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ABSTRACT

A new method for analyzing surface-consistent statics is presented. The criterion of
our method is the power maximization of CSP gathers which is similar to Ronen and
Claerbout’ s stack power maximization method. Our advantages are: (1) applied before
NMO; (2) CSP gathers collect contributions from al sources and receivers in the
migration aperture, this property solves the coupling problems; and (3) the reference
traces constructed from each CSP gather are averaged to get the final reference trace,
which will be more stable and may have higher signal to noise ratio. Applications of
this method on synthetic data give very good results.

The theory and results given are preliminary work.

INTRODUCTION

Near surface velocity and layer thickness variation cause time anomalies that can be
approximated as surface-consistent static time shifts. There are many different methods
of automatically estimating statics. (Hileman et a 1968, Taner et a 1974, Wiggins et d
1976, Ronen and Claerbout 1985, Rothman 1985, and Deng e d 1996).The basic
mathematical model of the methodsis

AT, =§+R + G+ MfY @

where AT; is the totd time anomaly (static time shift) on the ij trace, §, R ae
contributions from associated i -th source and j-th receiver, G, is the contribution
from k-th CMP location which is called the structure term, M, are coefficients related
to resdual NMO effect, h; is the distance between the i-th source and the j-th
receiver. Notice that index k can be determined by indicesi and j ask=i+] -1

All methods mentioned above can be considered as one of the two agorithms:
traveltime-picking method and optimization method (See Ronen and Claerbout 1985).
The traveltime-picking method is based on getting the time anomalies, i.e. AT; in

equation (1), by picking the maxima of crosscorrelations between input traces and their
associated model traces (or called reference traces), then solving an overdetermined,
underconstrained system of linear equations constructed by equation (1). When signal-
to-noise ratio of seismic data is low, the time shft picking is susceptible to failure
(Ronen and Claerbout). The optimization method is basically according to the seismic
data itself, although the crosscorrelation maxima picking is still a necessary tool. Ronen
and Claerbout (1985) use seismic fina stack section as model, the way they estimate
the time anomalies is to maximize the power of stack section. This method issuggested
to be applied on low signal-to-noise data. Rothman'’s statistical method is also based on
optimization standard. The technique he used is caled smulated annealing. This
method is very slow, as mentioned by the author, thousands of iterations are needed for
getting good resullts.
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All these methods require to be used on NMO corrected data. We know that some
important procedures in seismic data processing, such as velocity analysis and prestack
migration, have to be performed before NMO. In this paper, we present a new
approach of static analysis which is applied on pre-NMO data. Our method isalso an
optimization algorithm, instead of stack section, we use the CSP gathers as the model
data. The way we estimate and correct the statics is trying to maximize the “power” of
CSP gather, which will, with accurate velocity, maximize the power of fina EOM
imaging section.

THEORY OF THE METHOD

Contributions of input traces to CSP gathers

The main procedure of EOM is the construction of CSP gathers from input dataset.
A CSP gather isaset of traces (actualy bins of traces) with different equivalent offset
at acommon scatter point(CSP) surface position.
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Figure 1. Equivalent offset as function of the sample time on input trace. The parameters
used for five input traces are: source location: 1000m, CSP location: 800m, the receiver
locations are listed on the figure by each curve.

A giveninput trace, according to its source and receiver locations, will contribute its
energy a different sample times to different equivalent offset traces at each CSP
position. The following equation of equivalent offset tells where and how the energy is
distributed among the tracesin a CSP gather:

17-2 CREWES Research Report — Volume 8 (1996)



EOM surface consistent statics correction

4% W

V2 (T,)T?
where X is the distance between the CMP location of the input trace and the CSP
location where the energy will be distributed to; h is the half source-receiver offset of

theinput trace, V(T,) isthe velocity function at the CSP (not CMP) location at time T,

while T is the sample time on the input trace. Figure 1 gives examples of the relation
between the sampletime T and its associated equivalent offset h,.

e = K +17

As we mentioned above, atrace in a CSP gather is a bin of traces which has
equivalent offsets falling in an interval (h, - %Ah,, h,+%Ah,). Each of this bin

boundaries corresponds to a time location on the input trace, the algorithm for
computing these time locations refers to Li and Bancroft (1996), al trace energy
between two adjacent time locations will contribute to one common tracein CSP gather.

Comparing to the CMP stacking procedure, al the NMO corrected traces are
summed to get one trace in stack section, this summed trace is used as reference trace to
all thetracesin the CMP gather. In our method, for each input trace, we can construct a
reference trace from each CSP gather, thus many reference traces can be obtained from
CSP gathers. In the following sections, we will show how we construct reference
traces for input traces, how the crosscorrelations are performed, and how the surface-
consistent statics are estimated.

Construction of reference traces from CSP gathers

Essentially, for aninput trace, constructing itsreference trace from a CSP gather is
just the inverse operation of distributing its energy to this CSP gather. That is to say,
where the energy is distributed to, where we extract the energy out from. Notice that,
the energy at a sample time on a CSP trace contains energy from many other input
traces. Figure 2 shows how the “forward” and “inverse” processes work.

ﬁ ﬁ
Contribute Extract
Input Trace CSP Gather Reference Trace

Figure 2. Constructing reference trace for input traces(extraction) is the inverse operation of
constructing CSP gathers from input traces(contribution).
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We do not know how many traces have contributed their energy to atime location
on the CSP trace, but we know it is much more than the CMP fold of input data. It is
very important to mention that, the traces which have contributed energy to aCSP trace
are associated to al the sources and receivers in the migration aperture. In this point,
our reference trace should be better for static estimation than usual stacked trace because
it combines the contributions from al the sources and receivers together.

In the way shown in Figure 2, for each input trace, we can get one referencetrace
from each CSP gather, the final reference trace is the averageover dl these reference
traces. The averaged reference trace will be more stable statistically.

Static estimation: two different approaches

For atrace in a shot gather (discussions about the common receiver gather and CMP
gather are the same), we can get its statictime shift by pickingthe maximum of
crosscorrelation between it and its reference trace. In our problem, the task is to
estimate the overall shot static time shift whichis samefor all traces in thisshot gather.
Figure 3 shows two different waysto get the overal static estimation of the shot gather
from the traces in this gather and their reference traces.

A set of traces expectation Summed trace of
and their the shot and its
>

reference traces summed
e.g., a shot gather reference trace

crosscalrrection crosscolrrection
Static property Stati

ic property of

of each trace > th: th:)Iep y
get from the ) expectation trace set itself
crosscorrelations

Figure 3. Two different ways to perform the automatic estimation of statics.

Suppose {Tr,, =1,2,---,N} be dl the traces of a given shot gather, and their

reference traces be {MTr,I =12,--,N} respectively, the expectation-then-cross-
correlation method can be written as

¢, = %Tr,gm &Mﬂl%

where the symbol [J stands for crosscorrelation operation. The crosscorrelation-then-
expectation method can be similarly expressed as
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¢, = Z(Trl 0 MTr,)

The overdl static time shift of the gather can be estimated by picking the maxima of
functions ¢, and ¢,.

The obvious advantage of computing ¢, is its much less multiplication operations.
For high frequency content data, crosscorrelation between averaged traces will be less
affected by “ringing” effect (more than one local maxima exist). The problem hereiis,
traces have moveout and the summation of these traces may smear the eventlocations.
Fortunately, the reference traces will a'so be summed together in exactly the sameway,
so the crosscorrelation operation does not change mathematically. Applications of this
method show that, comparing to the crosscorrelation-then-expectation method, the
statics estimated by expectation-then-crosscorrelation method are amost the same for
low frequency data, and the results are better for high frequency data.

NUMERICAL EXAMPLES AND DISCUSSIONS

Results on low frequency data
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Figure 4. Original no static data stack section. The dominant frequency of the wavelet is 10Hz.

Figure 4 is the low frequency no static data, all the events are straight. Figure 5
shows the stack section of staticdata. The statics we used are surface consistent shot
and receiver random statics, no structure term exist. The maximum time shift for both
shots and receivers are from -20ms to 20ms, so on al the traces, the possible maximum
time shift difference may be as big as 80ms.
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Figure 5. Stack section from static affected synthetic model.

Thefirst experiment on the models in Figure 4 and Figure 5 is about the difference
between the expectation-then-crosscorrel ation method, which is also caled single trace
crosscorrelation method or shorted as STC, and the crosscorrel ation-then-expectation
method, which is called multi-trace crosscorrelation or MTC method.

Comparison of STC and MTC methods
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Figure 6. Static model and its estimations by STC and MTC methods.
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Before introducing the results, we define an estimation error criterion called mean
error, it is the averaged absol ute difference between estimate and the accurate. Figure 6
shows the shot and recelver static model we applied on the synthetic data, and the
estimations by both STC and MTC methods. The results show that both methodswork
very well for the data, and there is not obvious difference between the estimation
results.
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Figure 7. Section got from MTC method static corrected data.

MO AT U B

mﬁﬁﬁ\iﬁﬁﬁﬁiﬁlII\m|i|\|I|il||I||iIi|||\|l||‘|i|i|l|\lI|Ii|||I|i|\i||\i|||i|i|IlII|l|l|lli|I|‘|I|l\|i|l|I|l!I|IIIlIlIlIllIII\IlIlIll1lII1lll|lIlIlIII1lll!ll!lllllIlllillllil!!llll!llll!lllllllIII|||||l||l|||||||||||||||||||||||||\||||
OO BRI oo
ﬂ«ﬁﬁﬁiﬁmﬁﬂﬂﬁﬁﬁ(ﬁﬁﬁﬁ«s«ﬂ1ﬁﬂﬁﬂﬁiﬂﬁ«111&1&‘\Wﬁﬁ!\!\i\mm\|\i\l\mm\nhnlllln\ll\\n\“l!!l!llll1]ll!Ill!]I]!]l!l]l!l!lII!llll]l!l!]ll!llllllll!lll!!ll!lJlJﬂJJlJJJJJJ!JJJlJJJJJJ!JJlllllllllllllllllll||||||\||||
ﬁﬂﬁﬂﬁﬁ«ﬁﬁﬁiﬂﬁﬂﬁﬂﬁﬁﬁ%ﬁ&ﬂﬁﬂﬂﬂﬁﬁﬁﬂﬂSﬂﬁ%ﬁﬁﬁiﬁﬁﬁﬁﬁiﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ&ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ&ﬁiﬁﬁi&ﬁﬁﬁﬁ&ﬁiﬁﬁﬁﬁﬁﬁﬁ&ﬁﬁﬁﬁ&ﬁ&ﬁﬁﬁ&mﬁﬁ&ﬁ%1&ﬁﬁﬁﬁﬁﬁm&ﬁmmmﬁﬁiﬁmﬁ)mm)))m)))))1)))))))))111]]1llllllllllllllllllllﬂlll
A ((((((((((((((((((((((((l(l(l((ll((l(((ll((ll((l(llttl\li\lli\ll\\i\\\\\\\t\\\\\t\\\w\\

mmmﬁﬁSSSSSSﬂSSSSSSSSSSSSSSSSSSSﬁiﬁﬁﬁﬁﬁﬁﬂSSSSSSSSSiSiSﬁﬁﬁﬂiﬁiﬁﬁiﬁﬁﬁﬁﬁﬁﬁﬁﬁiﬁﬁiii55ﬂ5iii5ﬂiﬁiﬂiiﬁiiIiimiii\ﬁli\\1]m1\l1\l]m11)1)))))))))))))))))))])l)lll))l)l)l)l)l)l))ll)

lllllul«u«l«««{tl{!li«li«u«t\wﬂi(m««(«wﬂs\&\m\tﬂ«w««W««N«i&«i«t1\ltililllllllllllll!lll!lllltlut«llllllu\luul«u\«lu\««u\«l\!\l«w AT
ot mmmmu 4

ll|l|||lllllllllllllllllIllllllll\llllllllllllllll\llllllllllll\lll|llllIlll\lIl\llllllllllllllll\lll\Illlllllllllllllllllllllllllllllll|l|l|lI)III]llllll]!llll}lll}JJJJJJJJJJJJJJJJJJJ)JJ))))))))))))))))JJJ3818J@J&JJ&W@(«({(«{{ii

',I,l,I,,"mmm""m"""l ZWWl((((((((((««“«{l{l{l&l«l{l{l««««((((((((((( (R \\\\\\\\\\\\\\\\\\\\\\\\\\mltlum««u«(«(«((

(r;rr|r|r[r|rr|rmmmmimmiﬂlllfimiﬁ5!!lJﬂl!))))J)J)I)))))))))))))))))))))JJJJJJJJJJJJJ)))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))l?lll?lIIDIIRIRRIl?lIl?llllllllllllllllllllllllllllllll
DA ————————————————

G O ) EE T~

Figure 8. Section got from STC method static corrected data.

After static correction by the estimations from these two methods, two fina stack
sections were produced, the one by MTC method is shown in Figure 7, the one by
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STC method isin Figure 8. Comparing with the model shown in Figure 5, it is obvious
that both sections are highly enhanced. But we can not say it is perfect because the
eventsin Figure 7 and 8 are not exactly straight, that means the agorithm we choose by
now can not handle the long wavelength statics very well. Comparing Figure 7 and 8,
we can say the result by STC method is better(at least on this dataset).

Figure 9 shows the static correction resultsin a different way, al the five gathers are
CMP gathers at same CMP position where, the two gathers in (a) and (e) are the same
gather from origina no dtatic data, the gather in(b) is from the static mode data, the
gathersin (¢) and (d) are respectively from the dtatic corrected data by MTC and STC
methods. We can see the static CMP data is too bad to find reliable velocity, while the
data after correction by our methods is ready for velocity analysis and other processing.
Again, the STC method gets better result.
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Figure 9. One CMP gather with and without statics, before and after static correction. (a) and
(e) are the same gather from original no static data, (b) is the static model data, (c) and (d) are
respectively the static corrected data by MTC and STC methods.

Enhancing the CSP gathers

One of the advantages of our method is directly enhancing the quality of the
equivalent offset migration by maximizing the “power” of CSP gathers. Figure 10
shows one of the CSP gathers without statics (left) and the CSP gather at the same
location with statics (right). As in the case of CMP gathersshown above, the satic
affected datais distorted. Figure 11 shows two CSP gathers at the same location as in
Figure 10, the left is theone fromMTC corrected data, the right one isfrom STC
corrected data. Both of them are dmost the same, and the datic effect is satisfactorily
corrected.
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Figure 10. (left) A CSP gather without statics. (right) The same CSP gather with statics.
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Figure 11. The CSP gathers from MTC method corrected data (left) and STC method (right).
We can not tell much difference between these two gathers.

Distribution of estimation error along the seismic line

In our experiments, we found that, the static estimation at the ends of the seismic
lineis not as good as that in the middle. The effect is moreobvious for receiver statics.
Detall analysis about the mean error distribution proves that, our method is highly
accurate in the middle part of seismic line. Figure 12 shows the receiver statics and the
estimations by both MTC and STC methods (upper), and the difference between the
model and the estimations (lower).
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From both pictures of Figure 12, we can see the accuracy difference of the estimated
statics between receivers at ends and those in the middle. Table 1. gives our detal
analysis about the mean error distribution aong the seismic line. Pay attention to the
last column in the table, which is the averaged number of traces in the receiver gathers
indicated in the first column.

40 . .

20k _, kA

=0 =0 ioder statics 100 150
—— STC method
— MTC method

Figure 12. Influence of seismic line end effect on our methods. The upper one is the receiver
static model and their estimation by both MTC and STC methods, the lower is the difference
between the static model and both MTC estimation and STC estimation.

Table 1. Detail analysis of error distribution of receiver statics estimations

No. of STC MTC Fold
Receivers Mean Error Mean Error Aver aged
1-148 4.4.5 4.42 16.9
11-138 4.14 4.41 19.1
21-128 3.59 4.35 21.1
31-118 2.45 3.59 23.0
36-113 1.77 2.92 24.2
41-108 1.29 2.44 24.7
46-103 0.93 2.00 24.9
51-98 0.86 1.79 25
1-50 6.52 5.48 13
99-148 5.96 5.88 13

Theeighth line in Table 1 contains a range of receivers from the center of theline,
has the highest fold and the lowest mean static error (less than one milli-second).

17-10 CREWES Research Report — Volume 8 (1996)



EOM surface consistent statics correction

Results of high frequency data

The previous discussion delt with low frequency data. The following experiments
and discussions are for anew set of synthetic data with 30Hz dominant frequency. The
stack sections of original no static data and static data are shown in Figure 13 and 14.
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Figure 14. 30Hz static data stack section.

Comparing Figure 14 to 10Hz static data stack section Figure 5, we can say, dtatics
have more influence on high frequency data than on low frequency data. This may
make satic estimation more difficult, and, picking maximum of crosscorrelation
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between two higher frequency traces is less reliable. Figure 15 and Figure 16 are the
stack sectionsfrom MTC and STC corrected data respectively. The two results are not
satisfactory, and the MTC result is even worse. One of the reasons cause this problem
isobvioudly the higher frequency contents of data.
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Figure 15. Stack section from directly using MTC method on 30Hz data.
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Figure 16. Stack section by directly using STC method on 30 Hz data.
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Filtering technique

A direct way to solve this problemisto apply low pass filter on both input data and
the CSP gathers. We find a way more efficient than this solution. We just apply filter
on traces which take part in crosscorrelation or just filter the crosscorrelation function,
thisis very efficient when applying the STC method, where only one trace needs to be
filtered in a gather. Experiments show that our filtering method result in great
improvement on the static estimation. The detail static estimations of shot statics using
STC method with and without filtering are shown in Figure 17.

SHOT STATICS ESTIMATION BY SINGLE TRACE CORRELATION METHOD
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Figure 17. Shot statics estimation with and without filtering by STC method.

The improvement of static correction with our filtering technique on CMP gathers is
illustrated in Figure 18, where five CMP gathers are shown, one from the static model
data (), the second from STC without filtering method corrected data (b), the third
from MTC with filtering method corrected data (c), the fourth from STC with filtering
method corrected data (d) and the last from no static data (e). It is easy to seethat from
(a) to (e), the quality of dataisincreasing.

Figure 19 and Figure 20 are the results from MTC and STC methods plus applying

10Hz zero phase Ricker wavelet as a filter. Comparing with the results without
filtering, Figure 15 and Figure 16, the quality is much enhanced.

Future work
Thiswork stated here is very preliminary, thereis still much work to do, such as:

*  Moreaccurate agorithm will be used for both constructing CSP gather and its
inverse: extracting reference traces. The future results are going to be better.

e  How to handle the long-wavelength contents in statics?
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*  How to remove the effects of the ends of seismic line?

» Theinfluence of applying static correction in different order of trace grouping,
i.e. source then receiver, etc. Preliminary comparison among the results
roughly show that the order of static estimations has not much influence on the
final results.

*  Whether an iterative technique is needed and how does it converge?

2 = P

|

| |

3 addA I8 = FFt b <,1;5 3%
Biddnis fiz:! fis i3 iiie

=

i
l
i
¥
b
!
L —
v
v
7

i

i i
it fiiice ] Bigeo
e e | | |
v s
gl smll][[| gt Al prell Sl
e aypa) 2R1p)|
(a) (b) (c) (d) (e)

Figure 18. The quality enhancement by applying our filtering technique. Five CMP gathers at
same location are shown, (a) is from the static model data, (b) is from no filtering STC method
corrected data, (c) is from MTC with filtering method corrected data, (d) is from STC with
filtering method corrected data and (e) is from no static model data.

ACKNOWLEDGMENT

The authors would like to thank Darren S. Foltinek and Henry C. Bland for their
help about ProMAX programming and other technical problems. We also thank the
CREWES sponsors for their financial support.

17-14 CREWES Research Report — Volume 8 (1996)



EOM surface consistent statics correction

AR R

|||||||||||||||||||||||||||||||||\|||||||I||||||||\||||||||||II\IIIIIIIIIIIHIIHIIII|||||||||||||||||||||||||||||||||||||||||||||\||||||||||||\|||\||||||||||||\||||||||||||\||||||||||||||||||II|III|IIIJIIIIII||llll|||||||||||||||||||||||||\||||
LB e AN
lllllllIlll]lll]lll]]lllmllllﬂllllllllll||I|||\|||I|||||||I1IIIIII||I|||\|I|\llllll||||I||||||||||||||||I||||||I|||III|III|IIIIIIIIII||||||l|||l||||I||I|II|\III|III|IIIIIJJ'HJ'BJJJJJ J! JLJ'J!!!J!!!J!I!!ﬂllll||||||\||||
ﬂh iiﬁmmmmnuniﬁiuﬁiiﬁiﬁii11iﬁmiﬁmﬁ||||||ﬁﬁi iﬁﬁﬂ]mmll]lii]i]lﬂm]mlll|||||||1lﬂﬁlﬂ

AL A J!!J!!!!!!MJ! A AR ALY RS e B S

11111111111\11\11
i mmmmmnnmmmnnmm

»wzz»uwzzuuu u W) AR
I mmmmsssssssmﬁssms ﬁiﬁiﬁiiiiﬁi(i\ﬁﬁﬁiﬁiﬁﬁﬁﬁmﬁﬁiiIII|1IiHﬁiﬁﬁiiﬁiii'.ﬁﬁiiiﬁﬁiﬁiﬁﬁﬁiﬁiﬁﬁi1iiﬁﬁiiﬁﬁ1i111ﬁﬁ|ﬂi|ii|||1|1|1iﬂﬁ|ﬁmiﬁ]ﬁiﬁiﬂi}mﬁ

O
LR

illlillimi]iilliiilIililil]lillll]m|]]]]l|m|||||||||||\||||||||||||||||U|||||||||||||||||||||||||||||||I|||IJ|IIJJJJJIIJﬂlllﬂﬂﬂlﬂ]lﬂlﬂlﬂllJJIIJIIIIIIJJIJJJ]JJ]JJJJJJJJJJJJJJJ
Teesam————— ]]m|

il nﬁuﬁn |
Mwm )) JJJJJ!J'

il JJJJJJJJL
] T
||||||||||||I|||||I||||||I|||||I||||||||\|I||

A=,.
E

=
—— 1
y

I
|||

Figure 19. Stack section from MTC plus filtering method static corrected data.
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Figure 20. Stack section from STC plus filtering method static corrected data.

REFERENCES

Bancroft, J.C., Geiger, H.D, Wang, S., Foltinek, D.S., 1995: Prestack migration by equivalent offset
and CSP gathers: an update : CREWES 1995 Research Report.

Deng, H.L., Wang, B. and Pann, K. 1996: Residua statics estimation by optimizing a complexity-
reduced stacking-power function, B035, EAEG 58th Conference and Technical Exhibition,
Amsterdam.

CREWES Research Report — Volume 8 (1996) 17-15



Li and Bancroft

Geiger, H.D. and Bancroft, J.C., 1995 : Equivalent offset prestack migration for rugged topography:
CREWES 1995 Research Report.

Hileman, J.A., Embree, P. and Pfluger, J.C., 1968: Automated static correction : Geophys. Prosp.,
16, 326-358.

Li, X. and Bancroft, J.C., 1996 : An efficient and accurate algorithm for constructing common scatter
point gathers, CREWES 1996 Research Report.

Ronen,S. and Claerbout, J.,, 1985: Residual statics estimation by stack-power maximization:
Geophysics, 50, 2755-2767.

Rothman, D.H., 1985: Nonlinear inversion, statistical mechanics, and residua statics estimation:
Geophysics, 50, 2784-2796.

Taner, M.T., Koehler, F. and Alhilai, K.A., 1974: Estimation and correction of near-surface time
anomalies. Geophysics, 39, 441-463.

Wiggins, R., Larner, K. and Wisecup, D., 1976: Residual statics analysis as a general linear inverse
problem: Geophysics, 41, 922-938.

17-16 CREWES Research Report — Volume 8 (1996)



