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SUMMARY
Least-Squares Joint Imaging of Multiples and Primaries (LSJIMP)
method is an inversion technique designed to separate multi-
ples and primaries, and to simultaneously combine their informa-
tion content. LSJIMP has been tested successfully on deepwater
datasets, but has problems when the water depth decreases to less
than a few hundred meters. We modify the LSJIMP model regular-
ization operators to work better in shallow-water environments and
show a successful test on a synthetic dataset.

INTRODUCTION

Surface-related multiples are often the most significant impedi-
ment to imaging in marine environments. But, since they penetrate
deeply into the earth and illuminate different angular ranges and re-
flection points than primaries, multiples provide unique subsurface
information that primaries do not. Brown and Guitton (2005) intro-
duced the Least-Squares Joint Imaging of Multiples and Primaries
(LSJIMP) method to simultaneously combine the information in
the multiples and primaries and separate multiples from primaries
for subsequent imaging. The method has been shown to perform
effectively on a variety of deep water-bottom data sets, subject to
the limitation of the imaging operators, which are effectively NMO.

The biggest challenge in applying LSJIMP is suppression of “crosstalk”
between images. Multiples are considered noise on an image of
the primaries. Similarly, on an image of first-order multiples, pri-
maries and higher order multiples are considered noise. Unfortu-
nately, if we interpret the two images or try to add them together,
this crosstalk noise tends to interfere constructively. Brown and
Guitton thus designed model weights and regularization operators
to penalize crosstalk in the LSJIMP inversion. Unfortunately, this
strategy generally fails in the case of strong, shallow-water multi-
ples, for reasons mentioned below.

In this paper, we modify the model weighting scheme in a man-
ner consistent with many shallow-water datasets. We find that the
modified model weighting scheme performs better than Brown and
Guitton’s original approach on a synthetic dataset.

THEORY

LSJIMP models the recorded data as the superposition of primary
reflections and p orders of pegleg multiples from nsurf multiple-
generating surfaces. A schematic for LSJIMP is given in Figure
1. The method explicitly models the “important” multiples in the
data from images of the primaries and multiples. In the inversion,
the amplitudes of the images are adjusted such that the modeled
data fits the observed data in the least-squares sense. An i th order
pegleg splits into i + 1 legs. If we denote the primaries as d0 and
the kth leg of the i th order pegleg from the m th multiple generator
as di,k,m , the modeled data takes the following form:

dmod = d0 +

p
∑

i=1

i
∑

k=0

nsurf
∑

m=1
di,k,m . (1)

If we have designed an imaging operator that produces primary
and multiple images with consistent signal (kinematics and angle-
dependent amplitudes), then we assume that we can model the im-
portant events in the data. We can rewrite equation (1) as

dmod = L0m0 +
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Figure 1: LSJIMP schematic. Assume that the recorded data con-
sist of primaries and pegleg multiples. Prestack imaging alone (ap-
plying adjoint of modeling operator Li,k ) focuses signal events in
zero-offset traveltime (or depth) and offset (or reflection angle),
but leaves behind crosstalk events. If the mi,k images contain only
signal, then we can model all the events in the data that we de-
sire. The LSJIMP inversion suppresses crosstalk and endeavors to
fit the recorded data in a least-squares sense. The model regular-
ization operators used to suppress crosstalk simultaneously enable
LSJIMP to exploit the intrinsic redundancy between and within the
images to increase signal fidelity.

= Lm (3)

where L0 is the modeling operator of the primaries, and m0 is the
image of primaries. Similarly, for the kth leg of the i th order pegleg
from the mth multiple generator, Li,k,m and mi,k,m are modeling
operator and image respectively.

Until now, we have not specified the particular choice of operator
used to image/model multiples. Many options can be found in the
literature (e.g., Reiter et al. (1991), Berkhout and Verschuur (1994),
Berkhout and Verschuur (2003), Guitton (2002), Shan (2003), He
and Schuster (2003), Muijs et al. (2005)). Brown and Guitton
(2005) derived a relatively simple approach for the true relative
amplitude imaging/modeling of multiples. Their Li,k,m uses an
NMO-like operator to mimic the kinematics of multiples. To model
the amplitude, Brown and Guitton applied a space-varying reflec-
tion coefficient, a differential geometric spreading correction, and
“Snell resampling” to make the AVO signatures of a primary and
its multiples the same. In this abstract, we use the same simple
imaging methodology.

LSJIMP seeks to optimize the primary and multiple images, m, by
minimizing the `2 norm of the data residual, defined as the dif-
ference between the recorded data, d, and the modeled data, dmod
[equation (3)]:

minm ‖d−Lm‖2. (4)

Minimization (4) is often under-determined implying an infinite
number of least-squares-optimal solutions. This problem manifests



itself as crosstalk leakage. As an intuitive example, imagine we
have a residual first-order multiple on the primary image m0, and
the same multiple correctly imaged on the first-order multiple im-
age m1,k,m . When we apply the respective modeling operators L0
and L1,k,m , we produce an event that resembles the first-order mul-
tiple in the data space. Unfortunately, minimization of equation
(4) alone cannot distinguish between the two events. We need a
way to distinguish between the signal (properly imaged multiple
on m1,k,m ) and the crosstalk (residual multiple on m0).

To overcome the crosstalk problem, Brown and Guitton (2005) sup-
plemented LSJIMP with three model regularization terms which
attack crosstalk in different ways:

1. Differencing across offset - Properly imaged primaries
and multiples are flat with offset (or angle), while crosstalk
is usually not. Thus a differencing operator applied across
offset will preferentially penalize curving events in the in-
version. Unfortunately, for shallow-water datasets, crosstalk
tends to have little curvature after imaging, except for the
shallowest events.

2. Differencing across image - Properly imaged primaries
and multiples should be consistent between images. In a
heterogeneous earth, corresponding crosstalk events will
not be consistent. Thus a differencing operator applied be-
tween images will penalize crosstalk events where they dif-
fer between images. This operator is also the key to “joint
imaging”, as it offers a way to communicate signal infor-
mation between the images, using multiple signal to inter-
polate primary signal where we do not record it. Unfortu-
nately, in the shallow-water case, crosstalk is often almost
perfectly consistent between images.

3. Crosstalk penalty weights - Using a prior model of the
signal, one can model the expected crosstalk on each im-
age. That expected crosstalk is converted to a model weight
that penalizes expected crosstalk only. A priori, we only
record uncontaminated primaries down to the first water-
bottom multiple. Brown and Guitton (2005) only applied
the method to deepwater datasets, so this limitation did
not really apply. However, in shallow-water examples, we
hardly record any other primaries before the first water-
bottom multiple. Moreover, they only worried about mul-
tiple crosstalk, and did not tackle the problem of primary
crosstalk. Clearly, we need to improve this methodology.

THIS PAPER’S CONTRIBUTION

In a 1D earth, the following function describes the traveltime at
offset x of a j th -order pegleg multiple from a multiple generator at
zero-offset traveltime τ

∗:

t =

√

(τ + jτ∗)2 +
x2

V 2
eff

, (5)

where τ is the zero-offset travel-time of the target and Veff is the
effective velocity,

V 2
eff =

(

jτ∗V 2
rms(τ∗)+ τV 2

rms(τ )
)

τ + jτ∗
. (6)

When the water-bottom is shallow and the target relatively deep,
τ

∗ � τ , and the effective velocity simply reduces to the RMS ve-
locity, such that the multiple traveltime reduces to that of a primary
shifted by jτ∗:

t =

√

(τ + jτ∗)2 +
x2

V 2
rms

. (7)

We use this fact to make a simple, yet powerful, modification to
the crosstalk penalty weights. To model the expected multiple
crosstalk on all images, we simply shift the CMP gather down by
τ

∗ and normalize appropriately. We use the same logic that goes
into predictive decon: that a simple vertical shift accurately models
multiples. However, we have an advantage over predictive decon:
we don’t require the events to match perfectly in phase for an adap-
tive subtraction. We simply use the predicted crosstalk to weight
the primary and multiple images.

We made a second improvement to Brown and Guitton’s crosstalk
penalty weights: we model primary crosstalk. Primary crosstalk
might not seem like a big deal. After all, we only see it on an im-
age of the multiples, and we may not do anything with the multiple
image. However, primary crosstalk insidiously degrades the am-
plitude of our primaries in the LSJIMP inversion if we don’t get
rid of it. We must correctly partition the energy from each event in
the data onto its respective image. We model the primary crosstalk
using a non-linear iteration, where we run LSJIMP once, obtain
a prior estimate of the primaries, then use that “cleaned” version
of the primaries to predict the primary crosstalk. We then re-run
LSJIMP with the improved crosstalk penalty weights.

RESULTS

A simple four-layer, 1D synthetic dataset, was generated to simu-
late very shallow and hard water-bottom marine environment. The
model has four horizontal layers. The depth of the water bottom
is about 150 m. The dataset is contaminated with many orders
of water-bottom peglegs. Figure 2 shows the data after NMO for
primaries and for multiples. Notice that there are hardly any differ-
ences in the moveout of various events. As mentioned in the pre-
vious section, modified crosstalk penalty weights were computed
by time shifting the CMP gather by an amount equivalent to travel-
time depth of water bottom. This slight modification in design of
penalty weights has improved our results, a comparison has been
drawn between raw data and results obtained by using LSJIMP as
proposed by Brown and Guitton (2005) and modified LSJIMP in
Figure 3. Though we have been able to suppress the multiples but
we have not been able to effectively handle the primary crosstalk,
which is a prominent feature in our multiple images as illustrated
by Figure 4. To get around the problem of primary crosstalk we
use a non-linear iteration scheme as discussed earlier. In Figure 5
we take a look at crosstalk penalty weights used by LSJIMP, the
modified LSJIMP and the modified LSJIMP with non-linear iter-
ation for first-order multiple image. The effective prediction of
primary crosstalk has considerably improved the images generated
using multiples. First-order multiple image presented in Figure 6
illustrates the improvements that have been made through slight
modifications in the method.

CONCLUSIONS AND FUTURE WORK

We extended the LSJIMP methodology of Brown and Guitton (2005)
to the case of shallow-water datasets. For such datasets, the crosstalk
penalty weights take the full burden to suppress crosstalk in the in-
version. Therefore, we made two improvements to the design of the
penalty weights, which led to much better results on a simple 1D
synthetic. The improved modeling of multiple crosstalk by simply
vertically shifting the input data will probably only work on nearly-
1D datasets in shallow water. However, the idea to model primary
crosstalk is extendable to any LSJIMP implementation.

When the earth gets more complicated than is appropriate for NMO-
type imaging operators, the multiples begin to provide interesting
information. An important example: when we have crossline dip of
the multiple generator or target, the multiples may have a surface
bounce a considerable crossline distance from the sail line. This
“virtual source” provides truly unique azimuth information, that



Figure 2: Images constructed from (a) primary, (b) first- and (c)
second-order multiples by simply applying adjoint of the mod-
eling operator, with no inversion. A strong primary crosstalk is
present on images constructed from first- and second-order mul-
tiples. Moreover, it is difficult to distinguish between signal and
crosstalk on the basis of residual moveout. For the most part, cor-
responding crosstalk events on different images are almost exactly
coincident. Therefore, the first two regularization schemes used by
Brown and Guitton (2005) will do very little to solve the crosstalk
problem. Success of LSJIMP relies upon our ability to obtain good
crosstalk penalty weights.

Figure 3: Comparing (a) raw data and (b) data generated by ap-
plying forward-modeling operator on primary image generated
by LSJIMP, and (c) LSJIMP with the modified crosstalk model.
Notice the improvement in multiple suppression with modified
LSJIMP.

Figure 4: Images after modified LSJIMP: (a) primary, (b) first- and
(c) second-order multiple images. A strong primary crosstalk is
still present on the multiple images. We have been able to sup-
press multiple crosstalk on primary image and higher-order multi-
ple crosstalk on first-order multiple image.

Figure 5: Crosstalk penalty weights for (a) Brown and Guitton
(2005) LSJIMP, (b) modified LSJIMP (c) modified LSJIMP with
non-linear iteration.

Figure 6: First-order multiple image after (a) Brown and Guitton
(2005) LSJIMP, (b) modified LSJIMP (c) modified LSJIMP with
non-linear iteration.



could be exploited by conventional imaging, and could improve
velocity estimation.
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