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Abstract  Surface-related multiples penetrate into the subsurface several times and contain
abundant reflection information of small angles. Compared with primaries, they sometimes can
provide higher fold and better illumination for subsurface. Instead of trashing multiples as noises
during the seismic data processing, nowadays, a lot of methods have been proposed to image
multiples. Conventional migration methods have been modified for directly imaging multiples, e.
g. » Kirchhoff migration of multiples, wave equation migration of multiples, or reverse-time
migration (RTM) of multiples. Alternatively, the linear two-step procedures can be utilized for
imaging multiples. Primaries can be extracted from multiples based on seismic interferometry or

focal transformation, and then imaged by utilizing conventional migration methods. However,
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most methods for imaging multiples would generate so many artifacts due to the undesired
interactions between seismic-events (i. e. primaries and different-order multiples), which are
hard to be attenuated and seriously pollute the true-image. Moreover, the least-squares based
focal transformation can transform first-order multiples into primaries, second-order multiples
into first-order multiples, etc. , with few noises generated. Multiples focal-transformed from
higher-order multiples can be eliminated by surface-related multiples elimination (SRME). And
then, primaries focal-transformed from first-order multiples can be imaged by any conventional
migration methods, and we call the procedures focal transformation imaging of first-order multiples.

The focal transformation is proposed by Berkhout and Verschuur, which is developed from
SRME. Primaries are once subsurface response of sources, surface-related multiples include
different-orders, and the raw data contain primaries and surface-related multiples. Focal
transformation is manipulated with several matrices that contain the full data of mono-frequency,
one column stores one shot gather or one common-receiver gather. Primaries need to be estimated
prior to focal transformation, and the inverse of primaries matrix is used as focal operator. The
full raw data will be transformed into the new wavefield records. In fact, the focal transformation
is implemented with a stable form of least-squares sense. Primaries are focused around one point
in the profile of zero-time and zero-offset, the so called focal-point; first-order multiples are
transformed into primaries; second-order multiples are transformed into first-order multiples;
etc. Focal transformation is a kind of least-squares transformation, which nearly doesn't generate
noises. So, after muting the energies around focal point, SRME can be utilized to eliminate the
multiples transformed from higher-order multiples, and transformed primaries are obtained.
Alternatively, in order to utilize the information of multiples, we can directly implement the focal
transformation of multiples that usually have been separated from primaries during the regular
seismic data processing, and the muting work can be avoided. On the other hand, the focal
transformation has the effect of deconvolution by utilizing the inverse of real source-signature
matrix, so the transformed primaries have higher vertical resolution than the acquired primaries.
However, when the receive array moves with the source position, the matrices will occupy large
memory that are mostly wasted by off diagonal 0 elements. In this article, we put forward two
improvements for focal transformation: (1) develop the local focal transformation for reducing
storage and computation; (2) bring in the weighted matrix, and demonstrating that local focal
transformation in common-receiver domain can transform multiples into new wavefield records
retrieving the missing shot-gathers of acquired data. The local transformation is implemented
specially for one shot gather or one common-receiver gather, so the local focal transformation has
better adaptation to the acquired data whose traces move with corresponding source position. We
introduce the diagonal matrix into the focal transformation. When source sampling rate is sparser
than receiver sampling rate of acquired data and one column of the matrices stores one common-
receiver gather, the diagonal elements of the weighted matrix are periodically 1 spaced by 0
diagonal elements. The focal transformation transforms multiples into new wavefield records
where source sampling is the same with receiver sampling, when the source sampling is sparser
than receiver sampling in the acquired data. The local focal transformation in common-receiver
domain also can transform multiples into new wavefild records with denser source sampling. but
the common-receiver gathers must be extracted from shot-gathers in advance.

In the first numerical test, two workflows of local focal transformation of row data and direct

local focal transformation of predicted multiples are compared. They are both implemented in
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common-shot domain. We verify the second work flow will generate wavefield records with
higher signal to noise ratio, and the laborious task for muting the energies around focal point is
avoided. With the first workflow, a few parts of primaries are not focused around the focal point
and leaked into the profile transformed from multiples. With the second workflow, the new
wavefiled records directly transformed from multiples nearly do not have noises, and multiples
transformed from higher multiples can be successfully eliminated by SRME. Obviously, the
wavefield records transformed from multiples have higher vertical resolution than the acquired
data. The second numerical test demonstratesthat when source sampling is relatively sparse, the
local focal transformation in common-receiver domain can effectively transform first-order
multiples into primaries; the transformed primaries include the missing shot-gathers of the
acquired data; the imaging result of transformed primaries is more balanced, locally has higher
signal-to-noise ratio, and shows slightly higher vertical resolution. The separated primaries and
multiples are both rearranged into common-receiver gathers in advance; the zero traces in
common-receiver gathers show the missing shot records; that every other trace in common-
receiver gathers are zero represents the sparse source sampling, and alias artifacts can be clearly
seen in the FK domain. The direct local transformation of multiples on common-receiver gathers
can retrieve the missing shot records from multiples, and the alias artifacts in the FK domain are
avoided. In the common-receiver domain, multiples transformed from higher-order multiples are
eliminated by SRME, and the transformed primaries are rearranged back into the common-shot
domain. The transformed primaries have wider amplitude spectrum than acquired primaries,
which demonstrate focal transformation has the effect of deconvolution. The transformed
primaries and acquired primaries are both migrated by RTM.

The focal transformation can transform first-order multiples into primaries with few noises,
and it has the effect of deconvolution. The proposed local focal transformation is implemented
specially for one shot or one common-receiver gather, so the local focal transformation can save
computation and storage. The local focal transformation in common-receiver domain can retrieve
the missing shot records of acquired data from multiples. When source sampling of acquired data
is sparse, the RTM image of primaries transformed from first-order multiples is more balanced,
locally has higher signal-to-noise ratio, and shows slightly higher vertical resolution.

Keywords Focal transformation; Imaging of multiples; Multiples elimination
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Fig. 9 Extract the original shot gather to be sparseness, i. e. , fill the even number shots with zero and retain
the odd number shots. And then, we separate primaries and multiples with SRME in the common shot domain.
Rearrange data from common shot domain into common receiver domain. For the sparse data, the 850 th common
receiver gather's (a) Primaries and (b) Multiples are displayed in this figure; (c¢) Primaries’ FK spectrum

in figure(b).
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Fig. 10 In the common receiver domain, do the local focal transformation directly with multiples
(a) Wavefield record transformed from multiples, the information of missing shot records in original gather is retrieved; (b)

Primaries transformed from first-order multiples got after subtracting multiples in figure(a) ; (¢) Primaries’ FK spectrum in figure(b).
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Fig. 11 Rearrange primaries transformed from first order multiples in common receiver

gather domain back into common shot domain

(a)Primaries of shot gather extracted to be sparseness; (b)Primaries transformed from first order multiples. the information of missing

shot record in original gather is retrieved. The 350™,351t" 352 353 shot are displayed from left to right.

B BRI T 15 Hz |13 0 754 12 f
71 B IR 3 0 AT ) 5 » B S S S5 D 396 Al 2% 11 7 R
THRH 20 Hz 558 7. X He Il 13 FIE 14 R,
— By Z YR SR AR IS AR B . D A o
A R L U AR T A TR L ) TR R R A A
Sy A 5 2) 75 R A T R ) R L CUn ] i 4
37 ) Je B4 1A % W P s ) CAn s =k e 48 o7 8 A K
AH6 531 1 £ P L 7 D

— [ 22 U I BB ) T A A 5 1 8 S A 1B A A5
TET A 3T ARk 14 A 28801 6 A AS [ ) e AR 52 O 7 SRy 75
R L AR ROCR. BH i 1) — B 2 g
P AR L Ay S S S A i A R AR R A 5 S

%5 2) R SO AR ) TS — B 22 IR
VA 5 1 DG TNC 19 J= 30 2 98t o s ) S SRS 9B 80 5 1 i
AT AL, — B ZUBRRAR E T E AR S8 BN BN
B R B/MAER B 1] LU R B A ) ST

4 Zhig

AR SCARUR T B AR AL 1) B AR OB 1 R A
RARAT s B b UE M A BRI s L P A I8
AT 311 S S 2R A A e T K 22 Uk D B
H A5 55 R A AR [ SR A A0 R 14 B U8 30 % s M
ARG IR T EIRBIE. TR AL RN E T



6 4] X2 A — B 20 U IR R AR 1R 1995

0.035 T T T T

0.03

0.025

0.02

0.015

0.01F

0.005

Average amplitude spectrum of all traces

0 i 1 1 1

1 T 1
—— Primaries from 1-order multiples
Recorded primaries

0 5 10 15 20

1 T -
25 30 35 40 45 50
f/Hz

Bl12 ke 5 R a ek s iy B 11a B 11b 85 351 M R4k
ST 5 e . A 2% p 2 0 R O A R T 9 0 K fE

Fig. 12 The gray and black curves are respectively average amplitude spectrums of 351th shots’ primaries

in Fig. 11a and Fig. 11b. The maximum value of two curves are scaled to be identity
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Fig. 13 Reverse time migration section of primaries in shot gather extracted to be sparseness (as shown in Fig. 11a)
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