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A COUPLED METHOD OF MIGRATION AND TOMOGRAPHY TO ESTIMATE

SUBSURFACE VELOCITY STRUCTURE

ElicH! Asakawa!

ABSTRACT

A new method to estimate both subsurface structure and veloeity
distribution using setsmic travelfimes is proposed. Reflection tomog-
raphy is often used to estimate subsurface velocity distribution and it
requires an initial estimate of the positions of reflectors because ray-
tracing has to be performed before tomographic inversion, Maost
conventional reflection tomography determines the position of
reflectors using information such as well log data and seismic time
sections. In this paper, a kind of kinematic migration of the travel-
time data is proposed in order to estimate the reflector positions.
Since only traveltime data picked from the prestack seismic traces
are used in this procedure, the method proposed in this paper is very
efficient. This approach eliminates the need for time consuming
migration and the difficulty of raytracing of the reflected wave in the
cell model used in tomographic inversion.

The basic concept is described and then applied to a2 numerical
experiment data with the detailed discussion, Finally this method is
applied to the data which are obtained with a scaled model.

INTRODUCTION

Prestack depth migration is widely vused to image complex
structure, Accurate estimation of velocity structure is
required before applying prestack depth migration. The con-
ventional way to estimate velocity structure is to use stacking
velocities. However, CMP velocity analysis does not work
well in media which have lateral velocity variations.

Recently, reflection tomography has been applied to the
estimation of the velocity structure for prestack depth migra-
tion. The tomographic approach has the advantage of handling
the global velocity variations in cell models and it is suitable
for cases where the lateral velocity variation is severe.

In applying reflection tomography, the positions of the
reflectors must be estimated before inversion of velocity dis-
tribution because it is essential to find the reflected raypaths.
However, most of the conventional methods handle velocity
variations by estimating the position of the reflector using

well logs, check shots or interpreted horizons.

Bishop et al. (1985) first proposed reflection tomography
to estimate both the velocity and the reflector position simul-
taneously. Stork and Clayton (1991) proposed coupled inver-
sion of velocity and reflector position. Their method com-
bines transmission tomography and wave equation
migration. It requires considerable computer time in the
migration portion.

A new reflection tomography approach is proposed in this
paper. Only the two-way traveltimes of the reflection events
picked from the prestack seismic data are analyzed to esti-
mate both the reflector and velocity distribution. This
method consists of two processes. The first process is a kine-
matic migration to estimate the positions of reflectors.
Because it does not use full migration but only a kinematic
migration of traveltime data, it is a very efficient procedure.
The migration used in this paper is similar to Kirchhoff
migration, and it is essential (o estimate the traveltimes on
grid points in the depth section. Asakawa and Kawanaka
{1993) proposed an efficient and accurate raytracing method
in a cell model called Linear Traveltime Interpolation (LTT),
which is suitable for tomographic analysis. LTI is applied to
calculate traveltimes on grid points in this process. The posi-
tion of each reflector 1s estimated statistically from the depth
section on which the migrated points of the observed travel-
times are plotted.

The second process is reflection tomography to estimate
velocity variations, It is necessary but difficult to calculate
the raypath reflected at a certain reflector in a cell model.
The shooting method does not work well in cases of large
velocity variations. In this paper, | present algorithm new
raytracing for reflected waves al a certain reflector.
Matsuoka and Ezaka (1992) proposed the raytracing of
reflected waves using the reciprocity principle. Their method
is an efficient way to estimate the reflection point on a
reflector using traveltimes at grid points. LTI and raytracing
by reciprocity are coupled to estimate the reflected raypaths
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eftime is equal to Tt+Tr.

In & tomographic geometry. It overcomes the trial and error
approach and it is efficient.
Basic ConcEPT

The method proposed in this paper consists of two pro-
cesses. The first estimates the position of a reflector using

T,: B(x,y, +d)

R N T Clx,p +r)

T, A(xy»)

I;’: P(xpyz)

] [
l [

Fig. 2. A raypath crosses the line segment AB at point C and arrives
at the point P inside the cell. Point C is located at distance r from point
A. The travelime at point C is assumed to vary from Tato Ta linearly
as r changes from 0 ( at point A) to d (at peint B).
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Fig. 1. The concept of equi-two way time curve. Pi is reflection point. Tt is transmission traveltime from shot point to reflection point. Tr is reflection
traveltime from reflection point to receiver point. The equi-lwo way time curve consists of the points which satisfy the condition that the observed trav-

traveltime data. The second is the estimation of the velocity
distribution.

The first process requires the conversion of the observed
traveltimes to depth. The basic idea is the same as used in
kinematic Kirchhoff migration. The points which give the
observed reflection traveltime for a certain pair of shot and
receiver points lead to a curve in the depth section. This
curve is called a equi-two way traveltime curve in this paper.
The points on the curve represent all possible reflectors for a
given traveltime. In reflection seismics, a number of shot and
receiver pairs give such curves on the depth section. The
most probable reflector could be extracted statistically.

It is essential to estimate the equi-two way traveltime
curves which correspond to the observed traveltimes. The
reflection event comes from the points where the summation
of traveltimes from the shot to the point and from the
receiver to the point is equal to the observed traveltime, as
shown in Figure 1. The points that satisfy the condition form
a curve in the depth section. In a simple case where the
velocity 1s constant, the curve becomes an ellipse with the
foci at the shot and receiver points. However, in general,
velocity variation exists and the following approach is pro-
posed. Assume that the shot point is SP and receiver point is
RP and that the observed traveltime is T. At first, the travel-
times from SP are calculated at all grid points in the depth
section. This traveltime distribution is cailed the transmis-
sion traveltime map. Next, traveltimes from RP are calcu-
lated at all grid points leading to what we call the reflection
traveltime map. The two-way traveltime map is obtained by
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adding the transmission and reflection traveltime maps. The
equi-two way traveltime curve is estimated by picking the
grid points which have the two way traveltime equal to T in
the two way traveltime map.

A number of equi-two way traveltime curves which corre-
spond to the shot-receiver pairs can be plotted on the same
depth section and the most probable reflector is estimated
from these curves which are expected to be numerous near
the true reflector.

The second process is to estimate the velocity distribution by
means of reflection tomography. Raytracing is performed using
the reflector position estimated by the first process, and then
tomographic inversion is performed to minimize the difference
between the calculated traveltimes and the observed travel-
times. The velocity distribution is updated in this process.

In reflection tomography it is essential to compute the
reflected raypaths from the assumed reflector. In general, it is
difficult to compute a reflected raypath in a cell model.
Matsuoka and Ezaka (1992) proposed a theory to estimate the
reflection point along a certain reflector on the basis of reciproc-
ity and Fermat’s Principle. Based on their approach, the reflec-
tion point can be obtained by finding the minimum two-way
traveltime along the estimated reflector. Combining the travel-
time computation by LTI and their theory, the reflection point
on the reflector can be obtained. The raypath from shot point to
the estimated reflection peint is calculated by applying LTI
backward process in the transmission traveltime map and the
raypath from the reflected point to the receiver point is calcu-
lated using the reflection traveltime map. The two-way reflected
raypath is obtained by connecting the two raypaths.

LiNEAR TRAVELTIME INTERPOLATION

In this paper, Linear Traveltime Interpolation (LTI} is
used to calculate traveltimes and raypaths in a depth section.
The LTI is formulated for the cell model based on Fermat's
principle. The traveltime or raypath is calculated only on the
cell boundaries and a raypath is considered to be straight in a
certain cell with uniform velocity. This approach is suitable
for tomographic analysis. The LTT consists of a forward and
backward process. In the forward process, the calculation of
traveltimes on the cell boundaries from a shot point is per-
formed. In the backward process, the raypath from a certain
receiver point to the shot point is traced.

Once the forward process has been performed, the travel-
time at an arbitrary point in the depth section can be calcu-
lated by using the traveltimes on the boundaries of the cell
which contains the caiculated point. Consider a raypath
crossing segment AB on a certain cell boundary and reaching
the point P inside the cell as shown in Figure 2. The equation
to calculate the traveltime on the point P is derived by modi-
fying LTT's basic equation for the forward process. Assame
that traveltimes at points A, B, C and P are T4, T8, Tc and
TP, then TP is given by the following equation. (The point C
is the crossing point.)

CIEG

TP=TC+SX/(x2—x])2+(yz—yl——r)z ()

where S is the slowness inside the cell.

Assuming that the traveltimes vary linearly on the cell
boundary AB, so that the traveltime at point C ¢an be calcu-
lated by linear interpolation of the traveltimes at points A
and B. Hence, with C at a distance r from A, 7Tc will vary
linearly from T4 to T5 lincarly as r varies from 0 to d accord-
ing to the equation,

d—r r

TC=TA-d—~+TBE. (2)

dataset of traveltimes

Initial model

calculation of

traveltime maps

kinematic migration

estimation of reflector

raytracing of reflected wave

reflection tomography

estimation of velocity

Convergence?

All datasets

processed?
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Final model

Fig. 3. Processing flowchart of the proposed method.
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Fig. 4. Velocity structure of the simulation model. It consists of three layers. Each layer has constant velocity (slowness).

Hence, (1) can be rewritten as

4
d—r r : : 2
T.=T + 7T —+85{x, —x )V +{yv, =y —r).
i 1 ] ud \( E \) (., Ry ) (3)
R - . . 5
Since Fermat’s principle states that the minimum traveltime
at point P is the truc traveltime, the true traveltime at point P L i )
and crossing point C can be obtained by differentiating (3} where AT=T, - T, Equation (4 is applied 1o all the segments
with respect o on the cell boundaries and many traveltimes at P crossing
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Fig. 5. Initial model,

GG 93 December 1996



-

E. ASAKAWA

0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000

0
100
200
300
400 o R T R
500 ot - 50
600 } H 40
700 - 30
800 | 5 120
, : - 10
900 |
| -1 - . - 0
1000 1 =

Fig. 8. The distribution of possible reflection points. This figure shows the histogram of the possible reflection points on each gridded point in the

depth section.

cach segment are calculated. The minimum one is chosen as
the true traveltime at the point P.

AcCTUAL PROCESS

The actual procedure is shown in Figure 3. In this section,
the procedure is illustrated using a numerical example. The
specification of the numerical examples is shown in Table 1
and velocity model is shown in Figure 4. In this case, the
model has two layers over a half-space. First of all. travel-
times corresponding to reflections from the same reflecior are

00 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000

picked. Here, since the model has two reflectors, two datasets
of traveltimes have been picked before applying this method.
The method described in the previous section is applied layer
by layer. The traveltime dataset of the first reflector have
been processed and then the first layer is stripped to analyze
the next layer. The two processes, kinematic migration and
reflection tomography, are repeated until the estimated model
converges, that is, the difference between observed travel-
times and calculated traveltimes becomes sufficiently small.
The detailed procedure in the kinematic migration and the
reflection tomography is as follows.
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Fig. 7. The exiracted reflector from the distribution map of the reflection points is shown with a sofid line.
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Fig. 8. Examples of raypaths reflected at the estimated refiector
Migration process

(1} A velocity model which consists ol many cells iy
assumed as an initial model and is shown in Figure 5, The
arid points are located on this velocity model mdependently
from cell purameters. These points corresponds o the migra-
Lion inage points.

(2) The LTI forward process s applied to the velocity
model and the traveltimes on grid points from all shot points
and receiver points are computed using equation (4). The
transmission fraveltime maps on the grid points of all shot
peints and the reflection taveltime maps of all receiver
points are ohtained.

(3} An observed traveltime corresponding o a cerlain shot

U0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 (400 1500 1600 1700 1800 1900 2000

and receiver pair is processed as follows. A transmission
traveltime map of the shot point and @ reflection traveltime
map of the receiver points are chosen. The two traveltime
mups are summed in order to obtain a twoe-way traveltime
map. According to the theory described above, an equi-two
way traveltime curve is obtained by tracing grid points
which huve the two way traveltime equal to that of the
observed traveltime. Since discerete gridded image points are
used and the caleulated travelimes contains gridding errors.
the points chosen are those which have two-wuy traveliime
with some variations.

() Step €3y is repeated for every observed traveltime ol
the first Tayer. On every image point. the number of the
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Fig. 9. The estimated reflector obtained after 10 iterations.
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Fig. 10. The velocity structure obtained after 10 sterations,

equi-two way traveltime curves which passed on the image
point is counted as processing the step (3).

(5} After completion of stuge (4)., the histogram ot the
equi-two way traveltime curve on the discrete image points
in the depth section is obtained und represents the possibility
of the reflection points associated with the first reflector, The
results are shown in Figure 6.

(6) The depth of the reflector iy estimated by picking the

slowness
{sec/km)

image points with the maximum values on the histogram at
each horizontal position. However, the edge of the reflector
cannot be estimated adequately because there are only a small
number of reflection points. To overcome this, an extrapola-
tion technique is applied at the edges. I note that because of
using extrapolation. the reflectors need no longer lic on the
grid points. The estimated reflector correspending the first
dutaset of the traveltime is shown in Figure 7 by a solid line.
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Fig. 11. Initial model tor the second layer.
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Fig. 12. The first estimation of the distribution of possible reflection points of the second layer.

Reflection tomography

{7) A raypath corresponding to a certain shot and receiver
pair is calculated as follows. The first step is the estimation
of the reflection point on the estimated reflector. A transmis-
sion traveltime map and a reflection traveltime map which
correspond to the shot and receiver points, which have been
calculated by LTI in the kinematic migration procedure, are
chosen. Total traveltimes from shot and receiver point are
calculated for every point of the estimated reflector using
LTI equation (1). According to Matsuoka and Ezaka (1992),
the reflection point is obtained by searching the point which
has the minimum two way traveltime along the reflector. The
LTI backward process is applied to the transmission travel-

time map to get the transmission raypath from the shot to the
reflection point, The LTI backward process is also applied to
the reflection traveltime map to find the reflection raypath
from the reflection point to the receiver point. By connecting
the two raypaths, the raypath from the shot point to the
receiver point through the reflection point on the reflector is
calculated. One example of the raypath is shown in Figure 8.

(8) After the calculation of the raypaths for all pairs of
shots and receivers, the observation equation for tomography
analysis is obtained as

AS=T (6)

where A is the observation matrix. Each element, a;, is the

00 100 200 300 400 500 600 700 800 SO0 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000
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Fig. 13. The estimated second reflector after 10 iterations.
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2

After 10 iterations

Fig. 14, The estimated velocity structure of the second laysr after 10 iterations.

length of the i-th raypath traveling in the j-th cell. 8 15 the
column vector of slownesses, s, which is slowness in the j-th
cell. T 1s the column vector of the traveltimes. f, which is the
observed traveltime of the i-th raypath.

(9 In order to selve the observation equation n step (8). a
backprojection rechnigue is nsed. Solution of the ohservation
equation gives the updated velocity (or stowness) structure
ahove the estimated reflector.

(103 Then the kinenmatic migration process is applied again
10 the updated model, Steps ( 1)-(9} are repeated until the dif~
ference between calcutated and ohserved traveltimes
becomes small enough or the estimated model converges.
Figure 9 shows the result of determining the reflector and
Figure 10 shows the vetocity distribution obtained after 10
iterations,

Iteration over the reflector

Ontce the first reflector and the velocity structure above the
reflector are obtained. the next layer is determined under the
condition that the first reflector and the velocity structure
above the reflector are fised. Constant velocily structure
helow the first reflector is assumed as shown in Figure 11.
The application of kinematic migration process to the
observed truveltime of the second reflector is shown in
Figure 12, After the estimation of the sccond reflector, ray-
tracing is performed as before and the observation cquation
same as equation {(6) 1s obtained.

In order 1o updute only the velocity below the first reflee-
tor, the obscrvation equation is moditied as follows. The
observation matrix is partitioned into (wo parts which con-
tain the clements above and below the irst reflector.
Specifically,

CIEG
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A=Aa+Ab (7)

where Aa has the elements in the i-th cell shove the reflector
and Ah has the i-th in the cell below the reflector.

We now compute the traveltime vector Tt in the first layer
as

Ti=AaS (8)

where 8§ is the estimated slowness in the first layer. The trav-
cltime vector within the second layer. T2, is obtained by sub-
tracting T1 from the observed travettime T. Finally the
observation equation below the first retlector is oblained as

AbS=Ta. (™

This cquation is solved by backprojection and the updated
velocity 1s oblained in the sccond layer.

Repeating the above procedure, the second reflector and
the velocity structure in the second layer are obtained. The
result Tor the second layer is shown in Figures 13-14. The
final result is obtained by repeating the above steps layer by
layer until all traveltime datasets are processed.

DisCUsSSION

In the numerical example described above, the first esti-
mation of the buckground velocity, without any assumption
concerning the position of the first reflector 15 2500 m/sec,
After step (6). the estimated depth of the reffector is nearly
1.25 times deeper than the true depth ol 400 m. This first
estimation is reasonable because the true velocity is 2000
m/sec and the traveltime is the product of depth and slow-
ness. After retlection tomography is applied. the estimated
velocity is slightly less than 2500 mi/sec, This is hecause

December [U0



A COUPLED METHOD OF MIGRATION AND TOMOGRAPHY TO ESTIMATE SUBSURFACE VELOCITY STRUCTURE

500

—&— Firsi Layer

~—4@— Second Layer

0 ! 1 1 !
0 5 10 15 20 25 30 (a)
No. of iterations

100.0

) 40— First Reflector
20,0

-—@— Second Reflector

80.0

70.0

60.0

50.0

40.0

Residual Distance (m)

30.0

20.0

10.0

0.0 T T I T T
0 5 10 15 20 25 10
No. of iterations (b)

40.0

375 *

35.0

L

~@— First Layer

T
n o
wn (=)

—&@— Second Layer

o
o

b
n

L
LARE RARES RER

ad
g
73

I
by
o

[
o
L=

bk
wn

2
=~
Ln

Residual time (ms)
T
[=]

N
n
=]
1
| EARAS Axna:
L.
h

22,5

20.0 1.0
1 6 1t 16 20 26 (c)
No. of iterations

Fig. 15. Number of iterations vs. {a) residual velocity, (b) reflector position and (¢) traveltime. The left y-axis indicates values of the first layer and
right one indicates the second layer.

CIEG 99 Decenther 1996



E. ASAKAWA

SP (Spacing =6 mm)

96 90 80 70 60 50 40 30 20 10 1
v v v hd hd v hd v v
52cm
—— Dip=60" .
50 40° {water)
Vp=1500 m/s
¢ =1. / 3
30 2 =1.00 g/em 9%em
\ 20°
10° 45"
Vp=3750m/s 130 N2320 \3130 2390 YVp=2320
p=1.92 g/lem® \1.80 1.86 1.80 1.16 0=1.86
—\ ‘

Vp=6420m/s p =2.69g/cm /

Fig. 16. Velocity structure of physical scale model.

there are many raypaths with different offsets. If the data are
all zero-offset, the estimated velocity should be 2500 m/sec
naturally and this method does not work well.

Since the velocity is estimated as less than 2500 m/sec, the
second iteration of the migration process gives a siightly
shallower depth than 500 m. Reflection tomography applied
to the shallower reflector gives the lower velocity because
the raypath is shorter and the traveltime is fixed. After itera-
tion, the depth of the reflector becomes the true depth of 400
m and the velocity is 2000 m/sec. Once the true depth and
velocity are obtained, further iteration does not change the
depth or velocity. Figure 15(a}-(c) show the residuals of
velocity, reflector position and traveltime when the number
of iterations increases. In this example. ten iterations are
enough to achieve convergence for the first layer.

Once the depth of the first reflector and the velocity above
the reflector are estimated, the velocity below the reflector is
assumed as 2850 m/sec, the true velocity being 2500 m/sec.
The migration process is applied again to the assumed model
and the estimated reflector recovered at a depth greater than the
true depth of 800 m. Reflection tomography is applied to the
estimated reflector under the condition that the velocity of the
first layer is fixed. Then the estimated velocity is lower than
2850 m/sec. This process is repeated until the model converges.

Accuracy of the position of the second reflector is worse
than that of the first reflector. The reason is that the number
of the relatively large offset raypaths is small. Since two
datasets of traveltimes are used in this example, two reflec-
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tors and velocities above the reflectors are obtained. If there
are a number of traveltime datasets, they are processed layer
by layer.

The most time consuming process in this method is the
calculation of traveltimes using the LTI forward process.
Since the results of the LTI forward process are used twice,
once in migration and again in reflection tomography, (he
method presented in this paper is efficient.

Application to physical scale model data

This method is applied to actual dataset obtained in the
physical scale model which consists of various epoxy-rubber.
The top layer is water filled over the physical model. The
exact velocity structure is shown in Figure 16. The dominant
frequency of piezoelectric transmitter is | MHz and the scale
factor is 10000, The specification of the dataset is shown in
Table 2. The total number of traces is about 20000. The
actual data of a common shot gather are shown in Figure 17.

In this physical scale model, there are 6 dipping reflectors
over a half-space. 1t is difficult to pick up reflection events
corresponding to all the reflectors. Instead, the first arrival
and the traveltime reflected at the bottom of the model which
are rather intense events are picked and analyzed. The reflec-
tion events corresponding to these events are shown in
Figure 17. In some traccs, it is difficult to determine the
reflection events from the bottom because of low S/N ratios
or multiples. Only the reflection events picked clearly are
analyzed in this case.
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Fig. 17. Common shot gather obtained by scale model. Shot point (SP) is 45 (refer Fig. 16). (A) indicates the reflection events from the top of the
model and (B) indicates the reflection events from the bottom. (C) indicates the multiple reflection events from the top.
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Fig. 18. The top figure shows the cell modeled velocity structure of the physical model. The bottom shows the final velocity structure estimated after

7 iteraticns.

The objective is to estimate velocity structure between the
top reflector (witer-model interface) and the bottom reflec-
tor. The position of the first reflector was estimated using the
dataser of first arrival traveltime. In this case the exact veloc-
ity of waler was given and only one deration was needed Lo
estimate the position of the reflector. Atter a position ol the
first reflector was obtained. the second datasct was analyzed.
In this analysis. it required 7 iterations to converge, No limi-
tation to the second reflector or velocity distribution was
taken in this procedure. The initial model of the second
refllector assumed constant velocity model (Vp=4.0kni/s)
below the estinuated first interface. Figure 18 shows the final
result. It shows the velocity variation in the second layer
clearly. Reflection tomography uses nearly vertical raypaths
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and 1t is sensitive to lateral velocity variation. whereas cross-
well tomography using nearly horizontal raypaths is suitable
to resolve the vertical velocity variation.

In case of is application 1o the actual seismic data, this
method is applicable o the datasets which are picked up only
from the main retlectors. Tomographic analysis does not
give the estimation of the sharp interfuce but gives the lateral
velocity vartations, So we can sce the reflector interface vars-
ation on the tomographic result.

CONCLUSION

A new method to estimate both reflector position and
vefocity simultuneously is presented in this paper. This
method is efficient and sell-consistentl. because il requires
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only traveltimes of reflection events of prestack seismic data.

The tomographic approach to estimate the velocity struc-
ture is effective in the case where the velocities vary hori-
zontally, because it can handle the global velocity structure
in the cell model that is more flexible than the layered
model. However it has difficulties in estimating reflected
raypaths and reflector position in the cell model. The pro-
posed method overcomes the difficulties to estimate the
reflected raypaths, interfaces and velocities in the cell model.

This method is applicable not only for seismic reflection
tomography but also VSP or crosswell reflection tomogra-
phy. In VSP especially, since controlled depth points in the
well are available, a particularly accurate estimation of
reflector depths and velocities is possible,
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In practical application, the larger the number of raypaths
which are used in the inversion process, the higher will be
the resolution of the final image.
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