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ABSTRACT

We propose an approach to normal moveout (NMO) stacking, which eliminates
the effects of “NMO stretch” and restores a wider frequency band by replacing
conventional stacking with a regularized inversion to zero offset. The resulting
stack is a model that best fits the data using additional constraints imposed by
shaping regularization. We introduce a recursive stacking scheme using plane-
wave construction in the backward operator of shaping regularization to achieve
a higher resolution stack. The advantage of using recursive stacking along local
slopes in the application to NMO and stack is that it avoids “stretching effects”
caused by NMO correction and is insensitive to non-hyperbolic moveout in the
data. Numerical tests demonstrate the algorithm’s ability to attain a higher
frequency stack with a denser temporal sampling interval compared to those
of the conventional stack and to minimize stretching effects caused by NMO
correction. We apply this method to a 2-D field dataset from the North Sea and
achieve noticeable resolution improvements in the stacked section compared with
that of conventional NMO and stack.

INTRODUCTION

In seismic data processing, common midpoint (CMP) stacking is one of the most
fundamental processes that combines NMO-corrected traces across a CMP gather
to produce a single trace with a higher signal-to-noise ratio (Rashed, 2014). Many
problems arise with the assumptions and principles that set the foundation for conven-
tional CMP stacking. Traditional stacking assumes that the NMO-corrected gather
has perfectly aligned seismic reflections (Yilmaz, 2001). However, NMO correction
is an approximation that assumes the travel-time as a function of offset follows a
hyperbolic trajectory in a CMP gather, which may fail in common geologic settings
that involve velocity variations or anisotropy. NMO correction also causes undesirable
distortions of signals on a seismic trace known as “NMO stretch”, which lowers the
frequency content of the corrected reflection event at far offsets (Claerbout, 1985).
This violates the assumption of a uniform distribution of phase and frequency of
seismic reflections across the corrected gather. Common procedures to eliminate this
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stretching effect involve muting samples with severe distortions. This causes a de-
crease in fold and may destroy useful far-offset information essential for amplitude
variation with offset (AVO) analysis (Swan, 1988). Inaccuracy in stretch muting with
residual “stretching” effects may also produce a lower-amplitude and lower-resolution
stack (Miller, 1992).

Several algorithms were developed to improve CMP stacking and enhance resolu-
tion of stacked sections by reducing stretching effects. Claerbout (1992) described in-
verse NMO stack, which recasts NMO correction and stacking as an inversion process
in the constant velocity case. This approach combines conventional NMO and stack
into one step by solving a set of simultaneous equations using iterative least-squares
optimization. Sun (1997) extended Claerbout’s idea to the case of depth-variable
velocity. The inverse NMO stack operator applied depends on hyperbolic moveout
relation and can be employed to remove non-hyperbolic events and random noise.
Trickett (2003) uses a variation of Claerbout’s inverse NMO stack in his stretch-
free stacking method to avoid “NMO stretch”. Trickett’s results tend to be higher
frequency but noisier than a conventional stack. Multiple other algorithms have
been proposed that aim to reduce NMO stretching effects (Byun and Nelan, 1997;
Hicks, 2001; Hilterman and Schuyver, 2003; Rupert and Chun, 1975; Perroud and
Tygel, 2004; Masoomzadeh et al., 2010; Zhang et al., 2013; Kazemi and Siahkoohi,
2011). Wisecup (1998) introduced random sample interval imaging (RSI2), which
maps the CMP gather into the “after NMO space” using the exact moveout times
and no interpolation. The NMO-corrected values are collected in the stack, rather
than summed, where the input sample values are mapped to their correct time values
in the stack. Shatilo and Aminzadeh (2000) proposed a constant NMO correction
strategy, which applies a constant NMO shift within a finite time interval that is
equal to the wavelet length of a trace. This approach eliminates wavelet stretch and
preserves higher frequencies than the conventional method, resulting in a higher res-
olution stack. However, samples that exist in overlapping time windows are used
twice during the correction, resulting in an amplitude distortion. Stark (2013) dis-
cussed the idea of signal recovery beyond the conventional Nyquist frequency using
an approach similar to the RSI2 algorithm. The method proposed is an output-driven
process, where the stack is defined as a merge trace and has a potentially higher sam-
pling rate than the input traces. Using this approach, the final stacked sections are
not necessarily limited to the data-collected Nyquist frequencies. More recently, Ma
et al. (2015) proposed a stacking technique based on a sparse inversion algorithm that
computes the stack directly from a CMP gather by solving an optimization problem
using principles of compressive sensing. This method eliminates the stretch effect
of conventional CMP stacking and improves resolution in the stacked section. Silva
et al. (2015) introduced a recursive stacking approach using local slopes to compute
a stack without stretching effects. In our previous work (Regimbal and Fomel, 2015),
we proposed a method that computed NMO and stack in an iterative fashion using
shaping regularization to achieve a higher resolution stack that avoids the effects of
“NMO stretch”.

In this paper, we extend the method of shaping NMO stack (Regimbal and Fomel,

TCCS



Regimbal and Fomel 3 PWC stacking

2015) further by introducing recursive stacking using plane-wave construction (PWC)
(Fomel and Guitton, 2006) in the backward operator of the shaping regularization
scheme (Fomel, 2007). PWC stacking is equivalent to computing the zero scale of the
seislet transform (Fomel and Liu, 2010). Shaping regularization implies a mapping of
the input model to a space of acceptable models. The shaping operator is integrated
in an iterative inversion algorithm and provides explicit control on the estimation
result. We start by reviewing shaping regularization in the context of NMO and
stack and define the operators used in recursive PWC stacking. We test this approach
on synthetic examples to demonstrate the algorithm’s ability to minimize stretching
effects and improve resolution. We then apply this method to a 2-D field dataset from
the North Sea and achieve noticeable resolution improvements in the stacked section
in comparison with conventional NMO stack.

METHOD

In geophysical estimation problems, regularization is used to solve ill-posed problems
by providing additional constraints on the estimated model. Shaping regularization
(Fomel, 2007, 2008) implies a mapping of the input modelm to the space of acceptable
functions. The mapping is controlled by the shaping operator Sm. In the linear case,
the solution of the estimation problem using shaping regularization is defined as:

m̂ = [I+ Sm(BF− I)]−1SmBd, (1)

where F is the forward operator, B is the backward operator, and d is the data.
We implement the Generalized Minimum Residual (GMRES) algorithm (Saad and
Schultz, 1986) to perform the linear inversion in equation 1.

Shaping regularization in the application to NMO stack utilizes signal from dif-
ferent offsets to reconstruct a high resolution stack. The model m is in this case a
seismic trace at zero-offset and the data d is a CMP gather. We define the linear
operators used in the shaping regularization scheme as:

� F (forward operator) applies predictive painting (Fomel, 2010) to spread infor-
mation using a known dip field and then subsamples in time.

� B (backward operator) interpolates the data in time to a denser grid and stacks
in a recursive fashion using local slopes.

� Sm (shaping operator) is a bandpass filter that controls frequency content.

We implement PWC stacking in the backward operator of shaping regularization
which follows local slopes of a CMP gather. The key idea of this stacking procedure
is to start at the farthest offset trace of the gather and make a local slope predic-
tion of the preceding trace using PWC (Figure 1a). The partially corrected trace
is then stacked with the uncorrected neighbor, which is the input for the next local
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prediction (Figure 1b). The process is repeated in the offset direction until the zero
offset trace is reconstructed (Figure 1c). This recursive stacking approach results in
higher resolution stacks compared to conventional NMO and stack. The procedure is
equivalent to computing the zero scale of the seislet transform (Fomel and Liu, 2010).
Advantages of PWC stacking include eliminating the effects of “NMO stretch” as
well as the problem of non-hyperbolic moveout. The approximate inverse of PWC
stacking is defined by predictive painting (Fomel, 2010). This algorithm is comprised
of two main steps, namely estimating local slopes of seismic events using plane-wave
destruction (PWD) (Fomel, 2002) and spreading information from a seed trace inside
a volume. In this application, we use the updated model to spread information across
the CMP gather using the estimated dip field.

T0 T1 T2 

(a) 

T0 T’1 

(b) 

T’0 

(c) 

Figure 1: Schematic of the PWC stacking algorithm. (a) Stack far offset trace T2

with neighboring trace T1, (b) stack updated trace T’1 with neighboring trace T0, (c)
final accumulated stack.

In PWC stacking, each seismic trace is predicted from its neighbors that are
shifted along the event slopes. Slopes are estimated by PWD, which minimizes the
prediction error to estimate optimal slopes. PWD can be sensitive to conflicting
slopes at far offsets of a CMP gather when the dip is large and cause PWC stacking
to fail in characterizing an optimal stack. To account for this, we first apply a constant
velocity NMO correction to the CMP gather, which results in smoothly varying slopes
without crossing events. We then estimate the moveout t(x) of the corrected seismic
events at offset x as follows:

t(x) =

√√√√t20 +
x2

v20
+ x2

(
1
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v20

)
, (2)

where t0 is the zero offset travel-time, v is the NMO velocity estimated by a conven-
tional method and v0 is a constant velocity. Adding the correction factor due to the
constant velocity NMO correction from equation 2, the dip field becomes:
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x

t
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1
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)
. (3)
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We use this estimated dip as the initial model for PWD. This dip estimation scheme
follows the velocity-dependent formulation of the seislet transform (Liu et al., 2015)
and provides us with a better estimation of the dip field for CMP gathers with large
dipping events and conflicting slopes at far offsets. We implement this dip estima-
tion method to compute the PWC stack in an iterative fashion while using shaping
regularization (equation 1) to yield a high resolution stack.

EXAMPLES

In our first experiment, we generated a synthetic trace with a sampling interval of 1
ms and used it as a reference trace. This trace was then inverse NMO corrected and
subsampled to 4 ms to produce a CMP gather (Figure 2a), which is the input data
for PWC stack and conventional NMO and stack. The result of applying a constant
velocity NMO correction is displayed in Figure 2b and is used to compute the dip
field.

(a) (b)

Figure 2: (a) Synthetic CMP gather with 4-ms sampling interval and (b) con-
stant velocity NMO-corrected gather to separate crossing events at far offsets.

The convergence of the GMRES algorithm in this example required only 4 iter-
ations to achieve a misfit tolerance of 10−5. The estimated PWC stack is shown in
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from rsf.proj import *

#################################################
############# Synthetic CMP #####################
n2=128

# 1. make a trace
Result('test', None, 'spike n1=2001 d1=0.001  | noise rep=y seed=2014 | math output="input^3" | cut max1=0.25 | graph title=Spike')

Flow('trace',None,
	'''
	spike n1=2001 d1=0.001 | noise rep=y seed=2014 | 
	math output="input^3" | cut max1=0.25 | 
	ricker1 frequency=75
	''')
Result('trace','graph title=trace')
Result('spectrum','trace','spectra | graph title=Spectrum')

# 2. make NMO velocity

Flow('vel','trace','math output="1.5+x1" ')

# 3. Apply inverse NMO 

Flow('cmp','trace vel',
	'''
	spray axis=2 n=128 d=0.025 o=0.05 | 
	inmo velocity=${SOURCES[1]} half=n 
	''')
Result('cmp','grey title="CMP Gather" label2=Offset unit2=km ')
Flow('lowcmp','cmp','bandpass fhi=50') 
Plot('lowcmp','cmp','bandpass fhi=50 | grey title="CMP Gather" label2=Offset unit2=km') 
Result('lowcmp','cmp','bandpass fhi=50 | grey title="CMP Gather" label2=Offset unit2=km') 

Flow('cmpstack', 'cmp vel', 'nmo velocity=${SOURCES[1]} half=n | mutter v0=4.5 half=n | stack')
Flow('difftest','cmpstack trace','add scale=1,-1 ${SOURCES[1]}')
Result('modtest','difftest cmpstack trace',
		'''
		cat axis=2 ${SOURCES[1:3]} | 
		dots labels=difference:interpolated:original 
		gaineach=n
		''')
# Subsampled gather

Flow('cmp2','cmp','window j1=4')

Plot('cmp2','grey title="CMP Gather" label2=Offset unit2=km ')
Result('cmp2','grey title="CMP Gather" label2=Offset unit2=km screenratio=1.5 ')
Result('lowcmp2','cmp2','bandpass fhi=50 | grey title="CMP Gather" label2=Offset unit2=km') 

# Apply regular NMO
Flow('nmo','cmp vel',
	'''
	nmo velocity=${SOURCES[1]} str=0.3 half=n | 
	mutter v0=4.5 half=n 
	''')
Result('nmo','grey title="Conventional NMO Corrected Gather" label2=Offset unit2=km')
Result('lownmo','nmo','bandpass fhi=50 | grey title="Conventional NMO Corrected Gather" label2=Offset unit2=km') 

Flow('vel2','vel','window j1=4')
Flow('nmo2','cmp2 vel2',
	'''
	nmo velocity=${SOURCES[1]} str=0.2 half=n |
	mutter v0=4.5 half=n 	
	''')
Result('nmo2','grey title="With Stretch" label2=Offset unit2=km screenratio=2')
Flow('nmo3','cmp2 vel2',
	'''
	nmo velocity=${SOURCES[1]} str=0.7 half=n |
	mutter v0=4.5 half=n 	
	''')
Result('nmo3','grey title="NMO" label2=Offset unit2=km screenratio=2')
Plot('nmo2','grey title="Conventional NMO" label2=Offset unit2=km')
Result('lownmo2','nmo2','bandpass fhi=50 | grey title="Conventional NMO Corrected Gather" label2=Offset unit2=km') 

# Regular stack

Flow('stack2','nmo2','stack')
Result('stack2','graph title="Subsampled Stack" ')
Result('lowstack2','stack2','bandpass fhi=50 | graph title="Conventional Stack"')

# Interpolate to dense sampling

Flow('istack2','stack2 trace','bandpass fhi=124 | spline pattern=${SOURCES[1]}')
Flow('diff2','istack2 trace','add scale=1,-1 ${SOURCES[1]}')
Result('mod2','diff2 istack2 trace',
		'''
		cat axis=2 ${SOURCES[1:3]} | 
		dots labels=difference:interpolated:original 
		gaineach=n
		''')

Result('ispec2','trace istack2',
		'''
		cat axis=2 ${SOURCES[1]} | 
		spectra 		 | 
		window max1=75 	 | 
		graph title=Spectrum
		''')

#########################################################
################### Shaping Method ######################

# Define dip

data1 = 'cmp'

# t as a function of t0 and x

maxvel = 3.5
minvel = 1.9

Flow('t','vel',
     '''
     remap1 n1=2001 d1=0.001 o1=0 | 
     spray axis=2 n=128 d=0.025 o=0.05 label=Offset unit=km |
     math output="sqrt(x1*x1+x2*x2*(1/(input*input)-%g))"
     ''' % (1/(minvel*minvel)))

Plot('t','window j1=100 | window f1=3 | transp | graph wanttitle=n wantaxis=n yreverse=y min2=0 max2=2 pad=n')

Flow('t1','vel',
     '''
     spray axis=2 n=128 d=0.025 o=0.05 label=Offset unit=km |
     math output="x1*x1+(x2*x2)/(1/(input*input))"
     ''')


# dip as a function of t0 and x

dt=0.001
dx=0.025

# NMO with maximum velocity

Flow('vmax','vel','math output=%g' % minvel)
Flow('nmo02','cmp2 vmax','nmo velocity=${SOURCES[1]} half=n')

Flow('nmo0',[data1,'vmax'],'nmo velocity=${SOURCES[1]} half=n')
Flow('inmo0','nmo0','bandpass fhi=125 | window j1=2')
Plot('nmo0','grey title="NMO with Constant Velocity" label2=Offset unit2=km')
Result('nmo0','grey title="NMO Corrected" label2=Offset unit2=km screenratio=1.5')
Flow('lownmo0',['lowcmp','vmax'],'nmo velocity=${SOURCES[1]} half=n')
Result('nmo01','nmo0 t','Overlay')

Flow('p0','vel t',
     '''
     remap1 n1=2001 d1=0.001 o1=0 | 
     spray axis=2 n=128 d=0.025 o=0.05 label=Offset unit=km |
     math t=${SOURCES[1]} output="%g*x2/(t+0.001)*(1/(input*input)-%g)"
     ''' % ((dx/dt),1/(minvel*minvel)))

Flow('p1','vel t1',
     ''' 
     spray axis=2 n=128 d=0.025 o=0.05 label=Offset unit=km |
     math t=${SOURCES[1]} output="%g*x2/(t+0.001)*(1/(input*input))"
     ''' % (dx/dt))

# dip as a function of t
Result('p0','grey unit1=s unit2=km  color=j title=Slope scalebar=y')
Flow('vdip2','p0 t','iwarp warp=${SOURCES[1]} eps=1')

Flow('taper','vdip2','math output=1 | mutter v0=2.6 half=n | smooth rect1=10 rect2=10')

Flow('vdip1','vdip2 taper','mul ${SOURCES[1]}')
Flow('otaper','vdip2','math output=-7 | mutter v0=2.4 half=n inner=y | mutter v0=3.5 half=n | smooth rect1=15 rect2=15')
Flow('ovdip1','vdip1 otaper','add ${SOURCES[1]}')
Result('taper','grey title=Taper')
Plot('vdip1','grey unit1=s unit2=km  color=j title=Slope scalebar=y')
Result('ovdip1','grey unit1=s unit2=km  color=j title=Slope scalebar=y')

data2 = 'nmo0'
idip = data2+'idip2'
Flow(idip,[data2,'ovdip1'],'dip nj1=1 both=n eps=1 rect1=15 rect2=15 idip=${SOURCES[1]} order=4')

Plot(idip,'grey unit1=s unit2=km  color=j title=Slope scalebar=y label2=Offset')
Result(idip,'grey unit1=s unit2=km  color=j title=Slope scalebar=y label2=Offset')

Result('nmodip','cmp2 nmo0','SideBySideAniso')

# Seislet NMO
def seislet(gather,dip,snmo):
    nmos = []
    for i2 in range(n2):
    	traced = 'trace%d' % i2
    	if i2 == 0:
    		Flow(traced,gather,'cut f2=1')
    	elif i2 == n2-1:
    		Flow(traced,gather,'cut n2=%d' % i2)
    	else:
    		Flow(traced,gather,'cut n2=%d | cut f2=%d' % (i2,i2+1))
    		
    	nmo = 'nmod%d' % i2
    	nmos.append(nmo)
    	Flow(nmo,[traced,dip],'''
    	seislet dip=${SOURCES[1]} eps=0.1 adj=y inv=y type=haar order=4 |
    	window n2=1 ''')
    	Flow(snmo,nmos,'''cat axis=2 ${SOURCES[1:%d]} ''' % len(nmos))
    	
# Seislet Stack
def seislet_stack(gather,dip,stack):
    Flow(stack,[gather,dip],
         '''
         seislet dip=${SOURCES[1]} eps=0.1 adj=y inv=y type=haar order=4 |
         window n2=1        
         ''')

#seislet('nmo0',idip,'dnmo2')
#Plot('dnmo2','grey title="Seislet NMO"')
#Result('dnmo2','grey title="Seislet NMO"')
#Result('test2',['dnmo2','t'],'Overlay')

############################## Shaping PW stack #################################

# Backward operator
def backward(data,model,mode):
    Flow(model,[data,idip,'vmax'],
         '''
         spline pattern=${SOURCES[1]} | 
	 nmo velocity=${SOURCES[2]} half=n |
	 pwstack dip=${SOURCES[1]} mode=%d order=4 eps=0.01
	 ''' % mode)
    
niter=3
	 
# Shaping NMO stack
def shaping(cmp2,mod,plots):
    '''Put everything in a function'''

    global niter
    mod0 = mod+'0'

    backward(cmp2,mod0,1) 

    m0 = mod0
    old = m0
    plots = []
    for i in range(1,niter+1):
    	new = '%s%d' % (mod,i)
    	specn = 'spect%s%d' % (mod,i)
    	Flow(new, [idip, old, m0, 'vmax'],'''
    	pwpaint seed=${SOURCES[1]} eps=0.01 order=4 |
    	inmo velocity=${SOURCES[3]} half=n  |
    	window j1=4			 |	
    	spline pattern=${SOURCES[0]} 	 |
    	nmo velocity=${SOURCES[3]} half=n   |
    	pwstack dip=${SOURCES[0]} order=4 mode=1 eps=0.01 | 
    	add ${SOURCES[1]} ${SOURCES[2]} scale=-1,1,1 | 
    	bandpass flo=1 fhi=300 ''')
    	old = new
    	
    	Flow(specn, ['trace', new], '''
    	cat axis=2 ${SOURCES[1]} | 
    	spectra | 
    	window max1=250 ''')
    	Plot(specn, 'graph min2=0 max2=9 title=Spectrum%d'%i)
    	if plots != None:
    		plots.append(specn)
    
    Flow(mod,new,'cp')	     

#shaping('cmp2','shstacked',None)


############################## GMRES #################################
backward('cmp2','gmres0',2)
Flow('gmres1',['cmp2',idip],'shpwstack flo=1 fhi=300 niter=1 half=n jump=4 velocity=%g dip=${SOURCES[1]} mode=2 order=4 eps=0.01 nmo=y' % minvel)
Flow('gmres2',['cmp2',idip],'shpwstack flo=1 fhi=300 niter=2 half=n jump=4 velocity=%g dip=${SOURCES[1]} mode=2 order=4 eps=0.01 nmo=y' % minvel)
Flow('gmres4',['cmp2',idip],'shpwstack flo=1 fhi=300 niter=4 half=n jump=4 velocity=%g dip=${SOURCES[1]} mode=2 order=4 eps=0.01 nmo=y' % minvel)

Result('niter','trace istack2 gmres4 gmres0',
		'''
		cat axis=2 ${SOURCES[1:4]} |
		window f1=300 n1=500 | 
		dots labels=reference:conventional:niter4:niter0 
		gaineach=n
		''')

Plot('gmres4','spectra | window max1=200 | graph label2=Amplitude plotcol=4 dash=4 title="" max2=8 wantaxis2=n wantaxis1=n') #4,2
Plot('istack2','spectra | window max1=200 | graph label2=Amplitude title="Conventional vs. PWC Stack" max2=8')
Plot('trace','spectra | window max1=200 | graph label2=Amplitude title="Reference Trace vs. PWC Stack" max2=8')
Result('spec5','istack2 gmres4','Overlay')
Result('spec6','trace gmres4','Overlay')

#Result('spec5','istack2 shstacked',
#		'''
#		cat axis=2 ${SOURCES[1]} | spectra | 
#		window max1=250 | graph label2=Amplitude dash=2
#		title="Conventional vs. Seislet Stack"
#		''')

Result('compspec','trace gmres4',
		'''
		cat axis=2 ${SOURCES[1]} | spectra | 
		window max1=250 | graph label2=Amplitude 
		title="Reference Trace vs. Seislet Stack"
		''')

Result('mod3','istack2 gmres4 trace',
		'''
		cat axis=2 ${SOURCES[1:3]} | 
		dots labels=Conventional:Shaping:Reference 
		gaineach=n
		''')
#Result('specs','spec5 spec6','SideBySideAniso')


# With low cut filter
Flow('cmplow','cmp','bandpass flo=25 | window j1=4 ')
Flow('stacklow','cmplow vel2 vel','nmo velocity=${SOURCES[1]} half=n | stack | spline pattern=${SOURCES[2]} | bandpass flo=25')
Flow('gmreslow',['cmplow',idip],'shpwstack flo=0 fhi=300 niter=4 half=n jump=4 velocity=%g dip=${SOURCES[1]} mode=2 order=4 eps=0.01 nmo=y' % minvel)
#shaping('cmplow','shstacklow', None)
Plot('gmreslow','spectra | window max1=35 | graph max2=3 label2=Amplitude plotcol=4 dash=4 title="" wantaxis2=n wantaxis1=n')
Plot('traced','trace','spectra | window max1=35 | graph max2=3 label2=Amplitude title="" wantaxis2=n wantaxis1=n')
Plot('stacklow','spectra | window max1=35 | graph max2=3 label2=Amplitude plotcol=7 dash=5 title="Low Frequency Spectrum"')
Result('speclow','gmreslow traced stacklow','Overlay')


Flow('widip',idip,'window j2=5 | window n1=200 f1=1000 n2=2 f2=10')
Flow('pwdstack','cmp','window j2=5 | window n1=200 f1=1000 n2=2 f2=10')
Flow('accstack','pwdstack widip','shpwstack flo=1 fhi=300 niter=2 half=n jump=1 dip=${SOURCES[1]} mode=2 order=4 eps=0.01 nmo=n')
Plot('pwdstack','wiggle title=Data transp=y yreverse=y pclip=100')
Plot('accstack','wiggle title="Accumulated stack" transp=y yreverse=y pclip=100 min2=0.1 max2=2.5')
Result('schem','pwdstack accstack','SideBySideAniso')

### Seislet Shaping NMO
stacks = []
for trace in range(128):
    onetrace = 'cmp-trace%d' % trace
    if 0==trace:
        Flow(onetrace,'cmp2','cut f2=%d' % (trace+1))
    elif 127==trace:
        Flow(onetrace,'cmp2','cut n2=%d' % trace)
    else:
        Flow(onetrace,'cmp2','cut n2=%d | cut f2=%d' % (trace,trace+1))

    stack = 'cmp-%d-stack' % trace
    stacks.append(stack)

    # go through the shaping procedure: onetrace -> stack 
    shaping(onetrace,stack,None)
    #Flow(stack,[onetrace,idip],'shpwstack flo=1 fhi=300 niter=4 half=n jump=4 velocity=%g dip=${SOURCES[1]} mode=1 order=4 eps=0.01 nmo=y' % minvel)

Flow('nsnmo',stacks,'cat axis=2 ${SOURCES[1:128]}')
Result('nsnmo',
       '''
       transp | bandpass fhi=2 | transp | 
       mutter v0=3.5 half=n | grey title="Effective NMO" label2=Offset unit2=km screenratio=2
       ''')
Plot('nsnmo',
       '''
       transp | bandpass fhi=2 | transp | 
       mutter v0=3.5 half=n | grey title="Shaping NMO" label2=Offset unit2=km
       ''')
Result('nstretch','nmo2 nsnmo','SideBySideAniso')

############################## Shaping NMO stack #################################

Flow('shgmres','cmp2 vel','shstack flo=1 fhi=350 niter=5 half=n jump=4 velocity=${SOURCES[1]}')
Flow('shgmreslow','cmplow vel','shstack flo=1 fhi=350 niter=5 half=n jump=4 velocity=${SOURCES[1]}')

Result('shpwspec','shgmres gmres4',
		'''
		cat axis=2 ${SOURCES[1]} | spectra | 
		window max1=250 | graph label2=Amplitude max2=8
		title="SNMO Stack vs. PWC Stack"
		''')
Result('mod4','istack2 shgmres gmres4 trace',
		'''
		cat axis=2 ${SOURCES[1:4]} | 
		dots labels=Conventional:SNMO:PWC:Reference 
		gaineach=n
		''')
Result('allspeclow','trace gmreslow shgmreslow stacklow',
		'''
		cat axis=2 ${SOURCES[1:4]} | spectra | 
		window max1=35 | graph label2=Amplitude 
		title="Low Frequency Spectrum"
		''')

# With AVO
Flow('cmpavo','trace vel',
	'''
	spray axis=2 n=128 d=0.025 o=0.05  | 
	inmo velocity=${SOURCES[1]} half=n |
	noise seed=2015 var=0.1   	   |
	math output="input*(1-x2*%g)" 	   |
	window j1=4
	'''% (2.0/5.0))
Result('cmpavo','grey title="CMP Gather with AVO" label2=Offset unit2=km ')
Flow('shgmresavo','cmpavo vel','shstack niter=6 flo=5 fhi=300 half=n jump=4 velocity=${SOURCES[1]} | cut f1=1 n1=200')
Flow('stackavo','cmpavo vel2 vel','nmo half=n velocity=${SOURCES[1]} | mutter v0=4.5 half=n |  stack | spline pattern=${SOURCES[2]}')

Flow('pwgmresavo',['cmpavo',idip],'shpwstack flo=11 fhi=300 niter=4 half=n jump=4 velocity=%g dip=${SOURCES[1]} mode=2 order=4 eps=0.01 nmo=y | cut n1=225' % minvel)
Result('shpwspecavo','shgmresavo pwgmresavo',
		'''
		cat axis=2 ${SOURCES[1]} | spectra | 
		window max1=250 | graph label2=Amplitude max2=8
		title="SNMO Stack vs. PWC Stack"
		''')
Result('mod5','istack2 shgmresavo pwgmresavo trace',
		'''
		cat axis=2 ${SOURCES[1:4]} | 
		dots labels=Conventional:SNMO:PWC:Reference 
		gaineach=n
		''')

End()
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Figure 3 as a function of iteration, where iteration 0 is the initial model and iteration
4 is the final estimation result using PWC stack. The conventional stack results in
lower amplitude and lower frequency content, while the PWC stack achieves results
similar to the reference trace (Figure 3). We next compare the frequency content
of the PWC stack with the conventional stack (Figure 4a) and the reference trace
(Figure 4b). The conventional stack fails to recover useful frequencies ranging from
110 Hz to 175 Hz, whereas the PWC stack contains frequencies up to 175 Hz. Us-
ing inversion, we accurately preserve the true amplitude scale and spectrum of the
reference trace. One notable observation is the high frequency information recovered
beyond the Nyquist frequency of the input data (125 Hz). Ronen (1987) justifies the
possibility of such recovery with the idea that a signal can be recovered with the com-
bination of different aliased sequences. Since different offsets correspond to different
propagation paths, we obtain different information from each offset. Therefore, the
combination of all offsets allows us to reconstruct a higher frequency signal that is not
limited by the Nyquist frequency of the input data. In this simple synthetic example,
by implementing shaping regularization, we accurately preserve information in the
recovered zero-offset trace with a 1-ms sampling interval by using input data with
only a 4-ms sampling interval.

Figure 3: Estimated PWC stack as function of iteration using shaping regularization
compared with conventional NMO stack and the reference trace.

Low frequencies play an important role in seismic inversion for velocity and
impedance models (Kroode et al., 2013). We next evaluate the algorithm’s abil-
ity to recover low frequency information in the estimated stack. We apply a low cut
filter to the synthetic CMP gather to remove all of the useful low frequencies below 25
Hz. A spectral comparison of the resulting PWC stack to conventional NMO stack
and the reference trace is shown in Figure 4c. We zoom in to the low end of the
frequency spectrum to see how well each method does in comparison to the reference

TCCS
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(a) (b) (c)

Figure 4: Spectral comparison of the PWC stack (dashed magenta) with (a) con-
ventional NMO and stack (solid blue) and (b) the reference trace (solid blue) with a
1-ms sampling interval. (c) PWC stack (dashed magenta) recovers lower frequencies
in comparison with the conventional stack (dot dash black) and is consistent with the

reference trace (solid blue).

trace. Conventional NMO stack fails to recover frequencies below 25 Hz, while PWC
stack recovers more low frequency information that is consistent with the reference
trace.

To demonstrate how PWC stack reduces the effects of “NMO stretch”, we apply
this method to each trace of the CMP gather, setting other traces to zero. After re-
peating this process for all traces in the gather, we concatenate the output PWC stacks
to extract the effective NMO. Figure 5a displays the conventional NMO-corrected
gather with a stretch mute applied, where far offset information is lost. Figures 5b
and 5c compare the NMO-corrected gather before stretch muting to the effective
NMO-corrected gather using PWC stacking. The results indicate that the stretching
effects that are prominent at far offsets and early times in the NMO-corrected gather
without a stretch mute are effectively reduced by implementing PWC stack.

We next apply this method to a 2-D field dataset from the North Sea and compare
the results to conventional NMO stack. This dataset has 1,000 CMP locations and 800
samples per trace with a sampling interval of 4 ms. We use the 4-ms data as a reference
for testing the accuracy of our method and subsample the data to 8 ms to provide the
input data for PWC stack and conventional NMO stack. The shaping operator used
is a bandpass filter ranging from 2 Hz to 100 Hz, which was designed based on the
frequency content of the data. The resulting stacked sections are displayed in Figure 6.
PWC stack recovers significantly higher frequencies compared to using conventional
NMO stack. Thin layers that are unclear in the conventional stacked section become
clearly resolved in the PWC stacked section. Overall, events become more continuous
and coherent throughout the section using PWC stack, and resolution is noticeably
improved.

TCCS
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(a) (b) (c)

Figure 5: (a) Conventional NMO correction, (b) NMO correction without stretch

muting and (c) effective NMO using PWC stack.

CONCLUSIONS

Conventional NMO stack may result in lower resolution stacked sections due to distor-
tions caused by NMO correction and stretch muting. Treating the process of NMO
and stack using regularized inversion allows us to compute an optimal stack with
higher frequency content. Low frequency content also plays an important role in
seismic data processing and imaging. As demonstrated by our numerical examples,
PWC stack has the ability to recover both higher and lower frequencies compared
to conventional NMO and stack. By implementing PWC stack, we gain resolution
by utilizing signal from different offsets and minimizing stretching effects. The final
stacked section has improved bandwidth and higher resolution, which may aid in in-
terpretation and inversion of small-scale features such as thin layers and diffractions.
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(a)

(b)

Figure 6: NMO and stack using (a) conventional method and (b) shaping regulariza-

tion using plane-wave construction.

TCCS


from rsf.proj import *
#import random, string, math
#from rsf.recipes.beg import server as private
from rsf.recipes.beg import server 

#random.seed(2005)

nr = 0

def rnd(x):
    global nr
    r = str(random.randint(1,nr))
    return r

Fetch('elf0.H','elf',server)

Flow('elf','elf0.H',
     '''
     dd form=native | cut n3=1 n2=1 n1=300 f3=663 f2=67 |
     put unit1=s unit2=m unit3=m | bandpass fhi=60 | costaper nw3=50
     ''')


n1=800
n2=128          # data dimensions
o2=50
d2=12.5         # lateral scale
rect1=10
rect2=10        # smoothing for dip estimation
p0=0
pmin=0          # initial and minimum dips
clip=5          # clip percentile
eps=0.1         # regularization
nsp=200         # number of spikes
ngath=800 	# gather number

nd=1597
dt=0.002

# Data   
Flow('gaths','elf','window n2=128')
Flow('igaths','gaths','window j1=2')

# One CMP gather
Flow('gath','gaths','window n3=1 f3=%g' % ngath)
Flow('igath','gath','window j1=2')

# velocity scan for 4ms data

Flow('vscand','gaths','vscan nv=120 dv=25 v0=1400 semblance=y',split=[3,1000])

Flow('pick','vscand',
     '''
     mutter x0=2000 v0=1200 half=n |
     scale axis=2 | pick rect1=70 rect2=70 | transp plane=23
     ''')

# NMO and stack

Flow('nmo','gaths pick','nmo velocity=${SOURCES[1]}',split=[3,1000])
Flow('stack1','nmo','stack')

# Dense stack for one gather

Flow('istack1','stack1','window f2=%g n2=1 | spline n1=%g d1=%g o1=0' % (ngath,nd,dt)) 

# velocity scan for 8ms data
Flow('vscan8','igaths','vscan nv=120 dv=25 v0=1400 semblance=y',split=[3,1000])

Flow('picks8','vscan8',
     '''
     mutter x0=2000 v0=1200 half=n |
     scale axis=2 | pick rect1=70 rect2=70 | transp plane=23
     ''')

#Result('pick0','pick',
#       '''
#       window max1=2.2 | scale dscale=0.001 | 
#       put unit=km/s d2=0.0133333 label2=Midpoint unit2=km |
#       grey color=j title="Stacking Velocity" scalebar=y barreverse=y
#       allpos=y bias=1.8 clip=1.7
#       ''')

Flow('nmo8','igaths picks8','nmo velocity=${SOURCES[1]}',split=[3,1000])

Result('nmo8',
       '''
       byte gainpanel=all |
       grey3 title="Conventional NMO" frame1=400 frame2=50 frame3=500 point2=0.25
       ''')

Flow('istack8','nmo8','stack')
Flow('istackn','istack8','window f2=%g n2=1 | spline n1=%g d1=%g o1=0' % (ngath,nd,dt)) 

#####################################################################################
############################## USE SHAPING ##########################################


############################## Find dip of elf #################################
# Define dip
Flow('ipick','pick','spline n1=%g o1=0 d1=%g' % (nd,dt))

# Predict dip from velocity
#Flow('vdip','pick','remap1 n1=800 d1=0.004 o1=0 | v2d n=128 d=12.5 o=50 mute=y half=y v0=1880')
#Result('vdip','grey unit1=s unit2=m  color=j title=Slope allpos=y scalebar=y')


### Dip Method #1

# t as a function of t0 and x
maxvel = 3487 #3387
minvel = 2500 #1859

Flow('t','ipick',
     '''
     spray axis=2 n=128 d=12.5 o=50 label=Offset unit=m |
     math output="sqrt(x1*x1+4*x2*x2*(1/(input*input)-%g))"
     ''' % (1/(minvel*minvel)))

Flow('td','t','window n4=1 f4=%g' % ngath)
Plot('td','window j1=50 | window f1=1 | transp | graph wanttitle=n wantaxis=n yreverse=y min2=0 max2=3 pad=n')

# dip as a function of t0 and x

dt1=0.004
dx=12.5

# NMO with maximum velocity

Flow('vmax','ipick','math output=%g' % minvel)

Flow('nmo0',['gaths','vmax'],'nmo velocity=${SOURCES[1]} half=y | spline n1=%g d1=%g o1=0' % (nd,dt))

#Flow('inmod0',['igaths','vmax'],'nmo velocity=${SOURCES[1]} half=y')
#Flow('nmod0','gath vmax','nmo velocity=${SOURCES[1]} half=y | spline n1=%g d1=%g o1=0' % (nd,dt))

Flow('nmod0','nmo0','window n3=1 f3=%g' % ngath)

Plot('nmod0','grey title="NMO with max. velocity" ')
Result('nmod0','nmod0 td','Overlay')

Flow('p0','ipick t',
     '''
     spray axis=2 n=128 d=12.5 o=50 label=Offset unit=m |
     math t=${SOURCES[1]} output="%g*4*x2/(t+0.001)*(1/(input*input)-%g)"
     ''' % (dx/dt,1/(minvel*minvel)))

# dip as a function of t

Flow('vdip2','p0 t','iwarp warp=${SOURCES[1]} eps=1')
Flow('taper','vdip2','math output=1 | mutter v0=1500 half=y | smooth rect1=10 rect2=10 rect3=20')
Flow('vdip1','vdip2 taper','mul ${SOURCES[1]}')

# One gather
Flow('vdipd2','vdip2','window f4=%g n4=1' % ngath)
Flow('taperd','vdipd2','math output=1 | mutter v0=1500 half=y | smooth rect1=10 rect2=10 rect3=20')
Flow('vdipd1','vdipd2 taperd','mul ${SOURCES[1]}')

Result('vdipd1','grey unit1=s unit2=m  color=j title=Slope scalebar=y')


data4 = 'nmo0'  
idip = data4+'idip2'

# Test one dip
#Flow(idip,[data4,'vdipd1'],'dip n4=0 rect1=10 rect2=5 rect3=20 idip=${SOURCES[1]} order=2')
#Plot(idip,'grey unit1=s unit2=m  color=j title=Slope scalebar=y')
#Result(idip,['nmod0',idip],'SideBySideAniso') 

# All dips
Flow(idip,[data4,'vdip1'],'dip n4=0 rect1=10 rect2=5 rect3=20 idip=${SOURCES[1]} order=2')

Flow('ndip',idip,'window f3=%g n3=1' % ngath)
Plot('ndip','grey unit1=s unit2=m  color=j title=Slope scalebar=y')
Result('ndip','ndip nmod0','SideBySideAniso')

# Seislet NMO
def seislet(gather,dip,snmo):
    nmos = []
    for i2 in range(n2):
    	traced = 'trace%d' % i2
    	if i2 == 0:
    		Flow(traced,gather,'cut f2=1')
    	elif i2 == n2-1:
    		Flow(traced,gather,'cut n2=%d' % i2)
    	else:
    		Flow(traced,gather,'cut n2=%d | cut f2=%d' % (i2,i2+1))
    	
    	nmo = 'nmodd%d' % i2
    	nmos.append(nmo)
    	Flow(nmo,[traced,dip],'''
    	seislet dip=${SOURCES[1]} eps=0.1 adj=y inv=y unit=y 
    	type=haar order=2 |
    	window n2=1 ''')
    	Flow(snmo,nmos,'''cat axis=2 ${SOURCES[1:%d]} ''' % len(nmos))
    	
# Seislet Stack
def seislet_stack(gather,dip,stack):
    Flow(stack,[gather,dip],
         '''
         seislet dip=${SOURCES[1]} eps=0.1 adj=y inv=y type=haar order=2 |
         window n2=1        
         ''')

#################################################################################
############################### old dip #########################################

#Flow('pat2','gaths','patch w=800,128,150')
#Flow('dips2','pat2','dip n4=0 rect1=10 rect2=10 rect3=10 p0=0 pmin=0',split=[6,11])
#Flow('dip4ms','dips2','patch inv=y weight=y')
#Flow('idip4ms','dip4ms','spline o1=0 n1=1600 d1=0.002')
#Flow('ndip4ms','idip4ms','window n3=1 f3=%g' % ngath)

#################################################################################
########################### Conventional stack ##################################
Fetch('elf-stk.rsf','masha')

Flow('stack','elf-stk.rsf',
     '''
     dd form=native | put d2=0.0133333 
     ''')
Plot('stack',
	'''
	grey label2=Midpoint unit2=km label1=Time 
	unit1=s title="Dense"
	''')
Plot('istack8',
	 '''     
     window j1=2 |  put d2=0.0133333 | grey label2=Midpoint unit2=km label1=Time unit1=s
     title="Conventional Stack"
     ''') 
Result('istack8',
	 '''     
     window j1=2 |  put d2=0.0133333 | grey label2=Midpoint unit2=km label1=Time unit1=s
     title="Conventional Stack"
     ''') 
#Flow('nstack','stack','window n2=1 f2=%g | spline o1=0 n1=%g d1=%g' % (ngath, nd,dt))


#################################################################################
###################### Apply SShaping to one CMP gather #########################

# Backward operator
def backward(data,model,dip):
    Flow(model,[data,dip,'vmax'],
         '''
	 spline pattern=${SOURCES[1]} |
	 nmo velocity=${SOURCES[2]} half=y |
         seislet dip=${SOURCES[1]} eps=0.1 adj=y inv=y type=linear order=1 |
	 window n2=1
	 ''')  
 #	 pwstack dip=${SOURCES[1]} mode=1 order=2 eps=0.1 
niter=10

# Shaping NMO stack
def shaping(cmp2,mod,plots,dip):
    '''Put everything in a function'''

    global niter
    mod0 = mod+'0'

    backward(cmp2,mod0,dip) 

    m0 = mod0
    old = m0
    plots = []
    for i in range(1,niter+1):
    	new = '%s%d' % (mod,i)
    	specn = 'spect%s%d' % (mod,i)
    	Flow(new, [dip, old, m0,'vmax'],''' 
    	pwpaint seed=${SOURCES[1]} eps=0.01 order=1   |	
    	inmo velocity=${SOURCES[3]} half=y  	  |     	     
    	window j1=4			 	  |	
    	spline pattern=${SOURCES[1]}	 	  |
    	nmo velocity=${SOURCES[3]} half=y   	  |
    	seislet dip=${SOURCES[0]} eps=0.1 adj=y inv=y type=linear order=1 |
    	window n2=1 |
    	add ${SOURCES[1]} ${SOURCES[2]} scale=-1,1,1 |
    	bandpass fhi=100 flo=2 ''')
    	old = new
    	
    	if plots != None:
    		plots.append(specn)
    
    Flow(mod,new,'cp')
         
#shaping('igath','shstacked',None,'ndip')

Flow('gmres','igath ndip ipick','shpwstack flo=3 fhi=80 niter=3 half=y velocity=%g jump=4 dip=${SOURCES[1]} mode=1 order=2 eps=0.01 nmo=y' % minvel) 
#Flow('gmres1','igath ndip','shpwstack flo=2 fhi=85 niter=3 half=y velocity=%g jump=4 dip=${SOURCES[1]} mode=1 order=2 eps=0.01 nmo=y' % minvel) 
Flow('ugmres','gmres ipick','spray axis=2 n=1 d=12.5 o=50 | nmo velocity=${SOURCES[1]} | window n2=1') 

Result('compspec2','istack1 ugmres',
		'''
		cat axis=2 ${SOURCES[1]} | spectra | 
		window max1=125 |  graph label2=Amplitude max2=11000 
		title="PWC Stack vs Dense" max1=100
		''')
Result('compspec','istackn ugmres',
		'''
		cat axis=2 ${SOURCES[1]} | spectra | 
		window max1=125 | graph label2=Amplitude max2=11000
		title="PWC Stack vs Conventional" max1=100
		''')


###################### Apply to all CMPs #############################

#shaping('igaths','shstackV1',None,idip)
#Flow('ngmres',['igaths', idip],'shpwstack flo=2 fhi=85 niter=3 half=y velocity=%g jump=4 dip=${SOURCES[1]} mode=1 order=2 eps=0.01 nmo=y' % minvel) 
Flow('ngmres2',['igaths', idip],'shpwstack flo=3 fhi=110 niter=3 half=y velocity=%g jump=4 dip=${SOURCES[1]} mode=2 order=2 eps=0.01 nmo=y' % minvel)
Flow('ngmres3',['igaths', idip],'shpwstack flo=3 fhi=90 niter=3 half=y velocity=%g jump=4 dip=${SOURCES[1]} mode=1 order=2 eps=0.01 nmo=y' % minvel)

Flow('ungmres2','ngmres2 ipick','spray axis=2 n=1 d=12.5 o=50 | nmo velocity=${SOURCES[1]} | window n2=1') # | window n2=1 f2=1') 
Flow('ungmres3','ngmres3 ipick','spray axis=2 n=1 d=12.5 o=50 | nmo velocity=${SOURCES[1]} | window n2=1') # | window n2=1 f2=1') 

Plot('ungmres2', 
	'''
	put d2=0.0133333 | smooth rect1=2 rect2=2 |
        grey title="PWC Stack" 
        unit1=s label2=Midpoint unit2=km 
       ''')
Result('ungmres2', 
	'''
	put d2=0.0133333 | smooth rect1=2 rect2=2 |
        grey title="PWC Stack" 
        unit1=s label2=Midpoint unit2=km 
       ''')
Result('ungmres3', 
	'''
	put d2=0.0133333 |
        grey title="PWC Stack" 
        unit1=s label2=Midpoint unit2=km 
       ''')
Plot('ngmres2', 
	'''
        grey title="PWC Stack 2" 
        unit1=s label2=Midpoint unit2=km 
       ''')

Result('stacks','istack8 ungmres2','SideBySideAniso')

## Window #1 
Flow('wstack', 'istack8', 'put d2=0.0133333 | window n1=150 f1=50 n2=300 f2=600') 
Plot('wstack', 'grey title="Conventional" unit1=s label2=Midpoint unit2=km')
Result('wstack', 'grey title="Conventional" unit1=s label2=Midpoint unit2=km screenratio=2')
Result('cwstack', 'wstack','grey title="Conventional" unit1=s label2=Midpoint unit2=km')

Flow('wnstack', 'ungmres2', 'put d2=0.0133333 | window n1=600 f1=197 n2=300 f2=600')  
Plot('wnstack', 'grey title="PWC Stack" unit1=s label2=Midpoint unit2=km')
Result('wnstack', 'grey title="PWC Stack" unit1=s label2=Midpoint unit2=km screenratio=2')
Result('wpwstack','wnstack', 'grey title="PWC Stack" unit1=s label2=Midpoint unit2=km')

Result('wsstack','wstack wnstack','SideBySideAniso')

## Window #2
Flow('wstack1', 'istack8', 'put d2=0.0133333 | window n1=150 f1=25 n2=300 f2=300') 
Plot('wstack1', 'grey title="Conventional" unit1=s label2=Midpoint unit2=km')
Result('wstack1', 'grey title="Conventional" unit1=s label2=Midpoint unit2=km screenratio=2')
Result('cwstack1', 'wstack1','grey title="Conventional" unit1=s label2=Midpoint unit2=km')

Flow('wnstack1', 'ungmres2', 'put d2=0.0133333 | window n1=600 f1=97 n2=300 f2=300')  
Plot('wnstack1', 'grey title="PWC Stack" unit1=s label2=Midpoint unit2=km')
Result('wnstack1', 'grey title="PWC Stack" unit1=s label2=Midpoint unit2=km screenratio=2')
Result('wpwstack1', 'wnstack1','grey title="PWC Stack" unit1=s label2=Midpoint unit2=km')

Result('wsstack1','wstack1 wnstack1','SideBySideAniso')


#################################################################################
############################## Shaping NMO Stack ################################

## one CMP gather 

Flow('shgmres','igath ipick','shstack niter=5 flo=2 fhi=100 jump=4 velocity=${SOURCES[1]}')

Flow('shgmres2','igath ipick','shstack niter=5 flo=2 fhi=124 jump=4 velocity=${SOURCES[1]}')

Result('mod','istack1 shgmres ugmres istackn',
		'''
		cat axis=2 ${SOURCES[1:4]} | window f1=300 n1=500 | scale axis=1 | 
		dots labels=Dense:"SNMO Stack":"PWC Stack":Conventional
		gaineach=n 
		''')
Result('specn1','istack1 shgmres',
                '''
                cat axis=2 ${SOURCES[1]} | spectra | 
                graph label2=Amplitude max1=100 max2=11000
                title="Shaping NMO Stack vs Dense"
                ''')
Result('specn0','istackn shgmres',
		'''
		cat axis=2 ${SOURCES[1]} | spectra |  
		graph label2=Amplitude max1=100 max2=11000
		title="Shaping NMO Stack vs Conventional"
		''')
Result('spec8','shgmres2 shgmres', 
		'''
		cat axis=2 ${SOURCES[1]} | spectra | 
		window max1=100 | scale axis=1 | graph label2=Amplitude
		title="Shaping Operator Sensitivity"
		''')
Result('shpwspec','shgmres ugmres',
		'''
		cat axis=2 ${SOURCES[1]} | spectra |  
		graph label2=Amplitude max1=100 max2=11000
		title="SNMO Stack vs PWC Stack"
		''')

## All CMPs 

Flow('shngmres','igaths ipick','shstack flo=2 fhi=100 niter=5 jump=4 velocity=${SOURCES[1]}')
Result('shngmres', 
	'''
	put d2=0.0133333 |
        grey title="Shaping NMO Stack" 
        unit1=s label2=Midpoint unit2=km 
       ''')

Flow('shwnstack', 'shngmres', 'put d2=0.0133333 | window n1=600 f1=197 n2=300 f2=600')  
Result('shwnstack', 'grey title="SNMO Stack" unit1=s label2=Midpoint unit2=km screenratio=2')
Result('wshstack', 'shwnstack', 'grey title="SNMO Stack" unit1=s label2=Midpoint unit2=km')

Flow('shwnstack1', 'shngmres', 'put d2=0.0133333 | window n1=600 f1=97 n2=300 f2=300')  
Result('shwnstack1', 'grey title="SNMO Stack" unit1=s label2=Midpoint unit2=km screenratio=2')
Result('wshstack1', 'shwnstack1','grey title="SNMO Stack" unit1=s label2=Midpoint unit2=km')

End()
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