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OPTIMIZATION OF SEISMIC MIGRATION THROUGH USE OF WELL INFORMATION 

LARRY LINES’ 

ABSTRACT 

Accurate velocity models are a necessity for reliable migration 
results. Velocity analysis generally involves the use of methods such 
as nomal moveout analysis, Sribmk trwrltime tomography or iterative 
prestack migration. These technique5 can be effective but can also 
be eqmsive or time consuming. Anisotropy causes normal move- 
out-based methods to produce a velocity which is different from the 
velocity needed for depth cnnverrion. However. there is the oppor- 
tunity in some cases to estimate velwities by use of well inlomation. 
The well information can be used I0 optimise poslmd~k migrations. 
thereby eliminating some of the time and expense uf iterative 
prestack migration. The optimired puststack migration procedure 
defined here computes the velucity model which minimises the 
depth differences between seismic images and formation depths at 
the well by using a least-squares inversim methud. The propusrd 
optmiziirion melhod is shown f” he successful when urtd with 
depth migrakm on synthetic and real data case\. 

INTRODtJCTlON 

Recent publications continue to remind us that seismic 
velocity estimation remains one of the key problems in 
exploration geophysics. The July, 1993 issue of The Leading 
Edge contains papers by Marsden; Lines et al.; Whitmore 
and Caring; and Carter which emphasize the importance of 
velocity estimation and its relationship to the equally important 
problems of seismic depth imaging. For the most part, these 
velocity-analysis methods use the seismic data itself and deal 
with the moveout of seismic arrivnls as a function of source- 
receiver distance. Reliable velocity estimation is seen as a 
necessary step in the imaging or migration process. The proce- 
dures of velocity estimation and migration become interactive 
in the prestack migration velocity-analysis procedure. 

Poststack migration, on the other hand, does not allow for 
the same leverage on velocity as prestack migration but has 

the advantage of being computationally faster than prestack 
migration - sometimes by an order of magnitude for 2D 
problems (Johnson, 1992). Poststack migration may have 
inferior imaging capabilities for complex structures but may 
suffer less from multiple problems than prestack migration. 
In prestack migration analysis, velocities are computed in 
order to optimire some property such as focussing, or the 
offset consistency of depth migrations. Whitmore and &ring 
(1993) describe an ingenious plane-wave prestack depth 
migration which uses the criterion that depth migrations 
should not depend on angles of plane-wave sources. Lines et 
al. (1993) showed that this prestack migration method 
compares favourably with other velocity methods such as 
tomography. 

It is not quite so obvious how one could optimize post- 
stack migrations, since this process is much less sensitive to 
the choice of velocity functions than prestack migration. This 
is both an advantage and a disadvantage. It is an advantage 
in that the imaging is robust in poststack migration but a dis- 
advantage in that little information is gained concerning 
velocity, consequently depth errors can occur. Even the pre- 
ceding stacking steps may not help a great deal, since the 
stacking velocity may be difficult to interpret in terms of 
interval velocities. Also, the stacking velocity is derived 
from analysis of normal moveout (NMO). Unfortunately, 
anisotropy may cause NMO-derived velocities to he quite 
different from the velocity which is needed in conversion 
from time to depth, as pointed out by Thomsen (1986). 

However, the crucial vertical velocity needed for poststack 
depth migration can often be obtained from well velocity and 
formation depth information as derived from sonics, check 
shots or VSPs. It is the purpose of this paper to outline a 
methodology for improving poststack depth migration 
images by the use of well information and optimization 
techniques. 
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Other methods certainly exist for using sonic velocities 
directly in the migration process. For example, an attempt to 
smooth or “block” the sonic log could be carried ant in order 
to produce a velocity model for migration. However, there 
are problems in interpreting how to block the sonic or how to 
match sonic velocities to seismic velocities. This paper 
attempts a simpler approach in which a layer-based velocity 
model will produce a migration whose depths match the 
formation depths from the well. This match is imposed by an 
iterative least-squares method. Least squares was chosen due 
to its robustness and its ability to solve ill-posed inverse 
problems. In essence, this approach attempts to improve 
depth migration by using the formation well tops to optimire 
the velocity estimates. The approach of using well informa- 
tion to enhance processing has been used in other approaches 
such as the wavelet-estimation method described by Lines 
and Treitel (1985a). In that method, reflectivity models from 
well logs are deconvolved from the seismic trace in order to 
produce reliable wavelet estimates. That wavelet-estimation 
approach and the present migration approach are similar in 
that they use well information in a least-squares inversion in 
order to improve processing results. The limitation of this 
method is that layers must intersect the well in order for 
layer velocities to be determined. Despite this limitation, 
there are real data examples in which the proposed approach 
is worthwhile. Indeed, the two examples presented here 
demonstrate the utility of this approach. 

METHODOLOGY 

As outlined in Figure 1, this optimization methodology 
involves the steps of date input, initialiration, migration and 
inversion. Input data include the stacked seismic data and 
well-log information. From these input data, an initial velocity- 
depth model is formed in the initialization step. Seismic 
traveltimes at the well site are picked for later use in the 
inversion process. The initial velocity model is used to perform 
a depth migration on the stacked data for comparison to 
retlector depths at the well site. 

The methodology essentially requires that the sum of 
squared differences between the horizon depths on the 
migrated data and the horizon depths from well information 
is minimired. That is, the least-squares quantity below is 
minimized: 

s = i lld;(V;)-w;I12 , (1) 
i=O 

where d, and wi are the depths of the migrated data and well 
formation tops for all interpreted horizons from i = 1,2,...,N 
and V, are the values for all velocity layers from j = 1,2,...,M. 
If one chooses to minimize the sum of absolute values of 
differences rather than the sum of squares, the iterative 
reweighted least-squares method as outlined by Scales et al. 
(1988) can be used. 

This quantity is minimired by choice of velocity para- 
meters. In general, we start with an initial velocity value for 
our model and adjust the velocity. That is, compute 
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Fig. 1. Flow diagram of a method for optimizing seismic patstack 
migration by use of well-log information. 

A”, 
such that forj = I ,2 ,_.., M, 

(2) 

for an M-layer model. In the examples presented in this 
paper the number of interpreted horizons will generally be 
equal to the number of velocity layers or M = N. However, 
this does not necessarily have to be the case if least-squares 
methods are used. 

The optimization procedure involves the use of depth 
migration, the development of a model from well-log velocities 
and the inversion for velocity which attempts to match 
migration depths to well-log depths. 

Depth migration 

The locations of seismic horizons are obtained by depth 
migration. One of the most general poststack depth migra- 
tions is reverse-time migration which was described in a set 
of nearly simultaneous papers by Baysal et al. (1983), 
McMechan (1983) and Whitmore (1983). This algorithm 
uses finite-difference solutions to the wave equation: 
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(3) 

where u(x, z, t) is the pressure field and the propagation 
velocity is v(x, z). In this method, the time reverses of the 
(surface) seismic traces are the excitation functions for a 
wave equation finite-difference scheme which is run back- 
wards in time. The velocities are the migration velocities, 
estimates of which must be known for invocation of the 
reverse-time algorithm. In essence, the seismic trace is prop- 
agated backward in time to the point of the “exploding 
reflector”. In the “exploding reflector model”, as introduced 
by Loewenthal et al. (1976). stacked seismic traces arc 
considered to be generated by explosions initiated at time 
I = 0 on all reflecting boundaries and are propagated through 
a medium at one half the actual seismic velocity. 

The advantage of this type of algorithm is that it can use 
the most general wave equation modelling codes for migra- 
tion purposes and is therefore not subject to the dip limita- 
tions of other migration algorithms. Despite the expense 
associated with reverse-time migration, it is a method which 
provides excellent results - provided it has an accurate 
velocity model. In most of the examples in this paper. the 
reverse-time depth migration method was applied. However, 
in cases where velocity variation is predominantly vertical, 
the phase-shift migration method of Gazdag (1978) proves to 
be an effective depth-imaging method which is faster than 
the reverse-time method. 

Well-log information 

The above imaging optimiration method requires that 
differences between seismic image depths and the depths 
obtained from well formation tops are minimized. 

Well information may include sonic logs, formation tops 
deduced from cores, check-shot data or vertical seismic pro- 
files (VSPs). As shown in Figure I, the sonic, check-shot and 
VSP information are very useful in defining the initial veloc- 
ity model while the formation tops provide the necessary 
data, w, for the objective function, S, defined earlier. 

Optimization of velocity 

As previously stated, this procedure seeks to minimize an 
objective function. S. A least-squares minimisation of S, as 
pointed out by Lines and Treitel (1984) involves the solution 
to sets of linear equations of the form: Ax = b, where x is a 
parameter vector whose values contain the velocity changes, 

xi = AV, ,i=l,2 ,..., N, 

A is the Jacobian matrix whose elements are given by: 

A,. =ad, 
‘i av,’ 

b is the discrepancy vector given by 

b=w-d, 

(4) 

(3 

(6) 

ClEO 

where w is the vector containing well depths and d is the 
vector containing migration depths. 

In a layered system, the Jacobian matrix elements are 
readily calculated since the variation of depth with respect to 
velocity is given by the one-way interval traveltime for the 
layer. That is, for a system of n layers, the depth of the ith 
layer is given by: 

d;= xV,t, 
j-l 

(7) 

and 

It should be noted that this calculation gives an approxi- 
mate Jacobian since it was derived from a fiat-layer model. 
However, Jacobian values are easily obtained by picking the 
seismic interval traveltimes at the well location. They may 
be accurate enough to compute a reliable inversion in a few 
iterations. The accuracy of the Jacobian generally affects the 
rate of convergence, rather than the final answer. 

The optimization procedure does require some degree of 
interpretation in the choice of the number of velocity layers, 
picking the traveltimes on the stacked section, picking the 
depth of the migrated horizons, and picking the well forma- 
tion tops. The choice of the number of layers is a problem of 
model parameterization which is always somewhat subjec- 
tive. The picking steps are really interpretetion steps to esti- 
mate A and b = w - d in the least-squares equations. The 
computation of the depth difference, w -d, between the seis- 
mic section and the well tops can be aided by use of trace 
envelopes and crosscorrelation methods. A good illustration 
of the use of envelopes for such problems is given by 
Clayton et al. (1976). 

Once A and b are computed above, the solution for 
the least-squares equations Ax = b was computed using the 
singular value decomposition method outlined by Lines and 
Treitel (1984). 

Least squares is a robust method for solving the optimiza- 
tion problem. It is not the only method for solving the present 
problem. In a well-posed system, backsubstitution can be 
used to solve for the velocity change parameters. For example, 
in a well-posed three-layer case, the equations defining the 
velocity change would be given by the following system of 
three equations and three unknowns: 

In solving this system, the velocity change in the first 
layer can be obtained by solving the first equation. then 
backsubstituting this value into the second equation to solve 
for the second layer and, finally, substituting the solutions 
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for the first and second layer into the third equation and solving 
for the third layer. 

However, in order to have the ability to do sensitivity 
analysis on the solution or solve ill-conditioned systems one 
can use least squares with a singular value decomposition 
solver. Sensitivity analysis can define solution reliability. It 
can be performed by relaxing the error criterion and examining 
the range of possible solutions. A worthwhile method for 
doing this involves computing edge solutions described by 
Jackson (1976) and Lines and Treitel (1985b). These edge 
solutions are a by-product of using the singular value decom- 
position solutions for the least-squares problem, The 
program “minfit” described by Golub and Reinsch (1970) 
was used to compute the least-squares solution and to do 
sensitivity analysis. Sensitivity analysis of the inversion for 
velocity generally shows that the velocity of the shallow layers 
is much better defined than the deeper layers. For a typical 
synthetic example, relaxing the depth error tolerance from 50 
m to 75 m caused variations in the velocity of the uppermost 
layer of about 2% while errors in the lowermost layer’s 
velocity exceeded 10%. This is not surprising since it is 
known from layer-stripping methods that the velocities of the 
uppermost layers are usually better determined than lower 
layers due to the effects of cumulative errors as well as array 
aperture effects. Least-squares inversion and sensitivity anal- 
ysis basically confirm this feature of velocity estimation. 
Some applications of migration with least-squares inversion 
are now presented. 

APtxtcxnoNs 

In order to test the effectiveness of the migration optimiz- 
tion method, the method was tested on two models and two 
real data sets. 

The first example was a three-layer model with two hori- 
zontal layer interfaces overlying a sloping layer. The top layer 
thicknesses were 185 m and 300 m with layer velocities of 
2500 and 3ooO m/s, respectively. A third layer (curved) had 
a velocity of 3000 m/s (and a vertical velocity gradient of 2 
m/s per m) with a dip of about 30 degrees going fmm a depth 
of 765 m on the left to about 5 I5 m on the right. The ideal 
migration for the correct velocities is shown in Figure 2a. 
Section dimensions are 450 m in width by 900 m in depth. 
The initial input model for migration had velocities of 2000, 
2500 and 2500 m/s, respectively, for the three layers. The 
migration for these incorrect velocities is shown in Figure 
2b. The most left trace of this section is considered to be 
from a well-log synthetic, a control point with the correct 
velocities and layer thicknesses. Using this control point, the 
optimiration method was used to compute the velocities. 

Two methods were used to compute b, the depth discrep- 
ancy between the well data and the initial guess, so that the 
velocity might be updated from solving Ax = b. 

The first method used visual comparisons of envelopes for 
the well trace and the initial depth migration trace at the well 
location. (The trace envelope was used since it has the 
advantage of being insensitive to phase shifts in the data.) 
The discrepancies for the three horizons were 35 m, 95 m 
and 150 m using the incorrect velocities. The optimization 
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Fig. 2. (a) Ideal reverse-time migration of stacked data based on 
correct velocities of a three-layer model. The two top layers are hori- 
zontal constant velocity layers and the third layer is a curved dipping 
layer. Section dimensions are 450 m in width and 900 m in depth. (b) 
Initial depth migration based on velocity values of 2000. 2500 and 
2500 m/s. which are slower than the correct velocities by 500 m/s. 

produced updated velocities of 2470 m/s. 3100 m/s and 3050 
m/s. 

The second technique computed crosscorrelation lags 
between the trace envelopes over three depth windows to 
give discrepancies of 40 m, 95 m and 150 m and produce 
updated velocities of 2540 m/s, 3050 m/s and 3050 m/s. 

Essentially, it didn’t matter whether one picked the peaks 
of the trace envelopes or whether one used crossco~elations for 
these data. The migration produced by the two methods is basi- 
cally identical and is shown in Figure 2c for the first method. 
The solution for this simple example is excellent since velocity 
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estimates were in error by 1.6% to 3.5%. A comparison of 
the well-log and seismic trace envelopes before and after 
inversion is shown in Figures 3a, b. The improvement in the 
agreement between the well-log and seismic information as a 
result of the inversion is shown in these figures. 

The same inversion procedure was applied to a second 
synthetic example of six layers whose stacked section is 
shown in Figure 4a. The initial reverse-time migration with a 
constant velocity of 1500 m/s is shown in Figure 4b. The 
velocity of the top layer was assumed to be 1500 mls (water 

600. 

Optimized Migration Optimized Migration 

Fig. 2 (Cont’d). (c) Optimization of velocities to match a well trace 
produced an accurate migration with negligible depth errczr~. 

b. EnveloDes after Optimization 

Fig. 3. (a) Figure shows an initial comparison of trace envelopes for 
the well synthetic (in depth) and the depth migrated trace at the well. 
Each trace envelope is repeated 5 times with the well traces at the top 
and the migrated traces at the bottom. Envelopes show that the 
migrated trace arrivals (from the most left trace of Figure 2b) are too 
shallow due to velocities that are too slow. (b) Envelopes for the well 
trace and the depth migrated traces match atier velocity optimization. 
There is an excellent depth agreement between the well trace and the 
migrated trace at the well location. 

velocity) for this marine example. The presence of “bow 
ties” gives some leverage for velocity analysis with poststack 
migration, since migration with the correct velocity will col- 
lapse these bow ties. 

The formation depths were assumed to be known at the 
left-hand side, and the average absolute error between the 
initial migration and the well depths was initially 625 m too 
shallow. This depth discrepancy between migration and 
model decreased substantially with iteration as follows: 

Iteration Average absolute depth error 
(to neare*t 5 I”) 

(Starting Model) 0 625 
1 295 
2 165 
3 65 
4 30 

The depth migration for the fourth iteration in Figure 4c 
shows a close resemblance to the migration with “well veloc- 
ities” in Figure 4a. The average absolute depth discrepancy 
of 30 m is about II2 the wavelength or less for the reflection 
and can be considered to be a converged model. interval 
velocities for the desired migration were 1500, 1870, 
2140, 3345, 3570 and 3500 m/s. The velocities obtained by 
optimisation were 1500, 1860, 2135. 3215, 3500 and 3500 
m/s (to the nearest 5 m/s). 

This optimired migration approach is now applied to data 
sets from Alberta and offshore Newfoundland. 

The optimized migration method was applied to a real data 
set from the Alberta foothills, as supplied by Lithoprobe and 
Gulf Canada. The original stacked data of Figure 5a shows 
that an interpretation would be obscured by a series of 
diffraction hyperbolae for events between I .O and 2.0 sec- 
onds in the middle of the seismic section. The application of 
reverse-time finite-difference depth migration with the previ- 
ously described optimization procedure with a well tie at 
trace 315 produces the depth migration of Figure 5b which 
the author feels is a much more interpretable depth image. 
Unlike the input time section, many of the thrust faults in this 
section are readily interpreted in this migrated depth section. 
The average error in the formation depth is about 40 m or 
less than l/2 of a wavelength. The initial result produced by 
velocity estimates based on the sonic (for an eight-layer 
blocked model) provided a gwd image within the first iteration 
and the improvements with later iterations were incremental. 
An average depth error of 40 m converges to an average 
error of 25 m after three iterations of inversion. The reverse- 
time migrationloptimization computer time was about 50 
minutes per iteration on a SUN SPARCIO workstation. 

Another successful test was obtained by the author 
and Andrew Burton for a seismic line from offshore 
Newfoundland. In this case, we used Cretaceous formation 
tops (five layers) at the well location shown on the input 
stacked section of Figure 6a (shotpoint 522). In this example, 
phase-shift depth migration was used in the migration/inversion 
process due to its speed. The migration result of Figure 6b 
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Fig. 4. (a) A reverse-time depth migration of model data with desired velocity. Vertical scale is in km and trace spacing is 50 m. Section dimensions 
are 7950 m in width by 3800 m in depth. 

showed a vastly improved image of the syncline under shot- 
point 150 at about 3000 m, when compared with the input 
stacked section. Our experience for this case was similar to 
the foothills example. Thr velocity derived from sonic logs 
produced an average depth discrepancy of about 30 m from 
formation tops and the velocity optimizatinn decrease this 
discrepancy to about IO m after two iterations. In summary, 
the image produced by the optimiration procedure produced 
an encouraging result. The computer time, using the same 
SPARCIO system for this migration/inversion. was only 20 
minutes per iteration using phase-shift migration. 

Poststack depth migration with the finite-difference 
reverse-time algorithm is a robust method of seismic imaging. 
However, unlike prestack migration methods. the method 
gives little information about seismic interval velocities. If 

well data are available, these problems associated with depth 
imaging can be obviated by using well information to opti- 
mix poststack depth migration. The feasibility of this 
method is demonstrated by use of synthetic and real data 
examples. Although this paper shows only a few examples, 
the results are encouraging. The author’s intention is to share 
these ideas of optimising migration in order that the method 
can be tested further using other data sets. 
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Optimized Migration 
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Fig. 4 (Cont’d). (e) The reverse-time migration after 4 iterations of migration/inversion shows a very good agreement with the desired result. Scale is 
the same as Figure 4a. 
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Fig. 5. (a) An input seismic stacked section from the Alberta foothillS. The width of the section is 10 500 m and the total time is 3.0 s. (b) The appiica- 
tion of reverse-time depth migration with optimization produced this depth section where the depth of the section is 6000 m and the width is 10 500 m. 
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Fig. 6. (a) An input seismic stacked *ection from offshore Newfoundland. The width of the *ection is 16 250 m and the total time is 3.0 s. (b) The 
application of optimized phase-shift migration produced this depth section, The width of the section is 16 250 m and the depth is 4500 m. 
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