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ABSTRACT

A method of prestackime migration ispresented that is simpler, faster, and
provides more information than conventional methods. The method is based on
principles ofprestackkirchhoff time migration, and can be appliedowth 2-D and 3-

D data. Commonscatter point (CSP) gathers are created im@mmediatestep for
each outpuimigrated tracesimilar to prestackimaging (PSI) gathers presented by
Forel and Gardner (1988). Normal veout (NMO) and stacking of CSP gathers is
all that isrequired to complete the prestackgration process. This new method
allowsthe CSP gathers to be formedaay arbitrary location for velocitanalysis, or
prestack migrate a 2-D line from a 3-D volume.

The CSP gather mmilar to aCMP gather, as both contain offset traces, and both
represent a vertical array statter points or reflectors. However, the CSP gather is
superior with agreatemumber oftraces, and a largenaximumoffset. All the input
traceswithin the migrationaperture are used to form the CSP gatl&amples in the
input traces arassigned an equivalent offset for e&®P location, then copied into
the appropriate offsdiin ofthe CSP gather in afficient manner. The inputtime
samples remain dhe same time when copied tbhe CSP gather. Data in the CSP
gathers may be scaled, filtered, or have noise attenuation processes applied.

The prestack naturéjgh fold, and large offsets aid in providing attee focus of
the semblance plot for an improved velocity analysis. Andieefit ofthe proess is
its speed,which combines manyprestack arithmetic computations.Additional
computationtime is saved when amplitudscaling and anti-aliasing filtering are
performed on the bins of the CSP gathers.

INTRODUCTION

Migration is a process that attempts to reconstructnzage of the original
reflecting structure from errgy recorded at the surface seismictraces. Early
processing expended a grdatl of effort toproduce a stacked section frammmon
mid point (CMP) gathers, followed by a petackmigration based othe stacking
velocities. Stacking velocities however, require higher velodiieslipping events
(Gardner 1947 anbix 1955) than those required fpost stackmigration, and some
form of migration velocity estimation became a requiremeltrther processing
advances recognizechat smearing from dip compensated velocities could be
corrected by thenclusion of dipmoveout (DMO) (Deregowski 1986) and prestack
migration. The use of these prestack processes in vetoatysisloops enabled a
more accurate estimate of the subsurface velocities and improved sub surface images.
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DMO and post stackmigration is currently more economical than conventional
prestack migration, consequently the DMO method tends to be the current processing
standard. However, the use of DMO should be restricted to areasmaibthly
varying velocities. In areas where the smooth velocity crit@hsaprestackmigration
should be the preferred processing metholpical prestack migration methods
include migration oource (or shot) records (Schultz 1980, van der Schoot 1989, Lee
1992, Ng 1993)migration of constantor limited) offsetsections (Sattlegger 1980,
Deregowski 1990), and migration by alternating deart continuation between shot
gathers and geophon&-G) gathers (Diet 1993enelle 1986). The Kirchhoff
method may be gart of these(and other) migration algorithms. Full prestack
Kirchoff migration (Lumley et al1989, 1993) is a stand-alone process described by
summation of input samples directlyttee outpuimigrated sample. hayappear that
prestack migration methodse the most recent theoretical developments, however,
the basics of soméheoretical prestackiigrationsdate back talevelopments in the
early1970’s in papers biindsey (B70) andRockwell (1971). Thecommon use of
full prestack migrations continues to lbeited by computer hardware and long run
times.

The method presented in this paper is baseth®@principles ofprestackkirchhoff
migration. Rather than move input enerdjyectly to the migrated position, an
intermediate step is included to gather the energy before NMO.

The following section will evaluatéhe conventional processing procedurem
the vantage point of prestatkne migration. The Cheopigsyramid will beused to
compare the different methods, and how they relate to prestack migration.

PRESTACK MIGRATION MODEL

The full Kirchhoff approach to prestack migration is based aonodel ofscatter
points thatwill scatter (orreflect) energy fromany source toany receiver. A
reflecting event is composes of an organized arrangemestatfer points that
produce aiffuse reflection. This is inantrast to the CMRssumptiorthat assumes
specula reflections from mirrdike reflectors. The surface position of a vertical array
(or trace) of scatter points tisferred to as theommon scatter poiftCSP) location.
The objective of prestack migration is to gathkthe scattered energy and relocated
it at the position of the scatter points. Thaitional approach t&irchhoff prestack
migration begins by assuming aatputlocation(or scattepoint), and then gathers
the appropriate energy froall availablenput traces. This procedure is repeated for
every output sample.

The reflection time obkcattered energy in each input tragelative to ascatter
point), isidentified bythe traveltime ofthe raypath between the source, scatter point,
and receiver. Rayath traveltimes may beestimated by a number dalifferent
methods, such as ray tracing, or wave front computation@rdaduce adepth
migration.
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The travel timecomputationrmay be simplified t@ssume linear ragaths from the
source to scatter point, and from the scatter poirgédeiver as illustrated in Figure 1.
Travel timesare computedsingthe geometry and a velocity thatdisfinedfor each
scatter point. Thenigration velocity is usuallgquated to an RM8elocity. Result
using this methodare referred to as tame migration. After time migration the
samples in @racefollow thetime andpath of anmageray. Use oimage rays enable
a conversion of thetime migration to an estimate ahe depthmigration.
Consequently, time migratiorsse used t@id in definingthe velocityfields used in
depth migration.

The contents of this paper are base on the time migration approach.

Kirchhoff prestack time migration

The total travel timd is estimated from the source to scatter piiné T, and the
scatter point to a receiver timieby

T=T+T. )

The raypath timegJs and T, are estimated with equatiossnilar to the NMO
equation, and the geometry of Figure 1. Conventional use of the NMO equation and
other post stack processe the two-way zero offsetne T, to represent the zero
offset travel time from a positiommediatelyabove the scatter point. However, for
prestack computations, it is preferable to use the one-wayalfoif, time 4T,, to
simplify the prestack equations. The source and receiver distanaed h, are
measured from the CSP location, and niigration velocityVmig is defined at«Ty,
independent ohs andh,. Equation (1) thelnecomes the double squao®t (DSR)
equation

- 2 he 2 h?
T—\/%E +anig(1;))+\/%To +anig(-lz)). (2)

The prestaclirchhoff migration algorithm typicallyvorks with onescatter point
at a time, and searchal the input traces for energy that has beeattered. The
travel timeT is computed for each input tragathin the migration aperture, the
energy at thatime is filtered, scaled and then sumnm@d the migrateddample. The
energy gathered into the migratsmple will constructivelyor destructively) sum to
recreate the structure of the subsurface. filteeing of the input traces isecessary
to preventaliasing noise (Silvd992, Lumley 1993and 1994) in the reconstructed
image, and will vanfor differentscatter point locations. Tlamplitude weighting of
the inputsamples also varies with each ingrace. Theanti-aliasing filter and
amplitude weightingadd significant computational over head to thmigration
algorithm.
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Figure 1 Geometry for prestack Kirchhoff time migration.

Cheop’s pyramid

The two-way travel tim@& may be computed from one scatter point tm@tinuum
of 2-D source and receiver locations, dmplayed as a surface irttaeedimensional
volume. Theaxis ofthe volumeare CMP location, source/receivaf offseth, and
timet. This surface is known as Cheopygamid(Claerbout 1984 pages 164-163),
and an example is shown in Figlta. Forcomparison purposes, diyperboloid,
which is hyperbolic in any vertical planesisown in Figure 2b. The Cheogramid
hastwo hyperbolic planeghat areidentical tothe hyperboloid;one at zero offset, and
the other at the scatter point gath@il other points on Cheopisyramid differ from
the hyperboloid. This difference is observed by comparing the left edge of

CMP CMP

(@) (b)

Figure 2. Perspective view of a) Cheop’s pyramid, and b) a hyperbola created from the
same scatter point (possibly by a Gardner DMO).
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the surfaces in Figures 2a and 2b. The edge of Figure 2a shows thatcenargy
from an out-of-CMP-plane scatter point is distributed with non-hyperbolic moveout.

Conventional processirthat isbased on CMP gathers, is forced to ignore the non-
hyperbolic distribution of energy, arunit the resolution in structured areas. In
contrast,true prestack migration methods are based on the non-hyperbolic energy
distribution defined inequation (2). The various processing schemag now be
evaluated on thbasis ofhow well they collect energy on the Cheoyramid, and
place it back at the scatter point, or apex of the pyramid.

In realdata, the location of energy on gygramid surface will be determined from
the reflection strength of theeighbouringscatter points. Horizontéihear reflectors
will tend to concentrate energy at ttog portion of thepyramid, while dipping
reflectorswill tend to have more energy at the correspondaigmic dip. Energy
from edges, such as faults, will be dispersed newemly over the surface. The
velocity of data on th@yramid is defined ahe apex, or scatter point locati@ven
though itmayextend into areas with complex velogtyuctures. The above Cheop’s
pyramidwasdefinedfor 2-D data. Energy from ascatter point in 3-D dataay also
be mapped into a Cheoppgramid by substitutingpther parameters for the CMP
location and half source/receiver offset.

Scatter point energy with same F.nmo

The distribution of this energy in a CMP gather is illustrated in Figure 3, with three
scatter points locatedith thesamezero dfset travel times dnme This model uses a
constant velocity model. Figure 3a shows raypaths to the sheder points on a
cross section with the deepsstatter point located at the CMP location. The other
two scatter points ardisplace toone side. The energy in theo sided CMP gather
of Figure 3b will form where the Cheop’s pyramid from escditer point irFigure 3c
intersects the CMP plane. The left side of Figure 3cdidptaysoneside ofthe same
CMP gather.

Figure 3 illustrates th@roblem with of dispersedcatter point energy on a
CMP gather. One of the scatter points is located at the CMmPamn@ hyperbolic
shapewhile the otheitwo scatter pointdie off the CMPplane andoroduce a non-
hyperbolic shape.NMO canonly imagecorrectly the one scatter point, even in a
constant velocity environment. Thgperbolicmoveout would represent enerfggm
a horizontal reflector. The other scatter poimith non-hyperbolic moveout represent
dipping reflectors, and could bgartially imaged by increasirttpe velocity used for
NMO to match the curvature at zero offset with a hyperbola.

These figures reveahat in a constant velocitpedium,NMO cannot correctly
image the sub-surface.
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Figure 3. Three scatter points having the same zero offset Ty at a given CMP with a)
showing their position in a 2-D line, b) the CMP gather located at the same position as the
lower scatter point, and c) the three Cheop’s pyramid in a prestack volume.

COMPARISONS OF STANDARD PROCESSING TO PRESTACK
MIGRATION

The performance of different processing methody beevaluated by comparing
how well they gather energy from the surface of Chegmysamid. Thefollowing
section is intended to review and revéhé limitations of standard processing
sequences. It is assumit staticsamplitudes, deconvolutions, and velodigve
been correctly identified and applied where appropriate.

NMO and stacking dipping events

Constant velocity medium

The preceding section showed thsmatter points irFigure 3c in a constant
velocity medium. Figure 4 illustratee application of NMO tothe same volume.
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Only CMP gathers at the respective scatter points will haveadirect moveout,
implying only horizontal events can be corrected with NMO.

Fig. 4. Cheop’s pyramid with the application of constant velocity NMO.

Variable velocity media

Dipping eventsare modelled from a series sifatter points and their energjll

tend toalign along thenon-hyperbolic curves illustrated above. Semi-optimum stacks
can be achieved by increasiihg stacking velocity tachieve @est match of the non-
hyperbolic curves with hyperbolasThe curvature of the Cheogyyramid may be
found from the seconderivative ofthe DSR equation (ZHnd matched with the
second derivative othe appropriate NMO hyperbolaSolving for the stacking
velocity Vsi (Appendix 1) yields

\/Stk - TO—an - V - ,

TO—mig COS(de )

3

which isthe familiar velocity correction requited for stackingd@pping event. Note
the velocity V is the velocity at the scatter poigtJ andnot at theNMO time To.nmo
Only the energy close to zero offset will be stacked using this method of processing.

Another interesting observation from equat(@) is thedefinition of a velocity
functionthat will alwaysproduce a stackemi-optimizedor dip. For agivenscatter
point, V/To.mig IS constant allowing equation (3) to become
V. = CTo o (4)

S

When the RMS typeelocitiesareincreasing proporminal to time, regular NMill
produce a stackemi-optimizedfor all scatter points andll dips, as illustrated in
Figure 5. DMO shouldhot beused with this type oflata where the RMS8elocity
increases proportionally with time.
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-h CMP h

To

Figure 5. A CMP gather displaying energy from three scatter points. The velocity at each
scatter point increases linearly with time.

The Cheop’yramid also illustratethe use ofnfinite velocities toobtain a brute
stack ofsteeply dipping events. Note in Figure tBe Cheop’pyramid from the
upper scatter point iending to be flatter atero offset. Steepealipsare represented
father down thepyramid where the zero ftset tends tozero,and can produce a
reasonable stack without NMO.

Conventional DMO

Constant velocity media

The inclusion of conventionaDMO after NMOmay convert the surface of
Cheop’s pyramid to one thaimapsthe zero offsehyperbolaacrossall offsets,
producing thecylindrical hyperbolallustrated in Figure 6. The scattered energy is
now at the correct time and ready for stacking. ¢orestant velocitgnvironment, all
the Cheop’gpyramidswould be converted toylindrical hyperbolashat will align in
any CMP gather. However, when the velocity vaoes; one NMO velocity at Jnmo
can be appliedor all the scatter points to prevent enehgym aligning within the
CMP gather.

Variable velocity media

The application of DMO has been successful in areas wherevelocityvaries
smoothly to approximatde constant velocity condition. In areas whereviiecity
varies caution must be used when using conventional DMOnaesyitlegrade rather
than helpimagethe data.Special routinesre available that allonDMO in complex
velocity areas, and their usehalance witithe use of prestack migration. Figure 7
showstwo imagesNMO and NMO and DMO applied tata inwhich the velocity
increases by
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V(1) = V,(1+0.5t). (5)

% : NN
iR

;\\

Fig. 6. NMO of data in Figure 4.

The scale inthe figures range from 0 t@.0 seconds, 0 to 2000 m in the CMP
direction, and anaximum offset of 2000 mThe velocity at, is 2000 m/s. Note the
CMP gathers on thieft side of each figure. Neither CMfather aligns the data, and
a preferred choice is not clear for the given velocity function.

() (b)

Fig. 7. Cheop’s pyramids in an increasing velocity medium showing a) with NMO, and b)
with NMO and DMO.
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Constant offset and source (shot) record prestack migration

Data in constant offset sections, and source records,camngenient data
organizations to applMMO and DMO. The result of either process would create a
figure similar to Figure 6 in whichdata from one scatter poinill appear to be the
same at all offsets. The addition of a zero offgest stack)migration would collapse
the cylindrical hyperbola to a line of energy the scatter point. Stacking would
complete the prestackigration process. (Note that adentical result would be
produced by stacking firstpllowed by onezero offsetmigration). Once again this
procesonly applies taconstant velocity data where data fralinscatter points would
align on a CMP gather.

One reason foapplying the migration to each constant offset section or source
record before stacking is to attemptieyprovement in velocity analysisTypically
inverse NMO(INMO) is applied, and thdata processedith an additionalound of
velocity analysis. Thigprocess willallow an approximate velocity in eonstant
velocity field toconverge to the corregklocity, andmay be extended tareaswith
smoothly varying velocities. This process howevdtavgedfor structured datahen
INMO is applied at offsetthat do noimatch the distance from tlseatter point to the
source and receiver (Bancroft 1995b).

DMO before NMO

Gardners method of DMO before NMO (Forel and Gardner 1988) reconstructs the
energy from Cheop’pyramid in Figure 2a tahe hyperboloid in Figure 2b. The
energy from other scatter points is also hyperbblttheir shapes wilie on different
paths due to thdifferent velocities. Once agaiine conventional NM@hat follows
will use some form of an average from the velocities of the surrounding scatter points.

Any NMO, DMO, or migration procedbat uses CMP gathevgll be limited in its
ability to produce an accurate image or to resolve velocities.

Prestack migration

All these above processes are attempting to collapse the energy of the Cheop’s
pyramid surface tothe scatter point, areimulate full prestack Kirchhoff time
migration in whichthetime T iscomputed from the DSR equation (2). The current
limitation of these methods is the time and resulting costs required for processing.

The method presented in this papehievesthe same results akill Kirchhoff
prestackime migration withthe advantage ohuchshorter rurtimes. In addition, an
intermediatestepforms gathersimilar toPSI fromwhich scatter poinvelocities may
be estimated before NMO. The methodimple, easy to implement, astll uses
most of the current processing algorithms such as velocity analysis.

Use ofKirchhoff migrationrequires care with the potentjaoblem of aliasing, as
recently described byumley (1993,1994a and b).Aliasing occurs at the steeper dip
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of the summing diffraction(or Cheop’s pyramid). Its prevention requires thi@put
trace to behigh cut filtered at that sample arfdr thedip ofthe respective scatter
point. Consequently, ardliasing filters(AAF) are expensive to implement witiull
Kirchhoff prestack time migration.

PRESTACK MIGRATION GATHERS

In 1986, Stolt (page 3@xpressed the desire for aperator‘which migrates the
unstacked data, but leaves NMDd stack undone”. In a subsequenire (1.17)
Stolt illustrates an offset gathesimilar to a CMP gather, buivhich apparently
containsall the input tracesorted by offset. In theame year, Gardner described a
practical method based on DMO before NMO fbated a gather of energy from the
input traces. Moreecently Ferbef1994) described an alternate method based on
Gardners DMO.

This procesamay bedescribed by reshapirige energy in the Cheopyramid to
an hyperboloid, and then collapsittte threedimensional hyperboloid into a two
dimensional hyperbola the CMP plane. The offset in the CMP plane, for et
trace R is defined by

h? = h?+ X, (6)

whereh is the source/receiver offset, aqg is the distance from the CMP location to
the migrated position of thecatter point. Thehyperbolasare aligned for the
appropriate CMP location, and for tleerrectvelocity. Accurate velocityanalysis
may beperformed on these gathevghich then require NMOscaling, stacking, and
filtering to completehe prestack migration. The method to be presentbdsipaper
is similar tothis approach iforming what we refer to as commsaoatter point (CSP)
gathers.

A processing sequence wahmilar objectivesreates a gather by firapplying the
DSR time shifting tothe input traceassigns an offset tthe traceapplies inverse
NMO for that offset,and then stacks thisace into the gather. The gather now
contains all the prestack traces and is ready for further velocity analysis.

These methods create gathers witheay high foldand with offsetshat can be
much greater than thenaximumsource receiver offset. As a consequence, these
gathers allow moraccurate velocityanalysisthan is possible with conventional CMP
gathers. (Itypical 2-D data, aaumber of CMP’s must be bunched to achievelch
of one at each offset). Once thelocities have been evaluated, NMO and stacking
completes the prestack migration.

The creation of the prestackigration gathers in this papeill be referred to as
CSP gathers athey are based on thexatter pointprinciples of Figure 1. The
formation of these CSP gathersnist only muchfaster andsimpler that theabove
methods, but itnay also create CSP gathersaaty arbitrary location within a 3-D
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volumefor velocity analysis, or may based toquickly extract anarbitrarily located
prestack migrated 2-D line from the 3-D volume.

The CSP gathers shoutdt beconfused with the CMP gathers formed after either
shot recordmigration, or themigration of constant offset section. The CMP’s are
limited to the maximum offset otthe source and receiver, and rdu position the
prestack energy in an optimum position for veloaibalysis. Once NMO andeven
DMO has been applied, th@ata isessentially atzero offsetand any arbitrarily
assigned offset could be used RIMO. It is the contention ofhis paperthat the
offsets used for Vecity analysisshould be based on an offébat is related to the
distances fronthe source and receivers to the CSP locationnahdimplybased on
the source/receiver offset.

The CSP gathers are formed when samples in the input tracssigreed an offset
that isbased on the distance between the source/receiver posdiatige to each
CSP location. This offset is referred to dbe equivalent offset Once this offset is
assigned, the input trace is then summed directly into the offset bins of the CSP gather.
No time shifting ofthe input data is required. In tf@lowing sections, asimplified
equivalent offset will be introduceatiat isbased on NMO angost stackmigration,
and then followed with the complete definition based on prestack migration.

The new method presented in this paper is based dulltpeestackkirchhoff time
migration, but runsnuch faster. The speed increase results wélethe prestack
traces for a given CSP are combined into offset bins before the kineamapatation.

In addition, the DSR equation is replaced by conventional NMO. The acimaker

of floating point computationsnay bereduced on the order of 1000 for a 3-D
resulting in overall speed improvementghe 100’s. In addition, these CSP gathers
allow scaling, filtering, and velocitgnalysisprior to any kinematicomputations.
These speed improvements are relative to the full prestack Kirchhoff method.

EQUIVALENT OFFSET DEFINITIONS

Equivalent offset from NMO and post-stack migration

In conventional NMO and pt-stackmigration, energy from each inptrace is
spread taall output tracesimilar to prestack migration. Energy is moved from the
original two way time position T by NMO to the zero offset two way tigg,.by

2
TZ :T2 +@, (7)

0-nmo
rms
whereh is halfthe source/receiver offset. Energgythen be moved from theero
offset at two-waytime To.,mo t0 the migrated two-watime atTo.mig by the kinematic
Kirchhoff migration equation
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4X§ff
T02—nmo = 152— mig+ K ’ (8)
whereX is the offset between the CMP and migrated position. Tiaesequations
may becombined to move energy directly frothe input trace to themigrated
position, by substituting (8) into (7) to give

VIR 9)

giving an initial estimate of the equivalent offset tdﬁn
h, = b2 + %, (10)

A processmay now bedefinedthat combinesNMO and post-stackiigration into
one stepwith the offsetdefined inequation (10) and eonventional NMO. This is
now a prestacknigration processitilizing Kirchhoff migration principles, requiring
the use of offsescaling, antialiasing filters, and phase compensating filt@iss
process isschematically illustrated in Figure 8, whiclbntains a prestackolume
define by hallsource/receiver offset, CMP trace position, tamg. This figure relates
to 2-D datawith oneaxis definingthe CMP location, howeveaimilar concepts apply
for 3-D data. The shaded aredrigure 8 represents a CMP gather, sntlides one
example of an inputace at a CMP location andth offseth. Thehyperbolic curves
on the CMP gather represent titee shiftingpaths taken by datduring NMO and
stacking. The front surface of thielumerepresents a stacked or zero offset section.
The zero offet section contains an arbitratdgated migrated tracsith hyperbolas
also showing thdime shifting paths for migration. Note théata path taken by
conventional NMO andgst-stackmigration as it first moves energy ttee zerooffset
position and then to the migrated position. cémtrast, theop surface shows the

direct path of theombinedprocess that uses tleguivalent offseﬁe to move energy
from the input trace directly to the migrated position.
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Figure 8. Prestack volume for 2-D data with dimension of offset, CMP position and time.
Energy in an input trace on the CMP gather (shaded) will move to zero offset with NMO, and
then to the migrated position.

The equivalent offsefle allowsall the input traces to be gathered prior to NMO,

for agiven migrated position as illustrated in Figure 3. This figure illusttatesame
input trace irFigure 2 beingopied into &in ofthe CSP gather (shaded) at the offset

defined byﬁe. The NMO curves required for the prestawcigrationare also shown

on the shadenhigrationgather. The intersection points of the grid onttdpesurface

of Figure 9 is used to identify the position of other input traces positioned by CMP and
offset h. Allthese tracesnay beassigned an equivalent offset and comeatb the
prestack migratiorgather. Thesequivalent offsetsnay bemuch larger than the
maximumsource receiver offsethich is illustrated by extendinipe shaded area of

the gather beyond the maximum source receiver offset. When the migration position is
moved, the input traces will be assigned different equivalent offsets.

The equivalent offset mat also be evaluated with NMO compensated for dip by

an?cog dip)_ ., . 4h*(1-sin’*(dip))
—nmo+—2 - TO—nmo+ 2 :
\/rms \/rms

(11)

When combine with equation (8)
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4(h* + x* = W*sin’(dip) 4h?
TZ = -IZJZ—mig + ( V2 ) = T02—mig + V_Ce, (12)
giving another estimate of the equivalent offset tEgm
h, = b2 + &, - hsin?(dip). (13)

This form isnot very useful ashe dip must be predetermined, many passesnade
with differing dips and dip filters.

CSP location

Fig 9. 2-D prestack volume illustrating movement of energy from the input trace to the
prestack migration gather.

The equivalent offset from prestack migration

The abovelefinition ofthe equivalent offsetmay beimproved by incorporating the
DSR equation into itdefinition. This is accomplished by defininghew source and
receiverthat arecollocatedat theequivalent offset position E in Figud. The
equivalent offset is chosen teaintainthe sametotal traveltimes ashe original path
(dashed) by the single two way path shown as the solid line.
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Fig. 10. Prestack migration illustration containing the equivalent offset position for a
collocated source and receiver.

In forcing the source and receiver to be collocated, and positionedeajuitialent
offset, the reflection time is now located on a hyperbola centered at the scatter point as
illustrated in Figurel0. Once again NMO and stacking compleékee prestack
migration. Equatiorfl) ismodified to includehe equivalent offset one-way time. T
to become

2T, =T +T =T (15)
and when substituting the raypath parameters and aisgag/aytimes, we get

m L ng 16)

2%;/ 0m|g D_%y 0m|g E}/Omlg
rms rms rms

The RMS velocities are all defined at the scatter point. Solviriy, fee obtain

0 =025, T2 Vot 1)+ (, B ot ) By gl (07

When the source and receiver are both orsime side ofthe CSP location (2-D
data) as inFigure 1, then thdalf source/receiver offsdt and the CMP to CSP
distancex., are defined by
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h = |hs| _|hr| and x. = |hs| +|hr| (18) AND (19)
e off — 2 ! !
or
h,=xs+h AND h =x,Fh. (20), AND (21)

Input 2-D traces imvhichthe source and receiver straddle the CSP alitput 3-
D traces,may beconverted into a geometrgimilar to Figure 1 by rotating the
raypaths to be in a common vertical plane. Equafib®sand (19) will now be used
as a general definition dfandx.s - not of the actual 3-D surface geometAzmuthal
information ofthe source and receivietrys shouldstill be preserved and used for
asmuthal stacking.

Substituting equations (20) and (21) into equation (16), a osakilfull definition
of the equivalent offset is

2x_. hrf
2= X+ P -2 . 22
he = X L & (22)

rms

The algebra is in th&ppendix 2. Equation (22)may beused to map Cheop’s
pyramid energy in an input trace directly to the hyperboloid, or to copy energy into the
CSP gather.

An equation that issimilar to (16) may bederived by using squareoot
approximations for the source and receiver raypath in equ@i@n but the result
contains the two-wayero offsettime T, instead of theotal two-waytime T and is
also derived in Appendix 3. Whéehe squareoot approximation is used fall the
terms in equation (16), the result is #@me as equatidd0) whichwas derivedrom
NMO and post-stacknigration.Its derivation appears iAppendix 4. The results of
appendix 3 and 4 have been includedcomparative purposes andeimphasize the
desired result of equation (22).

The equivalent offsdt, defined inequation (22) isime ordepthvarying, and also
a function of velocity. An inputracemay havdts samplespread over aumber of
offset bins, however the time sampiéii remain athe same time. An example of the
time varying equivalent offset is shown in Figure 11 that shows the source and receiver
positionss andr relative tothe CSP location. Note tliiest useful energy ithe input
traces comes at a tinig defined as the reflection from a scatter point at the surface of
the CSP location and is given by

_ 2o
Tor - V ) (23)

rms

with an offseth,, defined by

CREWES Research Report Volume 7 (1995) 23-17



Bancroft, Geiger, Foltinek and Wang

Ney = Xy - (24)

Energy at this point will migrate tihe surface of the CSP traséth a dip of 90
degrees. The energy contributiontte CSRemains below J, where the offset
increases slightly and tends to an offset asymptgigven by

he = %5 + 17, (25)

which is also the same offset givendguation (7), derived from NMO ampdst-stack
migration.

Equivalent offset

6 5 -4

,,,,,,,,,,,,,,,,,,,,,,,,,,, t

a

Scatter
point

time

-10

Fig. 11. Example of the time varying equivalent offset position.

FORMATION OF CSP GATHERS USING EQUIVALENT OFFSETS

It may appear from equation (22) that that tbgquivalent offset needs to be
computed for each input sample. Fortunatbht is not thecase anly times at
which the inputsamplesstart in anew bin need to beomputed. The firstuseful
sample on an inputrace will come from aeflection off the scatter point at the
surface. The travel time to thssatter point isT,, and these positionge at a 45
degrees angle on the CSP gather as illustrated in Figure 11. An initial equivalent offset
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h,, may becomputed from thisime and assigned to appropriate offsebin with
central offseh(n) and incremental offs@h. Thefollowing samplesare added tthis
bin until the equivalent offset increases lti¢n) + ¥2dh, at whichpoint thesamples are
then added to the next offdmh h(n+1). The time atvhich thisoccurs isT(n+1) and
may be found from rearranging equation (22) to give

(2xOff h)
Vino(T ) X + 17— (]

In a similarmanner, the transitiotimesfor all the offsetbins may beomputed, to
allow efficient copying of the input trace samples into the respective bins.

T(n) = (26)

The above assumption of using ds the startingme for an input tracassumes
that theenergy willpropagate tdime zeroand correspond to a 90 degragration.
Time migrations to thisteepanglemay beimpractical and include greatdeal of
unwanted noise.Limiting the extent of thenigration angle is a popular feature of
Kirchhoff migrations and itmay also be applied tthe formation of the CSP gathers.
The pre-migration dip angles dhe CSP gathanay also belimited to reduce the
noise, with an additional benefit of reducthg number of offsebinsused by an input
trace. Inmanycases, th@umber of offset binsnay bereduced to one offset ath
This benefit alsamccurswhen half offseth is smallrelative to xx, or whenthe first
usefulscatter points arbelow the surface as in nr@e data. Thesquivalent offset in
equation (26)nay also be used tdefinethe time at whichall remaining sampldall
into the last bin.

In conventional Kirchhoff migrations, considerablort is taken to postpone as
much scaling and filtering as possible frim summationpart of the process teave
computing time (Silva 1992). Thisn®t thecase for CSP gathers as these operations
may beapplied efficientlybefore NMO and summation with littlextra overhead.
Application ofthe 3-Ddifferential filter (root differential filter for 2-D) before NMO
and summation also aids in focusthg velocity energy osemblancelots toaid in
velocity analysis. lmaddition, other parametessich as dip rangmay also be applied
to the CSP gathers and tested to optimize their effect on the final migration.

The size ofthe bin spacingdh in a CSP gathemay bedetermined from the
maximum allowable time shift whialesults fromapplyingNMO to neighbouringpins.
This value will depend orthe frequencycontent of the data and theecquisition
geometry. The effect dinite bin size withthe high fold, and an assumeddear
distribution, is to box cafilter the binneddatawith period equal to théme shift.
This filter hasthe same parameters ase required foantialiasing and in effect
provides a natural filter for the data in a CSP gather. In practice, the bin spacing in the
CSP gathers is less that that of the 3ubsurface griqgor CMP spacing foR-D)
whichrequire a more server aafiasing filtercriteria. It is important to note that the
bin size has little effect othetime requiredor acquiringthe CSP gathers as tkame
number of input samplere summed. Smalldbin sizes require more offsetns, so
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the memory requirements to satree offset will however increase. It should also be
noted that the offsdiin size shoulchot confused with the offsddin sizes inconstant
offset migration whereéhe number of offset bingend to besmall to expedite the
algorithm.

After the gatheringscaling, and filtering ofthe CSP gathers, themaining
processing steps to complete the prestaigkationare NMO and stacking. Regular
processing softwaremay beused, along with conventional velocitgnalysis
techniques. Thenly new software required is a routine define the equivalent
offset, and a routine to add the input energy to the appropriate offset bin.

PROPERTIES OF THE CSP GATHER

A comparison between theld of the CMP gather and the prestamligration
gathermay be visualizeffom Figure 9. A CMP gather contains 9 traces from the
grid, while the CSP gather could contain 153 traces. Inreal 2-D data, the CMP gather
may containonly 15 live traces for amaximum possibility of 6Gbins, while the
corresponding CSP gatheray contain tens of thousands of input traces spread over a
few hundred bins. A CSP gather from 3-D daty contain hundreds of thousands of
input traces. This extremely high foldand large offsets enaldecuratevelocity
analysis akeach migrated position. In mwastseveral CMP gathersay berequired
to obtain a single fold coverage for conventional velocity analysis.

An important property of the CSP gather is thwny traces aresummed using
only the asymptotiequivalent offseh,,. Thisdata isindependent of bothme and
velocity, providing stability tahe CSP gathexhenthe velocitiesare unknown. The
CSP gathermay beformed with an arbitrary velocity, artde gather used tdefine a
more accurate velocity. The iterations of this process conwenyerapidly, and
usually onlyone iteration is required. Velocities derived from the CSP gather are
RMS type velocities.

The increased offset range of the CSP gather, antigks fold improve the
resolution of velocityanalysis. Consequentlihe velocities on semblangdots focus
to smaller pointghan on conventionaemblanceplots formed from a CMP gather.
The better focusing ofhe data orsemblanceplots also illustrate themproved
resolvingpower of prestacknigration, andhat thevelocities must be quite accurate
to enhancehe signal and reduce the energymufitiples. Thisfeature of the CSP
gathermay havesubstantial implications ofield designs thai@are based on CMP
gathers. In addition to tHeenefits ofprestack migration, the standadorithms for
noise or multiple removal thatere designed for use with CMP gatheray also be
applied directly to CSP gathers.

This paper has used prestack migratiordédineCSP gathers based equivalent
offsets. Other criteria fdiorming the gathersnay also be included.For example,
azimuth restrictionsnay beapplied to2-D or 3-D data.Additional applications allow
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theinclusion ofconverted wave velocitgnalysisand prestack migration. The method
has also been used for crooked line processing

POSSIBLE ADDITIONAL BENEFITS OF THE CSP GATHERS

Staticanalysis is amarea inwhichthe CSP gathenayalso be ofignificant benefit.
When convention&-D linesare recorded with source points at four-statmarvals,
four independent (de coupled) surface consistent solutions are obtained. Each receiver
only contributes to every fourt&€MP, requiringfiltering techniques to combine the
solutions. In addition the static solutions are obtained on NMf@dby correlating
each input traces with model that is typically @moothed brute section. The CSP
gather, in contrast to a CMP gather, contamasycontributions fromell sources and
all receivers withirthe prestacknigrationaperture. This greatly increasédbe number
of correlations and ensures tbeupling ofall sources and receivers widli CSP's.
Thehigh fold ofthe CSP gathenayenable it to serve as a modi@l the input traces
before NMO, tagive statics that are independent of the stretching due to NMO. The
successnay possiblydepend on removing coherent noisecteate asuitable CSP
gather model for correlating input traces.

Many traces in a CSP gather are positioned with offsets close to the asymptote
and are therefore independentiofe and velocity. Whe@SP gathers are produced
independent of time and velocitthe potentiabpplicationsmay exceed those of
prestackime migration. Time migrations witimore complexnoveout equations are
possible andanay be anecessityfor taking advantage of the long offsets. In addition
the accurateelocities derived fronthe CSP gathermayallow anaccuratesstimation
of average velocities to produce an approximate depth migration.

CSP gathers may be formed to bias the azimuth of a ray path frontlestiseurce
to scatter point, or the scatter point to receivieay paths with a desired azimuth of
one ray patleg may becollected with theazimuth ofthe othedeg left to vary
randomly withinthe high fold of the CSP gather. Comparison betwbmsed
azimuthsmay allow a better estimate of anisotropy velocities, andebeprestack
migrations. The processing time of biased azimwith®nly double the stackme of
CSP gather as each input trace will reqsuenming into azimuttior eachleg other
total ray path.

CONVERTED WAVE PROCESSING

Converted wave processing assurttes downward propagatirgy path is a P
wave, and the reflection converts some P wave energy into sheahaiapeopagates
to the surface. Recording tfis shear wave with 3 component receivers provides
additional informationabout thereflecting or converting surface, and allows the
estimation of properties such as Poisson’s ratio. primeiple of equivalent offsets
may also be applied to this processing scheme to providdter belocity analysis,
simplify and speed the processing, gnek improvedesults. The processing method
start with the DSR equation with the appropriate P awel&ities for eacleg of the
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ray path. Theequivalent offset W enablethe formation of a common conversion
scatter point (CCSP) gathaiith hyperbolicdata suitable for conventionalelocity
analysisand processing. The processing is more complexttieganonventional P-P
wave processing , and tloetails are contained in a companion paperWsng
(Chapter 27).

CONCLUSIONS

A robust method of prestaakigration has been developed thatsisipler and
much faster than conventional methods. It is basedKmohhoff prestacktime
migration, butmodifiesthe migration process to gathering, NMO, and stacking. The
new method correctly maps energy frgrestack traces tequivalent offsets in
commonscatter point (CSP) gathersConventional velocityanalysistools may be
used on the CSP gathers to accuratieiiermine RMS velocities. Other advantages
may includecoupled surface consistent statics, improield design, converted wave
processing, multiple evaluation and simplified processing.
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APPENDIX 1. DERIVATION OF STACKING VELOCITY FROM THE DSR
EQUATION

The curvature of the Cheopdyramid at goosition x (defined aghe distancérom
the scatter point to CMP positiomay befound from the DSR equatid®) using the
half source/receiver offset h. The zero offe®ie atthe scatter point idefined as .
mig, and thezero offsettime atthe CMP igdefined as {.m. For simplicity, the
velocity at the scatter point V{T.g) is simplified to V, to give

_ (x+h) (x=h)*
T= \/ }/Z-IZ)Z—mig + Vz + %Toz—mig + V2 . (Al)

The curvature is evaluated from the second derivative, evaluated at the CMP position
X, and as h tends to zero to giving

2 2
T Aoy (A2)
dh |h40 \ -I:)—nmo

The times are now two-way times to compare with a hyperbolic NMO curve

2
T2 = -I;)z—nmo+ @ ! (A3)
stk
where the velocity Y is chosen to give “thbest stack.” The secorderivative of
this hyperbola as h tends to zero is

d*T| 4
= : (A4)
th |h40 -I(-)—nmoV:tk
Equating equations (A2) and (A4) give the NMO velocity
Vew = vome =V (A5)
TO—mig COS(de)

which isthe familiar velocity correction required for stackingd#pping eventocated
at the scatter point. Note the velocity V is the velocity at the scatter poigtahd
not at the NMO time &,mo Only the energy close tero offsetwill be stackedusing
this method of processing.
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APPENDIX 2. DERIVATION OF THE EQUIVALENT OFFSET EQUATION
(16)

The DSR equation (16) is modified by resorting and moving the velocity to get

[@RW (m+h] =[ AV ﬂ%[ (TY +( %- ﬂ (A2-1)

(oo = o] + [y (ae )] -
) - (2 (- ]

(LTV) + % + FP+25, h=
[TV @] f R+ R-2x h— (A2-3)

4{[ V) + rﬁ][ (,5V) + (% - I)Z]}%

(A2-2)

to get
4%, h= 4[(y15 V) + @] _
(A2-4)
(BRI (BT R
resorting,
[(%TOV)Z + (% - h)z]}/2 - 4[(%T:V)2T+Vrﬁj+ ~ %4 X (A2-5)
() +r]
simplifying
[(%TOV) + (% - ] [ BV + Ij] [ T V°“ ]y (A2-6)
squaring
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(;/ZTOV)Z + X + =2, h= (;/2 § \)2 + B+ ( _Sx\if)?{ " = X5 (A2-7)
»lo

eliminating terms, and resorting

2
X« h
h? = X%, + h? - () (A2-8)

(V) + e

and finally, the denominator termsgnplified with thetotal two way time T toget the
desired result.

h2 = X2, + P %MEZ (A2-9)
=X —_— -
o OV, (T)00
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APPENDIX 3. APPROXIMATE DERIVATION OF THE EQUIVALENT
OFFSET EQUATION

Starting with the DSR equation again,

l
ZB’zTOZ + %H = B/zTOZ +V—Z + E/zTOZ +V—;H (A3-1)
and dividing byT,
2[1+%7e%5 =0+ s %D + L+ r %D_ (A3-2)
E %TOV E E %TOV E E %TOV E
Recalling the expansion
2
(1+X)%:1+§_%+1£6_"' (A3-3)
substitute the series terms into (A3-2)
0 gp 09 0 yon d (0 p o O
23+ :vﬁ - E‘“% :vﬁ _% Th\s/ﬁ Fegt
§ 5ME B 2BWVE eBWE
Ei 10n O 10K O ]
+ = r -= +...
H 2 %Tové 8 %Tové A
which becomes
2E1+D h, ngjé:2+lhj+hf _1hi+hf (A3-5)
FEWER T () ey
Squaring both sides,
L.0n BB, reen a(eer) -a(er) (A3-6)
u %TOVEH (LTv) (,Tv)’
and simplifying,
2 2\2 _ 4 4
hj:%(h§+hf)+(hs+h’) 2(%+h)+... (A3-7)
16(,,T,V)
or,
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h+2h2h? +1h' - A b+ bf) |

h2 =4 (2 + 1)+ : (A3-8)
16(%T0V)
Simplifying further,
4 _ op2R2 4
e = (he+ )BT (A3-9)
16(%T0V)
and further,
h2 _ h2 2
h: :%(h§+hf)—(s—r)2+"' (A3-10)
16(%T0V)
Recall
hs =X, + h and hr = Xt — h. (14), AND (15)
then
h+h = 2(x§ﬁ + hz) (A3-11)
and
giving
X2 h?
I LI (A3-12)
(%TOV)
and finally
[Px hEF
h: — X(Z)ﬁ + - E’%E R (A3-13)
0

Note in this approximation, time 13 not T.
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APPENDIX 4. 2ND APPROXIMATE DERIVATION OF THE EQUIVALENT
OFFSET EQUATION

Starting with equations (A3-2) and (A3-3)

| S+
%Tovg + ...B (A4-1)

|:|4

-

Simplifying,

14 h, 1h2+h?> 1h*+n

h O u)
%% Z%ﬁ% T E(%TOV) 8(%T0V) " (A4:2)

using only the second order terms

%§_+... _ %F5T+\3§_+... (A4-3)
2 %0
giving,
hj=%(f‘§+f’f)_+“‘ (A4-5)
but recall
h,=x,+h AND h =x,—h. (14), AND (15)
and
h? +h? = 2(x¢, + 1) (A4-6)
giving
= X2 + I (A4-8)
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