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METHOD OF L{efehsiba7HYDROPHONES - poTRdSstseUNd
of the Invention - The present invention relates to marine

sei sm c surveying, and nore parficularly to a nethod of conputing
the position and quality 5 measureneénts of sound sources and

receivers within a sei syg | ' ' ysi cal surveyi ng.
In marine seismc navi Mﬁ[ﬁﬁ& E@%%THJF& %Dﬁgﬁgcal ly invol ves
one or nore vessels sailing in approximately straight lines while towing a
nunber of streaners and souddackgreund ef the ﬂmta@n air guns") consisting
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devi ces placed at known | ocations wit hin the seismc spread. Thi s results
in vessel traverses along pre-defined lines, with azimuth and speed purposely
15 selected to overlay the geologic substrata being imaged. At a specified

distance or time interval, typically 20 to 25 meters and 8 to 10 seconds
respectively, the air guns are activated, resulting in seismic waves which
travel through the water and penetrate the earth’s substrata. The times of
arrival of the reflected and or refracted seismic waves by the substrata are

20 measured by the hydrophone sensors located on the streamers. The
surveying problem is to derive the position of the air guns and hydrophones
at the instant of firing and reception, respectively, in order to determine the
geologic features of the earth below, within the survey area.

To determine the positions of the air guns and hydrophones, the
25 geophysical industry has used a network of a large number of navigation

devices placed at known locations within the seismic spread. This results in
a complex network with hundreds of observation points. Various techniques
such as least squares estimation and extended sequential Kalman filter have
been used in the prior art to process the observations in real-time.

30 One approach to the position problem is to treat each time epoch and
measuring system more or less independently. For example, both laser and

acoustic measurments are used to transfer the position of the vessel to the
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precision and reliability of the final derived positions. The third drawback is

5 that this approach treats each time epoch independently, discatding prior

knowledge of the motion of the system. This results in a less accurate
solution of the derived coordinates. _
A second approach to the position problem is the “sequential extended

Kalman filter” technique. This method allows mixing of different

) observations from the various devices in the order in which they are
received, and provides a best estimate of air gun and hydrophone positions
in a navigation system. Because it can determine and use the system motion,
Kalman filtering is able to use observations that do not completely define the
network system. This approach suffers several drawbacks. First, correlated

LA

observations such as magnetic compass azimuths cannot be sequentially
processed in a Kalman filter. Second, the efficiency of the Kalman filter is
largely related to the number of observations added at each new time epoch.
Third, most prior approaches that use the Kalman technique do not solve for
the air gun and hydropho_:ie positions directly. Instead, positions of devices

) such as an acoustic node, a cable compass, and a surface reference, such as a

tailbuoy, are computed. These positions are then used with corrected
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Because ‘conpasses”an vices are no? CoT ocated
o environment, the cable shape is likely to be significantly distorted from a
15 nominal straight line. To estimate this distorted shape, the prior art has -

used several different methods.

One such prior art method is the use of a phys1ca1 model of the hydro-
dynamic forces acting on the cable. It is known that tension forces due to
~ the vessel pull, and the drag forces due to the resistance of the cable through
20 the water, determine its three dimensional shape. Any change in the
vessel’s speed, and any fluctuation in the sea waves, or fluctuations
generated by the vessel, the wind load or the water currents, would mean
changes in the towing tension and drag forces respectively. |
Such a model can be applied only when the external forces acting on
25 the cable are known with reasonable accuracy. Even if the quantities of the
| external forces are known, a system of several streamers leads to
mathematical models that are too complicated and inflexible for the
construction and implemenfation of a useful algorithm for determining the
positions of the air guns and the hydrophones.
30 Another method to estimate the distorted shape of the streamer cable
‘when being pulled by a boat is the use of mathematical function of a cubic

spline. A cubic spline gives a curve which is continuous and continuously
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A need exists for an improved method to obtain the best est1mated

coordinates of air guns and hydrophones.
5 -+ Summary of the Invention
A method of computing the location of air guns and hydrophones |
within a seismic spread utilizes a navigation network having a plurality of
stations. The network provides a plurality of navigation observations. A
number of the observations consist of magnetic bearings which are used to -
0 ~ derive the hydrophone locations. The method includes the steps of:

o a. obtaining a set of observations from the network, each
observation being obtained by using navigation devices whose
origin system moves independent of the navigation reference
point; and

5 b. forming a design matrix wherein the magnetic bearings are

modeled based on the equation:

n
a-[tan” 1(}: [kckl k-1 +%] ~magdecl-gridconv=B+v R
k=2



I,t suffers a major drawback, in that its coefficients vary along the |length
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on uncorrelated observatmns.

15 | Brief Description of the Drawings
Fig. 1 depicts a first reference frame for the streamer modeling used.
Fig. 2 depicts test results from the various polynomial streamer
models.
Fig. 3 depicts a a local topographic coordinate system.
20 Fig. 4 depicts d.tagrammatlcally the state vector of the Bayes filter
algorithm.
Fig. 5 is a flow diagram showing the method steps of the present
invention. '
Fig. 6'depicts a design matrix for the i-observation.
25 Description of the Preferred Embodiment
' Fig. 1 describes the reference frame of the streamer compass modeling
used. The present invention uses an “n-order” polynomial which leads to a
curve that describes the complete streamer shape, ﬁsing only one set of
coefficients, and furthermore resulting in a continuous curve which is
30 continuously differentiable at every point of the cable. The polynomial

observation equation is given as:
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| n .an al WO AUIOEnbodi nent of the invention, the step of R§FPIRISA54
replaced with a step of weighting spurious observations. In
another feature of the invention, an-ifmroved mat hemati cal

sol ution handles different types of observations in one unified system 5
i ncluding correl atgd obseryati o@s such magneti ¢ conpasses.

I n anot her featur eﬁp?aoﬁglllmt%gtaf*oﬂr'ﬁ ?gr ovi des an efficient corrpﬁj ng
met hod that does not require inversion of |arge matrices.

In another feature of the invention, it conputes directly any points of
interest within the seismc spread, including air gun and hydrophone 10

| ocati ons, .wi-t hout--uti-lizing-—any-interpolation schemes after initial

conput at i on. In another feature of the invention, a Bayes
fllter Wnaaess! 10¢RLERh compass oBREVARSR I the BATLH 8 APLL Bhhpabency of
‘the invention,' and does not” depen on uncorrelated observations.
15 from its reference point; a,,&,...af abestheipslymominl dobffidikmbst nds the
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Fig. 6 depicts a design natrix for .the i-observation. 25

‘Description of the,Prefer %g-' ﬁ%l nt .. Fig. 1 describes
‘the refer ence_fran@(,gg)’tqgg dg@ g&fﬁ@é@%del ing - used.(zil'he
-present invention uses an "n-order" polynom al which |eads to a '

curve that describes the Oc%npl ete streamer shape, using only one set of
coef f i civehich, fonmayr @in ek o) ebacemesting in a continuous curve which is

0, . =tan=dv/du=dv/dl

W) (3)
10 Also for
B,>B :Bi =B+0=B+(dv/d])
B,<B:B,.=B—6 =B+(~av/dl) @

where 0 represents the deviation of the mean bearing; the subscript rad
represents the units of measure; dv and d! represent incremental compass
offsets in the u and v axes repectively. |

L5 ' Substitution, integrating, and re-arranging the above mathematical

equations results in:

=col+ey 12 + e, +¢ JOD - o



30, ) onti nuousl y differentiable at every point of the cable. The

pol ynom al - "~ observation equation is given as:
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Blerr]=alerr]+aferr]l[err] + aferr]l [er7r-]+ ...+aferr]l[err] (1)
where B[err] is the i-th conpass obserwvation; I[err] is the offset of the
i -th conpdese: fromits reference point; a[err],alerr],...a[err] are
t he polynom al coefficients; nis the pol ynom al order. The
solution of this equation system using a least 5 ‘squar es net hod,
gi ves the val ues ofg L&]ﬂkppj 3@“ coef ficients. Referring to ' Fig.
1, we have r[’err] =atan(dv/du)[err]atan(dv/dl) .
(2) - ' whi ch for any [err] in (-1,1) becones
[err] [err] tan[err]=dv/du[err]dv/dl LO Al so for .

) The final coordinates of X,Y posifion of any point of interest of the cable is

estimated using:

5 X = cos(e) + sin(o)v | - | (6a)
B Y = sin(o)] - cos(a)y = - (6b)
Upon reference to Fxg 1, Fig. 2, and the forefoing equations and
graphs, those skilled in the art will appreciate that the use of polynomial
approximation is a realistic approach to the streamer shape problem.

10 Polynomials of order four or less do not accuratelj describe the observations.
In such cases the differences between actual compass readings and those
predicted by the polynomial can in a few cases exceed half a degree. This
might be important given that, in practiee, cable compass i'esolution, not its
accuracy, can be as high as 0.1 degree. Furthermore, polynomials of order

15 greater than six do sometimes generate curves characterized by steep
changes of gradient, which may affect significantly the fidelity of the final
coordinate. This phenomenon is particularly noticeable for compasses close
to the tailbuoy. |

The invention uses two mathematical models consisting of a

20 measurement or primary model which relates the state vector parameters to
the observations, and the dynamic or secondary model which relates the
parameters at epoch t,, to those at a later epoch t,. The linear form of a non-

linear measurement system is given by:
AX;=b +v; (N

25 where Al is the design matrix, X is the correction to the provisional values of

the filtered state vector, b; is the observed minus computed vector given by



" B[err] >B:B =B +[err]= B +(dv/dl)

_Blerr]<B:B[err]=B-[err]=B+(-dv/dl) : (4)‘.

wher e [WO97/5000pr esents the deviation of the nmean beari ngpCriosorsesscri pt rad
represents the units of neasure; dv and dl represent increnental conpass
offsets in the u and v axes repectivgl-y. 15 Substitution,

I ntegrating, and re-arrangi ng the above mat hensti cal equat i ons

r esul tI5-F;i{X,(+)), v, represents the state vector Fédi@tals| a6HeL the [o‘bééﬁva‘tmn/sSo

rr]l[err] (5) 007
pCT/ U%W dypamic model represents the behavior of the system as it varies witly -

wher e: err]/(k+1) for k =0ton
The fltﬁlgF g‘ggrdlcr tehnefar}geg %Sg}{ %WLB any point of interest of the cable

is . esti mat ed usi ng:
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Li=M,Xyy +¥ . (8

where M, is the transition matrix from time t | to time t 4y s the
- dynamic model noise from time t,, to time t ;.

The present invention combines several sub_-systems that are able to .
move independently of each other and of thp vessel. These sub-systems.

" include every s_tre_an@er, gun array, or any auxiliary reference station. Each
| -éﬁb”-.syst.em is then linked by a mathematical model to define the complete
network configuration. .

Ref_'erring now to Fig. 1, the system has its origin at the vessel
navigétion reference point with the X-axis aligned with the east direction,
and defined by points 1 and 3, while the Y-axis is aligned northwards,
defined by points 1 and 2. This systein moves with respect to a geodetic
earth system as the vessel’s position changes. Furthermore, given the
relatively short distances involved within the network, there will be minimal
error in working with the computed distances and azimuths in the XY plane.
The earth is effectively considered to be flat within the region of the seismic
spread. Some of the available observations are made relative to the devices
fixed on the vessel. For this reason, another coordinate attached for the
vessel is defined. ‘The origin of this system coincides with the navigation
reference point. Its y axis is aligned with the vessel’s bow-stern direction
and is defined by points 1 and 5. Its x axis is in the horizontal plane, is
perpendicular to the y axis, and is defined by points 1 and 4. The z axis is
defined to be perpendicular to the xy plane upwards. |

Finally, in order to estimate the position of any point on each
streamer, taking in account its distance from the streamer reference point, a
local reference frame for each streamer within the spread is introduced

(u,v,z). Each has its origin at fhe head of the first active section of the



5. . _ X = cos([err])l + sin([err])v

(6a) - Y-=sin(ferr])l - cos([err])v

(6b) WO 97/50007 Upon reference to Fig. 1, Fig. 2, and {"HEIUF”{“Q?O, ng
equations and graphs, those skjlled in the art will appreciate
that the use of pol ynom al -appﬁ Oximation is a realistic approach
to the streaner shape problem 10 - Polynom als of grder four or |ess
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accuracy, can be as as 0.1 degree. Furthernore, %nom al s of order
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not i ceabljefihed PpERIRE BtEBOSE to the tail buoy.-
The invention uses two mat hematical nodels consisting of a 20

measur ement qufermngymmd@Flwﬂ,cpmnts 3440 15 @nsk pointy dditorldefinetthes to
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and points 28 to 29 define the vessel-mounted laser coordinate system. The

method of the present invention can accomodate multiple vessels, multiple
streamers, and multiple air guns. . .
15 Referring now to Fig. 4, in order to implement the Bayes filter, the .

' method of the present invention defines the state vector which constitutes
the minimum humber of individual determinable parameters necessary to
describe the compete system. In the case of typical navigation networks, the
unknowns consist of the vessel’s position, its motions, and the motion of each

20 sub-system within the spread. In the following, the unknown parameters
are classified by its sub-system.

Vessel unknowns are defined 1o be instantaneous values to the
elements where ¢, A represents the geodetic ellipsoidal coordinates of the
ship reference point; ¢, A represents the instantaneous velocity of this point

25 and c represents the crab angle.

The unknown parameters for any tow points attached to the vessel are
included in the state vector. Tow point posifions are defined as position
vectors expressed in X,Y coordinates along with their velocity components
X,Y with respect to their local topographic coordinate system. The Z

30 component is taken into account by making geo:ﬁetric corrections to the

observations.
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Ll[err] -WO7sp00Q7 X[ err] (+)), v[err] represents the statePCFASITO808%i dual s,
and L the observati ons. The dynami ¢ nodel represents the behavior
of the systemas it varies with -10 - time. The discrete |linearized
formis given by: 5 - . ‘Xerr]=Merr]Xerr] + y[err]

(8) The stnémmer Mnduojwr pardmeterarfer anyrpaint vhxtherstredmerin[err] to
time tfjerr Herr]fistt}e .. dynam ¢ nodel noise fromtime t[err] to
time t$eEpg of its reference frame ig\given B¥ent i nventi on conbi nes several
“sub-systens that,arq able to nove i ndependently of eacfgél?t her and
of the vessel. These sub-systens 10 i ncl ude every streaner, gun array,
or any auxiliaryvrekgdfenegldtati.on.. Eacll ® sub- syst em i s(9H)en

i nked_by a pathemat|cal, nodel .to define the cqnpl| et : net wor k
Sconfi SLE & coptHicient c, 1s Set. {0/l beequte v iy zaERat &?%agpf thacablast em has its
origi urtiEr gt | e Iats o s e X-axis
al i gngg%\%nrt Eq?\égagg[g? zgm'egtlon, (g%’ mélcaanl e&@%‘r@gbgés\gé%%fyl and 3,
whi | e tdlated txitlke ioverdll gniedtabon lofidhe streamer is redutkdanbénd thy gtateit s 1 and

2. This system noves Wt h, respe to a geodetic . . arfh_systemas -
—-t-he veCeEPr i’eﬁ%‘éﬁ 12 Oﬂ?éﬁ%féglg 0%1?? Weﬁ’n%fsé?mg the direstion ang%e, in F§g| ativel y

short dgi. | e, MMy r ' ' WalWae:)

crror Dif GaEgERredNg b Wl P gRE YRl TS Srdibr AR ) e,
1010 thdrefmrerdomnsist off thecpolyndbmialocreifficients & pthedirestionidngle of dfthecgi on of

t he seism,c spread. ,Sonme of the available,o rvations _are nmade-
relati VaXi% b the strasher coordinateejergngs syste, Sxigit Bfﬁo f

" along witheason,
- anot heyg. IMak gﬁggﬁyfor t he vessel is-defined. The origin
- of t'hfgsg%g‘%chg%l?ﬁgh es th the navi gation reference point. Its

y axi s is alThensumbier lofshatesds bl estithated farevedy rshotpaint depends onand i s
and 5, Jts x a is in.the horizontal plane,, is

Sg :ogﬁ&r%b PERbATG ﬁeaf;s and stregmers shat.ar éﬁilﬁfﬁﬁ&rﬂklgh&u*aﬂ&? aprepte z axis
5!'S as well as depending on the polynomial order of the streamer model. Thus
for a configuration consisting of m1 floats, m2 streamers, and for an n-th
ordef polynomial, the state vector dimensions will be 5+4(m1 + m2) + nm2,
which for a typical spread of two air guns and three streamers becomes forty
elements. The tailbuoys do not form part of the state vector, because they
0 are treated as simple extensions of the streamer, and they serve to provide
- overall orientation and scale control for the cables.

Once the different observation types have been identified and the state
vector parameters explicitly defined, the measurement functional model is
set up in the form of observation equations. The observation equations are

b mathematical representations of the underlying physical and geometric
relations between the measured quantities and the unknown parameters.

The vessel’s geodetic position, being an unknown parameter, is given

by

b=¢+v, (10a)
) A,=A+vV, . (10b)



T

defined to be per pend'i cular to the xy plane upwards.

Finally, % , to est mate the position of any -point on P%gf&”m“ E
streaner, "taki'ng in account its distance fromthe streaner reféerence point,
-a 20 | ocal reference franme for iCh streamer within the spread is
i ntroduced (u,v,z). Each has*ils origin at the head of the first

active section of, the * WD 97/ 50007

PCT/ US9 MBS%H)V, A.v are the unknown ellipsoidal coordinates, ), A are the elSserved
streaner, or any other point of known offset. Its u axis is aligned with

t he ellipsoidal @o6flihatesddf fHtevasabl, v ;| V5 aredtheSmpasirdidest! ar to the u
axi s and pointing to the starboalsbd Side (the right-hand side of a
shi p as msthislsedf the sensor floatrprovided tice ressel’s positdet inbstatedh t hat the
resultant goordingte systemis, 5 - . right-handed. The .u axis is defined
by poi tsutbeientiy farpway fEon he Ravigation referente PoiBl the gbservatigns dog,
eferri : . | 1 . i ghe the
E%er al | ng)flg%Wéég?gémg?%gcgeﬁgbﬂ%}?%g%r%@a% %vpr glleeb%tu IgLlrﬁﬁ)\rll;]é:' N él’glr?l’ %Ig?frll?s 14 to
18, . The viessellssgyird isrelateddbitive tdlocity ofithy eessdl viathdicrabe system
Points 19 to 21 10 ~and points 19 to 20 define the air gun coordinate
system @mglgtas fodlows: 25 and points 23 -to-27 def.ine the streaner
coordi nate system Points 28 to 30 and points 28 to 29 define the
vessel -nount ed | aseppeippiNdipagey system The met hod of thegﬁ: esent
i nvention can acconodate mul ti pl"e vessels, multiple strea )s, and
multiple air guns. 15 Referring nowto Fig. 4, in order to -
i npl enent the Bayes filter, the . . - nmethod of. the present invention
defines the state vector which constitutes.. ... the mni num nunber of
i ndi vi dual determ nabl e paraneters necessary to . describe the
conpete system .In fafe{vcasbIXf eeBl+vgavi gati on networks, the

unknowns consi st of thé ve?s)eT/PgMggsitign, its notions, and the m)pi%n of
each

10 where H is the observed gyro measurement, E is the instantaneous easterly
velocity of the vessel, N is the instantaneous noftherly velocity of the vessel,

¢ is the crab angle of the vessel and vy is the measurement residual of the

gyro and:

v= 2 aZ 12 (133)
[1~¢si(g)]

15 p=—ale) | (13b)
| | [1-e*si(@)F?

2 | :
ez=a2-—b : (13c)
a>

with a as the semi-major axis of the reference ellipsoid and b as the semi-

minor axis of the reference ellipsoid.



20 sub-systemw thin the spread. In the foll ow ng, the unknown.
paraneters are classified by its sub-system '

Vessel WOBWSMOZ are defined to be instantaneous val ues tBCT/H897/08054

el ements where [err], [err] represents the geodetic ellipsoidal coordinates

of the : ship reference poinrtt2{err], [err] represents the

I nst ant aneous velocity of this point 25 and c represents the crab
angl e. The observation! Bguatibne for peasarid disthncescayd aeimpthaase at t ached
to the vessel are included in the state vector. Tow point
positi&N€R@ASe defined as position vectors expressed in XY

coordi nates along with their veI oC| tv conponents X, Y with respect
to their local to 2 . ...conponent is
taken into accouNFy XQ g tr| oze)eﬁctﬁqps Dy the

observati ons V\D 97/ 50007 K 14

PCT/ US97/ 08054 - 10 -

The streamer unknown .paranet-ers for any point on the streamer in

terms of its reference frame is given by: _ _ _ u==1
(9a) - cerr]l[err] + clerr]lferr] + ......... +
c[err]l[err] l[(X"X)/( ('é’t); ‘J The coefficient c[err](1® set to

nul | because v is zero at the head of t he cabl e where | is equal
to zero. Furthernore, the coefficient c[err] which is directly
related to the overal | orientation of the streaner is redundant i n*the

state because the or| nt ation, of _th % sy em the
5di recthﬁr%l%Kear LPle‘S ting componends of stafiensibapg J J.le’ nown in the

system,, ﬂ:.ﬂfnsé Efﬁ?&?@n?ﬁwgﬁt%t Izle?nd g%éifrﬁfe%% k4 Qﬁ’c SbmPbnbhts pe! ynoni a

coeffi’Cien on a ’err] of tR vV axis, and
t he ststasions icaxnd ¢j Dgtie the messured slistarwe detyean XYahammngnWﬁ, A is

the measured or reduced azimuth between stations i and j; vpy; and v, are

the residuals of the measurement residuals of the distance and azimuth
D respectively. The Cartesian coordinates of the stations i an dj are expressed .
. in a different form in accordance to their referenced sub-system. Three

different cases are considered. If a station i is a point on the vessel then:

X,=xcos(H)+ysin(H) - '
Y,=-xsin(H)+ycos(H) : (16)

where x,y are the coordinates of the device fixed on the vessel;H is the

-y

vessel’'s heading. Given that the vessel's heading H is not considered to be
unknown in the system, it is substituted in equation (16) as:

H=tan""[vcos($ JM/pd,]+c | 1n

so that the observation relates only to the unknown parameters. Similarly, if
a station { is a device on a float array, the observation is first corrected to

) the center of the array using équations 16 and 17. In this case, the



its velocity conmponents XY. The nunber of states to be
estimate £ry shot poi nt depends on t he nung IlBW(HD?@tS and
strearrer?v{)%zg&gre utilized throughout the spread 15 ase'i‘we ?

dependi ng on the polynom al order of tlge streaner nodel. Thus for
a configuration COﬂSIStI ng of m fl oaf n2 streamers, and for an n-th

d | ne,
01 et PO ah oS SRS i S50 Shal IUEIIAR L B oP H Yottt
forty  and also th@l :@ﬁ@rﬁﬁﬁmﬂé@ ihaddudifrs lé%rﬂ%féﬁémtﬁiﬁyt tH nbhEnst at e

vector, because they are treated as sinple exténsions of the
st rearreroﬁ'sabsjofﬂwdsmeneaslmed\/ﬁrdm its center. If a\adatioh isranynpeintof aand scal e

control for the .ables ethe |fferen servation

Cypes. haveamReR, hEer i SFPEFRP Kindisrosrdina Kies 23 fugtimmpt Olg'a ers
plicit,{m?%grqgs R8tiBRAS giwdeBy; functional nodel is : . set up in

e'?ﬁe formo obsérvaﬁlon equatrons g’The observation equations are 25

mat hemati cal representations of the underlying physical- and geonetric

rel ati ons between the neasured quantities and the unknown paraneters.

The vessel's geodetic position, belmS an unknown paranmeter, is given

by )(:Eﬂ’; J»lEokfFQ]‘f F? !’i]sln\(fxe)r rl,

(10a) 30
( 10b) WD 97/ 50007
PCT/ US97/ 08054 11 -

where [err], [err]I,ar_eythfsmngl[éqk])ésgtd)oordr nat es, [err] [err] are

t he observed
(18)

where X,,Y, are the Cartesian coordinates of the streamer’s reference point in-
the XY coordinate system; a is the instantaneous orientation of the streamer :
coordinate system (u,v); c, are the polynomial coefficients; » is the order of
10 the polynomial; and [ is the offset of the station i from the streamer’s
reference point.
For any float being towed by the vessel, except tailbuoys, observation

equations are as follows:

¢, + _IQ = A’f * Vo (19a)
P
15 A" vco:(¢,) l ) (19b)

where X, ,Y; are the unknown Cartesian coordinates of the float; ¢, , A, are
the unknown ellipsoidal coordinates of the vessel; ¢, A; are the observed

geodetic coordinates of the float; and v, v,; are the measurement residuals.



el | i psoi dal coordinates of the vessel, and V[err], V[ferr] are the . ‘
measur enent residuals. If the sensor that provided the vessel's”

posi ti oW 87/5088at ed sufficiently far away fromRCRUSROBAFL i On
reference point, the observations to 5. " this point are corrected by
t he formul ae given in equations 16,- 14~ and 19. - The

vessel 's gyro is related to the velocity of the 'vessel via the crab

angl e Thekeleg@sions are based on the assumption tha [thérﬂadms of curvature in
[[err]/[err]]+c=Htv|[er é (11)
t an[ er the phang phthe meridianpernd the primp sertical v throughout the(sprpad 10

Vel oci Py° BabRb S PREE St e QPRI e SRkt o7 hor v vel oci 1y of the’

vessel, For tailbuoy ;sdsm@ﬁ@ttharwserﬁndmeqwﬁ&@é a?@aeﬁbeardxa ithel he
measur enent resi dual gyro and: %
b=[ er r ] streamer parameters as ( 13a) 15
[err]=[err] . : (13b)
e[er.r] = [err] Y,-lsin(arglql*lc«(a) (13c)(20a)

¢v+ A =¢‘b_+v.¢“ L o _ .

x+rcos(¢)+2[=.1‘1m(¢) e e
At Ty =A,* v¢ (20b)

where ¢, , Ay, are the tailbuoy measured geodetic coordinates, and v b o U
b are the measurement residuals.
J The observation equation for a compass of offset [, measured from the

streamer reference point, is given as follows:

«-[tan"N(dv/du)+/2}=B,, +v,,.. | (21)

where « is the instantaneous orientation of the streamer coordinate

system(u,v), B, is the observed compass bearing; v g, is the

e

measurement remdual, and

u.|5.

-E frcg® 1] (22)

k=2



-

wrth a.as the sem -mgjor axis of the reference ellipsoid and b as the sem -

QC[I]'?[JSS);} gvégé.,ﬁok]@, reference el lipsoid. WO 9711@99%2,208054.

The observation equations for neasur e_dlgi_stances and azinmuths are
gi ven as: [err] - o
(14) . 15 ) xgﬂs% X;err X,errl, are the
cast i ng TBESSMRRRSS Shecryaiipnn arf Fudesd ta phe gpid oslrs pitopburdting théh

nor t hi noitePRNERESING pidcats. oTisiis Wdthel by éiretting £hemPfof thBgnbAE Ot
conponents of stations i and j; Derr] is the neasured distance

bet ween dedinatien ianshgrid converggncesaccording fotihe folawimg equationtiuced azi nut h
between stations i and j; VD[ err] and v[err] are t he residual s of

t he measurement residuals of the distance and azinuth 10 respectively.

The Cartesian coor ¢§ natesg qf nidregetial i bn@N dj are expressed in
a different formi n%cordanced’gtgo t heir r’g?grenced sub- system Thré%m

5 Therefore, combining equations (21), (22), and (23), the complete form is:

o —[tan"(z [ke] k- +§] -magdecl-gridconv=B+v, (24)
k=2

An advantage of the present invention is that the magnetic declination can.
be placed in the state vector, and recovered from the measurement along
with all of the other parameters.

10 Referring now to Fig. 5, showing the method of the present invention,
step 31 is the initialization. In step 32, the user is presented with the choice
of filter type to be used in processing the data. In step 33, data acquired
from the various navigational devices are logged into the computer system.
In step 34, the new navigation data’s state vector and its covariance matrix

15 is tfansitioned to the next time event, based entirely on the dynamic model.

The transition equations are given as:
x(-)=M,_yx; ,(+)
C(-)=M_,C,; "')M;T—l +

z;—lcgi—lzil (25)

where i denotes the current time event, x represents the state vector, C, is
the covariance matrix of the state vector, M is the transition matrix; C; is
20 the covariance matrix of the driving noise for forcing function g that

represents the dynamic inodel, g is the vector quantities which cause the



different cases are considered. If a stationi is a point on the vessel -

t hen:. ' X[ err]-=xcos(H)+ysin(H) '

Y[ err |wo97s800m( H) +ycos(H) PCT/USI708054

where x,y are the coordinates of the device fixed on the vessel;His the
vessel's heading. Gven that the wdfsel's heading His not considered to be
unknown in the system it is substituted in equation (16) as:

H = tayranid modes ¢6 berihtdrreed,/drel T)ib Ccoefficient matrix chosen §dch that
so that the observation relates only to the unknown parameters. Simlarly,

it T, represents she edfect pEgpnithe statevegtar oat array, the observation is
{175t SO RCLad 88 tne predictehlVoshIE oy hmbilfidhd B S WlhcEAURt 1 0NS 16 and

I n thi

PCT/ $B3é+0386ds and their associated covariance matrix are cpmﬁuted as: 13 -
orientation of the device is assuned to coincide-with that -of the vessel's

gyro, and al so the xy coordinates in equation 16 are referred to by:
t he nom nal of fsets of the device neasured fromits center. If a
station is any poi M(nb%.-'Ax.(—)strearrer, in order to express Xerr],
Y[err] coordinates &S$ a funct?oh of gply the ' | |

where C, is the covariance matrix of the measured observatidns; Ais the
design matrix that represents the geometric and physical relationship
between the measured quantitiés and the unknowns. '
The predicted residuals are -comp_uted. from the.diﬁ'erence between the
) _measu'rements at a particular time and the measured quantities computed
from the predicted state of the system. In step 36, the innovations are
statistically and iteratively examined in order to reject outlying observations.
The éymbols (-) and (+) following a vector or matrix denote the values of that -
vector or matrix at the instance in time before and after the measurement
) update, respectively.
In step 37, the design matrix and the weight matrix are computed.
Due to the complex nature of most of the observation equations, the design
matrix is never derived in an analyticé.l way. The elements of the matrix are
computed numerically. .
) Referring to Fig. 6, the design matrix for the i-observation, for a
configuration of one float and one streamer and m-obsevation equations is

given. The elements of the design matrix for the i-observation are as follows:



unknowns, its equation is given by:

'X[err.] —#errl}sﬂ cos([err])+[err] [c[err]l[err]]sin([err])

Y[err]= Zi n([err])+[err] [c[err]l[err]]cos([err]) PCT/US97/08054
(18) where Xl err], Y[ err] are the Cartesian coordi nates of the
streaner's reference point in - 17t-he XY coordinate system [err] is
t he instantaneous orientation of the streaner coordi nate system
(uv); ck are the pon coefficien is the order of 10 t he
pol ynom al ; and | Qgrg‘?)set of th_eagtﬁipqn i fromthe streaner's
reference poi nt . 11 T ar 2y Iég{at *bei ng towed by the vessel,
except tail buoys, obser on lons are as follows: [err]
.(19a) 15
(19b) 4 =8Fi(x)

i3

0P - ) | @7

where F, (x) is the raw non-linear observation equation of the i-measurment,

and x is the state vector. Once an observation i becomes available, the state
‘vector solution from the previous equatlon is nsed to compute the value of
the observed data at time j, denoted by F; (x);. Thus, in order to compute the
elements of the design matrix numerically, the quantity F; (x + &x)is
computed rec:ursively for every single element of the state vector. &x denotes
small changes in the system states. Finally, the element A, of the design
 matrix for the k element of the state vector with respect to i-observation is

given as:

Fioe,8%) ~F(op),

ik= 5
X
k (28)

. Referring again to Fig. 5, in step 38 the gain matrix is computed by:

CAN=C LN +4,Crl 4] ' (29)

where K is the gain matrix which controls the amount of the predicted state
and its associated covariance matrix as affected by the measurements.
Those skilled in the art will appreciate that the above is less complex in
solving for the gain matrix as compared to a standard Kalman gain matrix

manipulation, whereby it is computed as:



where Xf ,Yf are the unknown Cartesian coordinates of the float;.[err

[err] are ~ the unknown .ellipsoi dal coordinates of the vessel . '
wd ®sobo7 [err] are the observed geodet i c paTaIss?/oR0Ses of the float';' L

and v[err], v[err] are the neasurenent residuals. WO 97/50007 :

PCT/ US97/ 08054 -i8 - - 14 - These equations are;

based on the assunption that the radius of curvature in the plane of the=
meridian [err], and the prinme vertical v throughout the spread are equal”

those for the reference navigation point. For tail buoy positions, t he -=_:'_':
observafion ecge‘a% qare derived via the streaner parapgters as: [err]... - .
KGOk A Gapér [err] are the tail buoy measured YEddetic o

coordl nat es, and v[err] u[err] are the neasurenment residuals.

It is important to realise that for any one cycle of the filter the only
conversion occurs in the computation of the gain matrix when it is necessary

to invert:
PN -
AC, (HAT+W,

This matrix will have a s1ze equal to the number of observatlons in the new

measurement model

In step 39, followmg the computatlon of the ga.m matnx the

provxsmnal state vector correctlons are computed as:

2f=£()+G [l -comp(f:‘ E (+))-af4k-l(xi(-).fik-l(+))] - (31)

where 5_A*! is the Jacobean matrix of the design matrix A ;** computed
for the k-1 iteration; 1, -comp(x** (+)) is the ‘observed - computed’ vector b %™
in steps 40, 41, and 42, the gain matrix is computed iteratively while

apdating the innovations and its covariance matrix as follows:
Vi(—).":bi—Aixi( -)
_ ' T
Co(-)=Cy*4,C ()4,

(32)

In step 43 the coordinates of the hydrophone groups are computed
asing equations 18, whereas the coordinates of the center of the floats are o
states in the system (no further computations are required). In step 44, the | _'
somputer completes the cycle of shooting the air guns, collecting the data, |
and computing the locations of the air guns and hydrophones. In step 45,
the quality of the computed locations is determined. |




The observation equation for a conpass of offset 1, neasured fromthe

“streaner e point, is given as follows:

[err] [té“?ﬁgﬁﬁﬂﬁvldu)+[err]/2] =Bl err] +v[err] _ PCT/US97R8054
(21) where [err] is the |nstantaneo§ orientation of the streaner

coordi nate systen(u,v), Blerr] is t he 18ser ved conpass beari ng; v[err] IS

t he measuremerh residual, and [err] 12 WO
97/ 50007 e foregoing description 1s d:rected to a particular embodlmgQg-ptjggq / 08054

15 - Yentm){x foxr'n ﬁ@&sﬁgﬁgﬁsﬁ}&; tgﬁoﬁ[a%%rﬁfolﬂp ?t SR B %ﬁ%ntto Pevaf i) before

|ncorpora ering ess |s VIS Yone by

corr ectiong slﬁﬁadfmrt}mteﬁhat many modxﬁcdaohs ramrd cimmgui torthé conver gence
.according to _the foll owing equati Blerr] =B +..

mag_ dec lembedimentoses forth above are possxble withogt departing from the scope
5 and spirit of the invention. It is intended that the following claims be

interpreted to embrace all such modifications and changes. -



5 Therefore, conbining equations (21), (22), and (23), the conplete
formis: . [err] [tan[err]([err] [kc[err]l[err]]
+[err]]W%'g@9%'4 grl dcony B+v[err] (24) @W%M%age of
the present ivvention is that the magnetic declination can

placed in the state vector, and reco2@red from
with all of the other pararreters. 10 to Flg 5,
showi ng the nethod of the present Chaiaasi on, I,ml, m&m& mjs the
initializatjon. In_step 32, the user is presente

of fil| Whatiplaieddsiused in processing the data. In step 33,. data acquired

fromthe vagi ous zn ‘ﬁgﬁ system
1 step 34, it he #e%éﬁggfﬁgggl 0 %Ca ‘%’["'{éﬁvec%lr Oﬁrﬂfgy%u Ln?%rslce
2mat r i xwithin a seismicrspread hitflézing @ hhmgaeboh ﬁeﬂmﬁﬂmﬁng oplkatality ofel y on

4% 2: : % %‘%‘{t} tﬂe]eéﬁgeg'v&%ﬁé clmsmtmg of magnetic beanng§ %sed to derive

the dynam c nodel The tlr |t|?n equations are _given as:
3x[ er r | Stationse the w@pk]prgpémg a plurality of navigation observations, a

wher e

5i denoflas hiyifophtneications, ﬁ)eﬁiethddrceﬁf;ﬂ'isiﬂg&héfseeﬁst@ﬂe vector, Cerr] is

the covarl ance matri x of the state vector, Mis the transition matrlx

6errpis 200 ¢ 't Fe obtRining et afabsereationscfram thegetioace epeh f or ci ng

Taaant| gpeg that = observatiiBERE bt BY Usfng'BARgatidn' dedilils voCt Of

-0 W ®

o

oW

whose origin system 1 moves 1ndependent of the navigation

"""  reference point; and

d. forming a design matrix wherein the magnetic bearings

are modeled based on the equation:

. n .
a-{tan”'(}" [keJ* ] +2)-magdecl-gridconv=B+v,
=

2. The method of claim 1, before the step of forming a design

matrix, further comprising the step of transitioning new data to event time.

3. The method of claim 2, after the transitioning step, and before
the step of forming a design matrix, further comprising the step of
computing innovations to the measurements and discarding outlying

observations,.

4, The method of claim 3, after the step of forming a design
matrix, further comprising the step of solving for a state vector to yield the
locations of the air guns and the hydrophones.
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16 nam ¢- m)del corriect and Tis a co ici trix
chosen SUCWQWQP% T[err] represents the effect of g og’kf’hg’f/{;ﬁﬁga

vect or. ~In step 35, the predicted residuals or innovations to

t he neasured observations and tHdiT associ ated covariance matrix are
conput ed as: vierr]=b rr] A[erlﬂx[err]h--) . (26)
Clerr] (- ) =] erf-] +A[ Ehe pagthod of olpim 4, after theyjepofapbiipg for a sateovari ance

b coentetite TN .H?Pﬂ £ ften o cobuftng pelisbii§ ol pPRadiRd | 0

megsur ed {tiés.es and t he unknowns The predicted residuals
are conputed fromthe difference between the 10 = neasurenents at a
particul ar time and the nmeasured quantities corrput ed fromthe

icted state of fhe - I L panQvati ons Jar.e
lgt Istically ind | 3@?@?@%&&%%@%&3%%% bfgﬁ' %fmgf}pﬁ;o%‘ones
obg;er vat iiAn$ navigation hBfwadiradilizing h s¥bf obbeivaltiond ditatnebfrlonh tRe Matri x
denote the val ues of that vector or matrix at the |nstance_|n time

be¥ or e amvagmpntneéwnshsﬂreemthﬂsompns;paethe stepssplctivel y.
In, step 37, the,desj Ta n e, wej qetrix are conputed. -
to the coRﬁ? ex g?ﬁ’rqg“ !?dBP %Bé%‘?%/eém on equations, the design

5 ' (b) computing innovations to the measurements and discarding
6 outlying observations; )
7 ' (e ' _' formmg design and stochastic models;
8 (d) solving for the .state vector; and
9 (e) computing reliability and precision quantities.
1 7. A method of processing datal from a Inoving navigation network
2 having a source point, a plurality of hydrophone points and a plurality of
3 stations, the method comprising:
4 (a) obtaining a set of observations from the network, each
5 observation being obtained by using navigation devices whose
6 origin system moves independent of the navigation reference
7 point; '
8 (b)  transition of new data to event time;
9 (c) coinputing innovations to the measufements and discarding
10 outliers;
11 (d) forming design and stochastic models;
12 (e)  solving for the state vector to yield source and hydrophone
13 locations directly; and
14 §3) computing reliability and precision quantities.
1 8. A method of computing the location of air guns and hydrophones
2 within a seismic spread utilizing a navigation network having a plurality of

3 stations, the network prbviding a plurality of navigation observations, a



matrix i s never derived in an ' The el enments of the matrix :
are _ conput ed nuneri cal Ug‘l mi" "m\nIIIRef erring to Fig. 6, the
desi gn Wat7i58007or t he i - obser 'L * conf i gRCBAUISYT08054 One

fl oat and one streaner and m obsevation equations is given. The
el enents of the design matrix for R -observation are as follows:
WO 97/ 50007 ’ PCT/ US97/ 08054

4 - 17 -ndmbey of the observations consisting of niagnetic bearings used td dedive

wher e rr] (x) ig the raw non-|inear observation equation of the
5 - rrea§EL§§ﬁir,°Pﬁ°ne i°"a"“’1¥ﬁﬂél & methodcomprisingdhessterooe an observation i

becones avaii abl . lution fromthe previous
6 equation i Shhse ttghggﬁ%%te?%%bs\?gﬁ%o%ﬁe%% the n'“e'hs{ r b"s%‘?’]\/ed data at tine"

7j, denoted by Flobselvdtion beirlg obtaited by Wife habiEas UbPickh Whose
el ements of the design matrix nuperical - the quantity Flerr] (x +

|
Blerr]x)[err] isongn SYS%@MH@%@&W&/@?@ savigedion véfergrcee| enent of

gt he state vectorpoiﬁﬁrr] X denot es
) (b) tramsitioning new data to event time;
t - {¢) ~ computing innovations to the measurements and discardixig
2 ~ outlying observations; and
3 (@ forming a design matrix wherein the elements of the design
I S - matrix for the ith observation are determined by the following
3 equations: ' '
OF (x) OF (x)
0= At
o oA
_OF )
i3~

; o

where F; (x) is the raw non-linear observation equation of the i-

measurment, and x is the state vector.



smal |l changes in the systemstates. Finally, the elenent Alerr] of the
design - matrix for the k el ement--of -the state vector wth rgspect
to ‘i -obsem@®1/$9807 s 10 gi ven as: PCT/USH7/0805
Flerr](x[err]+[err]x[err])[err] -F[err](x[err])[err]

Al k= : 1/6[err]x[err]

(28) Referring again-to Fig. 5, in step 38 the gain matrix
is conputed by '

Clerr](+) [(C[er]( ))[err]+Alerr]Cerr]Al][err] where Ki is the
gain matrix which controls the anount of the predicked state 15 and
its associated covariance matrix as affected by asurenents.

Those skilled in the art will appreciate that the)a b,cye is less conmplex in --
solving for the gain matrix as conpared to a standar@ Kal man gain matrix,
mani pul ati on, whereby it is conputed as: - WO 97/}50007 .
PCT/U897/08054 Klerr]=Cerr](-)Alerr]err](-)Allerr]+Werr]][err]
(30) - . - -

Fig. 1
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It is inportant to realise that for any one cycle of the filter the only,

conversio C In the conputation of the gain matrix wheg b}l
oL S Berfoshinges

necessary Alerptdferr] (-)Alerr]+W

matrix will have a size equal to the nunber of observations in the new
measur enent nodel . In step 39, follow ng the. conputation of the-gain
matrix, the provisional state vector corrections are conputed as: [err]
where [err] [err] is the Jacobean matri h esign matrix A[err]
conmputed for the k- 1§1erat|m1,gg@ r]_=c X[ r ' observed -
conput ed' vector P% . [nisteps g0, 41} agd 42, the gain '

conputed iterati vé )s.mlm +~e—-uﬁd&t«+ ARGt he—»r—# noBasisphs--an °I %swcwaw?a
matrix as foll ows:e v[err]i( t[err] [err]:x[err]

(32) i’:[ér"r](-): edR{ FA[ e[ r] eir]ist')"A err] N M step 43
t he coordinates off tsagi-hydroghont. Bioups. arelc uted.. uszmgﬁﬁ” s 18
wher eas the coordigatep of the centg f hezfmts are stat'els he :
‘system (no further§ c BTt ETTaHS a7 8 requ g step 44 the €0 ter
conpl etes the cycle sgklshootiing theli air gu ns £ la:.a.,_rﬂ and
conputing the | ocation® of tBe air Huns afd hydréphonesp In skep 45,4 the

+

14

guality aof the conputed | ocesblengh®m) det er m ned. cable leagth (Km) o,
" 56, lv. order: 3 56 poly. order: 4
S 55.5 £2 ;'j 555 ’
g 55 N § ssl-
- ° H
g 54.5 2 }L‘_/ - g 5455 3 -.é.
s 54 :
E : g 5
ity o 2 s 393 3 2 4
cable length (Kro) cable length (Kom)
56, g_o_!x g_'de_e,g- 1 f- 56 gt_:_lx. order: 6

ry
n
D
H
{
H
1
[+
ta

compass reading (deg)
2 & a

., :
compass reading (deg)

2 .,

ih

- Fome g e .7 § S .........: wnre : y
i i
832 0 2 s 25 0 2 4
cable length (Km)- cable length (Km)
$5 ml_y order: 7 58 iy, order; 8
) R :
é 555 .\ . ........‘ é L7 T ..,;.................E......... e o ceed
0 b § .
% 55 \,\’ J— 'é 1.3 M- .........;
B 345 : \a"\( a 35 "\
E‘ 54 . : “1' >0 sased § 54 b « 1 -::-. " s sere vevasund
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- 19- The foregoing description is directed t, icul ar
enbodi nment WES7{SAW7 invention for illustration and extﬁ'?:a’?]%@?{‘)’%d?% t

w || be apparent, however, to one skilled in the art that many
nodi fications and changes to the - 3/ enbodinent set forth above are
possi bl e wi thout departing fromthe scope 5 and spirit of the
invention. It is intended that the follow ng clains be i nterpreted
to enbrace all such nodifications and changes. WO 97/ 50007
PCT/'US97/ 08054 - 20 -

d ai ns What is clainmed is: 1 1. A net hod of conputing -
the location of air guns and hydrophones 2 within a seismc spread
utilizing a navigation network havipg a plyral ity of 3 stations, the
network providing a plurality of nawisgati osgbservati ons, a-4 nunber
of. the observati ons consi sting of xipynetic arings used to derive 5

t he hydrophone | ocations, the net horrpri sing the steps of: 6

C. - obtaining a set of observation ‘ Qm §he network, each 7

observati on bei ng obtai ned by usimg "ﬁ dewi ces

)
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8
navi gation_9

whose origin system noves independent of the

ref erence point; and 10 v

d. - forni MP¥/98% gn natrix wherein the magnetic bearings FCT/USI7/08054
are nodel ed based on the equation:
nethod of claim1, before the step of jpgming a design 2 matri X,
further conprising the step of transitioning new data to event tine.

3. The net hod of claim 2,

[err] 1 2. The

after the transitioning, step, and before

the step gf Torgang afdesign matrix, further conprising tgg step of
conputi ng {i nnovgtions to t he measurenments f|nd di scardi ng gutlying
observatiqgns,. s 4. The nef hod of cIa|n13 after the step
of .form nd a design matri x, furthey conprising thebstep of sol ving
for a statje vecEor tojlyield the | ofations of the g r guns and the
hydr ophonds. L WO 97/ 50007 c
PCT/ US97/ Q8054
o L Xy
1 e
1 G Za
I 2
F N
L
0
A
T 0
3 -
ml G ¥hl
I Yo
N
0 X,
¥ Yal
G 1
1 a1
N
S
1 ORIENT «
.
c c
R (138
. g a1l
B P al)
A
M
o Xz
E r Yo
G
R I Y.-z
N
m2 " ORIENT «
c C
o o]
F Cun

Fig. 4

SUBSTITUTE SHEET (RULE 26)




- 21 .-,
iﬁ%h??nfg"{vaa?’%bﬁf?.

A nmet hod of determ

5. The nethod of claim4, after the step of

vector, further conprising the
ty and precision 3 guantities. ﬁ?fﬁﬁé%o

ng the location of gig guns and hydrophones

8054

a navigation network utilizing a set of observations - obtained fron1the

navi gati on netmorHT—TgﬁggEEUUd-cgqprlS|ng the steps of: 4
transitioni ng newdat entl tines 5 (b) ciﬁputin

in
3

i nnovations to the

out | yi ng observati ons;

nodel s; 8

(e) conputing reli

3 : st at §

point; 8

measugenents and di scarding 6 Camptude gain

(c) forming deslgn_gnast och

g

38
sti

solving for the state vector; an{f 9

roma novi ng navi gat“on Nt Wor 2

7
38

nt e rallty of hydrophr-- B
- - v obtaln

transition of phew data to'eve

(c) conputing i njovinilontoried fjlag neasurepents and dis,
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: dototmed) | forning debi gn and stochamms
(e) solving for the stage vector to yiel j source and PRy ]

|ty
I ng

obser vat

| ocati ons dir gectiys

precision quantiti

rc 1L v — (f comput i ng relia"lity al

nnovation 3s
alament nil posifion & precidon

38
C Sl «

s _ N

Form

Design matixrow |37 Cbnpma'
Weight mahix row ance elses

45

E————-———d

a)

¢

of

3

I on

Fig. §

SUBSTITUTE SHEET (RULE 26)



1 8. A met hod of conputing the location of air guns and

hydr ophones 2 within a seismc spread utilizing a navi-gation nefwork’
havi ng a pworsaisoaoy of 3 stations, the network providi RETASETAR03 ity
of navi gation observations, a WO 97/ 50007

PCT/ US97/ 08054 6/6 -22 - 4

nunber of the observations conS|st|ng of magnetic bearings used to derive
5 t he hydrophone | ocations, th gﬁﬁbﬁ?ﬁﬁngIng the steps of: 6
(a) obt ai ning a set of observations wor k, each 7
observati on bei ng obtai ned by using navigation devices whose 8
origin system noves independent of the navigation reference 9

poi nt ; b) t r angdg i ofi Ng new dat a gggﬁiggkgbine; 1

(c) conputing.?%%%%a ions to e!ggasurenents an I'S ihg 2
outlyi ng observations; and 3 ' (d) formng a design matrix
wherein the el enents oI the design .4, .matrix for the ith

observation are ¢gletr npnedl be}h]é f)9| Ilpvm ngX5 ¥, X Y o ¢ .. cequations:
[err] "

Bi Au AD ‘413 AM Al.f ‘4!6 Aﬂ AB Aﬂ Aao AIH AHJ Au: AIM Alll{i
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where FLerr] (x) is the raw non-1inear observat I on equat I on of te I -

measul -and x is the state vector. P o
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(1)) Abstra_ct

A method of computing the location
of air guns and hydrophones within a seis-
mic spread wutilizes a navigation network
having a plurality of stations. The network
provides a plurality of navigation observa-
tions. A number of the cbservations consist
of magnetic bearings which are used to de-
rive the hydrophone locations. The method
includes the steps of: a) obtaining a set of
observations from the network, each obser-
vation being obtained by using navigation
devices whose origin system moves inde-
pendent of the navigation reference point;
-| and b) forming a design matrix wherein the

magnetic bearings are modeled based on the
equation (I).

«-[lm"(g fke*™") +§]~mgdccl~grldconv-ﬂ+v, m




