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Summary
In this papera procedureis proposedfor multi-angleimaging
andelasticmultiscaleinvolvedare:(1) adecompositioninto up-
anddowngoing

�
- and � -waves; (2) compensationfor the

�
-

and � - downward propagationeffects (inverseextrapolation);
(3) imagingof the angle-dependent

�
-
�

and
�

- � reflectivity;
(4) multiscaleanalysisof theimagedangle-dependent

�
-
�

and�
- � data. It is shown that in the syntheticcase,properuse

of walkaway VSP datacan improve the quality of the angle-
dependentdepthimages,becauseinternalmultiplescanbe ef-
fectively suppressedwhenimagesof all receiversarecombined.
With real VSP datawe will have an additional improvement,
causedby thefact that thereceiversarecloserto theinterfaces,
which will decreasepropagationrelateddisturbancesof the re-
flectedwave-field.

Introduction of multiscale characterization
Multiangle,multiscalecharacterizationonangledependentseis-
mic reflection responseswas introducedby Goudswaard and
Wapenaar(1997).For this characterizationschemeaneffective
singularvelocity profile was introducedthat is consistentwith
multi-scaleanalysesof actualvelocitywell-logs,asanalyzedby
Herrmann(1997). This velocity profile, which is a generaliza-
tion of step-functionboundaries,consistsof depth-shiftedver-
sionsof �������
	 � �
�
� ��� � for ���������� ��� � for ������� (1)

in which � is thesingularityparameter, and �
��� � arefactorsthat
definethe velocity contrast. It hasbeenshown by Herrmann
thatestimatesof � canbeacquiredby applyingtheContinuous
WaveletTransform(CWT) on a well-log, andby analyzingthe
amplitudeson so-calledmodulus-maximalines in this wavelet-
transformeddata,closelyfollowing Mallat andHwang(1992).
Figure1 shows an exampleof suchan analysison a synthetic
velocity profile containingthreedistinct examplesof a bound-
arydescribedby eq.(1).
Furthermore,two distinctsmethodshave beenintroducedto ex-
tract estimatesof � from seismicreflectiondatamigratedinto
rayparametervs. depth(��� � )-gathers.Thefirst methodis dis-
cussedin Wapenaaret al. (1999);it is however only applicable
to acousticreflectionresponses.
The secondmethod,including an analysisof the first method
is describedin Goudswaard(1999). In this method,first a lin-
earizedZoeppritzinversionis performed(asdevelopedby van
Wijngaarden(1998)). The resultof this inversionis a continu-
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Fig. 1: (a) Syntheticvelocityprofilewith boundariesdescribedbyeq.(1)
(b) ContinuousWaveletTransformof (a)
(c) positionof modulus-maximalinesin wavelettransform
(d) log-log plot of amplitudealong modulus-maximalines vs. scale
(top)  "!�#%$�& ' , (middle)  "!($ , (bottom)  "!($�& )
ousestimateof thevelocitycontrastfunction * �+�����-,�.������� , here-
afterreferredto as / ����� . Fromtheself-similarrelationshipfor
velocity contrastfunctionsthefollowing relationfor theampli-
tudesalongmodulusmaximalineswasderived021+3 �4�65/ �879�:7;���<� �
	=� �>�@? � 021+3 7BA 0C1�3 �4�65/ � ? �4�6�<� �ED (2)

Eq (2) implies thatwhena CWT is performedon this data,es-
timatesof � canbe acquiredin the sameway as they canbe
acquiredfrom thewell-log.
Multiangle processing of walkaway VSP data
In this paperwe will apply thesecharacterizationmethodson
walkaway VSP data. be lessthan in surfacedata. Moreover,
in the multi-scaleanalysis,the correlationof the resultswith
well-logs will be mucheasier, sinceno time-depthconversion
is required. The direct contribution in the downgoing P- and
S-wavescanbeusedto calibratethegeneralizedprimarywave
field extrapolationoperators(that includedispersionrelatedto
thefine layering). Theseoperatorsareusedto acquirethemul-
tiangleimagingresult. It is our intentionto evaluateour elastic
multiscalecharacterizationmethodonarealwalkawayVSPdata
set.
Sinceour characterizationmethodhasnot beendesignedfor
walkaway VSP data,a numberof adaptionsis required,which
wewill brieflydiscussehere,atthehandof anumericalexample.
A typical multisource,multireceiver walkaway configurationis
shown in Figure2. Figure3ashows afinely-layeredtarget;Fig-
ures3b and3c show the F�G and F+H componentsof a walkaway
VSP-experimentwith thesourceat thesurface,andreceiverslo-
catedatadepthof 391m.
First,adecompositioninto up- anddowngoing

�
- and � -waves
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Fig. 2: Multisource, multireceiverwalkawayconfiguration.

is required.To this endthewalkaway VSP’s (commonreceiver
gathers)are reorganizedinto normal VSP’s (commonsource
gathers).In this domaintheseparationcantake placeby veloc-
ity filtering andpolarizationfilters. A simulateddecomposition
resultis shown in Figure4a,b,c,d.Notethatthedirectcontribu-
tion in thedowngoingP-andS-waves(Figures4a,b)canbeused
to calibratethegeneralizedprimarywavefield extrapolationop-
erators(thatincludedispersionrelatedto thefine layering).The
decomposeddatacanbereorganizedbackinto walkawayVSP’s
(commonreceiver gathers),seeFigures5a,b,c,dfor a singlere-
ceiver at � = 391 m and 16 sourcesat the surface. Note that
the upgoing

�
- and � -components(Figures5c,d) containthe

angle-dependentresponseof thereflectorpackageatthereceiver
depth.

After havingperformedthispreprocessing,wehaveto imagethe
angle-dependent

�
-
�

and
�

- � reflectivity, usingtheoperators
discussedabove; in this examplewe will ignorethe dispersion
effectscausedby thefine-layering.To this end,thedatawill be
Radon-transformedinto therayparameter-intercepttime ��W �X� � -
domain. Note that analyzingdataafter a ��W �Y� � -transformis
only valid in the1-D approximation.Becauseof thefactthatin
walkawayVSPdatathereceiversareverynearto theinterfaces,
we canassumethat this approximationis valid. Two imaging
strategiesareusedto acquiretheangle-dependentimagesZ\[][
and Z\[;^ .
Thefirst strategy is constructingacompletedepthimageZ � � �:���
for asinglereceiver. Figures6a,bshow theresultof this imaging
strategy for thetopmostreceiver at 300mdepthfor the

�
-
�

and�
- � datarespectively. This imaging result clearly shows the

main reflectorsfrom the finely layeredpackage,however it is
blurredby many internalmultiples.

The secondstrategy is constructinga completedepthimage
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Fig. 3: (a) Finely-layered target of the velocityprofiles _ [ (solid) and_ ^ (dashed)(b) `aG -componentof the wave-field. (c)̀aH -componentof
thewave-field.Z � � �:�6� by concatenatingsubimagesfrom thereceiver which is
nearestto a specificdepthin the image. By this techniquewe
reducethenumberof internalmultiplesin theimage,becausewe
will combinemainly theprimaryenergy of all images.Figures
6c,dshow theresultsof thistechnique.It showsthatthisimaging
techniqueimprovesthe resolutionanddecreasestheamountof
imagedinternalmultiples.
In the sectionon characterizationwe will analyzethe images
acquiredby bothimagingstrategies.

Multiscale characterization of walkaway VSP data

Themultiscalecharacterizationon the imagedangle-dependent�
-
�

and
�

- � in figure 6, will be performedaccordingto the
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Fig. 4: Commonsource VSPgathers. (a)ced -componentof the wave-
field. (b)f d -componentthewave-field.(c)c\g -componentof thewave-
field. (d)fhg -componentof thewave-field.

approachdiscussedin theintroduction.Thegoalis to show that
estimatesof semi-continuous� -profilesfrom well-log dataare
consistentwith estimatesfrom seismicreflectiondata.

First we have computedthe � -profile of the P-wave veloc-
ity well-log of figure3a. Theresultof this analysisis visible in
figure7a-d.Thetechniquefor thisanalysiswastreatedin thein-
troductionto this paper. For thecomparisonbetweenestimates
of � from well-log andseismicdata,we computethe profiles/ ����� from thedatain figure6, makinguseof the techniqueof
VanWijngaarden.
Figure8a shows the estimateof / ����� makinguseof the data

-2000 -1500 -1000 -500 0 500 1000 1500 2000

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

VSP wave field S down

offset [m]

tim
e 

[s
]

-2000 -1500 -1000 -500 0 500 1000 1500 2000

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

VSP wave field P down

offset [m]

tim
e 

[s
]

-2000 -1500 -1000 -500 0 500 1000 1500 2000

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

VSP wave field S up

offset [m]

tim
e 

[s
]

-2000 -1500 -1000 -500 0 500 1000 1500 2000

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

VSP wave field P up

offset [m]

tim
e 

[s
]

(a)
i

(b)
i

(c)
i

(d)
i

Fig. 5: CommonreceiverVSP gathers with receiverat j = 391 m
and 16 sourcesat the surface. (a)c d -componentof the wave-field.
(b)f;d -componentof the wave-field. (c)c g -componentof the wave-
field. (d)fhg -componentof thewave-field.
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Fig. 6: (a) Depthimage k [][ml npo j+q for thereceiverat 300mdepth.
(b) Depthimage k [;^;l npo j+q for thereceiverat 300mdepth.
(c) Depthimage k [;[ml npo j+q constructedby combiningdepthimagesof
all receivers.
(d) Depthimage k [r^9l npo j�q constructedby combiningdepthimagesof
all receivers.

setsin figure6ab. Figure9ashows theresultacquiredfrom the
datasetsin figure6cd. Figures8/9b,c,dshow theresultsof per-
forming the CWT on thesedataandextractingestimatesof �
from thedepthimage(thesolid line in figures8/9d.
It is clear from thesepicturesis that the / ���6� -profile in fig-
ure 9a is muchmorepronouncedthan the one in figure 8a; it
mainlyshowsthestrongreflectorsin thefinely-layeredpackage,
whereas/ ����� in figure8aseemsto beaffectedby themultiple
energy. Theestimatesof � from bothdatasetsshow that these
estimatesarelesssensitive to this multiple energy, however the
estimatesfrom thedatawithout multiple energy aremoreaccu-
ratethantheresultsof thedataconstructedfrom thereceiver at
300mdepth.
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Fig. 7: (a) P-wavevelocityprofile representingfinely-layered target
(b) ContinuousWaveletTransformof (a)
(c) positionof modulus-maximalinesin wavelettransform
(d) estimatesof  asa functionof depth
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Fig. 8: (a) Estimateof s l j+q fromtheseismicdatain figure6ab
(b) ContinuousWaveletTransformof (a)
(c) positionof modulus-maximalinesin wavelettransform
(d) estimatesof  asa functionof depthfrom s l j+q (solid)andfromthe
P-wavevelocityprofile (dashed)
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Fig. 9: (a) Estimateof s l j+q fromtheseismicdatain figure6cd
(b) ContinuousWaveletTransformof (a)
(c) positionof modulus-maximalinesin wavelettransform
(d) estimatesof  asa functionof depthfrom s l j+q (solid)andfromthe
P-wavevelocityprofile (dashed)

Conclusions

A multiangle,multiscaleimagingandcharacterizationmethod
for walkawayVSPdatahasbeenproposedandanalyzedonsyn-
theticdata.It wasshown thatfrom F H and F G measurementsthe
datasetsZ d[][ , Z d[;^ , Z g[;[ and Z g[;^ canbeconstructed,which
seemto containno spuriouseventsfrom other modes. These
datasetshave beenthe input of an imagingschemein which
VSP datafrom receiversat all depthswerecombined,to con-
structadepthimagethathaslessinternalmultiplesthantheim-
agefrom only onereceiver. Both datasetshave beenanalyzed
by a multiangle,multiscalecharacterizationmethod. A singu-
larity parameter� -profile was extractedfrom a finely-layered
packageandfrom both thesedepthimages. It wasshown that
thesuppressionof internalmultiplesin theimagingstrategy en-
hancesthis inversionprocedure.Currentresearchinvolvesthe
applicationof thismethodon realwalkaway VSPdata.
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