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ABSTRACT

Twc methods for evaluating the accuracy of hydrograghic
positioning data are presented. One method consists of
classifying each position in a survey based on the radius cf
the 90 percent confidence circle. The second method
involves classificaticn of positions based on the farameters
of the 90 percent confidence ellipse. Both methods are
based on gecmetric and statistical relationships Letween
intersecting lines cf position.

Range-range, azimuth-azimuth, and range-azimuth fcsi-
tioning data are classified using both criteria. For
noncritical positions, the confidence circle method is found
to be rreferable due to its ease of interpretation. For
positicns of significant features, such as underwater
hazards, the confidence ellipse provides a more useful
representation of the shape and orientation of the true
error distribution.

The concept of presurvey fpositioning design is alsc
fresented., With the aid of computer graphic displays, the
hydrogragher can predict the accuracy of offshore posi- .
tioning data prior tc data acquisition. By analyzing accu-
racy lobes generated about shore statiomns, a survey can he

designed to meet given specifications.
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A. EACKCERCOUND

A hydrcgraphic record can ke viewed as the resultant ct
two inderendent measurements made at a discrete poirt cver a
rody of water. These measurements involve the determination
of a vessel's positicn at a given time as well as the derth
of water at that position. Of interest to the hydrograrher
and tc the user of hydrographic data is the accuracy cf ttle
positicr determinaticrcs. Fundamental to the determination
cf pcsitional accuracy is the identification of the scurces
of errors in positicn measurements and the ultimate treat-
tent cf these errors.

A hydrcgraphic pc¢sition can be determined by a numter of
methods all involving geometric relationships betweer krnown
points and the vessel's unkncwn locatioen. The known pcints
may be fixed stations on shore, whose coordinates have leen
deterrined ty geodetic survey methods, or they may ke
rapidly moving satelliites whose coordinates in time and
space can te defined very precisely. A hydrograrhic pcsi-
tion is established Ly the intersection of two or mcre lines
cf pocsition (LOP's) which are generated by the geometric
relaticnships betweer the fixed points and the vessel's
unknown location. The resultant accuracy of the vessel's

rositicn is therefore, in part, a function of the errcrs

associated with the irtersectipmg LOP's.

Several meacsures cf accuracy can be used to evaluate the -
quality of a hydrograghic position. Predictability, or _
absolute accuracy, is the measure of accuracy with which ttlLe !
positioning system can define the location of the same foint

in terms of geojraphic coordinates Repeatability, cr




relative accuracy, is a measure with which a positionpirg
syster germits a user to return to a specific point on the
€arth's surface in terms of the LOP's generated Lty the
systew [Eef. 1, p. 14]. With the elimination of all system=-
atic cr tias errors, the terms repeatability and predicta-
Yility tecome identical. Hydrcgraphic surveyors usually
work toward this condition, although it is not always
achievatle.

Heinzen [Ref. 2] and Burt [Ref. 3].have presented
several technijues fcr quantifying the repeatable accuracy
for offshore positions. These technijues have roots in tte
statistical treatment of randcs error. Although the methcds
have teen well documented, no single criterion to classify
the accuracy of a hydrographic position has been agreed upon
ty the internaticnal hydrographic community.

Freceding the development of automatior in hydrograrcgh
data acguisition and processing, the task of calculatirg
accuracy figure to attach to each position in a Lydrograp-i
survey was unthinkakble. To ensure overall accuracy in a
survey, certain generalizations were developed to act as
yuidelines. For exanfple, the U.S. Coast and 5=odetic Survey
Bydrograrhic panual [Fef. 8, p. 217 ] states the follcwirng
concerning the strength of a three-point fix:

The fix is sttong wbten the sum of the two angles is
BRan 308, O e lE heaer the angla8 equal "ol et ehe ™
strcnger will be tle fix.
Generalizations of this type fprovided useful gualitative
guidance for assuring a degree cf positional accuracy and
pany are still in existence today.

With the aid of ccmputers, the hydrographer now has the
capacity to evaluate the accuracy of positioning data fcr an
entire survey. An accuracy figure can be computed for each

positicn in a survey and stored in a data base along with

10
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cther survey informaticn. This fijure may provide useful

informationr for users of the Jjata, as well as a yardstick

for the hydrograrher to evaluate the juality of the work. '
Furthermcre, a presurvey accuracy analysis enables a survey

to te designed to meet Jesired specifications.

E. ACCURACY STANDARLCE FOR HYDHOGRAPHIC POSITIONING

Ic 1582, the International Hydrographic Crgjanizaticr
(IHC) puktlished new reconmendations for error standards
ccncernicg the accuracy of hydrographic positions. These
standards [Ref. 5] are:

The position of sourdings, dangers and all other signif-
icapt features should bé determined with an accuracy
such that ani [robakle error, measured relative tc Shcre
contrcl, shall seldcm exceed twice the minimum fplottarle
error at the scale c¢f the survey (norsally 1.0 &m on
pare€r). It is most desireable that whenever positicrs
are deternipned by tlhe intersection of lines of fpositicn,
three such lines"be used. The angle between any pair
shcould nct be less than 300,

Mcst statisticiars define the term "probable errcr" as
that ericr occurring at the 50 percent probalcility level.
However, the author cf the IHC standards, Commodore A.H.
Cooper EAN (Ret.) has stated that the term "“probable error"
was interded to bave nc statistical significance. Munsch
interrreted the words "shall seldom exceed"™ to mean 10
percent of the time [Fef. 6]. Using this interpretaticr,
the first sentence of the specification might be written:

The fpocition of soundings, dangers and all other signif-

icant features should te &etermlned with an_accuracy

such that ani error in positicn measured relative tc

shcre centrol will fall withip a circle with radius cf

tue wmirimum Sxottdble error at tae scale of the survey

{ncrgally 1.0 mm. on paper), with 90 percent ccanfidence.
The specification in this form could be evaluated guantita-
tiveiy. The critericn for defining accuracy in terms cf a
fixed prctability is comaon in the field of surveying. For

example, the standards of accuracy developed for geodetic

11
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These errors are usunally small in magnitude and can te €lim-
inated ty proper adjustment of the instrument by either tle ]
manufacturer or a gqualified technician.

The field hydrographer has ultimate contrcl over 1
the gecmetric systematic errors associated with a theodc-
lite. 1In range-azimuth positicring the theodolite and T

transmitter may cccugpy the same horizontal control station.

If the tleodolite is rot set directly over the staticn a
resulitant systematic error will occur in all peasurements.
It can be shown that these errors are non-lirear tat de
follcw a mathematical relationship. Likewise, if the trans-
ritter is nct located directly over the station, a sizilar
type cf Lias occurs. Depending on the eccentricity cf the
theodclite, the vessel's range from the theodolite, and the
scale of the survey—-these errors can seriously aifect thre
absolute accuracy of the offshcre positions.

In a similar fashion, 1t is also imperative tc
positicn the target directly over the horizoxntal ccrntrol
staticn used as an initial. Failure to do this will result
in an error which will be propagated to offshore positicns.

Many situations arise in the field where it is
advantageous to set a transmitter and theodolite over a

single hcrizontal cortrol staticn. Frequently it is

feasikle to construct a platfcra to accomizodate toth instru-
zents; ir a case where it is not, the position of an eccern-
tric hcrizcpotal contrcl station near the original staticn
should te determined and that station used for the lccaticn
of one of the instruments. Tke theodolite and the trans-
mitter then occupy twc known stations and the gecmetric

source of systematic e€rror is eliminated.

.

L. Electropnic Ranging Systens .

The systematic errcrs associated with electronic p
positioning systems are complex in nature and functicns of ﬁi
) h

2t
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2. <Systematic Errors

Systematic errcrs occur with the same sign, usually
of similar magnitude, and can te expressed in teras of a
patheratical model. Systeaatic errors follow a defined
pattern and occur in a number cf consecutive related ckiser-
vations. Repetition cf measurements does nothing tc mpirci-
mize their effect. Ir the case of hydrographic positioniag,
systematic errors are identified and modeled by califtratice
of the measuring instrument against a known standard. 7The
following is a brief discussicp concerning systematic errors
and tleir treatment ip relaticp to hydrographic positionirg

€guigpmert.
a. Theodolites

In nearshcre surveys the theodolite is used
rrimarily for range-azimuth and azimuth-azimuth positicring.
Systematic errors asscciated witn the theodolite can tLe
classified into two groups: those associated with thte phys-
ical design of the instrument and those involving the geow-
etry of the positioning scheme. Some sources of systermatic
errors [Ref. 8] associated with the physical characteristics
cf a thecdclite are:

i1, The horizontal circle may be eccentric.
ii. Graduaticns cor the horizcntal circle ray not re
uniform.

iii. The horizontal axis of the telescope {(about which
it rotates) may not be perpendicular to the
vertical axis of the instrument.

iv. The longitudinal axis of the telescope may nct le
normal to the horizontal axis.

v. The telescope axis and the axis of the leveling
tutkle may nct be parallel.

24




range-azimutk fix. A range and an aziauth are jenerated 4
from a kncwn contrcl station to the vessel's position. A 4
second ccntrol staticn is used to fix the initial azimuth; a
third shore control station 1s located 10 meters fror tle
initial station aad its coordinates are mistakenly used for
the initial station in rlotting. The resuitant Lydrogrartic

fFosition is in error, but this error will rot be easily

distinguished.

Although most blunders have their origin ir human
carelessness, some can be attributed to equipment wmalfurnc-
tion. Fcr example, microwave systems which generate IOF's
are kncown to become unsteady under certain conditiors.
Spuricus range readings resulting from signal reflectiocns
can te reccrded as true positioning data. In this case, tke
tlunder may or may not be easily detected.

In automated data acquisition systems, software has
teen developed tc detect the occurrence of anomalous rarnge
readincs. By inputting a course and speed of a vessel trav-
€ling along a line, tke computer can deternine if the
recorded rosition is valid based on the principle cf dead
reckoning. If the recorded position is fourd to be invaiaid
the hydrographer will be immediately alerted to the situ-
ation and can take action to remedy the problem. In non-

autcmated systems the principle of dead reckoning is applied

manually. Given the course and speed of the vessel, the
validity of the position can be checked with spacing
dividers. This involves checking the spacing between fixes
recorded tefore and after the position in gquestion.

Before any tyre of error analysis is to Le rerfcrred
cn the hydrographic pcsitioning data, it is essential ttiat b
all bluncers be identified and properly treated. 1In
general, careful planring coupled with thorough checking

will micimize the occurrence c¢f blunders.

23 ]
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Figure 2.3 Geozetry of an Azimuth-Aziputh Position

Consider the following as an example of a blunder
associated with range-range gecmetry. An offshore pcsitice
is to Le determined Lty the intersection of two electronic
I10P's generated from transmitters located on known shore
staticns. The vessel is working west of a shoreline that

runs generally in a ncrth-south direction. As the hydrc-

grapher faces the stations frcm sea, the southern shcre
station is mistakenly identified as left and the northern
shore station as rigbt. The resultant offshore positicn
will plot to the east of the base line. This blunder is ]
readily detected and can be easily remedied.

Not all types of blunders are so easily detected.

Suppose an offshore pcsition is to be determined ty a




occufpy stations 1 and 2, and initial on stations 3 and 4,
respectively, the observer at station 1 measures angleYl ard
the cbseIver at staticn 2 measures tho the vessel. The
angle of intersection, R, is then computed by first deter-
pining the forward azimuths, measured clockwise from the
south, frcm stations 1 to 2 (%2), 1 to 3 (%3), 2 tc 1
(<§l), and 2 to 4 (aZ“). The interior angles, e‘ and 32, of
triangle 12P are

81 N |0134-Y1 T~ % (2.2)
and
9 - + - -
2 ’azu Y, %! (2.9)

so the angle of intersection, B8 , at the vessel's location

is

= o_
g 180 (81 ¥ 92) (2. 10)

E. CIASSES OF ERRORS

A1l bhydrograrhic positioning measurements are sulkject to
error. The following sections discuss categories ¢f errors

and methods used to treat these errors.

1. Elunders

Blunders are gross mistakes which are generally due
to the carelessness of the observer. Blunders cap vary in
magnitude, ranging from large errors which are easily
detected, to small errors which may be barely distinguished.
They can ke detected by making repeated observatiors c¢r by
carefully checking the data in the processing phase.
Blunders occur in various forams and most can te avoided by
carefully planning tte data acguisition process.

z1
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in this arrangement tut systems employing a laser catu alsc
be used for short-rance work. Another LOP is generated by
fixing an azimuth frcr a shore control station tc the
vessel. A second control station is used for am initial
azimuth ty the observer. Azimuth determinations can ke made
after cbserving directions with a theodolite as an cbserver
tracks the moving vessel.

There are twc'ways to determine a range-azinmuth
positicn. The most ccmmon way is to have the theodolite and
the transmitter occupy the same shore control staticn.
Hence, tlke angle of irtersecticn, g, of the LOP's is always
G609. This arrangement is commonly used by the National
Ccean Service (NOS) fcr large-scale nearshore surveys.

The other way is to have the theodolite and the
transmitter occupy two different control points. Then the
geometry is similar to that of the range-range position.

The angle of intersection, g, is computed by trigoncmetric
relaticnshifps among the azimuth of a line between the slcre
staticns, the observed direction to the vessel, and the

measured range to the vessel.

4, Azimuth-Azimuth

Azimuth-azimuth positioning geometry is used for
nearshore high~accuracy surveying. Theodolites are set over
two ccntrcl stations cn shore. The vessel is sighted cn
simultanecusly by the two theodolite observers, generating
two visual LOP's whose intersection define the vessel's
location. 1Initial azimuths are fixed by sighting cr ccrtrol
stations which are visible to the observers.

The angle of intersection for an azimuth-azigutt}
Fosition is dependent on the geometric relationships Ltetween
the cccuried stations, the initial stations, and vessel's

positicn (Fig. 2.3). Assuming that theodolite observers

20
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where tke term 1/sin(a/2) is called the lane expansion
factor. The angle of intersection ,8, between the twc
bypertolas is then given by

e=‘i_;_°3 (2.7)
\\‘I//
AN T Y A 7
NoNv Vg (/7
SNV
M \ 1 /! G
o, T b
AN
N fll\/\\\

VARY // { \
Ma/7 X1 N\y ) N
A NN \\ \
» |
/ P | | \ \
/ / {

Figure 2.2 Gecmetry of a Hyperbolic-Hyperkolic Pecsition

3. BRange-Azimuth

This positioring geometry is used for nearshcre,
line-cf-sight surveys. One LOF is generated by an elec-
tronic range originating from a transmitter located on a

chore ccntrol station. A microwave system is commonly used

15




Byrerbolic lccation methods can be divided into two
grours based on the electronic principles used to define the
distance differences [Ref. 7, f. 87 ]. Loran is an exasmple
of a pulse system in which the differences in times cf
arrival of pulses transmitted Ly the master-slave combina-
tions are translated into distance differences. The resul-
tant position has no lane ambiguity and is easily resoclved.
The seccrd method of byperbolic positioning involves meas-
uring a phase differerce from two master-slave coabinations
at the vessel's positicon. The phase difference translates
into a fractional lane count which in itself provides an
ambiguous fosition. This ambiguity is resolved by using a
whole-lane counter which is initialized at a known geograrh-
ical point. In hyperbolic positioning, the ship is in a
rassive pode and the system can be used by many vessels.

The angle of intersection between the twe hypertolas
can te ccmputed by first defining the following quantities:

Sr is the length of red base line,
is the length of green tase line,

is the distance letween master and vessel's pcsiticn P,

" B m

is the distance from red slave to point P,

oI - R

is thke distance from green slave to point P,
is the angle between lines PM and PR, and
is the angle between lines PM and PG.

NQ npm

The spacing Letween lapes increases with distance

fron the master-slave pair. The lane widths along the lase

line are ‘
weoo iL and Wg = A (2.5)
2 7
Then the lane widths at apy pcint P are . .E
x X >~. “Aq
w_ = T 1 and w_= g 1 ) e
T ( sin (ar7?5 ) 9 2 ( sin a 2 ) (2.6) ;:\;j
R
3
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Figure 2.1 Gecmetry of a Range-Range Position

Z. Hyperbolic—~Hvrerbolic

Hydrographic positioning by hyperbolic-hyperktolic
geometry utilizes the intersection of two hyperbolas each
generated about a pair of shore ccntrol stations. A hyper-
Lola is the locus of points in which the difference cf
distapce from two fixed points is always coanstant. A three-
staticn hyperbolic pnet is the most commonly used hyperktclic
node fcr offshore survey (Fig. 2.2). One family of hyfper-
tolas (Red) are gemnerated about a master station, #, and a
slave, R; while a seccnd family of hyperbolas (Green) are
generated with respect to the master and a second slave, G.
For the first family cf hypertolas, the control fpoints ¥ and
R act as tbe foci, whkile points M and G act as the fcci fcr
the seccepd family.

17
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froblem cf lane ambiguity must be addressed. Ranges are

expressed in full and partial lane counts where a lane width

W is

F 3
n
| >

(2.2)

where A is the wavelength of the transmitting frequency, £,

and givern by
A= (2.3)

Medium-range systems ccamonly in use today are Cubic
Western's "ARGO,Y" Hasting Raydist's "Raydist," and Odoa
Cffshcre's "Hydrotrack."

The angle of intersection associated with a range-
range position is comruted frcr a simpie trigonometric rela-
tionship., The vessel's positicn P (Fig. 2.1) is determined
Yy the intersection cf the ranges from the left and right
shore stations, R1 and R2 respectively. 3 is the base line
distance computed between the two known shore stations.
Since the range circles from the shore stations intersect at
two points, it is necessary for the fplotter to reccgnize
whicbh side of the base line the vessel is op in crder tc
eliminpate the ambiguity. The angle of intersection c¢f the
two LOP's (B) is givep by the law of cosines

g = 180° - Arc cos

B2-R12-R2?
( =Rz (2.4)

In gJualitative terms, the fix is stroangest when 8 approaches
900. Most hydrographic specifications limit the argle cf
intersection frog a mipnimum of 300 to a maximum of 1850Q0.

16
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An electronic pcsitionirg system may ke active cr
Fassive. In an active system, a transmitter from the survey
launch keys the transmission of ramges from the shore
staticn. In turn, tke signals generated from the shcre
staticns (slaves) are then received by the launch. An
active system is limited to a finite number of users,
usually not more than about four. The number of users cf a
Fassive system is unlimited as the survey launch requires
only a receiver which is constantly listening for signals
which are teing transzitted froam shore.

Short-range, cr line-of-sight, positioning systenms
are used for nearshore hydrographic surveys. These systens
cperate in the microwave region of the electrcmagnetic spec-
p trun (3 to 10 GHz). 1A distance is determined by observing
the time needed for a fpulse to travel from a master tran-
sponder located aboard the survey vessel to a2 resmote tran-
sponder cn shore and back to the master transponder.

Knowing the average velocity of the electromagnetic pulse,
the distance D is ther

ct -
D=T (2. 1)

where c¢ is the group velocity of the wave fpacket and t is
the two-way travel time. Shcort-range systems which are in
wide use today are Racal Decca's "Trisponder" and Motorcla's
"Mini-Ranger." These systems have direct range readout arnd
are readily interfaced intc a pavigational computer and a
data acguisition system. Both systems are active and user
lizited.

Medium-range positioning systems operate in the 1-
to 5~PHz frequency range of the electromagnetic spectrum. A

distacce is determined by measuring the phase relaticrship
Letween trarnsmitted ard received waves. These systems are

usually referred tc as continuous wave systems and the ‘*-ﬁ

15




II. BATURE OF THE PROBLEN

The development c¢f an accuracy figure for offshcre fosi-

tions is inherently tied to the geometry of the fositiorirg

methcd and the errors which are associated with the fosi-

tioning eguipment that is uéed. This chapter will discuss

the gecmetric and statistical elements involved in deter-

i.' rinirg an offshore position and presents several methods for
»

guantifying repeatable accuracy.

A. HIDFCGRAPHIC POSITIONING GEOMETRIES

An offshore fix can be determined by the intersecticn cf
two or mcre LOP's. These LOP's may Le generated Ly e€lec-
tronic or visual means. VWorkibg toward the develofrment of
an accuracy index, it will be necessary to compute the ancle
of intersection of tle LOP's associated with different fposi-
tionirg gecmetries. 1The following sections discuss the
geometry cf conventicral offshore positioning methods ani
ways to compute the argles of intersection. This thesis
will pot address the geometry involved in a three-point -

sextant fix.
1. Fange-Range

Establishing an offshore fix by range-range yecnetry
involves measuring distances electronically from fixed fosi-
tions on shore to the vessel's unknown location. Ranges can
Le deterrined by measuring the elapsed time between trans-
pmissicn and receipt of a radio pulse or by comparing the
Fhase of the transmitted wave with the phase of the received
wave [Ref. 2]. 1In each case, transmitters are set on
staticns on shore whcse coordinates are determined Ly

precise land survey methads.

14
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method of classification is a useful index for juantifyirg
the accuracy of rositions. The computed radii of the 9¢C
percent confidence circles can serve as an accuracy figure
that can ke attached to each position in a survey and stored
in a cata tase.

The third objective of this thesis is to demcnstrate
that a presurvey analysis can be used in designing pcsi-
tional accuracy to meet specifications. The existing
general guidélines for planning can be tetter defined. For
example, in planning a survey hydrographers usually lay out
circles which delimit the 309 and 1509 Lkoundaries that
define the minimum and maximum allowable intersectior argles
Letween two LOP's. As a means to meet accuracy require-
ments, it can be shown that these limits should vary tased
on the scale of the survey and the precision of the rosi-

tionirg equipment.

13




contrcl surveys have their origin in probability thecry.
Procedures for obtaining first-crder geodetic positions
require sixteen repeated theodolite observations of eact
direction. Lower order positions require fewer numbers of
cbservations. Given the precision of one observaticn cf
each direction, it can be demcnstrated that increasing the
rumber of cobservations coincides with increasing the frcb-
ability cf the direction falling within specified limits.

Fegarding accuracy determinations, there are several
rroblemrs unigue to hydrographic surveying. Whereas stan-
dards for other types of surveys rely on multiple observa-
tions of the same gquantity, the accuracy of a hydrografphic
position must be evaluated in terms of a single observation
{(wvhich may be the intersection of two or more LOP's).
Diverse methods for oktaining a hydrographic position exist
and these methods must all be evaluated using the same
criterion. Also, there is a broad spectrum of equifpment
used in hydrograrhic positioning and in many cases the

Frecisicn of this equipment is not well defined.

C. CEBJECTIVES

A need exists to give quantitative meaning to the accu-
racy specifications set forth by the IHO. One of the okjec-
tives of this thesis is to demcnstrate that defining the
specifications in terss of the fixed 90 percent confiderce
level is a valid interpretation. By defining what the spec-
ificatiors imply, procedures can be developed to meet the
standards.

A second objective of this thesis is to apply tle thecry
of errcrs, associated with hydrcgraphic positioning, to a

data set. This analysis involves classifying positicnirg

data acquired in a survey based on the radii of circles of
€equivalent frobability. It will be demonstrated that this




many variables. Munscn [Ref. 9, p. 4] addresses several
problems associated with short-range systems used ir hydrc-
graphic surveys. The most ccmron problems with short-rarcge
systems are variatior in range and calikration drift with
time. Variations in internal equipment time delays in the
transmitter, the transponder, or the receiver can induce
errors in measured rarges. For pulse systems such varia-
tions can cccur due tc temperature Jependence of components
and fluctuations in signal strength at the transponder.
Multipath effects are also a problem. Under some circurm-
stances a reflected wave and the directly transewitted wave
arrive with a phase difference of 1809. Cancellaticn cr
fading of the directly transmitted signal can result.

NOS conducts base line calibrations of short-
range positioning systems periodically during the course of
a survey to mipnimize c¢r eliminate systematic errcr. 1In this
process, a transmpitter and receiver are each placed cver
contrcl stations on shore and the measured range is ccmpared
to the true range. Ir this way the systematic error is
eliminated Ly zetoing the instrument or by applying a
constant correction tc raw data. System checks are
rerfcrmed daily to assure there is no drift from the ocrig-
inal calibration. A check can be accomplished by comraring
a positicn defined by the ranging system to a known fixed-
Foint position, to a sextant fix positiomn, or an intersec-
tion fosition.

Munson [Bef. 9, p. 5] also discusses scurces of
systematic errors associated with medium-range systers. The
post sigpnificant systematic errors occur as a function cf
position due to varying propagation velocity. The medium-
range electronic signal propagation velocity depends on the
surface conductivity and transmission path (over water, over
land, or over different types of land). Because of this

dependence, systematic errors as a function of pcsition
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cccur at different effective phase velocities. Knowing tke
Fropagation velocity tc use, or the phase correction tc nake
as a furction of range, is a problem. Sky wave and storn
interference also pose problems. At extreme ranges of cper-
ation, sky wave interference can affect the more predictable
ground wave, especially during nigattime ofperations. Lane
ambiguities are also a problem. Most systems are inherently
ambiguous and must be zero set and continually mcritcred for
lane jumfs or loss of signpnal which results in the loss cf
lane count.

NOS uses cseveral technigues to determine the
systermatic error asscciated with medium-range positionirg
systers. These techniques inveclve determining a whole and
partial lane count for phase ccmparison systems. Two of the
more widely used techniques are compariscn of three-point
sextant fix positions to positions determined by the elec-
tronic ranginy system and calitrration of the electronic
system at a fixed pcint. 1In Loth techniques the whole larte
counts are fixed by the calibration; correctors to the
partial lane count are determined and applied to the raw

ranging data.

3. Eandom Errors

kandom errors are chance errors, unpredictable in
pagnitude cr sign, and are governed by the laws of frcb-
ability [Ref. 10, p. 1206). They are errors which remain
after blunders and systematic errors have been removed.
Randcre errors result from accidental and unknown ccmbina-
tions of causes and are beyond the control of the observer.
Greenwalt [Ref. 12, . 2] states they are characterized by:

i. Variatiop in sign; positive errcrs occur with
equal frequency as negative ones.

ii. Emall errors cccur mcre frequently than large errors.

iii. Extremely larce errors rarely occur.




e

e e ag
.
o |

Fandom errors are unigue to specirfic types of pcsi-
tioning equipment and vary in magnitude depending con the
precisicn of the instruments that are used. The fcllowing

secticn cutlines statistical methods for their treatment.

C. TREAINENT OF RANLCH ERROBS.

1. Cne-Dimepsional Errors

Certain basic statistical quantities must first te
defined in the analysis of random errors. Consider a vessel
moored securely to a fixed offshore platform. A numter of
ranges, n, from a microwave transmitter located on a shore
contreol station are recorded. The mean of these okserva-
tions is

:'X
—

{2. 11)

where xi represents an individual observation., The starcdard
error, s, of the observations is then

n
1 - 2 -
s S/TTTTT_ 151 (x1 ux) (2. 12)

where the quantity (xi-Lk ) is referred to as the residual,
cr true error, vi, of a particular observation. As n gets
very large, the factor 1/n can be substituted for 1/(n-1) in
Eguation 2.12. 1likewise, in treating the large sacfple, g
can be substituted far s and u for M v where yy and g are
the mean and standard error of the entire population.

It is of interest to determine the probability cof
cccurrence of a particular oktservation. The normal cr
Gaussian distribution equation relates the residual cf a
rarticular random variable with the probability of its

28
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: cccurrence, aad is given by

2
1 ~(32r) ]
P(v) = o %7 (2. 13)

o Ven

The plot cf this egquation yields the normal distzituticre
curve (Fig. 2.4). Tte height cf the curve atbove the

PP S

vertical axis is propcrtional to the probability of a
particular error occurriag.
The probability of a residual falling betweern ary

. two residuals v and v can be coamputed by integrating j
» . 1 2
Equation 2.13 as
V4 y?
L | -(z-ﬂ
0 o} i
P(v) = e dv (2. 14)
oyar
]
@ vz

Figure 2.4 The Normal Distribution

This integral is difficult to evaluate analytically ]
so tables have been ccmpiled to aid in coaputations. Fcr
vl = +0 and v2 = -g, it can be shown that P(v) = 0.6827. 1In

b,

cther wcrds, the prolability that a particular observation
will fall within ¢ 10 of the meanm is 68.27 percent.

29
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Eeturning to the example of the vessel uwoored tc the
cffskcre platform, the mean and the standard errcr fcr tae
observations are easily coamputed. Witn this informaticn and
Equation 2.14, the prcbability of a range error falling
within specified limits can be computed. Conversely, Lty
fixing a probakility, the asscciated limits of the range
error can ke computed . Ian statistical terms, a particular
observation will fall within specified limits with a certain
confidence.

Actual values of one-dimensional stapdard errors for
hydrograrhic positioring equipment are a subject of dektate
tetweer pmanufacturers and users. Some manufacturers of
microwave positioning egquipment claim standard errors of +1
reter. Cn the other hand, Munson [Ref. 9, p. 6] states that
picrocwave systems dermonstrate accuracies of 3 meters at
short ranges but show larger errors at ranges of 15 kmz aad
greater. NOS assumes a 3-meter standard error in all of its
short-range accuracy ccmputaticns. It is apparent that
further study is needed to adequately define the nature of
€rrors associated withb electropnic positioning equigRrent.

waltz [Ref. 13] performed an extensive study to
deterrine the pointing error of a Wild T-2 theodolite. His
results showed that the pointing error associated with thnis
instrurment under hydrcgraphic survey conditions was atout

1.3 meters and was independent of distance.

2. Iwo-Dimemsional Zrrors

The intent of this paper is to apply statistical
nethcds developed by cthers tc a hydrographic data set
containing two-dimensicnal errcrs which are defined Lty twc
randcr variables. Lengthly and complex Jderivations are not
presented. Burt [Ref. 3] and Heinzen [Ref. 2] show adeguate
derivaticns of formulas associated with two-dimensional

errors ard can be referenced fcr full details.
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lhe followirg assumptions are made concerning two-

dimensicnal errors associated with intersecting LOP's:

i. 1The random errcrs of each LOP are normally
distributed.
ii. Systematic or tias errors have been removed fromnm
the observaticns.
iii. 7The intersecting LOP's are coplanar.
iv. 1The error LOE's are parallel to the exact LOE's.

In develcping a usatle mathematical model for accuracy
deterrinations, the fcur assumptions hold to a high degree
for all hydrograthic pcsitioning geometries.

Consider again the vessel moored to a fixed cifshcre
platform. Assume two ranges are measured froa two different
shore ccntrol stations at the same time and that the ra:cge
readings are uncorrelated. The observation of this pair of
ranges is repeated many times. After a large number of
cbservations, the meaps and standard errors of the indi-
vidual ranges are determined. Suppose the mean ranges, or
the actual LOP's, in{ersect at an angle of 900 and that the
computed standard errcrs are equal (g =g ). If each data
pair (xi,yi) is plotted, the spread o% points about the mpean
coordinates results ipn a circular cluster (Fig. 2.5). A
higher density of points occurs near the intersecticn cf thae
mean ranges and the density of points decreases cutward f£rom
the intersection of the mean ranges.

In this special case, which is called a circular
normal distribution, the probatility of a point falling
withip a sprecified radius, R, from the intersection orf the

mean ranges is

RZ
'(EZ’)
P(R) =1 - ¢ ¢

(z. 15)
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where ol = 02 =<% and is defined as the circular standerc
error. Using Eguaticr 2.15, R can be computed by fixing
P(R), ¢r ccnversly, E(R) can be computed by fixing R.
letting R =g =g =g , then P(R) = 0.3935. In other
words, 39.35 }ercé;t c; all errors in a circular norzal
distributicn are not expected to exceed the circular stan-

dard errcr [Ref. 12, pp. 25-26].

———— ——— e e i it ntins

Figure 2.5 Circular Normal Distribution

In the case wlkere the two uncorrelated LCP's inter-

sect at an angle other than 90¢ or cl #02 r the contcurs cf
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equal density are ellipses centered about the point defined
Ly the irtersecting I1CP's (Fig. 2.6). The two-dimensional _
probatility density function becomes [Ref. 1, p. 136] '
K!
o ) Z (2. 16)
vV ,Vv ) = e
X woxoy
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Pigure 2.6 Error Ellipse Formed by Two Uncorrelated LCP's

where

L is the residual in the direction of the semi-majcr axis
of the error elligpse,
is the residual in the direction of the semi-zirct

Yy

axis,
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Ux is the standard error in the Jdirection of the semi-

major axis,

6 1is the standard error in the direction of the semi-

mincr axis,

and
vi y2
KP=oT+ 2.17
M oy {(2.17)

The scluticn of Egquation 2.16 with values of K for difrferent
P's yields the results in Table I [Ref. 12, p. 23]. Fcr a
39.3% rercent probability, the axes of the ellipse are
1.0000¢ and 1.00v0 g ; for a 50 percent probability, the

X
axes are 1.1774 ¢ ang 1.1774 5 .
x y

TABLF I
Values of the Constant K

BRQEAEILITY K
39.35% 1.0000
50.00% 1.1774
62.213% 1.4142
90.00% 2.14€0
99.00% | 3.0349
99.78% I 3.5000

The error ellirse can te used for accuracy computa-
tions Ly developing relationships for o andg in terms of
the ipnitial informaticn g , o , and e.x Boudf&ch [Ref. 10,
P 1213] gives the follow;ng éguations for independent 10P's
relating these quantities:

2 1

2 2 'Y raxd r4 y g4
I . - ol + g2+ [ +0 - 4sin?g 0%c7% } -
X 2sin‘g { 1 2 t 2) 12 (2. 18)
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and

2 _ 1 2 2 T+ 527 < dsin?3 5757
°y 2sin’B { cx * 02 Vﬁ(ox cz) sin’s Oxaz ! {2.19)

In these equations, g is assumed to be tae acute acngle
between tke 1L0OP's.

In certain special cases, the above egquations takse
cn mor¢ ganageable fcras. Ian ramge-range and aziauth-

azimuth positioning it is often assumed that o, =0, =o0.

2
fquations 2.18 and 2.19 then reduce to

o=f2—o . -
X Zsin(%8) (2.20)

and

V2

9 = 7Zcos(%8) ° (2.21)

In the concentric range-aziauth case, ¢ #*# g , ard 8

1 2
eguals 909. Equaticms 2.18 and 2.19 then simplify to

o
x =9 (2.22)
ani
g_=a
y 2 (2. 23)

where ol > cz and o > gy.

The case for ccrrelated LOP's is wmore complez. Tte
calculaticn of Y, and Uy involves a coordinate transfcrma-
tion from a linear skewed coordinate system to an unccrre-
lated rectargular cocrdinate system. The followWing
discussicn is takxen from Heinzen [Ref. 2, pp. 49-53].

Assume a hydrcgraghic positica is established Ly the
intersection of two ccrrelated LOP's (Fig. 2.7a). LQ02 1 anil
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Foj;are o7 . ...:*v Transfcraaticns for Correlated 10P's
B S i ..otr akes 1L the 3kewed coordinate
LY Te T, wlt “sLia.  +iiors v anl o . The semi-major arnd
1 2
SeDlc-Iliol 1k I t.e ell00 «llifse are not coincident with
the Skewr D Ol llnate ¥ '-ten ax<es. The correlaticrp cceffi-
Clelt letweed ‘e tsc Lur's 15 p . Assude g > g .
. . M2 . ! .2 .
The staindard errors and correlation coefficient in a
correlated rectanjulilar coordinate system with axes A ané B
zust ncw te Jetermined. A ccordinate transformation frcm )
the skewed system tc the correlated rectangular system must ]
te made yielding the standard errors along the mew ccordi-
nate axes (Fig. 2.7b)
1 .24 4
02 2 —= (02 + 20 0 0 cosB + d?) - o2 (2.23)
a sin‘B 1 12 1 2 2 2 7
]
d
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and

9 7 92 (2.25)

The ccrrelation coefficient in the correlated rectarngular
systez is

[o} [0} o) 2 o "lﬁ
= ( 2cos8+p ) {1+p [Hcospg + (-L)cos®8}
0l 12 12 Ol 0l

Pab (2.26)

To detertine Ux and Gy, a second coordinate transformation

rust be performed frcx the correlated rectangular systex to
an uncorrelated rectargular system with axes ¥ and Y (rFig.

z.7¢). 1The semi~-majcr and semi-minor axes of the error

€llipse are then
T2 — A2
o =}0°+cb 1+\[- aagr“ Tpatz’) (2.27)
X 2 —(Oa+db

a 2 4 42 _ 42
o, /oa Ty = Iy

ani

(z.28)
When 012 = 0, these eguations tecome identical to the
simplified versicns ir Bowditch [Ref. 10].

The orientaticn of the semi~major ard semi-mincr
axes relative to the intersecting LOP's is the third fparas—
eter which fixes the error elligse. The angle 8 (Figs. 2.6
and 2.7) is measured counter-clockwise from LOP 1 to the
semi-gajcr axis of tte error ellipse [BRef. 11] and is given
ty
o%sin(28) + 20 o o sin(8)

1212

8 = % arctan { - - } L
olcos(28) + 20 o o cos(8) + o (2.29)

1 12 1 2 2

For the special case cf cl = g and p = 02,

2 12
8
87 (2. 20)
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The crientation cf thre error ellijse in an orthogcnal ccor-
dinate system can ke represented Lty addingy or subtracting g
to the orientation of LCP 1. Care must Le taken on deter-
gining the ¢uadrant cf the outcome. As a general rule, trhe
error e€llipse always lies within tne acute angles fcrmedé ty
the intersecting LOP's.,

The orientaticn and dimensions orf the error ellifse
provide a useful index for evaluating the accuracy of a
kydrographic position. 1Its greatest attrikbute 1s that it
accurately represents the error distribution about the
intersection of two ICP's in terms of a fixed probalility.
It 1s interesting to examine the variation in the relative
dimensicns and orientations of error ellipses as they vary
in a raange-ranygye configuraticn with ¢ = ¢ = ¢ (Fig. z.8).
The dimersions of the ellipses are 5pécifiéd by Eguaticrs
2.20 and 2.21 and ¢ and ¢ are functiomns of g only for
fixed o . Therefcref the 5§mensions of the ellipses remain
constant along a contour of constant g ; only the
crientaticn changes. A line cf constant B 1is 3 circle
which includes staticns L and F. Note that the dimensicns
of the ellipses for B8 's of 3009 and 1500 are identical. The
€llilpses about the 9(C° angle of intersection contour are
circles and represent the strongest possible positicrs in
this screme. With varying B8's, the directional nature cf

the distrikution can Lke noted.

(%)

. Circular Precision Indexes

Although the error ellipse gives a true regresenta-
tion cf the error distribution about a hydrographic pcsi-
tion, 1ts use has certain drawkacks. The characteristics of
the e€ellifse must be s ecified Lty the three quantities ¢ ,
vy, and 9. A single tigure for evaluating the positio;;l
accuracy cannot be used. Greenwalt [Ref. 12, p. 26] states

that when ¢ and g are not equal, a circular error
X y
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KACY ANALYSIS OF HYDROGRAPHIC POSITIONING DATA

ctjective cf this section is to illustrate how the
of hydrograrhic positioning data can be classified

rt's method cf circles cf eguivalent prorcability.
us of the 90 rercent confidence circle was ccmputed
pcsiticn; it rrovides a gquantitative measure cf

le accuracy.

sultsequent accuracy computations, the follcwing

cns were made:

The standard error for the microwave ranging

system used in the range-range and range-

azimuth computations is 3 meters.

For azimuth-azimuth and range-azimuth positions,
the pointing error of the theodolite is 1.3

reters at all ranges.

The two LOP's involved in all types

cf positioning are independent (p = 0).

The data are free of systematic er?%rs.

rangye and aziruth data were hand logged intc a data

Frocessing. A modification of program UCOMES was
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IV. BRESULTS AND DATA ANALYSIS

A. T[ATA PROCESSING

Autcrated processing of the positional survey data was
done cn the NPS IBM Z70/3033AP computer systen. Graphic'
displays were constructed using the Display Intejrated
Software System and Plotting Language (DISSPLA) developed Ly
the Integrated Scftware Systems Corporation (ISSCO)

[Ref. 163. All computer programs involved in data
Frocessing were written in the WATFIV programming language.

Ccmnrutations were made in an X-Y cocrdinate system tased
cn a Modified Transverse Mercator (MTd) projection. A MTI¥
Frojecticn 1s essentially the same as a Universal Transverse
Mercator (UTM) projection, the only difference being that in
a MTM rrcjection a central meridian is picked near the
. survey are€a instead cf teing fixed at a particular meriidian
[Ref. 177.

The central meridian, controlliang latitude, and false
easting values define the cocrdinate system used fcr compu-
taticns. The central meridian for the projection was chosen
to ke longitude 1210 52' 30" W which is approximately the
mean lcngitude of the survey area. The controlling lati-
tude, tte distance ir meters from the equator to a referernce
latitude, was chosen to be 4,050,000 meters. A false
easting cf 5,000 meters was chosen as the value of the
X-coordinate at the central meridian.

Three shore contrcl stations were used in the acguisi-
tion of survey data. The geodetic pcsitions of these
staticns were converted to the X-Y coordinate systen (Table
V) using program UCOMES, which is a hydrographic utility
package available to students at NPS.




Eange informatior was reccrled using a Racal Decca
Trisgpcrder systenm, a microwave systea cozmoniv used tor
nearshore, line-of-sight survey work. Cu Cctober 28 ard
Novemler 30, range-rarge lata were recorded Ly setting
remote units over stations BEACH IAE and AUSSEL. EPefore and
after the survey, the ranjing systen was calibrated cver the
fixed Lkase line USE HMCN to MUSSEL. Dlaily checks in the
survey area were made to determine if the syster was working
properly. This was accomplishea by maneuvering the survey
vessel tc & point where two xncwn navijatioral ranges irter-
sected. One navigaticnal range was formed Ly statiocmos
MONTEFEY AMERICAN CAN CCMPANY STACK and MONTEREY EATIC
STATICN KMEY MAST. A second navigational range was formed
Ly staticns MONTEREY EARBOR LIGHT 6 and MONTEIREY ELUE
LIGHTHCUEE.

Track control for range-azimuth and range-range fcsi-
tions was accomplicshed by steering the vessel alc¢ng rarnge
arcs. The spacing between range arcs for most lines was
planned'to be 40 meters. Distance between rositions alcng a
sounding lire averaged approximately 200 meters. The
azimuth-azimuth lines were ccntrolled by steering a magnetic
comgass fteading.

The data acquired under training coanditions contained
several deficiencies that would normally not be tolerated.
For example, the guality of the line steering was gererally
poor; the vessel wandered off the arc more than 10 meters in
several instances. The gquality of the sounding lines run
using azimuth—-azimuth control was extremely deficient; the
position plct of these lines show a jagged path by the
vessel. Under normal hydrograrhic procedures, these rcsi-
tions wculd be rejected. Since the intent of this study is
to demcnstrate accuracy analysis technicues, these deficien-
cies prove to be inccrsequential; the acyuired data are

adequate to demonstrate the concerts.

51

{
-1
K

.

2l

R L N LR PO TP IE WL L Y R P A P T T IRt R SRS SR
PO s S CUSUWE T ;iLL\_Ls_LLLL;__LL;\;.:-‘L‘A‘L“'_A“'J




e, MONTEREY BAY

CAL. POINT

o

BEACH LAR

Figure 3.1 Hydrographic Survey Area

all stations are of third-order or better and are puklished
in the Natiomal Geodetic Survey Data Base.

For azimuth-azimuth and range-azimuth positioning,

azimuths were measured with a 4ild T-2 theodolite. Cn

d

Novemlter 16, range-azimuth infcrmation was acguired Gty

locating the theodolite over station MUSSEL and initialing
cn USE MCN. The initial direction was checked by sighting
on KM2Y MAST. Azimuth-azimuth rositions were acjuired cn 1
Noventer 235. A theodclite was set over USE MON and an :
initial direction was to MUSSEI. A second theodolite was ﬁ.'F

set at MCSSEL using USE MON for the initial direction.
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ITI. EXPERIMENT DESIGN AND IMPLEMENTATION
The coals cof this chapter are to demonstrate that hydro-

graphic fositioning accuracy can be classified based or tle b

radii cf 90 percent ccnfidence circles deterained by using r

Eurt's methcd and to skow that, based on the same criteria,

accuracy rredictions can Le made for survey planning

FUCECses.

A. [ATA ACQUISITION FROCEDURES

The data used for analysis and prediction consisted of
rangje-range, azimuth-azimuth and range-azimuth survey infor-
gation. The data were acquired by Naval Postgraduate Sckcol
{NPS) students in a Hydrographic Sciences ccurse. Althocugh
the ccurse was structured as a training exercise, the data
acyuisiticn procedures utilized were neariy identical tc
those which are gracticed by NOS.

A total of 453 hydrographkic positions were recorded
during the survey of a nearshcre area in southern Monterey
Bay, Califcrnia. Of the positions used for analysis, 2652

were range-range, 81 were range-azimuth, and 80 were

azimuth-azimuth. All survey information was reccrded ty
hand in scunding volumes. The vessel used was a 36-foot
Uniflite with a fiterglass hull and twin engines. The

survey was conducted cn October 28, November 1€, 23, and 30, 1
1983. Electronic ccontrol and calibraticn stations used for
the survey included TSE MON 1978, MUSSEL 1932, BEACH LAB

1982, MCNIEFEY AMERICAN CAN CCMPANY STACK 1932, MCNTEREY

RADIC STATION KMBY MAST 1962, MONTEREY HARBOR LIGHT 6 1978, 1
and MCNTEREY BLUE LIGHKTHOUSE (Fig. 3.1). With the excerptior _,}
of MCNTEFEY BLUE LIGHTHOUSE, which is a low-order frosition, h

4s
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Given the frequency cf 1.6 MHz, X\ = 187.37 meters frcrn

r
= 93.€8 meters from Egquation 2.5. Using the law of ccsines

Equation 2.3. The lare width alcng the base line is wé = w' o

from plare geometry, the subtended angles ag and a are
32.479 and 43.259, respectively. The angle of intersecticn

cf the twc hyperbolas at P is 37.860 from Eguaticn 2.7. The

lane widths at P are L 254.19 meters and w = 335.06

meters from Ejuation z.6. The standard errors of the green

(0 ) and red (o ) hypertolas, respectively are g = w g =
H 2 g base

2 1
16.7 meters and 02= = 12.7 meters. These standard

w_O
errors are in a linearr;fg:ed ccordinate system and must fte
transfcrmed to an unccrrelated rectangular system. Ffrcro
Equations 2.18 and 2.19, the values of o and o are 36.9
meters and 12.7 meters, respectively. The correlaticn coef-
ficiert in the correlated rectangular systenm (oab) is tkhe:x
0.737 frcm Equation Z.26. The semi-major and semi-minor
axes in the uncorrelated rectangular system are 38.1 reters
and 8.3 reters, respectively, from Eguations 2.27 and z.2¢.

The eccentricity is
oj
c=zL =0.218
X

Table IV is entered with the values of P = 0.9 and c =
0.218. 1The value for K is found to be
K= 1.6602

From Egquation 2.37, tbe radius of the 90 percent prokatility
circle is found to be

R = 63.3 meters
The probability that the vessel's position will be within a
circle of 63.3-meter radius centered at the intersecticn cf
the LCP's is 90 percert.
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g = ¢ = 1.3 neters

then Y
)
o
c = ~-¥ =0,333
a
X
Table IV is entered with the values of P = 0.3 and ¢ =

0.432. The value for X is found to be
o= 1.7117
Using Tguation 2.37, the radius of the 90 percent prob-
akility circle is fourd to be
R = 5,14 neters
Tie protatility that the vessel's position will be within a
circle of S.%4-nmeter radius centered at the intersectior of

the 1CP's ic 90 percent.

Example

(5]

A vessel is conducting a aydrographic survey
usirq hyrertolic-hyperbolic gecmetry. The hypertolic LC?
generated by the 1.6-M4z electronic positioning system hes a
starndarl error of 0.)S-lane on the base line. The correla-
tion coefficient (p ) betweer the two LCP's is known tc te
C.4. Compute the r;éius of the 20 percent cornfidence circle
at tre vessel's position.

The rectangular plane coordirates of the master

(%), two slaves (G and P), and the vessel's position (P) are
X COQZDINATE Y COCEDINATE
(m) (m)
® 172,€79.1 t2,5u0.U
G 308,€79.1 af,s5u49.4
zu1,738.2 21,325.4
P 223,172.5 169, 264.2
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Examrle 1

A vessel is conducting a hydrographic survey
using range-range georetry. The two LOP's generated ty
microwave transmitters have standard errors of g = : aeters
and ¢ = U4 meters. The anjle cf intersection 8 ;t tre
vessei is 300, Assume the LOP's are uncorreldated. Ccompute
the probability that the vessel's position will fLe within a
circle of 10-meter radius with the center at the intersec-
tion cf the LOP's.

Recalling Ejuations 2.18 and 2.19, the values of
o and o are found tc ke 9.79 meters and 6.14 meters,

respectively. From Eguation 2.36

g

c= -2 = 0.633
o}
X

and frcm Equation 2.37, with E 10 meters,

K = 1.032
Entering Takle IITI and using interpolated values for c¢ ani
K, the protability that the vessel's position will ke witlkin
a cifcle of 10-meter radius centered at the intersecticr of
the ICP's is

P = 53.2%

Exanmple

([N

A vessel is conducting a hydrogyraphic survey
using range-azimuth cecmetry. The range LOP jenerated ly
the micrcwave transmitter has a standard error of 3 meters.
The azimuth LOP determined by theodolite observation has a
standard error of 1.2 meters at all ranygyes. Compute the
radius of the S0 percent confiderce circle at the vessel's

Fositior.

In the rarge-dzimuth case 8 = 90° and the 1CP's
are unccrrelated. Tlerefore,
0 = o = 3.0 meters
1 x

and

4e
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TABLE IV 3
P . .
Radii cf Circles Given c and P
< —— s e e : -
N 0.0 : 01 0.2 . a3 0.4 DN 06 [ g 0.3 03 ! 1 ¢ T T4
B o
\;
5000 Q. A7 449 9 %8199 1. TO5R5 0 T4y 1y <0738 0. 33185 0 49021 1 U5769 1. 11807 1. ITZ-“ .
To00 1 15035 1 15473 1 15823 IRRrE L] 123 R TE ) 1 42478 1. 30231 135271 1oeB3ti
OV 1 nd4485 1 54791 1 55731 1 h73sd 1ousdly 179152 146253 1. 94761 204238 2, 14597
i
BON ) us9es L 9T041 1 9me20 2 0514 2 O0MI30 2 14793 2 23020 2 33180 2 44775
1730 Ry §Y 1] 2 2 22051 AN ) 2 2<073 1 345n1 240355 2 4944 2.58999 , 1.T1620
EEY 1 537583 2 < 58477 2 Twdldi FETVRATNY 2 96333 2 71518 2. THU59 259743 2 u348S
[RR0 T a0703 2 Suws3 MR RN 1 =32%9 2 N4 2 -¥459 2 33347 3. 00431 311673 3253325
973 Loadse D U2lou 10 1Ny 1o 3 9871 3. 17969 3 205-8 33199 3. 45164
iy 1 29054 PR T ERARLUAK Ioidmy 3 31Ts 3 end 3 47949 3 39047 3 4558 55939 3 T1092
£id =lligse 1s¢
conrldencCe <€lilgs 1s
Z
A = Koxo i o
€ y (2.38)

where X is the arppropriate prckat-ility conversion factor

(Table I). The area of the S50 percent confidence circle is
Ao = mR? (2.39)

where K i1s giver by Eguation 2.37. For a condition where

ol = 02 = 3 meters, and 8 = 309, the area of the 90 fercecrt °
confidence ellipse is 261 sjuare meters, while the area oi

the ccnfidence circle is 587 sgquare meters. Tor toth stan-

dard erccrs equaling 10 meters and 8 = 300, the 90 percent

confidence e€llipse has an area of 921 sjuare meters and tkhe e
confideance circle has an area of 2894 sguare meters. Frou

an operaticnal fperspective, the difference in areas tetween

ellipses and circles have significant iamplications wkich

will te discussed in Chapter V. ]
The following exazples are presented to demcn-

strate methcds fcr ccaputing the parameters cf errcr

ellipses ard confidence circies for several hnydrograghic T

rositicpicngy geometries. ®
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i TABLE III
Probakilities, Given ¢ and R
I | I 3 i !
3 ) ! | i t |
00 01 | 02 a3 0.4 05 | 06 07 0.8 09 10
K x | ‘ I V
‘ | | : -
01 0796557 ‘ 0443987 | 0242119 ;. 0154176 | 0123875 | . 0000377 | . oes2seo . 0071157 © . 0062299 | 0055400 | ODuRTS
02 1585194 | . 1339783 | 08843533 | . 062R39G | . 0482413 | . 0390193 « . 0527123 ' 0281415 | | 024hR24 - ifei13
03 2358228 . 2213804 | 1739300 | . 1318281 ] 1039193 | . 0851535 | . 07191C2 . 062138 = 0546598 . L 0440023
0.4 3108445 | 3010228 ‘ -2635181 . . 2139084 | . 1742045 | . 1451808 1237982 . (076237 | . 0930495 | a7eeNT
[ 3829249 | . 3755554 I 3481790 | . 3003001 | . 2532933 | . 2152850 : 1857448 1 . 1620829 | . 1444041 C1i73031
) t t 1
- 0.6 4514938 | 4457708 ' . 4255605 | . 3846374 ' 3357384 | . 2914682 ( . 2543177 } . | ‘ :
b 0.7 | .5160727 | 5115045 446083 | . 4633258 (. 4170862 | 3699305 . 33032 !
0.8 | 5762892 : 5725057 . 5604457 | . 5349387 | 4941882 | . 4474207 | 4025038 | i
0.9 | 6318797 1 6288721 | G191354 | 5993140 | 5651564 | 5213998 1. 4350375 | 43 b CTIonss
1o 6826895 , . 6802325 | 6723388 | . 6568242 | . 6291249 | . 5900953 | . 5461319 \' 5025790 ' . 4621421 | 4237553 !
X 5 i
11 z26670 | 7208397 | 7202682 | . 079681 | . OBS936T | 6524480 ‘ S116316 | . 5687467 | L 5272402 | 48ST4TI | 420286
12 | .7698607 | 7T6%2215 | 7630305 | 7532175 ;. 7459538 | . 7079973 | 0714269 | G3051A8 | . SAO3404 . 54uni36 L 5172477
1'3 | 8uA3990 | 8050648 ' 8008354 [ 7929948 | 7793550 | . 7567265 | 7249673 . ET3I22 | G474304 . uTON22 | 0704428
14 SIS4RAT | K374049 1 5340018 | S27704s ; 8169451 | . 7089788 | 7720889 | 7383089 7007900 . 22035 | G21A889
] 8663856 | . 8655127 . 8027728 | 8577362 | . 8403071 | . 8350816 1 8129287 | . 7833062 | . 7459300 7122546 | . 6733475
18 | ss04014 | ssoroos | esrsoso | ss3sels | S70SG44 | . 8657359 5 8478393 ' . 3226246 ' . 7917194 7574708 ‘ TM927
1.7 | .9108691 . . 9103102  90S5A19 ' 9053766 | 9001746 : . BOISS3A . 8773116 | 8502471 & 9291137 . TOTIRE 7472539
) 18 | 9281394 ¢ 9276964 9263125 9237989 | 90197275 | 9130680 = 2019110 = 846624 , . 5013238 L A3321T3 . 8021013
19 . 0425660 0422182, 4411209 9391386 | 0359855 : . 030615 ; 0202277 | 9083609 , . NRATI) | SA3DI4Y | 5
20 i . 9544997 i 9542212 | 9533775 | 9518415 l 9493815 | 9454546 | 9358418 | -9278799 | 9115762, €901405 .
21 ' 9642712 | . 9640598 ' 9834011 , . 9622127 | 9603170 | . 9573205 : 9522009 © 9437668 | 9305013 | 9122714
22 }.0721931 1 09720304 . 9715237 ! . 9706100 ' 9591597 | . 9UABR45 ' 9331017 | . 9563522 . G4%93RG . 93UA8TL | 9110784
23 | 9785518 1 0744205 | OTAG408 | . 9773450 ' 97A2419 { . 9745239 1 971n034 = 67306 | . 9553739 9438065 | 9264045
24 19536049 : 9835108 | 9RJ21S0 | .9920918 ;. 9818394 . 9805703 | 37 ' 9747495 : 9582698 + 9%0R04
25 9873807 | . 9875100 | 9872400 | . 9558953 ’ 9862720 | . 9533112 ! ’ 9810035 | 9760522 9673135
! ! ; ‘
28 ] 9906776 | . 9906249 . . 9004612 , 9901674 | . 7897045 | . 9889934 | 9RTRII7T  ORA3IL : GR21023  JTIRAC 9A19525 -
- 2.7 ] 0930661 , 9030271 i 0929062 | ©02AN94 | 9923483 | 991A2GN . 9609944 | . USSI65 (. ILTIIU  ISLIRIT . 9TTaTNG
i 33 (. 904K507 | GOMNSIZ ' 9047727 | 904BI141 | 9943649 | 9930R42 | Gu35B21 5 yUTI249 | QJUIMER . 530476 | . yen] %9
2.9 | 9962684 | 9052477 0061834 1 9960084 | . 995RRTA [.9956126 ' . 9931708 | 9044246 . Y020452 . 9O0UNI3 . u-TuT02
3.0 .9973002 i . 9972853 ' 9972391 } 9971364 | . 9970268 | . 9968204 | . 9965205 | 9909834 . UVH9XTH . 9927723 55010
31 ' . 9980848 | 99B0S42 0981212 ! 9979622 | 9978699 | . 9977208 ‘ .9975109 | . 9971348 | 9063831 | 974168 9013113 -
3.2 . 9986257 | Qux61S2 | 0983049 - 90R5333 | QQR4NE0 | . 99A3SA2 | 9OR2I36 | . GYTRTIT | . 9GT44TR . 94A3105 . . 9940240
: 339990332 | 9990279 . . 9990118 ‘ 99%7824 | . GYY9368 | . JORNGTT | . 9947607 ' . 90KTO2 | . 00947 1 997404 | . 9976122
. 34 | .9993261 ; 9993223 | 9993112 | 9Y92909 | 9992393 | . 9992115 ' . 9991376 |  990U129 | 9UnTE2E . O9RINET | qupiill -
35 : . 9995347 | . 9995323 | 9995245 l 9995105 | . 9994888 | 9994539 . 9994053 2903204 ' 9991502 | 9957480 ! 9473125 -
\ i i i
3.8 | 2996818 1. 9996801 ! 9996748 | 9996653 i 9998305 | 9996281 . 9993938 ! .9995364 | 9974218 [ . 00LI442 | 9034662
37 19997944 i 9997332 | . 9997797 | .999TTII | . 9997633 ( . 9997452  YGIT2ST . . YYUBNGT | . 9996102 | . 9994208 . -
38 119998533 | [93u8343 | [a00e522 L 990%478 | [099x412 | 999831i 4998137  n497902 ' 999739C ' . 9995119 |
! 3.9 | 7999018 | 0999033 , . 9999018 | 099A0KY | . 099945 | . 9908ST8 . U076 . 990BA0A . M0GNITE . 9987426 |
{ 40 | .9999367 9999363 ° 9999353 ; 9999334 | 9999303 | 9999261 0099195 | .u999085 9908570 ' 9993309
| ) ’ ) !
! 41 1.9999587 | 9409555 - 9090515 . 9999366 | . 9999547 | . 9999519 | 9999473 ' 9999404 ' . 9999268 j - 2995900
| 4.2 19999733 | 9099732 | 9993727 | 0994720 ' . 9999707 | . 9999689 ' 9099661 . G090A16 . 0499527 [ . 940a29y 9o
i 43, 9930829 ' 9990528 © 0999926 | . 9990821 | . 9999813 | 9499801 | . Y4973 . 999754 | . 9999698 | . 9guu 48 | Guuuni4 .
44 19999802 . | 9909s01 9990889 | 9999346 , .99998n1 | (9900874 | | 3094563 . DDYORAS [ 9999809 | | 9UIITIF . . J0uh1T5 }
" 45 9999932 | . 9950932 . 9999931 | . 0999929 | . 9999923 | . 1999021 . 9900014 | .9¥09902 . 99998R1 | . 099522 1 . 9299549 ]
! | i :
! + A 19909058 ° 9999957 ' 9999937 l 9999953 | . 9999954 | . 9999951 | . 9999947 1. 9097939 l .9997926 | 9999%sy ’ 9999748 ]
i 47 19999974 1099974 | 9900973 | 9990973 | . 9999971 | . 0909970 | 990957 | 0440963 179090935 ' 9976632 1 9oyunsa0
48 .0999944 9999954 | . 0999984 , . 0959un3 | 9999YA3 ! . 0999082 | | 99G09~0 . 99QuuTT | YUM0672 . 999993y | DuGa9gl
) { 49 19999990 9999990 . 9999990 | 9909990 . . 9999990 | . 9UUIIEY | YYOLYSK . JUINAKE | $9999%3 - 4999975 . Ju0a3g
5.0 9994994 . 3999994 | 1999994 | 9999994 | . 9999994 | . 9999993 1 . ¥990993 | . uOTUHYZ | . 0UYYYNO | 98GYYSS | GuyuInY 1
, ;
51 | 9990997 ' gananer | 5000007 | 9909006 | 9799996 | . 9090998 J 9990996 | 9909095 ' 9999904 1 9089991 | 2990974
52 97999998 4999993 . J0N909R ‘ 9929998 . 4909994 | | 9990908 | . 9994998 . . 4Y499IT . 0900997 : gyhogas | ainnaey
53 9999999 | 990799 . 9999999 | . 9999099 [ . 9999999 | | y¥uI99 | 9949999 ' 4999998 | . yu0gaaR | 99mIugT . uauan?
! G 9190999 | 9999999 . 9999999 | 0949399 ¢ 9999999 | . :9u99Y | . 9YINNIY . 20Y9099 ( . D99GUIY | 9OUNDLY  41Ga03 R
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b. Circles cf Egquivalent Probability

Burt [Ref. 3] presents a method for translating
ellipses ¢£f equivalent probability into circles of eguiva-
lent protakility. Tc utilize this method, it is first
necessary to compute the eccentricity c¢f the error elligse,
c, by the eguation

%
c = A -~
Ux {2.36)

wnere ox > cy.
Harter [Ref. 15] compiled Tables III and IV
which are taken from Bowditch [Ref. 10, p. 1215]. Harter's
data are given in terms of the eccentricity, ¢, a rarameter,
X, and a probability, P. The parameter, X, when multipliied
ty 9, gives the value of the radius, R, of the circle of the
correspcnding probability shown in Table III. That is,

R=Ko, (2.37)

The probalkility of a point falling inside a
circle cf specified radius car be coaputed by entering Tarle
III with ¢ and K as arguments. Given a fixed prckability, K
is deterpined by entering Table IV using ¢ and P 4as argu-
ments. 1The radius of the proltability circle is then
computed using Equaticn 2.37. y

Using confidence ellipses has certain advartaces
cver confidence circles of equal protability. First, the
directicral nature of the true error distribution is act
represented in the ccrnfidence circle method even though bcth
methcds give an accurate measure of confidence. Seccnd, the
area of the confidence ellipse is alwvays less than cr egnal

to the area of the ccrfidence circle. The areca of a
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i. C.5 mm at the scale of the survey for scales of
1:20,000 and smaller,
ii. 1.0 mm at the scale of the survey for 1:10,000
scale surveys, or
iii. 1.5 mm at the scale of the survey for scales of
1:5,000 and larger.

The ma jor advantage of using drms as a precision

index is its ease of computaticn. Some hydrographers draw
analcgy Letween the varying prokability associated with ore
§ d (€2.2 percent to 68.3 percent) and the fixed fprck-
“d a;?iity associated with a one-dimensional standard errcr
(68.3 percent). In fact, drms has very little statistical

reaning. The obvious problen with using @ as a rrecision

rms
index is the varying frobability associated with the error
{ circle. Fcr this reascn Greenwalt [Ref. 12, p. 31] reccn-

mends against its use.

TABLE II
Probabilities Associated With drms
PROBABILITY

o o LEYGTH GF

y x 1 dTms 1 d!'ms 2 drms
0.0 1.0 1. 000 0.683 0.954
0.1 1.0 1. 005 0.632 0.955
0.2 1.0 1.020 0.682 0.957
0.3 1.0 1.042 0.6706 0.961
0.4 1.0 1.077 0.671 0.966
0.5 1.0 1. 118 0.662 0.969
0.6 1.0 1. 166 0.650 0.973
0.7 1.0 1.220 0.641 0.977
0.8 1.0 1. 280 0.635 0.980
0.9 1.0 1. 345 0.632 0.981
1.0 1.0 1. 414 0.632 0.982
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An error circle with a raldius of one 4 can Lbe
rms

constructed about the intersecting LOP's (Fig. 2.9). Two
drms is the radius cf the error circle obtained using two
times the values of 9, and g ip Equaticn 2.31. Fcr an
elliptical error distribution, the probability associated
with a srecific value of dms varies as a functicn cf the
eccentricity of the error elligse (Table II). The rrck-
ability associated with cne drms varies from 63.2 fpercent to
68.3 rercent, while the probability associated with twc drms
varies between 95.4 fpercent and 98.2 percent.

Pigure 2.9 The dms Error Circle

NOS uses drms as an accuracy specificaticn.
Umnbach [Ref. 14, p. 4-25] states that super high frequency
direct distance measuring systems would be used only when
the value cf 4. . 1is less tham or egual to:
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distrikbuticn can be substituted for the ellirtical distriltu-
tion. This substituticn can te satisfactory for errcr
analysis within certain Oyhk ratios. However, when this
ratio is small the distcrtion introduced by the circular

distrituticn may beccre aisleading.
a. EKoot Mean Square Error

The teras radial error, root mean sqguare €rLror,
and drms are identical in meaping when aprlied to two-
dimensicnal errors [Ref. 10, p. 1229]. The tern drms is
defined as the square root of the sum of the squares cf tte
standard errors along the major and minor axes of the errcr
€ellipse. That is

d_ .= Joi + c; )
{(2.31)
where oL and oy are given by Eguations 2.18 and 2.19.

A more direct form of 2.3%1 is given by [Ref. 2, p. 54)

= 1 2 2
dms = sTaE VO T (2.22)

for uncorrelated LOP's. For range-range acd azimuth-azizuth

rositioning, with 01 = oz = o , Equation 2.32 reduces tc
d = vZ a
ms sing (2.33)

For range-azimuth positioning, B = 909 and Eguation 2.32

kecomes

rms 1 a2 (2. 24)

The mcre general forz of Equation 2.32 for both correlated
and uncorrelated LOP's [Ref. 2, p. 59] is

1 2 2 5 ae
B —— + + LelE
d S STnE WGl cz Zplzolczcoss ( )

where oxz is the correlation ccefficient.
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used to ccmpute X-Y ccordirates of all fositions. Baseé cn
¢gecmetric relaticnshifs discussed earlier, angles of inter-
secticn cf the LCP's were then computed for range-range ard
azimuth-azimuth points. The angles of intersection for all
range-azimuth positicrs are 900.

The range-range ard azimuth-azimuth data were then

passed tc WATFIV subrcutine PRCB (Appendix A). As infut

{ Farameters, the subrcutine accefpts two standard errors cf
the LCP's and the corresponding angle of intersection. Tle
' output rarameters include the semi-major and semi-minor axes
';“ cf the 90 percent corfidence ellipse, the radius of the 90
rercent confidence circle, and the areas covered by botkh
figures.

Subrcutine PKOB tuses a linear approximation to deteramirne

the value cf the function K for varying values of the eccen-
tricity, ¢, in Burt's method. A linear interpolation was
performed by first taking the eleven discrete values o0f c
and K for a probability of 90 perceat from Table IV and tten
constructing a series of relationships for K as a function
cf ¢ (Tatle VI).

Values of the radii of 90 fercent confidence circles for
range-range data were plotted at their resgective fpositions
{Fig. 4.1). The arcs of circles connecting the twc ccntrol
staticns BEACH LAB and MUSSEL represent lines of cornstarnt
intersecticn angle (309). Of the ranje-range data set,
Fositicn 848 (Appendix B)--cocrdinates X = 4119.01, Y =
4735.C7--was found to have the smallest radius (strongest
position) of 6.4 meters and an angle of intersectiorn cf
90.20., Position 137--coordinates ¥ = 3345.86, Y =
3873.34--represents the weakest position with radius value
cf 15.3 meters and an angle of intersection of 2¢€.70.

The fpositional accuracy degrades rapidly as the inter-
secticr angle apgroaches 300; the 300 arc represents a line

of constant 13.7 meter radius. W®Within 400 meters of the 300
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intersection arc, the radius varies between 38 and 15 meters. L
The radii values charge slowly in the vicinity of the
pinimur value of 6.4 meters which corresponds to an angle of
intersecticn of 3500.

The radii of 90 fpercent confidence circles asscciated ]
with the azimuth-aziasuth fpositicns acquired using control
staticns USE MON and PMUSSEL were also plotted at their

respective positions (Fig. 4.2). The standard errcrs cf the

LOP's are assumed to te 1.3 meters; the resulting imfrcved °
accuracy is evident. The maxisum value of the 90 fpercent
confidence circle radii is 8.7 meters at position
637--coordinates X = 4327.25, Y = 2818.39--which corresgonds
to an angle of intersection of 15%.8¢ (or in terms of the °
supplement, 20.29)., Fosition 682--coordinates X = 4611.20,
Y = 4421.29--represents the strongest position recorded
during tke survey with a 90 percent confidence circle radius
of 2.8 meters and an angle of intersection of 91.90°9,

Again, the rapid degradaticn of accuracy is noted
approaching 8 = 1509, The arc of the 1509 intersecticr
angle represents a corstant radius of 5.9 meters. Discrete
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Figure 4.1 Range—Range Accuracy Analysis
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values alcng the arc corfirm this gualitatively. A large
area of strong positicpnal accuracy surrouads the irea where
B = G609, Numerous values of 2.8 meters are present near
the tcp c¢f the plot.

Using the assumpticns stated at the beginning of this
section, the values fcr all radii ofi 90 percent confidence
circles for range-azimuth positions are 5.1 meters. This
computation was carried out in Example 2 of Chapter II.
Since this case is trivial, the data are not displayed
graphically.

Fcsitioning data were also classified pased on tke
Farameters of the 90 percent confidence ellipse. WATIFIV
program ELLIP (Appendix C) was used to generate the fdarame-
ters cf the S0 percent confidence ellipse for range-range,
azimuth-azimuth, and range-azimuth positioning data. The
program was initialized by enterimg the coordinates cf the
control stations and standard errors of the LOP's. The fix
number, hydrograghic position cooriinates, and angle of
intersection were ther read in from a data file. Sutroutine
PROB was called to ccmpute values for Ko and Ko -

The angle of orientation of the deor axls of the :fﬂ
€llifpse, measured clcckwise from north, was then computed.

i For range-range and azimuth-azimuth fpositions, the LCE
generated from the left control station was used as the base
10P. For range-azimuth gositicns, the LOP formed by the
thecdclite was used as the base LOP. First, the orientation
of the base LOP in tle coordinate system was determined.

The orientation of tke major axis of the error ellipse rela-
tive to the base LOP (8) was then computed using Egquaticn
2.29. By adding or subtracting s to the orientaticn of the
kase 10OP, the orientation of the major axis of the errcr
ellipse in the coordinate system was determined. This angle
takes on values from 00 to 1809. Appendix D consists cf tae

confidence ellifpse classification scheme for range-range,
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azimutl-azimuth and range-azimuth data. Forty positiors for
€each positioning gecmetry are listed for comgarison to *as ; 4
classification scheme presented in Appendix 3.

Arpendix B lists the data ty position number, X-Y ccor- 7 ]
dinate, angle of intersecticn, and radius of the 90 fpercernt '..;;
confidence circle. Appendix D lists the data by positicn ' '

numker, X-Y coordinate, angle cf intersectioa, ch, Ko , and
angle of orientation for the 90 percent confidence elliise.
These arpendices are similar to hydrographic survey data
rases and demonstrate accuracy classificatiorn schemes rased

on the two criteria.

C. ACCURACY PREILICTICNS

The cverall positional accuracy of a survey can te
contrclled by computing accuracy values before data acguisi-
tion is kegun. For example, if the hydrogragher is usirng
radii cf 90 percent ccnfidence circles as an accuracy
critericn, the minimur allowable angle of intersecticn for -
two LCP's can be computed for meeting specifications. The
nature of the survey area may allow the flexibility tc
change system gecmetry to maximize accuracy at a specific

location cr to maximize the area covered with a jiven accu-

racy. By making accuIacy computations before acquiring
data, the hydrographer may alsc have the option of decidirng
what tyfre cf positioring syster is to be used to meet accu-
racy requirements.

The ccnstruction cf reliability contours is one metloil 1
to Jisplay the expected positicnal accuracy. BEKeliability
contours, lines c¢f constant regpeatable accuracy which are
functions of the system jeometry and standard errors cf tte
gositicrirg equipment, can be constructed about shore A
staticns usiny the radii of 90 percent confidence circles .

critericn or the less desirable drms value.
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Consider the equations that have been developed in
Chapter II for the determinaticn of radii of 90 rpercert
confidence circles using Burt's sethod. Fecr uncorrelated
10P's in a range-rance or aziamuta-aziauth systen, the
repeatable accuracy cf a hydrograpaic pcsition is a function
only c¢f the angle of intersection, assumirng the standard
errors of the LOP's are constant thronghout the survey area.
The lccus of points which define a constant angle of inter-
secticn for two LOP's in a range-range or azimuth-aziputk
systen is a circle which passes through both control
staticns. Given the coordinates of the two control
staticns, the equations of these circles can be deterained.

Construction of reliability contours involves several
simple trigonometric relationships (Fig. 4.3). 1let IR te
the line conrnecting the two shore contrcl stations L and &
in a range-range system. The length of line LR is k. 1The
circle through both stations defines a line of constant
intersection angle fcr two LOP's. The radius of the circle
is r. 7TLe distance € is measured along the perpendicular
tisector of the lire IR to the center of the circle at
point C(b,k) and is given by

b
€ ® 7tang (4.1)

Knowing € and the radius r, the coordinates of point O can

ke ccomputed. The eguation of the circle is then
rt = (x - h) + (y - k)? (4.2)

These two equaticns were used to generate reliability
contcurs for display on a computer graphics terminal. Using
Eurt's methcd, the angles of intersection of two LOE's were
computed for discrete values of radii of 90 percert confi-
dence circles. Reliability ccntours about stations EEACH
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Figure 4.3 Ccrstruction of a Reliability Curve

1AB and MUSSEL for a range-range systenm (cl =o; = 3 meters)
were ccnstructed (Fig. 4.4). Using Eguation 4.2, X-Y ccor-
dinates were generated for points laying on different reli-
ability circles. A curve-~-fitting subroutine in the CISSPIA
library was used to generate the circles through the
computed pcints. The 13-meter accuracy contour corresponds
to an angle of intersectiomn of 31.69, while the 7-zeter
accuracy contour corresponds tc an angle of intersection of
67.99. The best achievable accuracy of the system is 6.4
meters at 900.

Fer comparison purposes, reliability contours were
constructed about BEZACH LAB and MUSSZL for azimuth—aziguth
geometry ( G‘=cz = 1.3 peters). The increased accuracy of
this ccnfiguration is evident (Fig. 4.5). The 3-meter
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contour corresponds tc an angle of intersection of 69.4c¢
while the 6-meter contour corresponds to an angle cf irnter-
section c¢f 29.60. The best achievable accuracy at an inter-
secticn angle of 909 is 2.8 nmeters.

A secord scheme was used tc display accuracy precicticns
for the twc positionirg methods. Given the coordinates cf
EEACH LAE and MUSSEL, a series of discrete points sraced 800
meters apart, were generated thrcughout the survey area.

The values for the radii of 90 percent confidence circles
were then ccmputed at each point with the use of sulbroutire
EROB. Figures 4.6 and 4.7 illustrate this predicticn
scheme. These figures present the same informatior as
Figures 4.4 and 4.5 in a different manner. The 300 angle of

intersecticn contour is shown cn both figures.
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GENERATED RELIABILITY CONTOURS
RANGE—-RANGE: BEACH LAB—MUSSEL
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Figure 4.4 Reliability Contours: Range—Range Gecmetry
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GENERATED RELIABILITY CONTOURS

AZIMUTH-AZIMUTH: BEACH LAB-MUSSEL
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Pigure 4.5 Reliability Contours: Azimuth-Azimuoth Geometry
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V. CONCIUSIONS AND RECOMMENDATIONS

A. ACCUFRACY SPECIFICATIONS

Interpretation cf the 1982 IHC positioning starndards in
termss cf SC percent ccnfidence circles ylelds some inter-
€sting results with respect to present day survey practices.
for exanfple, for a 1:10,000-scale hydrograghic survey, NOS
usually uses microwave fpositlicping systems 1in a range-range
mode, and assumes a standard error of 3 meters for each L1LCPD.
Surveys are frequently conducted between the 300 tc 1500
angle of intersectior limits. Using the 90 rercent ccrnfi-
dence circle critericr, the radius of the circle should act
exceed 10 meters. Hcwever, the radius value for B = 339 ani
1500 is 13.7 meters. The values of Ko, and Kcy for the 3¢
percent confidence ellirse are 17.6 and 4.7 ameters, resg=2c—
tively. To meet the S0 percent critericn for a 1:10,3230-
scale survey, the 8 limits should be 429 to 13390,

Azimuth-azimuth pecsitioning is accurate enough for
1:5,00C-scale surveys, using 8 limits of 350 to 145¢°,
assuming a standard error of 1.3 meters for each LCP. with
the standard error assumptions used for range-aziamuth, the
90 rercent radius is £.1 meters for all positions. Given
the uncertainties of the standard error figures, it 1is
ratioral tc assume trat range-azimuth positions can meet tae
S-meter accuracy standard for 1:5,000-scale surveys. 1In

fact, rarge-azimuth fpcsitional accuracy can exceed azimutkh-

azimuth accuracy wher the later's 8 is less tgnan 359. For a

J-meter 7 ranje-range configuration, it is i1iapossible tc
meet 1:5,000 specifications with any 8.
As a general guideline, the 300 to 1509 anygle of inter-

secticr limit is a gccd rule tc use for uncorrelated LCE's.
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Many variables exist whern ccnsidering accuracy reguire-
ments fcr a hydrographic survey. 1In general, higher accu-
racy means more time, money, and effort. Azimuth-azimuthk
geometry is the most accurate method of positioning aralyzed
in this thesis. This method ipvolves at least two fpeofple
asnore and good ship-to-shore communications. Currently,
NOS acqguires these data manually, which minimizes the sreed
that tkhe vessel can cperate and adds to processing tigze. On
the otter hand, a survey using a medium-range syster needs
little shcre support and the data acguisitior is autcmated.
Accuracy predictions lelp keep a balance between accuracy
and effort. If the desired accuracy is attainable using a
range-range system instead of an azimuth-azimuth systern,
then tlke chcice is clvious.

Hydrcgraphic pcsitioning in the future will be dcmirated
ry two methcds. For cffshore surveys, the Global
Positioning System (GES) is expected to give positioral
accuracy to 10 meters or better. GPS is a satellite fposi-
tioning system currently being deployed by the Department of
Deferse ard will provide near worldwide coverage for users.
Since tre full ccnstellation of 18 satellites-will nct te
operational until 1988, it is not yet known if the exgpected
accuracy of 10 meters will be met. Nearshore surveys may
use nmultiple LOP's for establishing hydrographic pcsiticns.
The principle of least squares is aprlied to redundant
cbservations yielding the most frobable position. Fcr toth
GPS and least squares positioning, confidence ellifpses and
circles can be determined, although the technigues invc¢lved

are much mcre complicated than those presented in this

thesis.

The accuracy classification scheme presented in this
thesis is predicated cn the elimination of systematic
errors. Much work is needed in identifying the sources of -f??
systematic errors asscciated with hydrographic positiorning -TQE
equipmert. o
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lengthened. In an irvestigation such as this, it is advi-
sable tc te conservative and use the maximum length cf 1line
whiclk is oferationally feasible to provide coverage cf an
area as large as possikle. The radius of the 90 percent
confidence circle gives the hydrographer a rough figure fcr
answering the questicn: Does the submerged pile exist?

Knowing the rarameters of the error ellipse could te
useful fcr conducting wire-drag, wire-sweep, and side scat
sonar ofperations. Fcr a position obtained with low freci-
sion positioning eguirment, the search to relocate a

. subwerced feature could cover a large area. Knowing the
parameters cf the errcr ellipse could reduce the area, time,
and effort of the search. The search pattern could te
planned to cover the desired confidence elligse.

With the gquantification of accuracy, a decision must ke
made ccncerning how much confidence is needed to delete a
certain feature from the chart after a search has Leen rade.
The 90 percent confidence level may be too low, whereas tte

| €5 or 99 percent level nay suffice. A balance must ke main-
tained retween confidence of disproval and time and effcrt
spent ¢cn the search.

Accuracy predicticns in the form of reliability contours

I can te displayed using computer graphic terminals. These
displays will contritute to the efficient planning of
surveys to meet specifications. Givea the survey area, tte
availarle ccntrol, the positioning methods, and the preci-
sion of the positionirg equipment, the hydrographer can plan
the accuracy of the survey before it is corducted. The
survey area and the available control may be such that there
is flexitility to change contrgl stations to optimize accu-
racy cver an area of critical importance. This infcrmaticn

can be displayed graphically and plans for the survey can be

made acccrdingly. Likewise, given an accuracy limit, such
as a 10-meter radius cf the 90 percent confidence circle,

the area tc be covered at that accuracy can be umaximized.  F
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B. USES FOE ACCURACY FIGURES

NCS is currently developing the Shipboard Data Systen
III (SDS I1I), a hydrcgraphic data acguisition and
Frocessing system which will replace the present HYDROLCG/
HYDRCELCT system. SLS III will revolutionize data acguisi-
tion and frocessing techniques with the capability tc
perforn bigh-speed calculaticns and display color grarhics.
with this increased ccmputer pctential, data manipulaticns—-
such as accuracy coasjputations--can be perforred.

Each position in a survey can be given a quality figure
based on the radius of the 90 percent confidence circle.
This fiqure is sufficient for non-critical positions of
ordinary hydrographic data. <Critical positions are thcse
which are determined for significant features (i.e., wrecks,
least depths, rocks, and other potential hazards). Fcr
these positions, the fparameters of the 90 percent errorc
ellipse car be computed, as well as the radius of the 9C

- percent ccnfidence circle. -

Many schemes can le envisioned for the use of an accu-
racy figure. For example, suppose the position of a '
submerced pile was determined by range-azimuth geometry in a
prior survey. The radius of the 90 percent confidence
circle is then 5.1 meters (Ex. 2, Ch. II). ThLe chartirg
agency now wishes to relocate the pile to determine if it
still exists and is still a hazard to navigation. In lcw

water visibility, a ccmmon technigque used to resoclve such an

item wculd ke to send divers dcwn over the reported position
and ccnduct a circle search. Cne diver remains at the T
reported position, hclding a line, while the other diver
swims a circumference holding the other end of the line.
Theoretically, if the line is about 5 meters long and a hang ' 4
does rct cccur, it is 90 percent certain that the fpile has

teen remcved. For a higher confidence, th: line is T
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figures as a function of 8 for uncorrelated LCP's have Leen
compiled usiug standard errors of 1.3 meters for azimuth-
azimuth (Table VIII), 3.0 meters for range-range short-rarnge
(Table IX), and 10 meters for range-range nedium-range

(Takle X) positioning systems.

TABLE VIII
Accuracy Figures for ol =g =1.3m, o =20
2 12
Angle cf Ko Ko Radius of Area of Area of
Inter. X y 90% Circ. Ellipse Circle

(deg) (m) (m) (m) (sqg m) (sq m)
90 2.8 2.8 2.8 24 24
85 2.9 2.7 2.8 25 25
80 3.1 2.6 2.8 25 25
75 3.2 2.5 2.9 25 2¢
79 3.4 2.4 3.0 26 28
65 3.7 2.4 3.1 27 30
60 3.9 2.3 3.3 28 34
55 4.7 2.3 3.5 30 38
20 5.1 2.2 3.8 32 | 44
45 5.1 2.1 4.1 35 | 53
490 5.8 2.1 4.5 38 65
35 6.6 2.1 5.1 43 83
30 7.6 2.0 5.9 49 110
25 9.1 2.0 7.1 58 156
20 1.4 2.0 - 8.8 71 241
18 15.1 2.0 11.6 94 425
10 22.6 2.0 17.4 141 949

5 45.2 2.0 34.7 281 3,781

K = 2.146 for 907 probability

4
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However, as mentioned for 1:10,000-scale surveys in a range-
range mode {o= 3 meters), this rule does not always hold.
-ii Cn the other hand, it is possilkle to have 8 's of less than
309 ard still meet specificaticns. For example, azimutkh-
[ azimuth fositioning can theoretically be used for B's of 180
to 1€20 for a 1:10,00C-scale survey. However, the eccen-
Iﬂ; tricity cf the error e€llipse is so small that the distcrtion
E introduced by using ccnfidence circles can become
E misleading. In view cf this, eccentricities of less that
0.2 should not be used.

Using the 90 percent radius criterion, a takle Las teen

assemtled illustratirg the 8 1limit for various positicning
geometries at different survey scales, using assumed stan-
dard errcrs (Table VII). The information in Table VII
illustrates that the 300 to 1500 8 1limit need not be fixed.
The B lirits should vary based on the scale of the survey

and the rrecision of the positioning equipment. Accuracy

TABLE VIIX
g Limits for Surveys
sSurvey 90% R-R R-R Az-Az
Scale Radius {o.= 3) éc = 10) (o= 1.3
B Limit Limit B Limit
(m) (deg) (deg) (deg)
1:2,%00 | 2.5 | === | e | memm——-
1:5,000 I 5.0 l —————— l —————— , 35-14¢
1:1¢,GC00 110.0 42-138 | —-=—-- 23-157%
1:2C,000 I 20.0 | 27-153 |  ====—- | 23-157+
1:40,000 40.0 | 23-157% | 35-145 | 23-157»
* Eccentricitg limit of 0.2 . .
Note: 90% radii cf all range-azimuth positions are
assumed to be 5.1 meters for 01 = 3 and 02 = 1.3.
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(CONTINUED)

AZIMUTH-AZIMOTH ACCURACIES

Angle of
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CLASSIFIED RANGE-AZIMUTH POSITIONS

MCN 1978

initial USE
T-2--1.3 meters

MUSSEL 1932 occupied,
Kance--3 meters;
Y.
Ccordinate

X
Cocrdinate

Fix
No.
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RANGE~AZIMUTH ACCUKRACIES (CONTINUED)
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REAL (4,20) IFIX,ILL,PX,EY,TD,RAD
20 g%gMATé1X,I3,3X,I1,3X,r7.2,6i,F7.2,SX F8.4,3X,F5.2)
IF IFIX.E8.999£ GO TO 900
IF(ID.LT.90. D=TD
IF(ID.LT.90.) GC TO 30
C WORK WITH BETA LESS THAN 90 DEGREES: TOGGLE TURNED CN TC CHE
DL=180.-TD
INC=1
30 CCNTINUE
C KEEE TANGENT FUNCTICN FROM GCING UNDEFINED IN A RARE CASE
C OF TEE FIX AND CONTROL STATION HAVING SAME COORDINATES
IEiEX.EQ.XL} EX=PX+ 0.5
c IF{EY.EG.YL) EY=PY+ 0.5
C CHANGE LEGREES TQ EADIANS
BETA=.0174532S#DD
C USE LEFT STATION AS BASIS FCR COMPUTATIONS
E ORIENTATION ANGLES WILL BE FIXED WITH RESPECT TO LEFT LCP
C
C FINL AZIMUTH FROM NCRTH BETREFEN HYDRO POSITION AND LEFT
C STATICN. AZIMUTH WILL BE DEFINED BETWEEN 0-180 CEGREES
C MEASURED CLOCKWISE FROM NORTH.
C THIS IS THE RANGE-KANGE AZIMUTH DETERMINATION.
IF’INE NE.1) GC TO 40
IF (FY.GE.YL) TEEN
IF (PX.GE. XL) THEN -
ELSE ALEBR = PI-ATAN((PY-YL)/(PX-XL))
ALPHA = ATAN ((PY-YL)/(XL-PX))
END IF
EISE
IF (PX.GE.XL) THEN
ELSE ALPHA = ATAN((YL-PY)/(PX-XL))
ALEEA = PI-ATAN((YL-PY)/(XL-PX))
END IF
END IF
GC 10 6
C AZIMUTH FIXING FOR AZIMUTH-AZIMUTH POSITIONS
40 CCNTING
E
If(EY GE YL) TEEN
P(PX.GE.XL) THEN
ELSEALPHL =" ATAN ((PX-XL)/(PY-YL))
ALPHA = 1 i-ATAN({(XL-PX)/(PY-11)) -
END IF o
ELSE R
IF(PX GE XL) g
ELSE ALFHA PI-ATAN((PX XL)/ (YL-PY)) |
ALPHA = ATAN ((XL-PX)/(YL-PY)) ]
END IF o
c END IF 5
C AZIMUTH EQUALS THETIA FOR RANGE AZIMUTH CASE, ASSUMING :
g TEFODCLITE SIGMA IS LESS THAN RANGE SIGMA ]
c 1F (IND.EQ.3) GC TO 70
C .
C BEGIN COMPUTING THETA, THAT IS THE ANGLE OF ROTATICN FRCHM 4
C LEFT LCP R
60 CCNTIN "
P1=51IG L**2*SIN(4*BETA)+2*R0*SIGL*SIGR*SIN(BETA) 1
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