4
spectrum of C(t)
[err]
The inversion of
to be by inducti
N

Consi dering the

different rel a-

del ays on the N
respectively, eq
may be sinpli@he

illustrated i®fiFig
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spaci ng d betgge
adj acent el erngfp
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spatial |y sepad at W

1, 059, 448

[err](f)=auto-power spectrumof Rerr](t)

matri x equation (1)

on [err]

then the power spectra in equation (1) be-___ _come .
S fQund [err]

10 n=1, 2,

IS necessary is that the desired and undesired

pl ane wave case where S(t)

and C(t r
channel s o?éwggge

uation (3)
d. S

/.f %

f

signals to be separated have

Wi ] al tive
SEEQFMQ%!QI‘%M Vierr],
array i PRAEINGSALHAEHEP r andom noi se. For
pl ane wave. propagati (59,448
N\ FIg. 2 shows the geonetry of an N '
Nt Datvef &fiptiatdnaind filing Gunptetel Spauifentiona Orta3f, W&di ng a
M\ erNo. €p1843ent hori zont al

2 a nipbleation @nald im Usited Statacof A@ericp(dlo. 2841 Bparraze 30, 1962.
af I Apmplae Spedifbtd Publishido Fdbe22eLpdl.- spaced al t hough

i NI Crobo Copyrepht, 1985

el e-

vel ocities,

it need not be.

Pl ane

[err] (f)=aut o- power

30

this

waves S(t) and C(t NEgFpogrNe node of propagation is uninportant since 20

i ng apparent horizontal velocities V[err] and V[err], all that is required
are signals Haderrig adicppase enii¢ DGIGLeG ek R \@By G3Br&AeCTRri al | y shown
propagati ng Imelati-geidel ays on the N channels. There may across the N

el enent array. The delays [err] a%MPfE”i‘lf‘?sﬁfﬁ%?éA%?ﬂn the different

rel ative del ays [err] .now becone: . . are,

i nconsi stent with eit héYlethosand,Apparatus bg)Lmear Processing ¢f3eigmicn-

1)d/ V[err] poi nt sourc #fopagation, but this is imm-
25 : [ er r [wd, reetasd ind@MEdTs INCORPORATED,  These prior tech@lfiied| hodéeQrddi @ t o

this invention. of 13500 North ChreraivBxpedsswyy, 2atlas) e gossessi the) cap @ity ofloperdtingtin an opti-

Equati on (3) si F}iaf,i'(ggte 6tates of America, a corpora- mum mgagner over the entire frequency range

N+1 1011[h§rFa zed and existing under the laws of the desired seismic signal, That is, these 40
] 5 of Stdte of Delaware, United States of techniquesd;erform ell over a limited fre-

Wener result, anglerfaydoi@redppdciafetthé Mivdntiér #b quency range but are only partially success-

sumed out put si wbieh w¢ piay thapameent ey &t |granted fft{ldsmce the Cfie?red seismic ¥gnakinflfdey 2 | n

i . wide range of frequencies.
practice; for mo According to, this. invention

factor can prgpa

equation (4) may

oS e ,M%QY hich it is to be
e, By L

[¥his invention relates generally to seis-
mology and seismic prospecting and more
particularly to linear processing of seismic

brocessi-ng. sef

desired signals having different apparent velo-
cities and overlapping frequency and wave

hod of 45
o Bl bt BUAL 26 Of

pecting data for separating desired and un--

data. number spectra, includes the steps of: 50

15 In geophysical prospecting, it is common
practice to use an array of seismometers ¢o {a) generating a plurality of different seis-
detect the seismic disturbance from an explo- mic signal traces,
sion detonated at or below the surface of the (b) modifying the said plurality of seismic
earth. Sometimes the seismometer outputs are traces each in a manner different from

20 summed to produce a composite trace for any other trace by relatively weighting 55
enhancing the seismic signal containing sub- and time shifting the traces as a function
surface structure information, the purpose of desired signal frequency, the time
being to give prominence to the important shifts and weights for one of the said
features of the received seismic signal and traces being’ c?ependent upon the un-

25 reduce or remove those undesired features desired signal in at least one other of 60
which obscure the important parts of the the said traces to which weights and
signal, In the past, both direct and weighted time shifts are applied,
summations of secismometer array outputs . .
have been used along with frequency filtering ~ (¢) 2nd _;iheteafter summling ;H of dﬂ:f §a1g

30 applied to the sum output according to single rx_:odxl ed (tiraces to pas}s] t e.(sjal desgre i 65
channel Weiner least mean square error s;gnal and suppress the said undesire
theory. Also, spegial array geometries have signal. ]
been used in an attempt to enhance the seismic For example, the method may include the
data, Additionally, narrow band pass fre- stéps of:” ) )

35 quency filters have been used prior to sum- (a) generating a plurality N of different
mation. seismic signal traces, 70

[SLO+NL(D), . . .. SO+ N, . . .+ Sx()+ N0,
(b) modifying the said N traces by rela- as a function of frequency, the modify-
tively weighting and time delaying them ing operator Y(f) for the ith trace 75

[Price 4s. 6d.}



simplified if it is examned in parts. to [err] Thus,

when 60 First consider the case where the coherent noi se power
[err](f) is zero, and the signal S(t) 50 is to be recovered in the
presence of random no coherent noise power is present, the best noi se
al one. The equation then becones | i near processor for an N channel
array sinply ) time shifts the
outputs of the array el ements d

to |4ne up the signal before sui®#§. and then | a_frequency

filter may Pl | red, 65
(5) tot hg?&;&& i)og}%(:puamf( FIEXDI o t arﬂ}“ﬁg%ﬁé,‘ﬁéjh E;éuf_l:]: ‘I{?s;‘fg signal is tion

bet ween théme)}Ne[ISuS)ﬂEMlt(ﬁ)H @lhe sig leummm the said modxﬁed races 10

and that,  of .the r m noi se. Thi Spﬁﬂhba%al ©dte whith &I thP bt &tiat BS” that t he
si gnal Yher %g éfﬂ‘ ﬁg{ﬁ?ﬂd Rier is npreedethet said desired( dignaloin thhe N traces
shoulsd be Isgﬁh%d r p Mtween ﬁ' tinme %‘ﬁ e ﬁ‘?’afem and filtering .70
t he out put amb fihost Ehle sesmneeerthanh Phct or [err]

e P b e R B

1, 0590 448 mometer channels (i=1 to N, j=1 to (a) generating a plurality of dlﬁefEHd telspl i ed by
[err] (f) i Mrodukethe apsified egsnpmeted e inisgdnhl towts. This is clear when it is

recal | ed shifts such that wh\en the filtered traces are that said term
in the nurrerator WUt i on - S ¥hied; - tHETbHdr ent noise will try to

Cancgg )mddﬁw cach[gf”h]e said seis: <h| S(c?"a ﬁ-&ltﬂé e%'ﬂumycjcdin % 185" f&'Ct in the
pl ane is asiﬁmsaga bflyfiC relafl® Sight @hd MANY of Bfixhe said Rhannels ageicPf random

noi se. The tmersmfts tmttxehwd tzm,tia¢ toyd l'ITDVI n pimanepanaedesisnlc waesi ads fre- 10
denoni nat orfYPRPREFHT | Bl ﬁ‘(}!t Bip Jt ‘hFG me | U%??&ﬂ $es\ﬂ@/el engt hs and
directions “and &'A, 7 g SR on |rg£ jeiTTelto i r. Ve hg conpl ex
not aBé on mymb}e:n&r,@f;t—;tre.mf)]aS{Sk,(f)} cancel | agd on process I'n’ order to

eval uat wherd)8:(Pesnfl N I’FGQE thyf cross-power (d) summing the sdi€dollified tradef1@ Processor, it

i's conveni “"1@’ F dl d&‘ﬁ/e cagpess tho said dewirddhyignal esipomger of the array
as a funct iy malsg( ‘#feréﬂﬁgt&giv{g;rsﬁm,@nd apisaridnindesifedetignalk i s the vector -wave

numb@% and ohals desiged s:gnall"llﬁfWeékOﬂtddth V\Ia\AepmssbedtcoKimg to the mvetmon for 50 a

magni t ude ah Gtg%?%lhe a@ fh;olto %@1 and sels:g{ %9 d coherent
noi se may 1c Fé c hiﬁéud a aig er nse of
S

men
m‘h"éﬂ?

played in faizad space as own I Nrebeivg .diffd rent skiftic bif rﬁl’fracessel snmonmet er system
to t uni t arrpl |- tude
pl ang?wave char acl$ 2@ by -+ SR Nt 20 - - Sx(OFNx(D), f, K SPACE

Fig. 3 sieviviag Y@iplck GaporS@ CHLPN.(Of R th asks Jseismi6Signals origindihig ftaf r], K space

is the tran%e{(f()me@fedtlmrea@ctwarmrsm]S- paderizot g th Gvects-‘plgmablmahavglﬂg veI ocities
V[err] f‘°“° #eHEisi on&i %"‘ﬁ“a]ﬂé" uﬁaﬂq f’f”f‘rﬁ’u‘é’ 80  and noj se¥havi ng

eed the re ive aces proce o also ¢ used in p
vel og t | I\Z[rsﬁé’s e IREE Sl optie ing Ol f st he hori zontal

earth oraphatierive Snefgﬁﬁ‘s aﬁ&l@iwﬁ shifs tS1 WAk pi’rbduyed b}'hﬂ)t stacking, being adap-
the seismic traces in the said transmission ted to pass primary reflections and to reject

channels and having complex frequency res- ghost reflections. 90
ponses given by the matrix equation: The invention will be described, by way of
% * example, with reference to the accompanying
65 (Y(O)=[Si(f)+Nu(OF* {Swi(t)} drawings of which: —
Fig. 1 is a system diagram of the inven-
where S;;(f) and N,(f) are the cross-power tion; 95
spectra for the desired and undesired Fig. 2 shows a linear seismometer array
signals between the ith and jth channels, which may be used with the system of
Sy;(f) is the cross-power spectrum of Fig. 1 and also a vectorial representa-
70 the desired signal between the kth and tion of apparent horizontal velocities of
jth channels, =1 to N, j=1 to N, and a seismic disturbance; 100
k=the specified channel; Fig. 3 shows a (f,K) space representation
and at least one of the said channels includ- of a seismic disturbance;
ing means operable to divide the seismic trace Figs. 4 and 5 show the time domain opera-
75 transmitted therein into a plurality of time tor for
separated traces each having the same fre- sin Nx=fAt
quency range and means operable to apply a _ 105
plurality of weights to the said time separated sin «fAt

seismic traces

80 The processor may be used in processing Fig. 6 shows a system for simulating both
seismic traces produced by reflection waves primary and multiple reflections in seis-
from horizons with different dips, being adap- mic reflection work;



pl ane. At each frequency it is assunmed that the <class of all signals with
velocity V forns the 25 noise is made up of a sum of plane waves of
surface of a cone in the wave nunber_and 70 all horizontal wavel engt hs
and all azimuths. frequency space. For a particular seismc shot. Thi s
Is a three dinensional extension of t he one di nensi onal Fourier
analysis in which the direction of Kwill be in the direction of a

time function is analyzed into the sum of propagat|on of the seismc

si gnal and a
I th d
115 assured Tk e v B ik ‘tzzs ook %@fﬁiﬁﬁﬁ:ﬂ%ﬂ% e

sur face -of - the eaniély,iin Rtthlsch the si gnal vgpohde hef\ oeragy dneer fivhér eheadlaept on
this sei gmonBigery aeﬁr d0 pshomnt dpfpesser S-hotnwtn He atpted B nﬁehzecmﬂblm ay be
directional nAodel pﬁ?f;ﬁ @"m sectipr Pl gI tr:ll“’i ’fﬂ;ﬂ}j‘%ﬂﬁggﬁgﬁ ft;b?
Cross- across th@s afr2ya m&nﬁﬁm résﬁml%l Qdesird sigha% ab Bledshired all ossi-
correl ation bet V\eeurvtsvtior smammcemhlsleckdks- ISqoamelometps ebe it atde o xdae rbssres a
line V[err] ghd '“‘mSP &“ reeng .on t herl i dEbs‘GFE fyon é"&tﬁlhan %re:n ha ¥].
80 only on t ‘%Ee bdttor a;eingethisﬁif RE'SS grf%ﬁﬁ%glm r1 quano Ifo %ﬁ

from Fig. 3 that nifig 'écﬁx@ the inpuct O2b0aed! | iARerin© b drdss- 0¥ Mmrrm&eéns

Now quency and wawﬂmlunbmr ppeot ns;d;[ tho topt hresusd @nd undesited sigidfseir: I‘—]' (f K) be
the three d| nsi &fi dﬁ.ﬁ“ﬁ Efces prages @F"F - ‘1

Therefore, filt ef’xmg sho of ﬂéirq{k@ wﬂcfh Wye&:r ]wl{e Q% ?gﬁfg[kﬁ*é gk“ \U i ng
applied on either ul&df‘m the (sfstemrof ig. W4 | | not i,(f‘ =cross-power spectrum of the desired 80

be satisfactory Fia. &hiskoweiprigaryhead sghehatfiec-f or 85 signal between the ith gdgthpie, and

mometer channels,
Ni(f)=cross-power spectrum of the un-

suppressing jhe né‘f’%‘ in @hot 5 1f"H?g“'ﬂe fon seis-

inf, K space, hP’@B slfmws'assy&@l-ﬁ)@&lp?oc&gmgdﬂ)rﬁ' desjred signal between the ith and
cri m nating bet weedry ind ghbsg netlectiamdactvadiggeto erjth] seismometer chanaels, The opt&num
| i near processor gﬂmgpﬁ 1905 Fj Skl )= ==cross-power spectrurlzlt of the desired
g sigpgh between the Ath and jth: seis-
1 where the &0 E}f k‘g@ %{"fﬁ er r] (f) %@m s b sgi
TOC

det er m ned accorlal1 J\goofnqa gqg;at
sol ving t'he stat edesgﬁﬁefoalpnm&d qnﬂcéhbsem:ﬂehas

| ocation of the Jtip sels- the c ab|I|ty

and Xghe %& Kink el Eior Sl

ﬁm i=1 to N and k=the specified
seifn@metr chinhet frectwdfich 90

Seﬁ&r@tltgﬁ iznehis 1 pushitiney] er r |
T el o

vel ocity basis.

t15H Qop waveform) and coml

i i i
ﬂ Mcti

£ SNRE beidgOy, 34) vﬂlEr

jtrary

cessor having anAWGIkmahl(bottmeswmﬁ@a)B (f, 95 45 . 01r2|| ginin the
horizontal plane? mut-caan iy er A] d.r t
undesi red nojssd” YRR A (tf)'ﬁ’? %éle(t &55?2 era J’rtg ér ™ TR qﬁ@écﬁht L

/
Thus, si gnal p WdRlcel Srofhl B beishnbid t@dma ¥ @GN g'oﬂ pI ane and points in the
direction of Ishqnestaplnng[ axdr asahﬂd uices gace oni i) shope) birgrwp diffectnt tiree func-

pl ane wave pro rﬁ%i‘

eor

enved directly frong 1813 e r‘@l}ﬁﬁ
ie e

h s meter oytputs. Eaé:h trace is a rt]c(%xlnss ealogé) V\Ee maa!noglgvfi II {nne f
with slope 4150(30 a linear ope torf; & é-siﬁt‘ér, having matrix e uauon 1} are_auto-power &t a] I
relative anpli taLtdﬁplE*&Bﬁ@GﬁS}eretpﬁnsE aphe- . 3Q f) as i+ft Ith sei snonet er charmel

sented as a surf ace(fabul te tolyguté ofthg 14(t

an arbitrary tllﬁ‘% @E?pﬁgegggf’%ﬁgﬁﬁg’f%é

e signal

et R

ne The desued andt yndesired sigpajs erg phx}ct to

nde:hre‘ve t he

origin. 45 ﬁcatwn of the frequency response Y. (fP ¥
si gnal | Rny filke it the e@iticdhanmel Systmadf Exg t ua@(tm;:heteh:enm ne V[ er r] and105
touch zero al oRderen %dl*r—‘efk‘éﬁti scisg signal e onR@n-Q;tcf‘lj g‘g& ace ngze moéaels o
hori zontal earf %E%esl }(ll%a e thegro— e%’:luated by equation (1) are two s
1,059,448 5 cessor out ﬁéﬂ B df sHguished by theit QifeRB: 1 Vél‘L)[ t he
Opt I mum processder recetved seismic signal S(t) ffoprgny on the N channels plus random noise. The 110
particular siesmometer % in the absence of an  output of the n™ seismometer is then:
undesired sxgnal N(t). The generalized prob- f()=S(t—7) +Clt—e) +Rot)  (2)
lem of optimum linear array processing would " 8 .
55 then be: given N array elements with out- where S(t) is the desired signal to be passed
puts f,(t), to combine these outputs so as to C(t) is the undesired signal to be
rejected called coherent noise 115
minimize the mean square error E(t)’ in the R,(t) is random noise assumed to have
processor output g(t); that is, provide the the same power level on all chan-
best estimate in the least mean square error nels, the delays 7, and o, are un-
60 sense of the signal seen by the kth seismo- specified as yet except that their dif-
meter in the absence of the undesired signal. ference (r,—a,) is not independent 120

The best estimate of the desired signal is
achieved by operating on each trace with a
linear operator, or filter, having a complex

of n.
The power spectra are further defined as
#([)=auto-power spectrum of S(t)



achi eves this goa
function of f and K 5

where

ting the processar

of perfect separation,
Is calculated. This is acconplished by eval ua-
response for a signal

t he processor

travel -

f ing with an arbitrary velocity V=-.

and

response as a

K The rel ative anplitude response is then After substituting
for Y[err](f) fromequation (4)we have [err]

have produced a | arger departure fromthe Clearly, if K= [err] or
[err]_4he response ideal rg_poné@ﬁhMS 45

The perfor nce of the proc breaks 15 nds to unlty Qr zero,
respect i vels ﬁ%_gﬁ sPZﬁ‘Eﬂ]“’;éP ero freqﬁe&fy{ ‘gféi"'?rg t| pl e¥ '57 i mit
[err]. Chuc e Somm b eﬁuﬁé@aﬁoh 1y 66~ . $§§E_d 3ivetlic However . «andom

noi se dowmme

err]
per f or pance f rom *4the i defi= as
ga Tﬁﬁé

response

lines V[err] V[err

flerr]t=.2
50

adi2tr:un t ood °
?% 11?{;jg{nd flerr]t=.125,

respectively

essentially a velogit
for filter. ,gtilvzfei&(t;rﬁqgl{eﬁgy sa] P fﬁel-eérmuesn)lg
A hows,

grades t he
ﬂ‘ dnveryion gf menemmm( fdwnior t he
8 U8 recalled 20 along the

that the processor
se curves were cal cul ated
a twel ve channe

i's

array with the vel | es landz=al i ke, as Fig and the processor
can- ——ﬁe%—d+§D|nQU|sh
bet ween zero fr

signal spectruf gﬁﬁmgﬁggégﬁqﬁgﬁtnnors%+§p§% cos2af [(re—xg— (“—GM)

trum The sane is true for frequencres given 55 by equation (9) which

have pieriods t hat nal,e2, N[err] is necessary is that the desired and Ndekitepl €s of t he

rel ative e \Bbéhwswe & Where S(t) signals to be Sepa dia\e ofigreantrelaroi se on

e ccent ELEDY g i i A %% SEER Ry © by

equat 1 on gy be etiu’nc I on 6 ation, illu¥MANE i) R

f ol | ows t hEgVElshlﬂzB tthee geoidetry of an N ele- this is equlvalent to requiring that the s1gnals and
V,,. Thign a 3 ar@rra l@g@ E eirete 'héﬁdlﬁeméramrtwehor@l e velgritignd 10 show

the pr o S B oy ooponse

B (f,K i e@cﬂﬁbt bé ine Jvdv (t) SiCQt) - rtliiﬂ:ﬂ@l@%i’pﬂo 2o iR or band

cycl es?0 ing gppokne dorizontal velocities V. and ¥as silfthat tseq:

bef ore

Addi ti ondf
| east nean squawe:@r—nmr/v,prr terion ensising Souft: [propagation, bk thik
were t¥®ken_as wWhT@e—W

noi se nodelor iy nutehaivy ["sqf“’gj’r‘l’éﬁzél B as

@espectively, sfre-gectpnally Topagating
ﬁ? wthbi\brﬁ fr?enbzgrsa éﬁ‘ﬂ ﬁ‘% )ﬁ 7, and

m.si gnal

relatxve
be mstances
are mconsxst

he di chnt gxé (1; elays
1th either p wave or

ﬁw@’m

€nﬁkﬁe¥\el’
mhm%mglven si gha
[Perr]=[err] and

ﬂeuwhpdﬁheuchannels
maYsurrmatlon

spectra
and

[err]-=10. In other yords, no fre- and nogsg wth gwerlapprng frequency
and 70 i2nf ——(a— i2nfat —p) sin Nwfat
o irf——la DP(%+%{N— ( ) Sin Nwiat
* sin wfAt
0= @
sin® NwrfAt
‘Pr(‘?r + N¢s + N¢u)+¢s¢c { NE - N
sin® wfAt
d d Wiener result, and may be applied to the
45 At = ——— summed output since it is common to all
Vs Ve Y.(f). In practice, for moderate N==10, said

50

55

The interpretation of equation (4) may be
simplified if it is examined in parts.

First consider the case where the coherent
noise power ¢(f) is zero, and the signal S(t)
is to be recovered in the presence of random
noise alone, The equation then becomes

Ps
Y.()=c i2x f———(n n_ P ®
¢:+No,

This equation (5) simply states that the signal
S(t) on the N traces should be lined up before

is the familiar

summing. The factor
¢+ No,

factor can probably be neglected or set equal
% 1 _ Ny,

to == if
q’l' + N‘PS ¢l‘

>»1. Thus, when
N

no coherent noise power is present, the best
linear processor for an N channel array simply
time shifts the outputs of the array elements
to line up the signal before summing, and then
a frequency filter may be applied, if desired,
to the summed output to exploit any separa-
tion between the power spectra of the signal
and that of the random noise,

When coherent noise power is present,
simple time shifting, summing and filtering
the output no longer represent the optimum
processor as equation (4) shows for ¢.(f)s40.
The term in the numerator of equation (4)

60

65

70



wave nunber spectra, therefore, are capable of 30 quency separation was
exploited in this ex- being separated on a velocity basis according
anpl e. The separation of S(t) and C(t) was to this invention.

effected purely on a velocity basis. The per- formance of the
processor is not significantly | MPLEMENTATI ON effected by the
presence of this anmount of The information required to inplenent this
75 35 random noise. This is of course dependent processor is the number
of channels N, detec- upon the nunber channels in the array. Had
tor or point_saonce spacing d_.velocities ]‘iﬂs ?}jB and the pxarml e heed
conmputed for i ) inefREd 4 cA0G: HRE GO Bl 2hiORs hiip he
de- ~af-Fay, ?ﬁ% eﬂ@%ﬂeﬁeﬁﬁtef@% Hrleou%;sa\w i in smerﬁafhhp rdresl
signals. | n praeimmed, thy/paberede noise will try to cancel (4) is:

1, 059, 448 7 Vlerr] and the
correl ation functions may be;, qg N+1 SdiﬂN-ﬂbtl e del 32¥fA%t rk or NGy
magneti c tained from seisnec éte}, der ved—+om I Ire ape.

25 | ocation, or obtained from th&8Fdticd™ ’con- (3) the original

n h trace is now "lgﬁgsa ah&ll mmo d be erfe%% gle{hgt B.Qe @&Bﬁ 9 mﬁno fthtﬁ h ri- 55
particul ar probabsence o ralii &iMNnoi 6 &l @Cthe VI @lrta{l
known dhi tignedinioyr mulﬁxpﬂred]by o{f) corredts ok i Qﬁﬂnclesbwbveremeraﬂécﬂndaibra amilxh

usual ly give ﬂ;ﬁ edm 3 mr\moemd i Koreyi Bn  icomplezr aeEptiont mpe by as
seconds rel ati vé“’f1 e MERyiops ;?{ffmgﬂce of del ay bimeS Rgr signal and

noi se on adj acegk processdi) w,pgmﬂ Ehe Afldde channel S.
(4) the n[errip tha\&OCeSEIts vivw| thé phriomsel obyhetdmay C
frequency separ i f Jicem ob&esicy f and appasenyn g]%eg eagi ﬁggtg’vm&@ 58 g ace.

ploited (the freGye o, ‘;’f‘gg‘%ﬁj’ mge hd) q,e Si toegth A. W KNS ether ]es;tonsacne i s
controlled wthpmﬁe 1nfansz§d’& s HROIAS mrm 3Si g%ﬁ 61%1195'5‘9‘ vinmala

sin N ere] and the vari ous power spe %I‘&@' T aggg %%mc& ggne

domai n oper at®r f Kts AEE ubsta tia aegﬂat fopg,
sin [err]flerr] g‘menm% Pl ah ge, g a] Q ki ont ncnsg Iamk '&elcn‘meSd gg\efmeo-
ity

whi ch i s shown KrhnEngsOord%a&ﬂ i &ﬁzontal earth P@Fnsted@ ’Sg Vi (9?1?5(4)
may be applig planel\ﬁt ee&hefrcq@nﬂ iviglesymad pecte vELY O fﬁfﬁi Zewfve onm
mul ti-tr aces up of a sum of plane waves of &qu ih @CEOr a particular seismi
ntal : wayelen d a unuths Y P z
nferr] trace |sT actﬁrmmgﬁgf% Mon of (6) the two-traces derjve from

the n[err] the one d1mensmxd1 Founer analysxs in which the direction of K will be in the directi
the . seismic \signal

that is the et tmedmstion ’ér“‘r‘ ‘he i of e ine ﬁ%ref&&e HQ?C%‘%&& to
give what is sine ‘:CJ:(‘;CZII(; htud n cy This means that the (pbjvert ipe@ral & the 75
repeated for al rv the - suflace of the hlch Slgnal Wllldves’-ﬁ mmxe@ern exqept]ontthizce

traces and the @lsmpmtss aree plattbd wmnbrlzontal line. F o 2’}‘; ﬂ & ﬁl in fg?f%&?“}gs

acri

then mul tiplig dPlb“‘g? thig furtherjggumpeds ‘B*ttqﬁlhgmssun% alich GBRes a line V, and

constant ter P PRV, tfsﬁsﬁtﬁ(:%ﬂé’?ﬁﬁb N[ er ref) volved with fhe tBoe

donmi n oper at Or only on their relative pbsitdfsro £hih s _tlenpo bfapem tﬁ)ﬁ e?dt nthg fre-
for the conmon dedd mnrbetween sel ngs Now q“ency - Q?’%ﬁtlg

a nd nofs
output g(t). g s SRl the s HEERORS SoBie ¢ B s E‘ﬂgeiﬁ“ﬂe (f r @) VMoot
be satlsfactory in enhancmg the signal, for 85
example, and suppressing the noise, Filtering
in f, K spa%e, howeve;, is capable of dis-
. T v - criminating between the signal and noise.
i2z(fr—K X)d dX The optinfum linear processogzfl shown in Fig,
1 where the complex frequency response Y.(f) 90

+oc

W,(£K)= ”wi(z,k')e -

—00 is determined according to equation (1) for
where solving the stated generalized problem has
- the capability of separating the signal V, and

X==the vector location of the fth seis- the noise V. on a velocity basis. The pro-
mometer with respect to an arbitrary cessor having an overall response B (f, K) 95

45 origin in the horizontal plane passes the desired signal V, and rejects the
- undesired noise V..

K=vector wave number in the horizontal Thus, signal power is distributed along a
plane and points in the direction of line in f and K space with slope V, and the

plane wave propagation coherent noise power along a line with slope 100
f=cycles/sec. V.. If relative amplitude response is repre-
50 i=the ith seismometer channel sented as a surface above the f and K plane,
t=time with respect to an arbitrary time perfect separation requires that the response
origin. surface pass through unity above the signal

In the three dimensional situation, ¢he line V, and touch zero along the coherent 105
motion on the surface of the horizontal earth noise line V..



The denominator of the filters Y[err](f) is the by: sane for all

channel s and need be applied only once to the processor output

trace. [err] 50 Y[err](f) may be inverted to the

T1 e donai n Y[err](T) by machine conputation of analytically. where
[err](t)=D RAC Delta function An exanple of a digital technique
for pro- [err]=the reference tinme between the cessing N

traces stored on nagnetic tape first sanple point a and the

out - woul d be to store th$ 2@ ve information (1) put tinme
of Lﬁp filter. .55 through (P55 “magnetic tape and program G ven

t he conpl ex ﬁ&gggﬁpﬁ%m&g§@p@§§ for 85 R dlgltal " co uter to process

the N traTeSee howy whli kﬁeecrpnh{[uer;rr];oée‘sar Y[ er (K= Bay, e iK% ved) and the.
accor di nghitves ehisegy sl ¢ 1pe rftCh hon(ﬁ?é Or[err] ale®t- weights aferr] ~--
cal cugatpé?fcsf‘}’d asaf'o natiyel g1 @0 anal og technjque may be

em tmfo,altcmf“e £ls K agﬁ‘ﬁ“%,%e ﬁ?ﬁﬁ'ntﬂgﬁerat o“rs tion. Therefore, the
nferr] trace is sanp ed every 60 When expl oi @at1@n of frequency

separ at iiegwit] asrarfivgry pdldcike¥ond- wei ghtnéd by Krerlid= -aﬁd—s—dm‘red to is
possi bl e, . we [err], [err], would be used in
equat i ons %ES%MP% hﬁ]g getsé ﬁse 1elr%}{e%'re approxi mate filter response Y[err](f).
90 Afte@ $bbiR Gk G5t ngnpuﬁe@am @vlewdwt i on of fre- The delay line 6 may
be a series of elec- quency, inverted to the ti domain Y[err](t)

trical circuits having the appropisiha-@tinme)y 65sindpg-enbegdied as a sanple

poi nt operatorNeh fel ay[ bet ween [sanpl eVpoi nt)s, or alteVnat i weNyfar

the n[err]i%cH P(-—-——“ [(¢»¢.+N¢ $e) th e-rr-]-ﬁ-ace—n‘a'y—bé st.or ed

on magnetic tap Fig. 1 guudklstr_alt(p a sasgﬁp it Bp¥Fat or  and

driven passed reproducing heads spaced v,95 nglv;m galimted

I eng§ )a_gl ay line 6, r mlliseconds apart. sarrpl e points a, b, c,
>§ ighting factors gnA@fa@[err], aferr], . . . [err] and sumation

networ K Be(pe+ N+ Noo)+ pupe (N*———APRH| CATI O\I The processing according

to this invention Thé' tidte dommi n sanpl e oper at or shown & has

general utility in.both gei snol ogy he apprOX| nat ed

f r equencediiy ek = e &nip&,ps,g fel ?{g;ly\ﬁmducedf largeradl %al“?l re"'d ep@ 100

Y[err](f) jose i nput i svconnect ed tonh@erfa,bﬂrnfe] of fhat;eocaﬁomwatss with
di f f ePertendapp a!rl‘éfé{ %llﬁgﬁmvﬂys in the tdoye @t m@f'vmgise ag mpleiples & connected to
S

sum téﬁ ity jleggg ﬁgﬂ&ﬁ"zﬁﬁ by two s*g@ hﬁj @aemati on

net wor K gade @\mpdrmﬁhg frdm the ideal as |ng di fferment yvglative | ays on the N

chan- Figs. 7, 8, 9 An;smlm fort the res “Plgis 1sbaﬂﬂyemderstsﬂrwhhxext inetalledacr oss t he
recort along the fin nd At=. th oth éar l;;ser;uall Revelocityn 50ear t hqu ake
sei s m)l g aéy:ect f{? Yw%bv ted for ﬁltet quenc velocities look

rr;trt i: fties and  alike, @s F1g 3 shows, and the processpr can-
1, 059, 44&85ment spacing @MénCsy OF pl ane vvavenoaai&hfgmhn&weenzetosmﬁ h)¥he response for

pri mari es i s shown having been 65 signal sxmtrhmmthe@ﬁereh mgc—arrl val s
appear ond the ob ai ned by addi ng th‘g‘é““% bd e‘sh{f “rhf"'([ffé‘i cien gigen 55 :

chr t houakE S8y am. a1 opagat | NELAELR: AL ) Selise for

mul ti pl es was obt RNt ———=d25 ﬁeerenind&ﬁl&&heﬂdlsemrddﬁ&ﬁi aHannéR] OCi ti es may be
by first delaying| YerrY{- Wth respect Tt“@ @rocdssor @sp%epﬁ(f,ﬁi erdenby processi ng
accor di ng; 10" %/ Yfs{in- Dby .004 sec. “[:gl% %"é‘t’ﬁ rgueney andh s

venti on. A single linear array at a gﬁ;gam omns nmwayeel et and the
i nput 25naViekeddre, CRige- 9 @@ 10 showbéeused ahiere vtuhecod!lent(bﬁétllmy ohoctst sei smic

vol ved wietspr trespongee I ge flove Pei e i weh %rﬁtﬂquency indegepgs a‘lweilgét Krben, 650" sever al

linear ajr 379“ tHe* r 3 T lelo é@lﬁ
used to obt ageang%osd %re%?gw}z? f:gvellzee@glge;% si%%%gt%ﬁor cﬁ&ﬁ g,géjbﬁf vvaveform

1 ON
Wi t h no 3iThe power spectra were taken as white with mum signal distortion with a given signal and
b, noise model. Wide band signals such as signal
¢,=¢. and ———==10. In other words, no fre- and noise with overlapping frequency and 70
*r wave number spectra, therefore, are capable of

30 quency separation was exploited in this ex- being separated on a velocity basis according
ample. The separation of S(t) and C(t) was to this invention.
effected purely on a velocity basis. The per-
formance of the processor is not significantly IMPLEMENTATION
effected by the presence of this amount of The information required to implement this 75
35 random noise. This is of course dependent processor is the number of channels N, detec-
upon the number of channels in the array. Had  tor or point sonce spacing d, velocities V, and
the example been computed for a two element V,, and the correlation functions for the de-
array, the same level of random noise would sired and undesired signals. In practice, V.,



10 In seismc prospecting, the processing accor- cernible distortion
and | ess than -2db attenu- ding to this invention has utility in
reflection ation. The nultiple response attenuated the 75 = and
refraction work. Exanples for processing wavelet by about -15db. This is
in good - different traces fromthe same and different agreement with
the predicted response for shots in reflection work are given.

the 2 channel processor for the frequency

band of the mevelet 15 PRINARY AND N@bﬁhﬁbE SEPARATI ON 7
Fi g. 13 agar—ﬁ shows 1||€TEpr||ac f-or Pr= Sormettmes—the
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reflections from the horizon 55 and to reject events with four

mlliseconds of begin at about 1.5 sec. and continue down 120 del ay
(t[err]-t[err]=.004 sec). the record maski ng weaker primaries
arriving In addi tion, the random noi se power |level later than 1.5
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delay (t.~1,=.004 sec).

In addition, the random noise power level
was assumed to be 0.1 of the primary or
multiple power level. The same wavelet was
used for S(t) and C(t), the primary and mul-
tiple, respectively.
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[err] Assum ng substantial overlap in the power h[err]' (t)
for the nunerator of equation 75 spectra

(11), convolve trace B with the tinme—doman
operator h[err]'(t) for the nunerator of equation
(12), then sum and convolve the sumwith the 90
time domain operator h[err](t) for the conmon
denomi nator of equations (11) and (12) to 1.059.44
pr oduce g(t\ Thn tine_do
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table below shows the time domain operator
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accordance n t he f|ed from wth [err]

7. A processor accor[aictﬁﬁgt(%’ ‘cl ai %tgpﬁ(ih SC"Q,ﬁ )]r‘n , 2, . N '

whi ch t heggRi ﬂm\ﬂg '&Bﬁ%l@x 34aghedd nﬁsp‘éxklésf
frequencyy.dgpi@gent Yiif) ta@nste [ueltdsﬂe ~f

of S(t tive transm( rppels h| ft Ot-he
lerr] (B J@@Egﬁixlﬁ % R s e

[err] (f)=p
shifted tsm:seo by seisflic tricey m]the:(anﬂ—tlrzla‘

err channels and lpw@p Rlex1 8rgy/
gLI ft] %al?f' OJFI)é?SPﬁﬂseg é{VgIh:EY t}ic (DaEx paue

sei snonet er N+ 1
(shot stack- {Yx(fQ}t=E[§n(lf)]+1‘{ [(félr r{Skg- - n)

I NQg) ¢ B
V] er ] =apPaFedi et il Sl Seten
V[ err] gappar esrgnalhcb&wmnheat“‘ meﬂ fc ity

ment i oned t ek, Sk(f) is the cross-power spectrum
of the desired signal between the &
and j* channels, 7=1 to N, j=1 to N,
and k=the specified channel from

eiZ'rrfTu { X (¢1‘+¢0{N'

N

1@td06pw reaﬁ&cmghm of thjeerd

tS Of whidk€ the desired s1gnal is to be 50
) obtamec!,err (f —auto povver spectrum
le to

[ eand jat & F
ing means opera B %Ie
trace transmiteed therein upa'h ofS econds,
nhe( feparated traces eacl{ BvidgLihé isqadey 55sai d time

egpqn by range and means operable to apply
\a;zte ‘r ty of weights to the said time sepa- (c) tine
ReiRelbV\eaR Bdkacent

IC traces
operatmg “od @ﬁ.ﬁﬁd @a&s GhichS that’ ¢ie 160cat | ons
sexireio des in eehchit trapamigsign clggpel is

represented by: e ?
S(t—ru)+ 0t —ony+ 3‘2
Q@heé&(r)) is the desired signal 1€ bd }assed
ighal mubd keircrgd; S8 d

of(t)Cé tthe undesired §igha

Ru(t) 1s random noise; and wherein Te~
quency dependent filters are arranged to apply

| ast

relative weights and time shifts in accordance
with

-3 ei21rf[(‘fk"“1k)—‘("'n"‘“n)] })]
k=1

70 Yo ()=

(¢, + N, + N¢c)+¢s¢c(N(N— 1)—2 2

where n=1,2,... N

o(f)=auto-power spectrum of S(t)

¢{f)=auto-power spectrum of C(t)

¢.(f)=auto-power spectrum of Rai(t)

mn=(Mn—1)d/V,

w=(n—1)d/V,

d=spacing between adjacent seismometer
locations or source locations (shot stack-
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ing)
V,=apparent horizontal velocity of S(t)

V,==apparent horizontal velocity of C(t)
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n n
2 COos Zﬂf[(fk_ak)—‘(fl_a])]
+1 k=1
7. A processor according to claim 6, in

which the said weights and time shifts of the
frequency dependent filters Y.(f)
(a) time shift the n™ seismic trace by 85
t,(n—1) seconds,
(b) multiply said time shifted trace by
(¢$¢l’ +¢B¢0N)’ . . .
(c) time shift said n™ seismic trace by

N+1
(t—t3) (

(@—-1) . )
(d) multiply said last mentioned time

—n) seconds relative to 90




shifted trace by (-[err]), m ng neans, where t[err] is the

tinme (e) convolve said last nentioned nmultiplied del ay between
consecutive—channelsfor 10 trace with the tine donnain Ope_[_aj:_o_tio_r___
desired signals and t2 is the tine delay bet ween consecuti ve
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