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ABSTRACT

We propose a method to aid in velocity model building based on misties between
modeled synthetic seismograms from well log data and the seismic image. The
method is based on the fact that when the migration velocity is inconsistent
with the true migration velocity, there is a mistie between a modeled synthetic
seismogram from well log data and the seismic image. The proposed approach
uses local similarity to estimate the mistie at every sample along the synthetic
seismogram and uses the result to update the migration velocity at the well lo-
cation. The updated velocity information is interpolated along seismic structure
using predictive painting to generate a new geologically consistent velocity model.
We iteratively update the migration velocity model using only the seismic-well
tie mistie. The results of our experiments with a simple layered model and an
isotropic synthetic model indicate that the proposed workflow provides an effec-
tive method for integrating well log data in conventional velocity model building
workflows.

INTRODUCTION

Well logs can be used to interpret geologic features at much higher resolution than
that of the seismic data. Consequentially, well logs are often used to calibrate seismic
images which have lower resolution but much higher spatial coverage to understand
the distribution of subsurface rock properties (White and Simm, 2003). This cali-
bration is referred to as a seismic-well tie, where reflectors from a well log modeled
synthetic seismicogram are aligned with common reflectors in the seismic data. Any
mis-ties between the modeled synthetic seismograms and seismic data are used to up-
date the well’s time to depth relationship (TDR) and are often related to inaccuracies
in the seismic migration velocities (White, 1998).

In an attempt to reduce the mis-tie between well log information, which is taken
as ground truth, and the seismic image, well log measurements are often injected
into migration velocity model building to provide constraints in an otherwise non-
unique problem (Bakulin et al., 2010). Morice et al. (2004) show that combining
well log, borehole and surface seismic data can provide an understanding of seismic
velocities, anisotropy, attenuation and interbed multiples which can aid in building a
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velocity model consistent between all datasets. Egozi et al. (2006) show that mis-tie
surfaces generated from multiple picks in multiple wells can be used to iteratively
update a TTI velocity field thus driving the cumulative average mistie of all wells
towards zero. Using well marker-related workflows in velocity model building removes
or reduces nonuniquness and may allow for simultaneous estimation of velocity and
anisotropy parameters which can be used to constrain tomography problems that
focus on flattening the residual moveout of seismic events (Woodward et al., 2008;
Bakulin et al., 2010).

Although well marker-related workflows help integrate well log interpretations
with seismic velocity model building; these methods are limited to updates related to
discrete pre-selected well markers. Several methods have been proposed to automat-
ically perform the seismic-well tie and provide a continuous mis-tie function along
the entire length of the modeled synthetic seismogram. Some authors (Muñoz and
Hale, 2012; Wu and Caumon, 2017) use dynamic time warping (DTW) (Berndt and
Clifford, 1994; Hale, 2013) to automatically align real and synthetic seismograms.
Herrera et al. (2014) show that local similarity (LSIM) (Fomel, 2007a) can be an al-
ternative approach to successfully compute a seismic-well tie and compares the results
with DTW. Bader et al. (2018) use LSIM to semi-automatically tie several wells to a
3D seismic dataset and provide a technique for cross validation to ensure consistency
and accuracy of seismic-well ties. In each case, the mis-tie function is converted to
an update applied to the velocity log.

In workflows where updates are not based on the tomographic principle, the ve-
locity model update is dependent on the quality of the interpolation algorithm and
horizon picks (Gupta et al., 2013). Several methods have been proposed to interpolate
information along local seismic structures. Hale (2010) uses image guided blended
neighbor interpolation (Hale, 2009) for seismic guided well log interpolation. Karimi
et al. (2017) apply predictive painting (Fomel, 2010) to interpolate log data along
seismic structures to generate accurate starting models for post stack inversion.

To understand and remove the inconsistencies between the migration velocity,
well logs, migrated seismic image and modeled synthetic seismogram, we propose a
method that uses LSIM to measure the mis-tie from the seismic-well tie and uses
the result to update the migration velocity at the well log positions. A complete,
updated, velocity model is then interpolated along seismic structures using predictive
painting. We test our method on several synthetic datasets. The results indicate that
the proposed workflow provides an effective method for incorporating well log data
in velocity model building workflows.

THEORY

Seismic-well ties involve matching waveforms from a modeled synthetic seismogram
with a nearby seismic trace (White and Simm, 2003). When comparing two datasets,
our purpose is to estimate the warping function, Sk, required to align the synthetic
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seismogram, hk, with the seismic trace, rk,

rk(t) ≈ hk(Sk(t)). (1)

We can represent the warping function with time shifts, gk(t), as follows:

Sk(t) = t+ gk(t), (2)

where the t denotes the original independent axis and gk(t) is the shifts required to
match the datasets as defined in Equation 1. The LSIM method begins with the
observation that the correlation coefficient only provides one number to describe the
datasets in a defined window; however, we are interested in understanding the local
changes in the datasets’ similarity. Therefore, the LSIM method computes local simi-
larity, which is a continuous function of time. The square of the correlation coefficient
can be split into a product of two factors and posed as a regularized inversion where
regularization operator is defined using shaping regularization and designed to enforce
smoothness (Fomel, 2007a,b). From the similarity scan, we automatically pick the
series of shifts along the entire length of the reference dataset that optimally aligns
the two datasets (Fomel and Jin, 2009; Bader et al., 2017).

The relationship between the shifts estimated using LSIM and an updated velocity
log assuming a TDR can be defined as:

T0(z) = 2
∫ z

zmin

dξ

v0(ξ)
, (3)

where T0 is the initial TDR, zmin is the minimum depth at which sonic information
is available, v0(ξ) is the initial, upscaled, P-wave velocity from sonic and dξ is the
depth increment. From Equation 2, assuming an initial TDR, T0, we arrive at

Sk,1(T0) = T0 + gk,1(T0) (4)

after one iteration of LSIM. We estimate a updated TDR by interpolating our shifts
from time to depth

T1(z) = T0(z) + gk,1(T0(z)) (5)

Using Equation 3, we relate the initial and updated velocity log to the initial and
updated TDR,

dT1(z)

dz
(
dT0(z)

dz
)−1 =

v0(z)

v1(z)
(6)

Muñoz and Hale (2015), Herrera et al. (2014), and Bader et al. (2018) use Equation
6 to estimate an updated velocity log. Alternatively, if we assume that the migration
velocity model is consistent with velocities from logs, we update the migration velocity
at the well location based on the proportion of the updated well log velocity to the
initial well log velocity:

vmig,1 =
v1(z)

v0(z)
vmig,0. (7)
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We use predictive painting (Fomel, 2010) to spread the updated migration velocity,
vmig,1, from the wells throughout the seismic volume. We weight the interpolation
based on the distance between the reference well and any location in the seismic
dataset using radial basis functions (Karimi et al., 2017).

Using Equations 3–7, the migration velocity is iteratively updated using well tie
updates. The seismic trace from the RTM depth image is stretched to time using the
well log velocity profile and compared with the modeled synthetic seismogram from
well logs. Figure 1 illustrates the workflow we use and is colored based on the data
type used in each step.

Figure 1: Workflow used in seismic-well tie velocity model updates. Blue indicates
seismic data is used in the step. Yellow indicates well log data is used in the step.
Black arrows indicate how the product of one step is used in a different step.

NUMERICAL EXAMPLES

We test the proposed approach on a simple layered and a more complex isotropic
synthetic model. The simple layered model and isotropic synthetic model assume
isotropic layers intersect vertical wells; reverse time migration (RTM) is performed
to get a depth migration image.

Horizontally Layered Isotropic Example

We model data using the true velocity model shown in Figure 2a, and the migration
velocity is shown in Figure 2b. Because each layer is perfectly horizontal, we anticipate
that the incorrect migration velocity will cause a discrepancy between the seismic
image layer interfaces and the true interfaces from the velocity model.

A seismic trace is extracted from the seismic image at location 1000m and com-
pared against a modeled synthetic seismogram using a velocity ‘well log’ from the
true velocity mode at 1000m. The seismic-well tie is automatically carried out using
LSIM and a mis-tie function is estimated using the LSIM scan in Figure 3. The mis-
tie is used to tie the synthetic to the seismic trace in Figure 4 indicating the mis-tie
function properly related synthetic and seismic traces.
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(a) (b)

Figure 2: (a) True velocity model. (b) Initial migration velocity model. The velocity

profile selected for the well tie update is located at 1000m.

Figure 3: Similarity scan using the seismic trace at 1000m, stretched to time using the
well log velocity, as the reference trace compared against the synthetic seismogram
modeled from the velocity profile extracted at 1000m in Figure 2b.

Figure 4: Initial synthetic seismogram (red). Synthetic seismogram stretched using
the shifts estimated from LSIM scan in Figure 3 (green). Seismic trace extracted

from RTM image stretched to time (black).

TCCS


from rsf.proj import*

# export OMP_NUM_THREADS=1

fq = 30 # Frequency to test

def plotvel():
	return'''
	window min2=0 max2=2000 | grey title= color=j allpos=y scalebar=y barreverse=y bias=2900 screenratio=1 barlabel=Velocity barunit=m/s minval=2800 maxval=3600
	'''

# true velocity

dim='n1=201 d1=10 o1=0'

Flow('lay1',None,'math %s output=400' %dim)
Flow('lay2',None,'math %s output=500' %dim)
Flow('lay3',None,'math %s output=600' %dim)
Flow('lay4',None,'math %s output=700' %dim)
Flow('lay5',None,'math %s output=800' %dim)
Flow('lay6',None,'math %s output=900' %dim)
Flow('lay7',None,'math %s output=1000' %dim)
Flow('lay8',None,'math %s output=1100' %dim)
Flow('lay9',None,'math %s output=1200' %dim)

Flow('lays','lay1 lay2 lay3 lay4 lay5 lay6 lay7 lay8 lay9','cat axis=2 ${SOURCES[1:9]}')

Flow('vel','lays',
     '''
     unif2 n1=161 d1=10 o1=0 v00=3000,3100,3200,3050,2900,3150,3000,3100,3400,3500 |
     put label1=Depth unit1=m label2=Distance unit2=m
     label=Velocity | pad2 left=100 right=100
     ''')
Result('vels','vel',plotvel())

# several well logs

x=1000
Flow('log0','vel','window n2=1 min2=%g | put label2=Velocity unit2=m/s' %x)
Flow('DT0', 'log0', 'math output="1/input"')
Plot('log0','graph yreverse=y transp=y screenratio=1.5 wherexlabel=top wanttitle=n labelsz=7')

Flow('ref0','log0','ai2refl | depth2time dt=0.001 nt=1201 t0=0 velocity=$SOURCE | put label1=Time unit1=s | ricker1 frequency=%g' %fq)
Plot('ref0','graph yreverse=y transp=y screenratio=1.5 wherexlabel=top label2=Amplitude unit2= wanttitle=n labelsz=7')

# starting velocity
Flow('vel2','vel','math output="(x1/1600*500+3000)"')
Result('vel2',plotvel())

# generate assumed observed data 
Flow('wavelet',None,'spike n1=1301 d1=0.001 o1=0. k1=150 mag=1e5 |ricker1 frequency=%g' %fq)
Flow('wavelet2',None,'spike n1=1301 d1=0.001 o1=0. k1=150 mag=1e5 |ricker1 frequency=%g |deriv |halfint' %fq)
Result('wavelet','window n1=1000 |graph title= screenratio=0.5')
Result('spectra','wavelet','spectra |graph min1=0 max1=50 title= screenratio=0.5')
Flow('data','vel wavelet2',
		'''
		mpisfwi Fvel=$SOURCE Fwavelet=${SOURCES[1]} output=$TARGET function=1 verb=n
		nb=80 coef=0.003 acqui_type=3 nr=301 dr=10 r0=-1500 rz=3 ns=30 ds=100 s0=-400 sz=3 frectx=1 frectz=1
		''',np=15)
Flow('data1','data','mutter half=n t0=0.225 x0=0 v0=3200 |deriv |deriv |deriv')
Result('shot15','data1','window n3=1 f3=15 | grey title= pclip=98 labelsz=9 labelfat=3 titlesz=9 titlefat=3 screenratio=0.5')

# RTM 1 with starting velocity
Flow('wavelet3',None,'spike n1=1301 d1=0.001 o1=0. k1=150 mag=1e5 |trapez frequency=0,6,45,55 |deriv |halfint') #0 6 45 50
Result('wavelet3','window n1=150 |graph title= screenratio=0.5')
Result('spectra3','wavelet3','spectra |graph min1=0 max1=50 title= screenratio=0.5')

# extract trace from migration1 at each well location

Flow('tdr0', 'log0', 'math output="1/input" | causint | math output="(%g)*input" | put label2=Time unit2=s' % (2*10) )
Flow('maxtdr0', 'tdr0', 'stack max=y axis=1 | math output="input/(%g) + 1.0"' %(0.001))
Flow('maxtdr0.par','maxtdr0','disfil number=n format="n1=%g"')
Flow('rt0',['log0', 'tdr0', 'maxtdr0.par'],'ai2refl | iwarp warp=${SOURCES[1]} o1=0 d1=%g par=${SOURCES[2]} | put label1=Time unit1=s label2= unit2=' % (0.001))
Flow('synth0', 'rt0', 'ricker1 frequency=%g' %fq)

Flow('synthEn0', 'synth0', 'energy wind=100 | clip clip=0.2 | scale')

# Plotting
Flow('synthp0', 'synth0', 'spray axis=2 n=5 o=-0.0004 d=0.00015')
Plot('synthp0',
     '''
     wiggle min1=0.1 max1=0.9 min2=-0.0008 max2=0.0026 poly=y yreverse=y title="" transp=y yreverse=y
     label1=Time unit1=s labelsz=4 titlesz=5 grid=n plotcol=5 pclip=98 wantaxis2=n screenratio=2 screenht=7
     ''')

# parameters
its  = 10     # number of iterations
r1h  = 70    # well tie inital verticle smoothing - semblance
r1l  = 30    # well tie final verticle smoothing  - semblance
r2h  = 7     # well tie inital verticle smoothing - picking
r2l  = 3     # well tie final verticle smoothing  - picking

for j in range(its):
    jj = str(j + 2)

    # migrate data with inital velocity model
    Flow('rtma'+jj,['vel'+jj, 'wavelet3', 'data1'],
         '''
	 mpisfwi Fvel=$SOURCE Fwavelet=${SOURCES[1]} Fdat=${SOURCES[2]} output=$TARGET function=3 verb=n
	 nb=80 coef=0.003 acqui_type=3 nr=301 dr=10 r0=-1500 rz=3 ns=30 ds=100 s0=-400 sz=3 frectx=1 frectz=1
	 ''',np=15)

    Flow('rtm'+jj,'rtma'+jj,'bandpass flo=6 |pow pow1=1 | cut max1=150')
    Result('rtm'+jj,'window min2=0 max2=2000 | grey title= screenratio=0.6')
    
    # convert rtm image from depth to time
    Flow('rtmtime'+jj,['rtm'+jj,'vel'],'depth2time dt=0.001 nt=1201 t0=0 velocity=${SOURCES[1]} | put label1=Time unit1=s | window min2=0 max2=2000')
    Result('rtmtime'+jj,'grey title= screenratio=0.6')


    Flow('trace'+jj,'rtmtime'+jj,'window n2=1 min2=%g' %x)
    Plot('trace'+jj,'graph yreverse=y transp=y screenratio=1.5 wherexlabel=top label2=Amplitude unit2= wanttitle=n labelsz=7')

    Flow('traceEn'+jj, 'trace'+jj, 'energy wind=100 | clip clip=0.2 | scale')

    ## Local Similarity Match
    g0=-.2 # starting change
    g1=.2  # last change
    ng=601   # number of changes to scans
    dg = (g1-g0)/(ng-1)
    niter = 100 # maximum number of iterations
    if (its > 1):
    	r1 = r1h - (r1h-r1l)*j/(its-1)
    	r2 = r2h - (r2h-r2l)*j/(its-1)
    else:
    	r1 = r1h
    	r2 = r2h

    # Scan shifts computing local similarity
    Flow('scan'+jj, ['synth0', 'trace'+jj, 'traceEn'+jj, 'synthEn0'],
         '''
     	 warpscanw other=${SOURCES[1]} niter=%d sign=y
     	 ng=%d g0=%g dg=%g rect1=%g rect2=%g shift=y accuracy=3 ren=1 renergy=${SOURCES[2]} den=1 denergy=${SOURCES[3]} | mutter half=n t0=0.24 x0=0 v0=500000
     	 ''' % (niter,ng,g0,dg,r1,r2))


    Flow('spick'+jj,'scan'+jj,'pick vel0=%g rect1=%g norm=y' % (0,r1))

    Plot('scan'+jj,'grey allpos=y min2=%g max2=%g color=j title="Shift Scan - Initial" label2="Relative Shift" unit2=s label1="Time" unit1=s' % (g0/2,g1/2))
    Plot('spick'+jj,'graph pad=n min2=%g max2=%g plotcol=0 plotfat=5 transp=y yreverse=y wantaxis=n wanttitle=n' % (g0/2,g1/2))

    Result('scan'+jj,['scan'+jj, 'spick'+jj],'Overlay')


    Flow('synthw'+jj,['synth0','trace'+jj, 'spick'+jj],
         '''
         warp1 other=${SOURCES[1]} warpin=${SOURCES[2]}
         verb=1 nliter=0 
         ''')    

    Flow('synthwp'+jj, 'synthw'+jj, 'spray axis=2 n=5 o=-0.0004 d=0.00015')
    Plot('synthwp'+jj,
	 '''
     	 wiggle min1=0.1 max1=0.9 min2=-0.0017 max2=0.0017 poly=y yreverse=y title="" transp=y yreverse=y
    	 label1=Time unit1=s labelsz=4 titlesz=5 grid=n plotcol=3 pclip=98 wantaxis2=n screenratio=2 screenht=7
     	 ''')
    Flow('tracep'+jj, 'trace'+jj, 'spray axis=2 n=5 o=-0.0004 d=0.00015')
    Plot('tracep'+jj,
	 '''
     	 wiggle min1=0.1 max1=0.9 min2=-0.0026 max2=0.0008 poly=y yreverse=y title="" transp=y yreverse=y
     	 label1=Time unit1=s labelsz=4 titlesz=5 grid=n plotcol=7 pclip=98 wantaxis2=n screenratio=2 screenht=7
     	 ''')
    Result('synthp'+jj,['synthp0','synthwp'+jj,'tracep'+jj],'Overlay')    


    Flow('drift'+jj,['spick'+jj, 'tdr0'],
     	 '''
     	 iwarp warp=${SOURCES[1]} inv=n d1=10 | put label1=Depth unit1=m
     	 ''')

    Flow('tdr'+jj, ['drift'+jj,'tdr0'], 
         '''
	 math a1=${SOURCES[1]} output="a1-input"
	 ''')    

    Flow(['tdr'+jj+'a', 'DT'+jj], ['DT0', 'tdr'+jj], 'tdr stretch=1 ms=0 dels=%g tdrNew=${SOURCES[1]} sonicFo=${TARGETS[1]}' %(10))
    Flow('log'+jj, 'DT'+jj, 'math output="1/input"') #Updated velocity log    
    Plot('loga'+jj, 'log'+jj, 'graph yreverse=y transp=y screenratio=2 wherexlabel=top wanttitle=n labelsz=7 min2=2500 max2=3800 plotcol=6 plotfat=3')

    Flow('log'+jj+'-m','vel'+jj,'window n2=1 min2=%g | put label2=Velocity unit2=m/s' %x)
    Plot('log'+jj+'-m','graph yreverse=y transp=y screenratio=2 wherexlabel=top wanttitle=n labelsz=7 min2=2500 max2=3800 plotcol=3 plotfat=3') #initial migration velocity

    Flow('log'+jj+'-m2', ['log0', 'log'+jj, 'log'+jj+'-m'],
         '''
	 math a1=${SOURCES[1]} a2=${SOURCES[2]} output="a2*a1/input" | window min1=400 max1=1200 | pad2 top=40 bottom=40
	 ''')
    Plot('log'+jj+'-m2','graph yreverse=y transp=y screenratio=2 wherexlabel=top wanttitle=n labelsz=7 min2=2500 max2=3800 plotcol=5 plotfat=3') #updated migration velocity

    Plot('log'+jj, 'log0','graph yreverse=y transp=y screenratio=2 wherexlabel=top wanttitle=n labelsz=7 min2=2500 max2=3800 plotcol=7 plotfat=3') #final velocity goal

    Result('itr'+jj, ['log'+jj, 'log'+jj+'-m', 'log'+jj+'-m2'], 'Overlay')

    Flow('vel'+str(j+3), 'log'+jj+'-m2', 'spray n=201 d=10 o=0 |  pad2 left=100 right=100')

    Result('velupdate'+jj, ['log'+jj, 'loga'+jj], 'Overlay')


# final image
Flow('rtm'+str(its+2),['vel'+str(its+2), 'wavelet3', 'data1'],
     '''
     mpisfwi Fvel=$SOURCE Fwavelet=${SOURCES[1]} Fdat=${SOURCES[2]} output=$TARGET function=3 verb=n
     nb=80 coef=0.003 acqui_type=3 nr=301 dr=10 r0=-1500 rz=3 ns=30 ds=100 s0=-400 sz=3 frectx=1 frectz=1
     ''',np=15)
Flow('rtm'+str(its+2)+'f','rtm'+str(its+2),'bandpass flo=6 |pow pow1=1 | cut max1=150 | window min2=0 max2=2000')
Result('rtm'+str(its+2),'rtm'+str(its+2)+'f','grey title= screenratio=0.6')

Result('vel'+str(its+2),plotvel())

# real image
Flow('rtm',['vel', 'wavelet3', 'data1'],
     '''
     mpisfwi Fvel=$SOURCE Fwavelet=${SOURCES[1]} Fdat=${SOURCES[2]} output=$TARGET function=3 verb=n
     nb=80 coef=0.003 acqui_type=3 nr=301 dr=10 r0=-1500 rz=3 ns=30 ds=100 s0=-400 sz=3 frectx=1 frectz=1
     ''',np=15)
Flow('rtmf','rtm','bandpass flo=6 |pow pow1=1 | cut max1=150 | window min2=0 max2=2000')
Result('rtm','rtmf','grey title= screenratio=0.6')


Result('itrfi', ['log2', 'log2-m', 'log'+str(its+1)+'-m2'], 'Overlay')

End()
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When working with the ‘final’ seismic image, the mis-tie can be converted to a
velocity log update as shown in Figure 5a. Alternatively, we use Equation 7 to update
the migration velocity as shown in Figure 5b. After ten iterations of well tie updates,
we observe that the migration velocity is consistent with the well log velocity in
Figure 5c. Note that the updated migration velocity section above 400m and below
1200 is inconsistent with the real velocity as well ties are only possible in between the
first and last impedance contrast in the well log data.

(a) (b) (c)

Figure 5: Well log velocity profile (black). (a) Common workflow of applying the
mistie from the synthetic-well tie in Figure 4 to update velocity log (blue). (b)
Proposed approach of using the mistie from the synthetic-well tie in Figure 4 to
update initial migration velocity (green) at the well location after one iteration (red).
(c) Migration velocity profile at the well location after 10 iterations of well tie updates

(red)

The simple layered model provides the understanding that in isotropic velocity
models, the primary reason behind the mis-tie between well log modeled synthetics
and seismic data is in the accuracy of the seismic migration velocities. Assuming
that the entire mis-tie is related to incorrect vertical positioning of the reflector, the
migration velocity model can be effectively updated using Equation 7.

Dipping Isotropic Example

In the simple layered model, we assumed that the entire mis-tie is related to the
vertical positioning of the reflector. However, as pointed out by Bakulin et al. (2010),
solving the mis-tie equations along the axis of the well may result in biased estimates
of velocities in the presence of dipping layers. To account for biased estimates of
migration velocity updates due to dipping layers, we propose to migrate the data
several times per iteration using perturbed velocity models. We use four percent
increments to perturb the model. We then perform the seismic-well tie using each of
the resulting seismic images and convert the mis-tie to a migration velocity update.
We estimate the migration velocity update as the semblance weighted average of the
velocity updates from each mis-tie.
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We model data using the true velocity model shown in Figure 6a, and the initial
migration velocities are shown Figure 7a. We use a velocity profile from five ‘wells’
located at 1000m, 2000m, 3000m, 4000m, and 5000m. With each iteration, we assume
the velocity of the layer between 0m and 400m is known.

(a) (b)

Figure 6: (a) True velocity model. (b) One of the initial migration velocity model
perturbations for the first iteration. The wells selected for well tie updates are located
at 1000m, 2000m, 3000m, 4000m, and 5000m.

The seismic traces at locations 1000m, 2000m, 3000m, 4000m, and 5000m from
each seismic image are stretched to time using the true well log velocity and the mis-
ties is estimated using local similarity. Using Equation 7, we update the migration
velocity at each well location. The results of migration velocity updates at well
location 3000m for the five initial migration velocity models shown in Figure 7a
are shown in Figure 7b. We spread the information along seismic structures using
predictive painting weighted by radial basis functions to generate a new geologically
consistent migration velocity model.

(a) (b) (c)

Figure 7: True velocity model at well location 3000m (black). (a) Starting migra-
tion velocity models with a linearly increasing velocity gradient (green). (b) Migra-
tion velocity updates from well tie updates based on the mistie between the syn-
thetic seismogram modeled from the well log profile and the seismic image migrated
from the five perturbed velocity models (red). Semblance weighted average of the
five migration velocity updates (cyan), this result is used for interpolation of the
next migration velocity model. (c) Results after six iterations of well tie updates.
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from rsf.proj import*

# export OMP_NUM_THREADS=1

def plotvel():
	return'''
	window min2=0 max2=5000 | grey title= color=j allpos=y scalebar=y barreverse=y bias=2900 screenratio=1 barlabel=Velocity barunit=m/s minval=2700 maxval=4600 unit1=m unit2=m
	'''

# true velocity
Flow('lay1.asc',None,
     '''
     echo
     0 950 1000 1050
     2000 800 3000 1200
     4000 900 5000 800
     n1=2 n2=6 in=$TARGET
     data_format=ascii_float
     ''')
Flow('lay2.asc',None,
     '''
     echo
     0 2150 1000 1950
     1500 1850 2000 1750
     3000 1750 3500 1850
     4000 1950 5000 2150
     n1=2 n2=8 in=$TARGET
     data_format=ascii_float
     ''')
dim='n1=501 d1=10 o1=0'
Flow('lay1','lay1.asc','dd form=native |spline %s' %dim)

Flow('lay1a', 'lay1', 'math output="input-100" | clip2 lower=625')
Flow('lay1b', 'lay1', 'math output="input-200" | clip2 lower=625')
Flow('lay1c', 'lay1', 'math output="input-300" | clip2 lower=625')
Flow('lay1d', 'lay1', 'math output="input-400" | clip2 lower=625')
Flow('lay1e', 'lay1', 'math output="input-500" | clip2 lower=625')
Flow('lay1f', 'lay1', 'math output="input+100" | clip2 lower=625')

Flow('lay2','lay2.asc','dd form=native |spline %s' %dim)
Flow('lay2a', 'lay2', 'math output="input-150"')
Flow('lay2b', 'lay2', 'math output="input-300"')
Flow('lay2c', 'lay2', 'math output="input-450"')
Flow('lay2d', 'lay2', 'math output="input-600"')
Flow('lay2e', 'lay2', 'math output="input-750"')
Flow('lay2f', 'lay2', 'math output="input+150"')

Flow('lay3',None,'math %s output="2100+x1*0.1"' %dim)
Flow('lay3a',None,'math %s output="1950+x1*0.1"' %dim)
Flow('lay3b',None,'math %s output="1800+x1*0.1"' %dim)
Flow('lay3c',None,'math %s output="1680+x1*0.1"' %dim)

Flow('lay3d',None,'math %s output="2250+x1*0.1" | clip2 upper=2850' %dim)
Flow('lay3e',None,'math %s output="2400+x1*0.1" | clip2 upper=2850' %dim)
Flow('lay3f',None,'math %s output="2550+x1*0.1" | clip2 upper=2850' %dim)
Flow('lay3g',None,'math %s output="2700+x1*0.1" | clip2 upper=2850' %dim)

Flow('lay4',None,'math %s output=2850' %dim)
Flow('lay4a',None,'math %s output=3000' %dim)

Flow('lay5',None,'math %s output=400' %dim)
Flow('lay6',None,'math %s output=475' %dim)
Flow('lay7',None,'math %s output=550' %dim)
Flow('lay8',None,'math %s output=625' %dim)

Flow('lay14',None,'math %s output=1000' %dim)
Flow('lay15',None,'math %s output=1100' %dim)
Flow('lay16',None,'math %s output=1200' %dim)
Flow('lay17',None,'math %s output=1300' %dim)

Flow('lays','lay5 lay6 lay7 lay8 lay1e lay1d lay1c lay1b lay1a lay1 lay1f lay14 lay15 lay16 lay17 lay2e lay2d lay2c lay2b lay2a lay2 lay2f lay3c lay3b lay3a lay3 lay3d lay3e lay3f lay3g lay4 lay4a','cat axis=2 ${SOURCES[1:32]}')

Flow('vel','lays',
     '''
     unif2 n1=341 d1=10 o1=0 v00=2800,3100,3200,3050,2900,3150,3000,3100,3200,3050,3150,3300,3100,3250,3000,3200,3300,3400,3550,3400,3600,3700,3500,3600,3800,4000,3750,3900,4100,4300,4200,4350,4500 |
     put label1=Depth unit1=m label2=Distance unit2=m
     label=Velocity | pad2 left=100 right=100
     ''')
Result('vel',plotvel())

Flow('watermask', 'vel', 'mask min=2750 max=2850 | dd type=float')
Flow('watermasktr', 'watermask', 'window f2=5 n2=1')

# several well logs
logs=[]
refs=[]
for i in range(5):
	x=i*1000 + 1000
	log='log%d' %(i+1)
	DT='DT%d' %(i+1)
	Flow(log,'vel','window n2=1 min2=%g | put label2=Velocity unit2=m/s' %x)
	Flow(DT, log, 'math output="1/input"')
	Plot(log,'graph yreverse=y transp=y screenratio=2 wherexlabel=top wanttitle=n labelsz=7')
	logs.append(log)

	ref='ref%d' %(i+1)
	Flow(ref,log,'ai2refl |depth2time dt=0.001 nt=2201 t0=0 velocity=$SOURCE |put label1=Time unit1=s |ricker1 frequency=15')
	Plot(ref,'graph yreverse=y transp=y screenratio=2 wherexlabel=top label2=Amplitude unit2= wanttitle=n labelsz=7')
	refs.append(ref)
Result('logs',logs,'SideBySideAniso')
Result('refs',refs,'SideBySideAniso')

# starting velocity
Flow('vel2','vel watermask','math a1=${SOURCES[1]} output="(0.94)*(x1/3000*1700+2800)*(1-a1) + a1*2800"')

# generate assumed observed data 
Flow('wavelet',None,'spike n1=2301 d1=0.001 o1=0. k1=150 mag=1e5 |ricker1 frequency=15')
Flow('wavelet2',None,'spike n1=2301 d1=0.001 o1=0. k1=150 mag=1e5 |ricker1 frequency=15 |deriv |halfint')
Result('wavelet','window n1=1000 |graph title= screenratio=0.5')
Result('spectra','wavelet','spectra |graph min1=0 max1=50 title= screenratio=0.5')
Flow('data','vel wavelet2',
		'''
		mpisfwi Fvel=$SOURCE Fwavelet=${SOURCES[1]} output=$TARGET function=1 verb=n
		nb=80 coef=0.003 acqui_type=3 nr=301 dr=10 r0=-1500 rz=3 ns=60 ds=100 s0=-400 sz=3 frectx=1 frectz=1
		''',np=15)
Flow('data1','data','mutter half=n t0=0.24 x0=0 v0=3100 |deriv |deriv |deriv')
Result('shot30','data1','window n3=1 f3=30 |grey title= pclip=98 labelsz=9 labelfat=3 titlesz=9 titlefat=3 screenratio=0.5')

# RTM 1 with starting velocity
Flow('wavelet3',None,'spike n1=2301 d1=0.001 o1=0. k1=150 mag=1e5 |trapez frequency=0.,6,40,50 |deriv |halfint')
Result('wavelet3','window n1=400 |graph title= screenratio=0.5')
Result('spectra3','wavelet3','spectra |graph min1=0 max1=50 title= screenratio=0.5')

# extract trace from migration1 at each well location
traces=[]
for i in range(5):
	x=i*1000 + 1000
	d = str(i+1)
	
	Flow('tdr'+d, 'log'+d, 'math output="1/input" | causint | math output="(%g)*input" | put label2=Time unit2=s' % (2*10) )
	Flow('maxtdr'+d, 'tdr'+d, 'stack max=y axis=1 | math output="input/(%g) + 1.0"' %(0.001))
	Flow('maxtdr'+d+'.par','maxtdr'+d,'disfil number=n format="n1=%g"')
	Flow('rt'+d,['log'+d, 'tdr'+d, 'maxtdr'+d+'.par'],'ai2refl | iwarp warp=${SOURCES[1]} o1=0 d1=%g par=${SOURCES[2]} | put label1=Time unit1=s label2= unit2=' % (0.001))
	Flow('synth'+d, 'rt'+d, 'ricker1 frequency=15')
	
	Flow('synthEn'+d, 'synth'+d, 'energy wind=200 | clip clip=0.2 | scale')
	Flow('rbf'+d,'vel','math output="1/(sqrt(1 + (0.005*(abs(%g - x2)))^2) )" | window min2=0 max2=5000' %(x))
	
	# Plotting
	Flow('synthp'+d, 'synth'+d, 'spray axis=2 n=5 o=-0.0004 d=0.00015')
	Plot('synthp'+d,'''
	wiggle min1=0 max1=2.3 min2=-0.0008 max2=0.0026 poly=y yreverse=y title="" transp=y yreverse=y
	label1=Time unit1=s labelsz=4 titlesz=5 grid=n plotcol=5 pclip=98 wantaxis2=n screenratio=2.5 screenht=11
	''')

Flow('rbfs', 'rbf1 rbf2 rbf3 rbf4 rbf5', 'add ${SOURCES[0:4]}')

Flow('vel-3','vel','window n2=1 min2=%g | put label2=Velocity unit2=m/s' %3000)
Plot('vel-3','graph yreverse=y transp=y screenratio=2 wherexlabel=top wanttitle=n labelsz=7 min2=2700 max2=4600 plotcol=7 plotfat=3')

# parameters
its  = 6     # number of iterations
mod  = 5     # number of velocity models
perc = 0.04  # percent variations on initial model to test
r1h  = 70    # well tie inital verticle smoothing - semblance
r1l  = 40    # well tie final verticle smoothing  - semblance
r2h  = 7     # well tie inital verticle smoothing - picking
r2l  = 4     # well tie final verticle smoothing  - picking

for j in range(its):
    jj = str(j + 2)

    for k in range(mod):
    	kk = str(k)
    	
    	mdl = jj + '-' + kk
    	
    	if (its > 1):
    		percu = perc - (perc - 0.02)*j/(its - 1)
    	else:
    		percu = perc
    	
    	Flow('vel'+mdl,['vel'+jj],'math output="(%g)*input"' %( 1.0*((1 + ((mod-1)/2)*percu) - percu*k) ))
    	
    	Flow('vel'+mdl+'-3','vel'+mdl,'window n2=1 min2=%g | put label2=Velocity unit2=m/s' %3000)
    	Plot('vel'+mdl+'-3','graph yreverse=y transp=y screenratio=2 wherexlabel=top wanttitle=n labelsz=7 min2=2700 max2=4600 plotcol=3 plotfat=3')
    	
    	# migrate data with inital velocity model
    	Flow('rtm'+mdl,['vel'+mdl, 'wavelet3', 'data1'],'''
    	mpisfwi Fvel=$SOURCE Fwavelet=${SOURCES[1]} Fdat=${SOURCES[2]} output=$TARGET function=3 verb=n
    	nb=80 coef=0.003 acqui_type=3 nr=301 dr=10 r0=-1500 rz=3 ns=60 ds=100 s0=-400 sz=3 frectx=1 frectz=1
    	''',np=15)
    	Flow('rtm'+mdl+kk,'rtm'+mdl,'bandpass flo=6 |pow pow1=1 | cut max1=150')
    	Result('rtm'+mdl+kk,'grey title= screenratio=0.6')
    	
    	# convert rtm image from depth to time
    	Flow('rtmtime'+mdl,['rtm'+mdl+kk,'vel'],'depth2time dt=0.001 nt=2401 t0=0 velocity=${SOURCES[1]} | put label1=Time unit1=s | window min2=0 max2=5000')
    	Result('rtmtime'+mdl,'grey title= screenratio=0.6')
    	
    	# generate a synthetic seismogram at locations
    	for i in range(5):
    	    ii = str(i+1)
    	    tag = mdl + '-' + ii
    	    x=i*1000+1000
    	    
    	    Flow('trace'+tag,'rtmtime'+mdl,'window n2=1 min2=%g' %x)
    	    Plot('trace'+tag,'graph yreverse=y transp=y screenratio=1.5 wherexlabel=top label2=Amplitude unit2= wanttitle=n labelsz=7')
    	    
    	    Flow('traceEn'+tag, 'trace'+tag, 'energy wind=200 | clip clip=0.2 | scale')
    	    
    	    ## Local Similarity Match
    	    g0=-.2 # starting change
    	    g1=.2  # last change
    	    ng=601   # number of changes to scans
    	    dg = (g1-g0)/(ng-1)
    	    niter = 100 # maximum number of iterations
    	    if (its > 1):
    	    	r1 = r1h - (r1h-r1l)*j/(its-1)
    	    	r2 = r2h - (r2h-r2l)*j/(its-1)
    	    else:
    	    	r1 = r1h
    	    	r2 = r2h
    	    
    	    # Scan shifts computing local similarity
    	    Flow('scan'+tag, ['synth'+ii, 'trace'+tag, 'traceEn'+tag, 'synthEn'+ii],'''
    	    warpscanw other=${SOURCES[1]} niter=%d sign=y
    	    ng=%d g0=%g dg=%g rect1=%g rect2=%g shift=y accuracy=3 ren=1 renergy=${SOURCES[2]} den=1 denergy=${SOURCES[3]} | mutter half=n t0=0.27 x0=0 v0=500000
    	    ''' % (niter,ng,g0,dg,r1,r2))
    	    
    	    Flow('spick'+tag,'scan'+tag,'pick vel0=%g rect1=%g norm=y' % (0,r1))
    	    
    	    Plot('scan'+tag,'grey allpos=y color=j title="Shift Scan - Initial" label2="Relative Shift" label1="Sample on Reference Trace"')
    	    Plot('spick'+tag,'graph pad=n min2=%g max2=%g plotcol=0 plotfat=5 transp=y yreverse=y wantaxis=n wanttitle=n' % (g0,g1))
    	    
    	    Result('scan'+tag,['scan'+tag, 'spick'+tag],'Overlay')
    	    
    	    Flow('pick'+tag, 'spick'+tag, 'transp')
    	    Flow('weight'+tag, ['scan'+tag, 'pick'+tag], 'transp | inttest1 coord=${SOURCES[1]} same=n interp=lag nw=2 | window | scale axis=1 | smooth rect1=5 | clip2 lower=0.01')
    	    
    	    Flow('synthw'+tag,['synth'+ii,'trace'+tag, 'spick'+tag],'''
    	    warp1 other=${SOURCES[1]} warpin=${SOURCES[2]}
    	    verb=1 nliter=0 
    	    ''')    
    	    
    	    Flow('synthwp'+tag, 'synthw'+tag, 'spray axis=2 n=5 o=-0.0004 d=0.00015')
    	    Plot('synthwp'+tag,'''
    	    wiggle min1=0 max1=2.3 min2=-0.0017 max2=0.0017 poly=y yreverse=y title="" transp=y yreverse=y
    	    label1=Time unit1=s labelsz=4 titlesz=5 grid=n plotcol=3 pclip=98 wantaxis2=n screenratio=2.5 screenht=11
    	    ''')
    	    Flow('tracep'+tag, 'trace'+tag, 'spray axis=2 n=5 o=-0.0004 d=0.00015')
    	    Plot('tracep'+tag,'''
    	    wiggle min1=0 max1=2.3 min2=-0.0026 max2=0.0008 poly=y yreverse=y title="" transp=y yreverse=y
    	    label1=Time unit1=s labelsz=4 titlesz=5 grid=n plotcol=7 pclip=98 wantaxis2=n screenratio=2.5 screenht=11
    	    ''')
    	    Result('synthp'+tag,['synthp'+ii,'synthwp'+tag,'tracep'+tag],'Overlay')    
    	    
    	    Flow('drift'+tag,['spick'+tag, 'tdr'+ii],'''
    	    iwarp warp=${SOURCES[1]} inv=n d1=10 | put label1=Depth unit1=m
    	    ''')
    	    
    	    Flow('weightz'+tag,['weight'+tag, 'tdr'+ii],'''
    	    iwarp warp=${SOURCES[1]} inv=n d1=10 | put label1=Depth unit1=m
    	    ''')
    	    
    	    Flow('tdr'+tag, ['drift'+tag,'tdr'+ii], 'math a1=${SOURCES[1]} output="a1-input"')    
    	    
    	    Flow(['tdr'+tag+'a', 'DT'+tag], ['DT'+ii, 'tdr'+tag], 'tdr stretch=1 ms=0 dels=%g tdrNew=${SOURCES[1]} sonicFo=${TARGETS[1]}' %(10))
    	    Flow('log'+tag, 'DT'+tag, 'math output="1/input"') #Updated velocity log    
    	    
    	    Flow('log'+tag+'-m','vel'+mdl,'window n2=1 min2=%g | put label2=Velocity unit2=m/s' %x)
    	    Plot('log'+tag+'-m','graph yreverse=y transp=y screenratio=2 wherexlabel=top wanttitle=n labelsz=7 min2=2700 max2=4600 plotcol=3 plotfat=3') #initial migration velocity
    	    
    	    Flow('log'+tag+'-m2', ['log'+ii, 'log'+tag, 'log'+tag+'-m'],'''
    	    math a1=${SOURCES[1]} a2=${SOURCES[2]} output="a2*a1/input"
    	    ''')
    	    Plot('log'+tag+'-m2','graph yreverse=y transp=y screenratio=2 wherexlabel=top wanttitle=n labelsz=7 min2=2700 max2=4600 plotcol=5 plotfat=2') #updated migration velocity
    	    
    	    Plot('log'+tag, 'log'+ii,'graph yreverse=y transp=y screenratio=2 wherexlabel=top wanttitle=n labelsz=7 min2=2700 max2=4600 plotcol=7 plotfat=3') #final velocity goal
    	    
    	    Result('itr'+tag, ['log'+tag, 'log'+tag+'-m', 'log'+tag+'-m2'], 'Overlay')
    
    Flow('dip'+jj+'-2','rtm'+jj+'-22','''
    window min2=0 max2=5000 | threshold pclip=50 | fdip rect1=%g rect2=%g niter=10
    ''' %( 12-(j*4/its), 12-(j*4/its) ))
    
    """	 
    Flow('pwd'+jj+'-22',['rtm'+jj+'-22','dip'+jj+'-2'],'window min2=0 max2=5000 | pwd2 dip=${SOURCES[1]}  | scale axis=2')
    Flow('pws'+jj+'-22',['rtm'+jj+'-22','dip'+jj+'-2'],'window min2=0 max2=5000 | pwsmooth dip=${SOURCES[1]} ns=2 eps=0.001 | scale axis=2')

    Flow('sobel1'+jj+'-22',['pwd'+jj+'-22', 'pws'+jj+'-22'],
         '''
         math pwd=${SOURCES[0]} pws=${SOURCES[1]}
         output="(pwd*pwd+pws*pws)"
         ''')

    Flow('dip1'+jj+'-2','dip'+jj+'-2','transp plane=12')
    Flow('sobel2'+jj+'-22',['pwd'+jj+'-22', 'dip1'+jj+'-2'],
         '''
         transp plane=12 |
         pwsmooth dip=${SOURCES[1]} ns=2 eps=0.001 |
         transp plane=12
         ''')

    Flow('sobel'+jj+'-22',['sobel1'+jj+'-22','sobel2'+jj+'-22'],
         '''
         math s1=${SOURCES[0]} s2=${SOURCES[1]}
         output="s1*s1+s2*s2"
         ''')

    Flow('dip2'+jj+'-22','sobel'+jj+'-22','odip rect1=9 rect2=9 | transp')

    Flow('smootha'+jj+'-22',['sobel'+jj+'-22', 'dip2'+jj+'-22'],
         '''
	 transp |
    	 pwsmooth dip=${SOURCES[1]} ns=2 eps=0.001 | transp | smooth rect1=3 rect2=9 | scale axis=2
	 ''')

    Flow('smooth'+jj+'-22','smootha'+jj+'-22',
         '''
	 mask min=0.03 max=1 | dd type=float | math a1=${SOURCES[0]} output="input*a1" |
    	 smooth rect1=1 rect2=9 | scale axis=2
	 ''')

    Result('smooth'+jj+'-22',
           '''
    	   grey allpos=y label2="Distance" title="Smoothed Sobel" scalebar=y
	   ''')
    """

    for i in range(5):
        ii = str(i+1)
        x = i*1000+1000
        tag = ii + '-m2'
        mdl = jj + '-' + ii
        
        Flow('avg'+jj+'c-'+ii, ['log'+jj+'-0-'+tag, 'log'+jj+'-1-'+tag, 'log'+jj+'-2-'+tag, 'log'+jj+'-3-'+tag, 'log'+jj+'-4-'+tag, 'weightz'+jj+'-0-'+ii, 'weightz'+jj+'-1-'+ii, 'weightz'+jj+'-2-'+ii, 'weightz'+jj+'-3-'+ii, 'weightz'+jj+'-4-'+ii],'''
        math a1=${SOURCES[1]} a2=${SOURCES[2]} a3=${SOURCES[3]} a4=${SOURCES[4]} a5=${SOURCES[5]} a6=${SOURCES[6]} a7=${SOURCES[7]} a8=${SOURCES[8]} a9=${SOURCES[9]} output="(input*a5 + a1*a6 + a2*a7 + a3*a8 + a4*a9)/(a5 + a6 + a7+ a8+ a9 +0.0001)" | 
        window min1=400 max1=3000 | pad2 top=40 bottom=40
        ''')
        #Flow('avg2'+mdl,'avg'+jj+'c-'+ii, 'mask min=-1 max=2000 | dd type=float | math output="3000*input" | math a1=${SOURCES[0]} output="input + a1*(1 - input/3000)"')
        Flow('avg2'+mdl,['avg'+jj+'c-'+ii, 'watermasktr'], 'math a1=${SOURCES[1]} output="input*(1-a1) + a1*2800"')
        Flow('avg'+mdl,'avg2'+mdl, 'mask min=4499 max=10000 | dd type=float | math output="4500*input" | math a1=${SOURCES[0]} output="input + a1*(1 - input/4500)"')
        Plot('avg'+mdl,'graph yreverse=y transp=y screenratio=2 wherexlabel=top wanttitle=n labelsz=7 min2=2700 max2=4600 plotcol=2 plotfat=5 dash=3')
        Result('wellvel'+mdl, ['log'+jj+'-0-'+tag, 'log'+jj+'-1-'+tag, 'log'+jj+'-2-'+tag, 'log'+jj+'-3-'+tag, 'log'+jj+'-4-'+tag, 'log'+jj+'-0-'+ii, 'avg'+mdl], 'Overlay')
        
        Flow('velr'+mdl, ['dip'+jj+'-2', 'avg'+mdl, 'rbf'+ii],'''
        pwpaint order=3 seed=${SOURCES[1]} i0=%g eps=0.1 | math a1=${SOURCES[2]} output="input*a1"
        ''' %(x/10))
        
    Flow('vel'+str(j+3), ['velr'+jj+'-1', 'velr'+jj+'-2', 'velr'+jj+'-3', 'velr'+jj+'-4', 'velr'+jj+'-5', 'rbfs', 'watermask'],'''
    add ${SOURCES[0:4]} | math a1=${SOURCES[5]} output="input/a1" | pad2 left=100 right=100 | math a1=${SOURCES[6]} output="input*(1-a1) + a1*2800"
    ''')
    #Flow('vel'+str(j+3), ['velr'+jj+'-1', 'velr'+jj+'-2', 'velr'+jj+'-3', 'velr'+jj+'-4', 'velr'+jj+'-5', 'rbfs'+jj], 'add ${SOURCES[0:4]} | math a1=${SOURCES[5]} output="input/a1" | pad2 left=100 right=100')
    Result('vels'+jj, ['vel-3', 'vel'+jj+'-0-3', 'vel'+jj+'-1-3', 'vel'+jj+'-2-3', 'vel'+jj+'-3-3', 'vel'+jj+'-4-3'], 'Overlay')

# final image
Flow('rtm'+str(its+2),['vel'+str(its+2), 'wavelet3', 'data1'],
     '''
     mpisfwi Fvel=$SOURCE Fwavelet=${SOURCES[1]} Fdat=${SOURCES[2]} output=$TARGET function=3 verb=n
     nb=80 coef=0.003 acqui_type=3 nr=301 dr=10 r0=-1500 rz=3 ns=60 ds=100 s0=-400 sz=3 frectx=1 frectz=1
     ''',np=15)
Flow('rtm'+str(its+2)+'f','rtm'+str(its+2),'bandpass flo=6 |pow pow1=1 | cut max1=150 | window min2=0 max2=5000')
Result('rtm'+str(its+2),'rtm'+str(its+2)+'f','grey title= screenratio=1 grid=y gridcol=5 gridfat=2 unit1=m unit2=m')

Result('vel'+str(its+2),plotvel())


# real image
Flow('rtm',['vel', 'wavelet3', 'data1'],
     '''
     mpisfwi Fvel=$SOURCE Fwavelet=${SOURCES[1]} Fdat=${SOURCES[2]} output=$TARGET function=3 verb=n
     nb=80 coef=0.003 acqui_type=3 nr=301 dr=10 r0=-1500 rz=3 ns=60 ds=100 s0=-400 sz=3 frectx=1 frectz=1
     ''',np=15)
Flow('rtmf','rtm','bandpass flo=6 |pow pow1=1 | cut max1=150 | window min2=0 max2=5000')
Result('rtm','rtmf','grey title= screenratio=1 grid=y gridcol=5 gridfat=2 unit1=m unit2=m')

# Other images for abstract
Result('vel2-2',plotvel())
Result('vel3',plotvel())

Result('rtm2-2','bandpass flo=6 |pow pow1=1 | cut max1=150 | window min2=0 max2=5000 | grey title= screenratio=1 grid=y gridcol=5 gridfat=2 unit1=m unit2=m')
Result('rtm3-2','bandpass flo=6 |pow pow1=1 | cut max1=150 | window min2=0 max2=5000 | grey title= screenratio=1 grid=y gridcol=5 gridfat=2 unit1=m unit2=m')


End()
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We iteratively update the migration velocity model by generating five perturbed
migration velocity models at each iteration and estimating the semblance weighted
average of the velocity updates from each mis-tie. Each iteration, we reduce the
perturbation of the migration velocity models and the smoothing in local similarity.
Results after six iterations of well tie updates at well location 3000m are shown in
Figure 7c. We observe that the semblance weighted average of the velocity updates
at this location fits well with the real well log velocity. The migration velocity model
after six iterations is shown in Figure 8b and is reasonably consistent with the real
velocity model in Figure 6a.

(a) (b)

Figure 8: (a) Migration velocity model after one iteration and (b) six iterations of
well tie updates and weighted interpolation of the updated velocity profile from the
wells using predictive painting.

Figure 9c is the final depth migrated seismic image using the velocity model in
Figure 8b. This result is compared against Figure 9d, the depth migrated seismic
image using the real velocity model. Differences in the velocity models result is small
differences in reflector positioning.

(a) (b) (c) (d)

Figure 9: (a) Initial RTM image using the migration velocity perturbation shown
in Figure 6b. (b) RTM image using the migration velocity perturbation shown in
Figure 8a. (c) Final RTM image using the migration velocity shown in Figure 8b
after six iterations. (d) RTM image using the true migration velocity in Figure 6a.
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CONCLUSIONS

We present an approach to aid in velocity model building using misties between mod-
eled synthetic seismograms from well log data and the seismic image. The proposed
approach provides a unique method for integrating well log data in conventional
velocity model building workflows. The proposed workflow is not a substitute for
conventional velocity analysis, but it may help to reduce nonuniquness in areas of
complex stratigraphy or anisotropy. In our approach, local similarity is used to esti-
mate the mistie at every sample along the synthetic seismogram and uses the result
to update the migration velocity at the well location. Because inaccuracies in the
migration velocity are directly related to the mis-tie and observed in seismic-well ties,
this information can be used to update the migration velocity at the well location and
be spread throughout the model using predictive painting. Iteratively updating the
migration velocity using the proposed workflow results in a high-resolution migration
model that is consistent with well log data.
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