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In this course:

» | do not pretend to teach you a part of seismic that is known pretty well.

« | will not tell you about a subject that has been very thoroughly analyzed.

« | will not propose or describe a new completely developed algorithms or numerical
schemes for seismic imaging or inversion.

» | will not compare different methods and algorithms.

The course has a conceptual character and | will try as accurately as | can to describe new
ideas, new visions, new dreams (why not!) which hopefully can lead to substantial progress
in both resolution and reliability of seismic exploration.



O NOHMMaHUM

* Al nocrtapatocb 0ObBACHUTbL BeWM TaK, 4YToObl Bbl CMOMIM MNOHATb. HO MmMoxKeT
CNYYUTbCA , YTO Bbl HE NOMMeETE TO, YTO 5 Byay paccKa3biBaThb.

* Moasa 3aaa4a caenatb Tak, YToObl Bbl He yLWAN, YTOObI Bbl OCTANUCD.

* Ecnm ato nomoKeT... A TOXKe He BCce NOHMMaAt0. HUKTO He NOHUMAET BCero...

ECTb MHOIO NPUYMH, NOYEMY Mbl MOXEM HE NMOHATb PAaCcCKa34mnKa:

* Ero s3blKk N10XOM - OH HE TOBOPUT TOFO, YTO AYMAeT UAKN pacCKa3biBaeT HA06OoPOT

e PaccKka3yMK ucnosnb3yeTr cnoBa He B MXx 0bblMHOM cmbicne ("pabota”, "sHeprua",
"ceeT"

* Korga pacckasumKk onucbiBaeT KaK lNpupoaa paboTtaeT, Bbl HE NOHMMaeTe noyemy
Mpupoaa paboTtaeT UMEHHO TaK (HUKTO He MOHMMAET 3TOoro)

* [locne TOro, Kak pacckas4ymKk roBopuT 4To Mb6O, Mbl MPOCTO He Bepum emy. Nnn mbl
NPOCTO He IID6UM TO, YTO OH rOBOPUT



KoHUeNTyanbHbIM XapaKTep Kypca He N03BONAET MHe NpeACTaBUTb MHOTME BeLM B
CTPOron matemaTnyeckom GpopmMmynmpoBKe. [1a 3To U He ABNAETCA MOeM Lenblo.
Monpobyto 06bACHUTL 3TO Ha Npumepe (no PenHmany):

"Korga 10 AaBHO MHAEeNUbl Malis MHTepecoBaIMCb BOCXOAOM M 3aKaTOM MNAAHETHI
BeHepa... 118 BbIMUCNEHUWN, OHWN NPUAYMANN CUCTEMY ""MaNoyeKk U Toyek", YTobbl
NPeACTaBNATb YMCAA U OHU MMENU NpPaBuaa ANA BbIMUCNEHUN U NpeacKa3aHun... B Te
AANnekue AHWN TONbKO CBALWEHHUKM Mana mornm aenatb TakMe CNOXKHble pacyeTbl. Kak Obl
CBALLEHHUK cerogHAa obbAcHUA Bbl Ham, 4YTO TaKoe BblYnTaHme. OH mor 6bl IMO6O HayuUTb
HAC UX NPECTAaBNEHMIO YMCEN C MOMOLLbIO TOYEK U MAsIOYEK, U UX NPaBUAAM... UM OH MOT
6bl pacckasaTb Ham, YTO OH B NpuHUMNe genaeT: "[JonycTMm Mbl XOTUM Bbl4ecTb 236 u3
584. CHayana, mbl oTcumnTbiBaem 584 daconm n Knagem mx B ropioK. [oTom BblIHUMaeEM
236 daconemn... B KOHUE Mbl cHMTaemM OCTaBLUMECA B ropliKke ¢aconu..." Bbl moxkeTe
CKa3aTb: "Kak npumnTuBHO, cumntatb paconu..." CeALEHHMK Mor bbl oTBETUTL: ""[MoaToMy
Mbl UMeeM NpaBuaa 4sa ToYeK 1M Nanoyek. NpaBmaa 3T CNOXKHbI, HO 3PPEKTUBHDI...
Ba)XHO TO, YTO HET pa3HULbl OTHOCUTENIbHO Pe3y/ibTaTa: Mbl MOXXEM NpPeaCcKa3aThb
noasneHne BeHepbl cuntaa dpaconm (4To A0ONATO, HO NEFKO 0O BACHMMO) MM NCNONb3YS
CNOXKHble npaBuaa (4To HamHoro bbicTpee, HO TpebyeT roabl obyyerHms)"

P < We can't subtract
T from 2, since 1
"‘:-".'_' -
'-1 is biggar than 3!

b
2

b
3
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In memory of my teacher and friend
Sergey Goldin
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http://www.mysticspot.ru/?p=1769

“Birds and Frogs”

brpiBaroT yu€HBIE-NITHIBLI, a4 OBIBAIOT W YUYCHBIC-JISTYIIIKHA.
IITune! nmapsaT B BBIIMHE W 0003peBArOT OOIIMPHLIE MTPO-

CTpaHCTBd MATCMATHKH, CKOJIBKO BHIIHT T'J143. Hacnaxmenue
HM JOCTABJIATIOT IMMOHATHA, KOTOPLIC CBOIAT HAIITH PA3MBIIII-

JICHUS BOCIUHO W TMO3BOJISIIOT COBMECTHO paccMaTpUBaATDL
34144, BO3HHKAIOIINE B PAa3HOOOPA3HLIX 2JIEMEHTAX IICi-
3axKa. JIArvimkm Ke KOoIoaTcs JaJIeKO BHHU3Y B I'PS3H H
BUISIT TOJBLKO pPacTyIIUe MOOJIM30CTH HBeThI. st HUX
HACJIAXKICHUEC — BHUMATEILHO PA3TJSALIBATE KOHKPETHLIC
O00OBEKTHBI; 3aa9¥ OHH PEIIaloT IMOCJIeI0BATE/ILHO, OJHY 3a
IAPYTOM.

MartemaTHKa CJI0OXKHA U MNpeKpacHa MOTOMY, YTO MTHIILI
IIPHUBHOCST B HEE INUPOKHUM B3TJISI, a JIATYIIKH — 3aMBICIIO-
BaThble Aerajim. MartemaTHka coderaer B ceOe OOIIHOCTDL
HPHUHIHUIIOB U TJIVOMHY CTPYKTYP., YTO [AeJ1aeT €€ U BECJIMKHM
HUCKYCCTBOM, M BaXKHOM HaykKoi. BbIIo OBI TJUIVIIO YTBEPK-
AaThb, YTO MTHIBI JIYYIIC JISITYIIEK, HOO BHASAT daJIbIIC, HUJIA
YTO JISTYIIKW JIVUIIE ITHL, 100 npoHuuaroT riyoxke. Mup
MAaTEMATHKH IIHPOK WU IJIYOOK, B [JISI €T0 U3YYCHHS HYKHBI 1
NTHULLI, U JISTYIIKHA.

Freeman Dyson



Goldin’s legacy



FROM STATISTICS TO DETERMINISM AND DUALITY

beaHble aMmnmpumyeckme AaHHble npuBoaAT K OYE€Hb  YNPOWEHHbIM
CTaTUCTUYHECKUM Mmoaenam “nu OTCYTCTBUHO  CTATUCTUNYECKOIO aHa/In3a
IKCNeEpMMeHTaZIbHbIX AdHHbIX

"B KOHUE KOHUOB MOXHO Hay4yuTb 00e3bAHy CTPOUTb  YHKLUMIO
npasaonoaobua“

CelACMUYECKNIA CUTHAN COCTOUT B OCHOBHOM M3 PYHKLUUM UCTOYHMKA, cpeabl
PacnpocTpaHeHMAa W YCNOBUI npuema. IDTU  KOMMOHEHTbl 0O6bIYHO
PAacCMaTPMBAOTCA KaK YNCTO AETEPMUHUCTUYECKUE.

[1BnXKeHne B CTOPOHY UMUCTOro AeTepMMHU3IMA TOXe HeBepHo. Koraa
AEeTEPMUHU3M BbINONHUA CBOKO QYHKLUIO M MOMEXa A0/1KHa ObITb NPUHATA BO
BHUMaHWe, CTaTUCTMKA Heobxoamma.

Puyapa dPerHmaH, B CBOeM 3HAMEHUTOM KaaccudUKALUMWU HAYKKU, NOCTaBWUA
reopmsamky Ha 11 (nNoyTM camylo BbICOKYH) CTyNeHb C/NOMKHOCTH,
OXapaKTEPU30BaAB €€ KaK "'HenpepbiBHbINA CNEKTP HeogHopoAHOCTeN" .

Ynctblh AETEPMUHU3M M ONKUCAHME cpeabl C NMOMOLWbI TNAAKUX KYCOYHO-
HenpepbIBHbIX GYHKLUM HE COOTBETCTBYET 3TOMY ONpPeaeneHUIo.



FORMALISM AND OVERCOMING UNCERTAINTY

HackonbKko obpaTHasa reodpunsnyeckas 3agavya MoXeT bbiTb opmann3oBaHa’?

MpMeHeHMe onpeaeneHHOro pelleHns 3a4a4n MOCTPOEHUA CEMNCMUYECKOTO
n3obparkeHna - 3To0 o06nacTb MHTEpPNpPeTaumu, KoOTopas He OTHOCUTCA K
MaTEMATUYECKOWN TEOPUMN.

Pa3pbiB MeKay HEW3BECTHOM T[eOoN0rnM4Yeckom CUTyauuenhn U U3BECTHbIM
MOAENbHbIM pelleHnemM MOXKeT ObiTb 3anO/IHEHA TONbKO €C/IN Mbl NMOHMMAEM,

YTO HEBO3MOXHO MNOJ/IHOCTbIO CI)OpMaﬂl/BOBaTb o6paTHyro 3a4auvy

ABnAeTcA NM cTeneHb WCNOAb30BaHMA MATEMATMKU MNOKa3aTe/siemM 3pesiocTu
HayKu?

MaTtemaTMKa nomMmoraeT BbINOAHATb Belwm 3PpPeKTUBHO



EFFICIENCY AND UNDERSTANDING

1A MHOTMX y4YeHbIX Uesb Ntoboro nccnegoBaHms - 3To NOJyYeHME HOBbIX AaHHbIX
Hayka He orpaHuymBaeTcs HOBbIMM 3HaHMAMW. Heobxogmmo, 4TObObI Hayka

yaydwana 4to AmMbo B YE/IOBEYECKOM MU3HM M NOBCEAHEBHOM AeATENbHOCTU
YyenoBeKa

HoBble meToAbl 4acToO nNpeanaratoTcaA TaNAHTAMBBIMU  NHOAbBMWU  C  XOPOLUEM
MHTYULIMEN, HO B TO e Bpems 6e3 AsCHOro pu3nyYecKkoro BUAEHNA U MOHMMAHMUS

3dPeKTUBHOCTb He Heobxoanma ANA NOHUMAHUA



«Hayka — 6aba eecenas u nayuveu cepbe3HOCMU He Mepnumy»
TumodeeB-PeccoBCKuM

Hayka kak cdepa 4e10Be4eCKou AeATeJTbHOCTH

Hayka — 310 jronu

HayuHble Tpaauyu, HayYHbIE IIKOJIbI CO3A0TCI MEAJIECHHO;
JOCTATOYHO JBYX JACTPaJUPYIOIINX MOKOJICHUM, YTOOBI IOTEPSThH

Hayxka — 310 urpa; urpoBoe 1oJjie¢ — CEMUHaphI

MDaKT CTAHOBUTCS HAYYHBIM PE3yJbTaTOM, KOT/ia OH
NPOUHTEPIPETUPOBAH HAYYHBIM COOOIIECTBOM



HayKa = JIYHIINHU BU YeJII0BCYCCKOU ACATCIIBHOCTH, B HAYYHOM
TBOPHUYCCTBC YCJIOBCK MOXKCT JOCTUI'HYTb MAaKCUMaJIbHOU CBO6OI[I>I

MO>XHO 711 TOBOPUTH 00 OCOOEHHBIX MOPAJIBHBIX Kau€CTBAX
YYEHBIX? YUEHBIM MOKET OIINOATHCS, HO €ro 3a0JIyKACHUS
HOJKHBI OBITh ICKPEHHUMU

Ceprent [ 0bayH: Ka4€CTBO, MPEKIE BCETO, MPUCYIIEE
MaTepUaIbHOMY MUPY — CIIO)KHOCTD

Pudapn deriHMaH - GyHIaMEHTAIbHBIE 3aKOHBI (PU3UKU MOTYTh
OBITh ONMCAHBI PA3HBIMU ITYTSIMHU; B TOM OTOOpaKEHUE MPOCTOTHI
(yHIaMEHTaJIbHBIX 3aKOHOB



Goldin’s legacy

e OObBIYHO MBI HAOJIIOAAEM HE OT/ICIbHBIC MPOCTHIC SIBICHUS, a
CIOKHBIN ()€HOMEH B3aMMOJICHCTBUS IIPOCTHIX UJICH

* « He Ta cnoxxHOCTH, KOTOpAs MOX0XkKA Ha BEICOKYIO MIIAAKYIO
CTEHY, a CKOpee CKaJla, i BCeraa HaIelb MeCTo, Ky/a
MIOCTaBHUTh HOTY, U MOAHATHCS Ha IMOJIMETpPA BBIIIIE. .. »




Content

Non-CMP based processing

Velocity model building by recursive prestack datuming
Diffraction imaging

Pitfalls and challenges in seismic inversion

Quantum seismic imaging: is it possible?



Preamble

While depth imaging plays an increasing role in seismic exploration, prestack data analysis and
imaging in time domain remain important issues in processing and interpretation. Time
imaging provides sufficient information for a variety of subsurface models of moderate
complexity. Moreover, for more complex models that request the use of prestack depth
migration, time imaging usually constitutes a key first step.

Time vs. Depth Imaging

Wavefield parameter estimation

Recorded seismic data Recorded seismic data



Decomposition of the total wavefield into body waves is one
of the fundamental principles of the seismic reflection method

Time
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Time field

“Each seismic operator is a function of two pairs parameters’
G. Gamburtsev

b

The most important characteristic of seismic wavefield is arrival times of different

type of waves
T(sS,r)

The time field (time surface) contains an important information about the subsurface.
A section of the time field is named “traveltime curve”.

For example, CMP time field can be define in this case as:
T(m,h)
m=(s+r)/2 h=(s-r)/2



What is the main physical meaning of this coordinate transform?

* In models with a moderate complexity, lateral velocity variations (including
reflector geometry) of the subsurface appear mostly in sections h=constant of the
function T (m,h) , while velocity in the overburden including vertical velocity
variations appear mostly in sections m=constant.

« Function T(m,h) iseven with respect to variable h . It means that section T, (h)
(traveltime curve) is a symmetric function:

T(m,h) =T (m,—h)

Approximation of the CMP traveltime:

T (m,h) =/(t2(m) + a,(M)h? + a,(M)h* + ...

2
int

a, =4cos’yw IV

Introduction of the time field important because it has features which does not
have the “classical* traveltime curve T.(r)



Time field is directly connected to solutions of forward and inverse kinematic problems.

Estimation of the time field from the observed data is a crucial issue in solving problems of velocity
model building and seismic imaging.

The simplest statistical model of a trace is:

u(t,s,r)=f((t—=(s,r))+<&(,s,r)

To estimate the time field is possible by:

FL> u(t+z(s,r,c))]— max

S,reoc

C is a parameter vector describing the time field

We distinguish between local parameters (_fi and global <6 j > :

Global estimate of the time field ¢ is taken as a collection of local estimates
u'y >(cy=a

Velocity model @ can be computed as

Yy >ch->a—>0

(uj>—><§j>—>§ or even (uj>—>§



Time Imaging

Time correction equation is a key to successful time imaging.
This equation should satisfy two conditions:
1. Itshould be valid for arbitrary media (be model independent);

2. It should be valid for arbitrary observation geometry



Why CMP method works ?

L/
) 4h*
t(m) = \/to (m) + v




Stacking chart
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Depth (km)

Convex interface
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After de Bazelaire, 1988

RMS velocities are computed and stacking velocities are estimated using a velocity analysis.
Interval velocities computed by Dix formula are completely wrong



Concave Interface

RAYPATHS Offset (m)
I'-_ D _ - 'f 1
2008 | 888 1809
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All the NMO curves have inverse curvature.
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Stacking velocities are imaginary.



These CMP records show that upward curvatures can actually be observed.
The corresponding stacking velocities are imaginary.
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Shifted hyperbola

The ‘delayed ’ or ‘ shifted ’ hyperbola (de Bazelaire 1988) is not symmetrical about the x-
axis. It includes two parameters, the reflection time tgyand the focusing time t, , and is

given by

o

to

7/

The centers of these hyperbolas do not
coincide with the center of coordinates,
but are shifted along the time axis.

(t+t ) =(t, +t ) +x°/V?
V, ,average velocity
t =AM /V,— AM /V, is thedifference
between the actual and vertical traveltime

2
102=17 + 2
(o] |23 VE

<X
AN

Actual ray path TMR and equivalent ray path TM'R for

two media, plane and parallel layers, with small
apertures.

De Bazelaire, E., 1988, Normal moveout revised — Ingomogeneous media
and curved interfaces: Geophysics, 53, 143-157



Shifted hyperbola

Making the variable change t, =t, —t and after some algebraic
transformation, we obtain a shifted hyperbola moveout correction:

t=t,—t, +,/t2 +4h?/V°

For small offsets the parameter V may be replaced by the near surface

velocity, resulting in a robust single-parameter correlation procedure. For a
given t ., the correction is a function of a trace distance to the source only.
Whatever the time 1o |, all the seismic events which can be stacked into

focus at this time are corrected simultaneously.



Shifted hyperbola
All the events that assume the shape of a hyperbola receive equal treatment. However the
multiples have very different velocities. Clear where the reflections stop and where the
diffractions start.

Shifted hyperbola stack Conventional stack

Velocity Velocity
inmis 1 km in m/s

5000

»

7000

Reflection time (s)

Reftection time
]

After de Bazelaire, 1988



Non-hyperbolic (anisotrophic) moveout

A x*
t2(xX) =t% + A X% + 4
)=t + A, 14+ Ax?
1
Az_a§(1+25)’

2(s —S)[L+ 25— ﬁi 1

A, =— o
* tZal @+ 25)°

A4
vt — A,

where g and o represent the Thomsen anisotropic parameters,
a, and Igoare the vertical P and S velocities and

A =

V, = \/050 (1+¢) is the horizontal velocity



Offset dependent NMO velocity model

Non-hyperbolic behaviors can be modeled using the horizontal velocity
acceleration model

t(X) =ty +X2/VE(X)  V(x)=V, +ax’
V,where is the velocity at zero offset, and a is a horizontal velocity acceleration
parameter. Both parameters can be estimated from the data
For horizontally stratified model:

N ( N
sz;x;‘ L

Taner, T., S. Treitel, M. Al-Chalabi, and S. Fomel, 2007, An offset dependent NMO velocity
model, EAGE meeting.

NZx Vix,)— Z_: iV(xj)
\
)



Comparison of different CMP approximations

The Taylor series of the standard hyperbola, Alkalifa & Tsvankin, Taner’s and de
Bazelair’s. Each formula is expanded up to the 4™ order:

1 1
2. X T auds X
2v_t, 8v t;

st

T4(X)stand — tO +

1 2 n 1

T,(X) e =1, + X — + x*
+ e =to o0z X" = Caps T guan)
1 o 1
T.(X =t + X% — + x*
4( )Taner 0 2V52tt0 Vs4tt(:)3 8V:ttg)
1 1
T(X)., .=t +—— x?——— x4

Standard, Alkalifa’s and Taner contain the same second-order coefficients. Shifted
hyperbola dependson v, and t . Relationship between V,V,,t;and t:

st? "a?

vt

ap:

2
Vstto

After Sabrina Ernst, 2006



Comparison of different CMP approximations

Synthetic model

v1=1500 m/s

=
=,
= 2
& v2=3000 m/s
S 3
4
0 5 4 6 8 10 12 14

X coordinate [km]

offset [m]
IO 1000 20|00 3000 40|00 SOIOO 6000 TOIOO
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4.7 | 9%=

=
=
Em

After Sabrina Ernst, 2006




Comparison of different CMP approximations

offset [m]
0 1000 2000 3000 4000 5000 6000 7000
3-55 | 1 | | | | 1 |
%3'58_ IS |
=RCECAE N 2 2 2 21 1 1 39S RN
.*:3_647r R R e e N
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0 1000 2000 3000 4000 5000 6000 7000
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Alkhalifah
offset [m]
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ESEIDNDII DD IR
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Taner

Traveltime could be adequately described by two-parameter equation
After Sabrina Ernst, 2006



Comparison of different CMP approximations

Synthetic model

v1=1500 m/s

depth [km]

0 2 4 6 8 10 12 14
X coordinate [km]

offset [m]
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After Sabrina Ernst, 2006



Comparison of different CMP approximations

offset [m]
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Taner

Anisotropy can reduce the deviation of the reflection event from a standard
hyperbola. Compared to the standard hyperbola the two-parameter equations
slightly improve the moveout correction

After Sabrina Ernst, 2006



Comparison of different CMP approximations

Synthetic model
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Comparison of different CMP approximations

offset [m]
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Reflection events can split into two parts due to the complexity of the model
After Sabrina Ernst, 2006



And the conclusion of comparison of different
CMP-based approximations is...

2>1



Why CMP-based methods fail ?

Short offset approximation
Non-hyperbolicity
Low signal to noise ratio

Stretch



Non-CMP based methods

Local time correction equation is a key to successful time imaging. Good
time correction should satisfy two conditions:

1. It should be valid for arbitrary media

2. It should be valid for arbitrary observation geometry

In practice it implies that:
a) the time correction formula should be model independent

b) the formula is valid for arbitrary distribution of source-receiver pairs



Non-CMP based seismic data analysis, processing and imaging

Prestack data analysis

Wavefront parameter estimation




Non-CMP based seismic data analysis, processing and imaging

Time Surface

MIDPOINT

Actual traveltime surface is shown in blue. MF surface is
shown in green.



Non-CMP based seismic data analysis, processing and imaging

Time Surface

&

MIDPOINT

Actual traveltime surface is shown in blue. MF surface is
shown in green. The purple line shows CMP trajectory for
point P.



Multifocusing: Ray scheme zero-offset case

A central (normal) ray starts at the central point X0 at an anglelB with the vertical, hits
the reflector ), at the normal-incidence point NIP and turns back to XO. Its reflection
traveltime is denoted by TO. A neighboring (paraxial) ray from the source point S,
reflecting at R and emerging at the receiver G. The purpose of multifocusing is to express
the traveltime S-R-G in terms of TO and two corrections at S and G. This is done by
considering a fictitious wave, which initially has the wavefront Zs, then implodes and
focuses at the intersection point P of the normal and paraxial ray and emerges at X0 as
the wavefront ZG :



(b)

The corrections can be approximated by straight ray segments SS” and GG’. The normal ray is
rectified along its tangent at X0 and the point P'is chosen so thatX P = XOP'. Then in the
triangle P — X0 — S we apply the law of cosines and obtain the correction for the traveltime
along SS . The result for both S and G is a double-square root equation for the traveltime,
which is expressed as follows:

A

o J(RT)? +2sin BRTAX ™ + (AX *)? =R . J(RT)? =2sin B,R-AX ™ +(AX )? =R~
VO VO |



R and R™are the radii of curvature of the fictitious wave fronts ZS and ZG , respectively.
By moving the source and receiver point along the surface, the focusing point P is moved
up and down along the normal ray — hence the name multifocusing. Based on dynamic ray
theory, it is possible to show that the radii R"and R™are related to the radii of curvature
of the two fundamental wave fronts corresponding to the normal (N) and NIP wave




= I . ----\-\-\-\""'\-\._\_\. I
-F‘_:_._'_ ____:"'“-h A%y e s G
-F-F-F"____ ?xﬂm ib‘ o i ":_:“
T / — Ry
KVIR \ TTRNIE | |
| \ ! — /]
VAV N \“\N_____ !
BRERE \“‘-—-’
REEEE —
— -

Geometrical meaning of Ry and R, -waves.

The N-wave radius of curvature is related to reflector curvature, the NIP-wave
radius of curvature to its depth.



Focusing quantity o for plane reflector

G AX" X, AX'S
) ! /
,' P
B p
NIP
e
AXT — AX™
' —
' AXTAX™ __
AXT+AX— 42 sin (3

Rnrp



Defines the location of the focusing point P along the central ray

Is used to classify subsets of super-gather, e.g., common-shot, common-receiver,
common-midpoint

The quantity o is not a fixed parameter, but depends on source and receiver location

A o function can be designed for every reflector geometry, such that the MF
moveout is exact

a -is the focusing parameter, which defines the position of the focusing

point P on the normal ray

0 =0means that R+ —_ R~ = R, which implies that point P coincides with the
centre of curvature of the normal wave and corresponds to the case of coinciding
source and receiver (zero-offset configuration).

g =lor-1limply R* =0 or R~ =0 and correspond to the common shot or
common receiver configuration

@ = o leadsto R* =R =R,,, and corresponds to the situation where the
focusing point P coincides with NIP. CRP configuration



Spherical Multifocusing

Reflection travel time and o on spherical reflector

_

Rnip = RN —re

sin ; = (J'C_ — .E'D)J;IRN

exact for curved reflectors of all curvatures!



Spherical Multifocusing in 3D

Four MF attributes: 8, Rnip , Rn and inclination ¢



COMMON REFLECTION SURFACE STACK (CRS)

Taylor expansion of the squared traveltime moveout T2 (Xm, h) as a function of the
common midpoint (CMP) location X = (X, + Xg)/2 and half-offset h=(x_ — xg)/2
around a central CMP location X, .

Tl{xm-b): (E+A(xn:_ )) —|_B{ X — X f_]):1
+ Ch?* + O((x,, — x0)°. b*).

2 sin )3 - 2Tp cos’ B - 2Tp cos” B

Vo vo RN vo Rnip

A=




MF versus CRS

Multifocusing method: single CMP

JR*F +2R*hsin g+h? —R* /(R ¥ —2R hsin g+h? —R"

Al = +
CMP Vo Vo
R* :]-:I'i _ RN||:>
o =T . =
— = hsin S
R RNIP

Rv= o (plane reflector)
tye =4, —t +\/t COS

Shifted hyperbola of de Bazelaire, t,=2Ryp/V,

CRS method: single CMP

h2
CRS
tome =4/t 0oty 2

st




MF versus CRS

Circular reflector - one CMP
CMP

S o Ry\;p=500m
V=2000m/s
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MF versus CRS

Circular reflector - one CMP
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(c)

0.02

time(s)

-0.02

-0.04

Gently curved reflector. a) Ray geometry. b)Moveout surfaces: common-reflection surface
CRS (green), planar multifocusing (red), spherical multifocusing (blue). The spherical
multifocusing expression is exact for this case. Note that the planar multifocusing moveout
coincides almost completely with the spherical multifocusing move-out. c) Moveout errors:
CRS (green), planar multifocusing (red).
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Strongly curved reflector. a) Ray geometry. b)Moveout surfaces: common-reflection surface
CRS (green), planar multifocusing (red), spherical multifocusing (blue). The spherical
multifocusing expression is exact for this case. c)Moveout errors: CRS (green), planar
multifocusing (red).
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Limit to point diffractor. a) Ray geometry. b)Moveout surfaces: common-reflection surface
CRS (green), planar multifocusing (red), spherical multifocusing (blue). The spherical
multifocusing expression is exact for this case. c)Moveout errors: CRS (green), planar

multifocusing (red).
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Multilayered model. a) Ray geometry. b) Moveout surface from raytracing. c) Moveout
errors: CRS (green), planar multifocusing (red), spherical multifocusing (blue).



Non-CMP based seismic data analysis, processing and imaging:
3D case

Waye front Wasi:fe front

___________

Approximation
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Reflector






Non-CMP based seismic data analysis, processing and imaging

Signal
enhancement

Prestack data analysis
Wavefront parameter estimation




Non-CMP based seismic data analysis, processing and imaging

Time Surface

MIDPOINT

Time surface is shown in green. The purple line shows
CMP trajectory for point P. Local time surface is shown in
red around point A.



CO Multifocusing: ray scheme
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 Local wavefront parameters estimated for each X,Y
position and for each time sample allow to perform local
coherent summation around each time-space sample

It overcomes hyperbolic assumption for traveltime
approximation
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Operator oriented CO CRS-based signal enhancement

—————

X [m] tee 200 2000

Signal enhancement in 3D data space: the observed traces are shown in black; the target
trace is shown in green; the stacking operator for one sample is shown in brown. The
summation aperture is shown in yellow



At = t(AX,Ay) —t = b AX + b Ay + a,AX* + a,,AXAY + a,, Ay’

where, the time-shift t is the moveout of a reflection event relative to the investigated
sample U of the targettraceand AX=X—X and Ay=Yy—Yy arethe
positions of the data traces relative to the target trace location. The unknown

parameters bo’ bl are the first-order special traveltime derivatives and aoo, 3-01, 3-11
the second-order ones.
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Estimation of the parameters b1 and al1 for a sample of a parameter trace (blue)
within a bin in x-direction. The estimated operator is shown in red.
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X [m] 100 200 2000

Estimation of the parameters b0 and a00 for a sample of a parameter trace (blue) within
a bin in y-direction. The estimated operator is shown in red.



X [m] 100 200 2000

Estimation of the parameter a01 for a sample of a parameter trace (blue) within the
data volume. The final operator is shown in red.
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Position of a target trace (green) and three enclosing parameter traces (blue). The
parameters allow to construct the operators at the parameter traces but these are
required at the target trace.



Scheme of Data Enhancement
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Scheme of Data Enhancement

X |m]

07 1700 1800 1900 ZUl[}O 2100 22|U[} 2300 24|[}U

0.8

time [s]

0.9-

Parameter larget
1.0 I B




Input data

1050

1000




Interpolated and enhanced data
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Interpolated and enhanced data

EDE

10:50

10|00

2.2




Enhanced dataset

Input dataset
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Interpolated and enhanced data
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Enhanced stacked cube
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Non-CMP based seismic data analysis, processing and imaging

Signal Static
enhancement correction

Prestack data analysis
Wavefront parameter estimation




Rugged Topography

Gurevich et al., 2002
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Multifocusing Stack




MF

Statics solution

« Multifocusing statics correction solution is based on the
surface consistent concept and prestack signal enhancement.
It overcomes a hyperbolic assumption for arrival traveltimes
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Non-CMP based seismic data analysis, processing and imaging

Signal Static Multiple
enhancement correction attenuation

Prestack data analysis
Wavefront parameter estimation




Multiple Attenuation

* The timing of any multiple event, no matter how complicated its
raypath, consists of segment that are primary events

« Parameters obtained in prestack wavefield analysis allow
prediction and better separation between primary reflections and
multiples in the wavefront parameter domain resulting in

computing an accurate “multiples model” and better subtraction
from the total wavefield



MF

Multiple Attenuation

CMP Location

CDP 10750 10688 10626 10564 10502 10440 10378 10316 10254 10192 10130 10068 10C CDP

Stacked section



MF

Multiple Attenuation
Emergence Angle Dip free velocity CMP gather

Angle 2 -14 5 1 8 16 2% Velocity 1082 1665 2247 2830 3412 3995 gp %X X X X X X X W P

TIME




MF

Multiple Attenuation

Emergence Angle Dip free velocity CMP gather

Angle 2 -14 6 1 8 16 % Velocity 1082 1665 2247 2830 3412 3995 gp % X N X X BT N W s
1000+
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MF

Multiple Attenuation CMP Location

CDP 10750 10688 10626 10564 10502 10440 10378 10316 10254 10192 10130 10068 10C CDP
1000

— 11250

Stacked section after multiple attenuation
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In order to predict multiple SAR from two primaries SA and AR we must find
intermediate point A



Multiple attenuation using wavefront characteristics of multiple
generating primaries

n-1

Y
z

Kinematic properties of multiples. The inter-bed multiple AC.:BC,A | can be
represented as a combination of three primary events reflected from the interfaces n —

landn, namely ACA , AC,A,and ABA,

To=Tu+T,-T,



Thus, to predict the multiple for a given source and receiver positions As and Ar, we
need to find locations of intermediate points An and Am. It is evident that:

1) The emergence angle, /S,

is identical for the wave emitted from source As,

reflected from the interface n at point C1 and emerging at point Am, and the wave
emitted from source A n, reflected from interface n —1 at point B1 and recorded at the

same point Am.

2) The emergence angle B, isidentical for the wave emitted from source Ar, reflected
from the interface n at point C2 and emerging at point An, and the wave emitted from
source Am , reflected from interface n —1 at point B1 and recorded at the same point

An.

Y
z

/-’_ n-1

The crucial step in our prediction procedure is the estimation of the angle of emergence

of the reflection wavefront.



These conditions ("multiple conditions") are used to determine the segments of primary
events generating the multiple. The prediction procedure consists of three steps:

1) The angle of emergence of the primary reflections from multiple generating interfaces
is estimated for every trace of each common shot gather

2) For a given source-receiver location, primary reflections that satisfy the multiple
conditions are selected (thereby defining the points Am and An, (in Figure )

3) The arrival times for multiple events are calculated from known primary reflections




SYNTHETIC EXAMPLE

Sen st 0 Sm Distance 1250m

g - J10m

ouree Receiver array o ayes
Va = 500 mis, p = 1000 kgm?
Vi = 2000 s, gy = 2000 kgim?

Reflector LR, 700 m O
Wy = 2300 mis, a:zﬂﬂﬂhg'ﬂﬂ" 'E.

Reflector 2, R 1000 m =
V3= 3200 mis, py = 2500 kgm?

_;l_ﬂﬂﬂﬂ'l R $400 m
V4= 4200 mis, o, = 2600 kg

1) For a given multiple code (in our case water-bottom or surface-related peg-legs), the
angles of emergence and the radii of wavefront curvatures were estimated for primary
reflections for each receiver in the CSP gather. This was done using the wave correlation
procedure and local NMO correction.

2) For each shot-receiver pair, the intermediate points participating in the composition of a
specified multiple event were determined using the multiple conditions.

3) The traveltimes of the multiples were calculated.



a)

Trace No. 10 ) 50 0 9
0.00f 3 1 T
B il
0.50 T
El.oo Agpm N
i [
.RJZM] [ s
1.50 - EM:” 1
LA it 4
mr A
oo A
b) P-number
4 30 70 110
lﬂl -
500 R.xmkm B’fgx | ll

Tau number
(=}
o
< ]
o

1500

2000

R,M B
LR

¥

oM,

2
——

v, ] 251,
nIN

o

|

(a) Synthetic CSP gather calculated using the
FD method. The primary reflectors, B, R1, R2,
and R3, are labeled on the gather. The water-
bottom multiples of the first, second, third,
and fourth orders are labeled BM,

BM2, BM3, and BM4, respectively. The
symbols R1 M1, RIM2, and R1M3 represent
the first, second, and third order peg-leg
multiples from reflector R1 . The peg-leg
multiples from R 2 are R2ZMO and R2M_2 . Only
the first order multiple R3M1 from R3 can

be observed. Multiple traveltimes predicted
using our prediction procedure are shown.

(b) the parabolic Radon transform of the
seismogram in (a).
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Stacked section containing numerous water-bottom reverberations and multiple
reflections. Three orders of water bottom (labeled |, 1, and Ill), and a strong peg-leg
(labeled IV) produced by a reflector M at about 1.9 s are indicated.



Velocity (m/s) Offset (m)

1000 1600 2200 2800 1000 2000 3000
O'O' s .y'. .J.».l;.n.||:|o|nvnn|||nrlv:tlly

'iiii,,llllIlilIll?IIllllI|1|i!l1llll|lllllII!Il1|||II1|I?IllllI\llllll|II|llilll|||IIIlllllIII|I|||||l|||||ll||||ll||l
llll!ﬂlllllllﬂ!l"lllIl L
L
T

‘ jlllIl!l(ll|lmIl|l||IllIl|||IllIIllllllllllllllllllllllllll
J'lIIIIII\Il||lllN|llII|IlllNhllllllllillllllilﬂl
llllll a

1. 08

|

Time (s)

%

2+0

(a) Semblance velocity spectrum. (b) CMP gather acquired in the Mediterranean Sea off
Israel. Arrows indicate water-bottom multiples of several orders (times about 0.8, 1.2, and

1.6 s) and a strong peg-leg multiple.
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Stacked section after multiple attenuation.
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Differential section illustrating exactly what multiple energy has been removed.
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(a) Semblance velocity spectrum after multiple attenuation. (b) CMP gather after

attenuation. Arrows indicate places of water-b
0.8, 1.2, and 1.6 s) and a strong peg-leg multip

ottom multiples of several orders (times about
le.



Multiple prediction without prestack data: an efficient tool for
interpretive processing

Post-stack multiple prediction. Picked horizons (L1-L3) in red, predicted multiples in blue.
Multiple paths are schematically represented in the white boxes.
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Post-stack multiple prediction. Picked time-migrated horizons L1-L3) in red, predicted
(and time-migrated) multiples in blue. Multiple paths are schematically represented in the
white boxes.



Interbed multiples. Picked horizons (L1-L3) in red, predicted multiples in blue.
Multiple paths are schematically represented in the white boxes. The green arrow on top
marks the location of the velocity analysis shown in the next slide.
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Three primaries and a few predicted surface-related multiples are shown in blue. The
multiple paths are graphically represented in the white boxes on the right.
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Three primaries and a few predicted interbed multiples are shown in blue. The multiple paths
are graphically represented in the white boxes on the right.



3D prediction of surface-related and interbed multiples

Schematic raypath of a peg-leg multiple for a given shot S and receiver R
pair. The surface reflection point A does not have to lie on the line
connecting S and R.



Schematic raypath of an interbed multiple for a givenshot S and receiver R pair



V=1500 m/s

2000m

A 3D synthetic model. The horizontal size is 12 X 6 km; 1500 m/s is the velocity V above
the first interface, 2000 m/s is the velocity between the first and second interfaces,
and 2500 m/s is the velocity in the lower half-space.
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Multiple prediction, synthetic example. (Top) A 3D view of the two primaries and four
predicted multiples. (Bottom) Inline and crossline displays from the central part of the cube.
The picked primaries and the predicted multiples are color coded according to the table on

the upper left
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Three-dimensional multiple prediction from a 2D survey. (a) Survey map showing the 2D

acquisition pattern overlain by a TO map of the first primary reflector.
(b) Portion of a 2D line [location marked by the green line on (a)], showing two picked
primaries (P 1 and P 2) and a predicted peg-leg (M 21). The arrow points to significant

multiple energy in the section.
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Marine data QC. (a) Two primaries (P 1 and P 2), two surface-related multiples (M 21 and M
22), and an interbed multiple (/B 212) are shown on top of a central inline taken from a
stacked cube (b). No coherent events exist along the predicted

multiples’ horizons.



