1 N-1 N-1 N-1 ,
(an x(n)—Zn nx(n))
_\n=0 n=0 n=0 n=0
X N -1 N-l )2 _ (12)
NZnZ—( n]
- n=0 n=0

( N Nz—inx(n) - Nz-in ﬁx (n )) :
- a N-1 "=13—1"=02 - (13)
w5 (2]

n=0

X

and b, and m, are defined similarly by substituting y for x in Egs. (12) and (13).

Given the calculation in Egs. (12) and (13), RSME for the linear regression (i.e.,

LRRMSE) is defined as:
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1 (4 N-l N-l N -1 S N-1 N-l
N—[}:x(n)2 —(mx an(n) +b, Zx(n)) + z:y(n)2 —(my Zny(n) +b, Zy(n))]
n=0 n=0 n=0 n=0 n=0

n=0

Given the calculations of m,n + b, and myn + b, in Eq.(11), the calculations of the best fit
10 linear regression line to the data is completed by solving for‘x(O), x(N—l)., y(0), and y(N—I). The
new navigation path represented by (x(0), y(0) and (x(N-1), y(N-1)) is extended beyond the |
survey bounds and then the resultant line is clipped at the survey bounds to ensure that the final
navigation path’s endpoints lie upon the sﬁrvey bounds. The algorithm for calculating the
intersection point of two lines is from Graphics FAQ, supra. The final step in PLR is the
15 calculation of the LRMMSE for line fit analysis and coﬁparison against the other line fits
methods.

The parametric centers-of-mass (PCOM), shown in Figure 9, approach provides a
computationally inexpensive way to approximately follow the "curves" along the edge of a
swath. This algorithm provides a yv—ay to model the general curve of the data while damping out

20 small vax'iations in the data. for sufﬁciently short data segments, this appfoach provides
optimum use of the survey platform by allowing close adherence to the specified percent

coverage. However, segments which are too short can result in frequent changes of survey vessel
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5 heading, which may pose a navigation safety problem.

This approach partitions the data into approximately equal size sets of points, generates a
center-of-mass (COM), i.e., a spatial "average" of the (x, y) p&ints in the partition, for each
partition and uses the generated COM as a part of the next navigation path.

The definitions to be applied to the following discussion are as follows:

10 " The minimum line segment length is an input corresponding to the data segment length
discussed above. | |

The total distance traversed is the summation of the point-to-point distances from one
survey boundary to the other along the appropriate swath edge, which is defined by:

N-1
15 total distance traversed = IZ;)distance(i, i+1) _ (15)

The data set must be partitioned into p approximately equal size "chunks.” The number

of partitions for a data set is giveh by:

total distance traversed
20 number of partitions = : (16)
- minimum line segment length

The humber of points in each partition must also be calculated, and is defined by:

N
25 points per partition = (17)
_ number of partitions

A parametric first-order center-of-mass of a set of (x, y) data for on partition is given by:
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n
X=1/n 2 x() (18)
i=1 :

where n = number of points in the partition
_ n
y=1m2 ()
1=1
By iterating over the partitions, a set of way points are obtained that partially define the next
navig;lﬁon path. The reason that these points only partially define the next navigation path is that
the set of way points lie totally within the survey bounds, with the first and last COM
approximately one-half of the distance across one partition from the survey bounds. |
The way points for the ends of the next navigation path must be defined to complete the
navigation path. PLR is used to geﬁerate the starting and finishing way points on the new
navigation path from the first and last COM to the respective survey boundaries. PLR is used to
calculate the slopes of the lines fitting the data in approximately half of the first and last portions
(the "half" between the appropriate COM and the survey bounds), and these s]oi)es are used to
extend the navigation path to the survey boundaries from the first and last COM points. This
approximates a "tethered" linear regression fit to this portion of the data. The purpose of using
this approach instead of just extend_ing the line defined by the first two and last COM points to
the survey bounds is to more accurately model swath data that is radically changing toward one
or both ends of the current navigation path.
After the new navigation path is determined, each end point of the path is extended

beyond the survey bounds and then the resultant line is clipped at the survey bounds to ensure
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that the final navigation path’s endpoints lie upon the survey bounds. The al gorithm for
calculating the intersection point of two lines is from Graphics FAQ, supra.

The error of the fit to the data for this algorithm is determined by calculating the

DISTRMSE for each line segment defined by the way points in the next navi gation path and

summing them.

first StartPoint = (pointsPerPartition - 1)/2 _ :
Last StartPoint = firstStartPoint + ((numPartitions - 1)* piontsPerPartition

The pseudo-code for calculating the total error is:

total error =0

for i = 0 to numNavPathPoints - 1 do
line.start = navPathPoints[i]
line.end = navPathPoint[i + 1]

if first line segment then
calculate DISTRSME for points 0 to firstStartPoint - 1 using line

add to total error
else if last line segment then
calculate DISTRSME for points lastStartPoint to numPoints using line

add to total error

else . :
calculate DISTRSME for points i*pointsPerPartition to (i + 1)*pointsPerPartition

using line :
add to total error
end if
end for
return total error

The points output from any SL, PLR, or PCOM are (%, y) coordinates and do not contain
all of the information required by the automatic steering system. Thus, these points are used as
input to an algorithm that generates the actual way points that the automatic steering system uses.

This algorithm generates way points at a user=specified interval, which defaults to 100 m. The
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automatic steeﬁng system then dynamically steers the vessel over ‘the desired pgth by using
course-to-steer to the vessel’s autopilot.

Steering in this manner allows for the possibﬂity of af?.ﬁlore advanced steering algorithm
that interprets various system inputs to dynamically adapt to environmental changes. bottom
topology, etc.

* The RMSE can also.be used to execute a tiered approach to the type of line fit used, as
shown on Figure 6. With a tiered approach, the line fit proc'ess would start wifh the SL
algorithm for every line. If the RMSE is too great, indicatihg possible gaps or excessive overlap,
then the PLR and PCOM algorithms would, in turn, be attempted until a satisfactory error is
obtained.

As previously stated, the edge used to generate the next navigation path is chosen by
keeping the data points from the edges which lies within the current survey bounds. This
require_s that a new survey bounds be generated for each new navi gation path, so that the
appropriate edge can be chosen in the next iteration. An overview of this algorithm is shown in
Figure 10. |

In order to understand the proceSs of generating a' new survey bounds, as shown in
Figure 10, the relationships between the previous navigation path, the previous survey bounds,
the next navigation path, and the ﬁew survey bounds must be understood. The survey bounds,
previous navigation path, and next navigation path relationships are dernonsfrated in Figure 11.
The line 1-2 represents the previous navigation path, the labeling within the box from 1 to 4

represents the previous survey bounds, the line 1N-2N represents the next navigation path, and
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the interior labeling within the box 2N, 3, 2, IN represents the new survey bounds.

The algorithm uses the fact that the previous navigation path lies along one (SL or PLR),
or multiple (PCOM), edges of the current survey bounds. Thé‘ algorithfn is further based upon
the fact that the next navigation path will divide the survey bounds into a "surveyed area" and an
"unsurveyed area."

" From one of the intersection points (2N) of the next navigation path with the current
survey bounds, the algorithm outputs the intersection vertex.(ZN) and outputs the vertices of the
survey bounds moving away from the previous navigation path (away from the "unsurveyed
area", e.g., 3, 2). Once the next intersection point with the survey bounds is encountered (IN),
the outputting of survey bounds vertices is stopped. The next navigation path’s vertices (except
the last one, which is output initially) are then output (1N), ensuring that the new survey bounds
will have the new navigation path as one (SL or PLR) or more (PCOM) of its edges.

This iterative method of generating new survey bounds "contains" the next navigation

path as one or more of its (contiguous) edges.

An end-game problem occurs when the automated survey works itself into a corner of the
survey area. This can result in a sequence of short survey lines, where more time is spent in the

vessel turns than on the survey line, and may also result in a small gapped area at the end of the

survey.

Another potential end-game problem occurs when the data curves "out" due to bottom
morphology and the next navigation path generation method is PCOM. This may leave two

“corners" (of course, under certain conditions, there could be more than two unsurveyed areas
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partitioned by the edge of the data and survey bounds) that need surveying to ensure complete

coverage of the survey area.

In both cases it is recommended that the operator manually complete the survey.

However, an algorithm can be defined to optimally cover the remaining areas.

" Although the invention has been described in relation to an exemplary embodiment
thereof, it will be understood by those skilled in the art that still other variations and

modifications can be affected in the preferred embodiment without detracting from the scope and

spirit of the invention,
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ABSTRACT OF THE INVENTION

The autonomous survey system (AutoSurvey) is useci fo automatically maximize area
coverage with swath sensors and to minimize survey time while ensuring the collected data
meets specified quality constraints. The autonomous survey system (AutoSurvéy) evaluates the
effects of the environment and system performance on the collected survey data by modulizing
the data collection into a series of modules -- data col]ecti‘oﬂ and error detection, data
georectification, data quality validation, swath-edge fit, next-line way point generation, and the
autopilot. All of these processes are implemented in near real-time, allowing unfettered survey
progress. The data is applied directly between processes, providing operator independent system
operation; the autosurvey system directly controls the survey vessel via the autopilot. Through
the real-time data acquisition the system provides automation of the operator quality and
coverage assessment tasks and also provides quantified data assessment. The operator is able to
adjust the system operating parameters to compensate for ambient conditions and to determine

subsequent navigation way points as a function of the specified survey criteria.
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