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VELOCITY CONTINUATION IN THE DOWNWARD CONTINUATION APPROACH TO
SEISMIC IMAGING

ANTON A. DUCHKOV* AND MAARTEN V. DE HOOP'

Abstract. One way of developing a wave-equation approach to seismic imaging is based on the concept of downward continuation
of the surface reflection data. Seismic imaging is typically based on the single scattering approximation, and assumes the knowledge of a,
smooth, background model in which the mentioned downward continuation is carried out. The downward continued data are subjected,
at each depth, to an imaging condition generating an image or to an angle transform generating common image-point gathers. In this
paper, we develop a general framework for velocity continuation in the downward continuation approach to seismic imaging, motivated
by the problem of estimation of the background model. A key aspect of velocity continuation is that the downward continuation
of data needs to be carried out only once, namely for an ‘initial” background model. Velocity continuation maps these downward
continued data to data, downward continued in the ‘final’ velocity model. We take a broad perspective, leading to a variety of new
insights and the development of novel algorithms. To begin with, we will use an extended image, which is a function of subsurface
source-receiver midpoint, subsurface source-receiver offset and depth, rather than the traditional image. We base our framework on the
double-square-root (DSR) equation, and impose the DSR assumption. We then introduce the concept of data-extended-image ‘volume’.
In the data-extended-image ‘volume’, we introduce and analyze velocity continuation of the individual components that make up the
process of imaging, migration, and the angle transform: Data continuation nested in velocity continuation, extended image velocity
continuation, and image gathers velocity continuation. Each of them can perform a different task for background model, velocity,
analysis. The framework presented here extends naturally to applications in time-lapse seismics.
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1. Introduction. One way of developing a wave-equation approach to seismic imaging is based on the
concept of downward continuation. Surface seismic reflection data, viewed as a function of source, receiver
and time, are downward continued into the subsurface to yield virtual seismic reflection data at depth. These
are then subjected, at each depth, to an imaging condition generating an image [8] or to an angle transform
[10] generating common image-point gathers [35, 37]; see also [11] for the scattered-ray geometry underlying
the wave-equation angle transform. Common image-point gathers reflect the redundancy in seismic data and
can be exploited in wave-equation reflection tomography [37, 12, 13] or in inverse scattering for reflection
coefficients.

Seismic imaging is typically based on the single scattering approximation, and assumes the knowledge
of a, smooth, background model in which the above mentioned downward continuation is carried out. Scat-
terers or reflectors are imaged from reflections in the data. In seismic reflection tomography one aims at
determining the background model using the reflections in the data without knowing where the scatterers
are. Typically, the reflection tomography is carried out through optimization [39, 13] leading to a sequence
of updates in the background model. Through the process of updating, wave-equation reflection tomography
meets the notion of velocity continuation. With velocity continuation it is possible to update the image with-
out remigrating the data [15]; we will refer to this paper here as Paper I. In general, velocity continuation
admits an efficient way of imaging while sampling the background model space. We note, however, that the
evaluation of the operator generating the continuation does typically require retracing rays, dynamically, in
changing models.

In this paper, we will take a broad perspective of velocity continuation in the context of downward
continuation, leading to a variety of new insights and the development of novel algorithms. To begin with,
we will use the extended image, which is a function of subsurface source-receiver midpoint, subsurface
source-receiver offset and depth [35, 36], rather than the traditional image. In three dimensions, through
the downward continuation, the surface reflection data (at zero depth) and the subsurface extended reflector
image (at zero time) are both defined on five-dimensional ‘hyperplanes’ in a six-dimensional data-extended-
image ‘volume’, which have the source-receiver axes in common. From this volume one can extract ‘virtual’
subsurface experiments. In the data-extended-image ‘volume’, we introduce and analyze velocity continua-
tion of the individual components that make up the process of imaging, migration, and the angle transform:
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Data continuation in depth nested in velocity continuation, extended image velocity continuation, and image
gather velocity continuation. Each of them can perform a different task for background model, velocity,
analysis. This background model analysis can naturally extend to applications in time-lapse seismics.

The velocity continuation is, in all cases considered, accomplished by solving an evolution equation
(Paper I). In this paper, the downward continuation is based on the double-square-root (DSR) equation [6,
9, 8], which is intimately connected to the one-way wave equation [8, 17, 18]. We use techniques from
microlocal analysis, in particular Egorov’s theorem, to construct the evolution operator corresponding with
the different types of velocity continuation. The key assumption for the construction to apply is the so-called
DSR condition: The rays are nowhere horizontal, that is, energy propagates nowhere horizontally.

In our analysis, it is fundamental to consider extended images and image gathers rather than traditional
images. Velocity continuation is built from ‘invertible’ operators. A straightforward dimension check, in
three dimensions, reveals that reflection seismic data are five-dimensional while a traditional image is three-
dimensional. Indeed, the extension of the image while matching the dimensions of the data results in the
required ‘invertibility’ (of the time-to-depth conversion operator [37]) even in the presence of caustics.

The notion of velocity continuation is, through the evolution equation, closely connected to perturbation
theory. Indeed, perturbation arguments can aid in the construction of the above mentioned evolution operator.
For example, perturbed, or sometimes referred to as ‘residual’, downward continuation under velocity pertur-
bation is essentially velocity continuation of data continuation in depth, from an initial model to a perturbed
model.

The literature on image continuation [19, 21, 23, 25, 1, 27, 29] was discussed in Paper 1. In Paper I,
we introduced a general framework for continuation, while in this paper we consider specifically velocity
continuation through data downward continuation with the DSR equation. (The idea of combining data
continuation, namely, transformation to zero source-receiver offset, with velocity continuation was already
used in [2, 3].) The perturbation of downward continuation can be derived from the perturbation of the
double-square-root operator [32, 12, 13], reminiscent of a generalized screen expansion of the square-root
operator [26]. Continuation operators are solution operators to evolution equations (Paper I). They propagate
singularities (‘fronts’) in accordance with ray theory associated with a Hamiltonian standardly obtained as
the principal symbol of the evolution operator. Ray perturbation theory [16] has been used as a tool to
construct such continuation ‘rays’, without finding a Hamiltonian, for the purpose of image continuation
[1, 25]. The Hamiltonian we construct here for velocity continuation of downward continuation, valid in
heterogeneous models, reduces in homogeneous models to a form which is related to formulas obtained in
[21, 31]. Velocity continuation of data downward continuation appears in the development of downward-
continuation based wave-equation migration velocity analysis (MVA): One can construct annihilators of the
data [35] that generalize the notion of differential semblance [39] and that can be used to carry out the MVA
through optimization [12, 32, 33, 13]. The construction of these annihilators is intimately connected to the
generation of image gathers through the above mentioned angle transform that is derived from downward
continuation [37].

First, we summarize the results of Paper I which pertain to velocity continuation. In Section 3, we discuss
and analyze the evolution equations that describe data continuation in depth (Subsection 3.1), and data con-
tinuation in two-way traveltime (Subsection 3.2), both making use of the DSR equation. Data continuation in
two-way time aids in developing an understanding of the above mentioned six-dimensional data-extended-
image volume; in particular, for background velocity models that vary in depth only, one can recover the
evolution equation associated with the exploding reflector model. We also extend the notion of isochron
rays, namely, to the ones associated with the extended image. In Section 4, we develop velocity continuation
of downward continued data, and construct the associated continuation rays in phase space (Subsection 4.2).
In Section 5 we introduce the velocity continuation of extended images (Subsection 5.1) and of common
image-point gathers (Subsection 5.2). The relevant derivations and constructions make use of Egorov’s theo-
rem, which is described in Appendix A. In Section 6 we present a numerical example of image continuation
and continuation of common image-point gathers. Synthetic model includes a lens generating caustics in the
background models and a horizontal reflector. In Section 7, we construct evolution operators for the different
types of velocity continuation in homogeneous velocity models, in closed form. These are used to illustrate
the basic concepts, and recover, for example, the equations for residual Stolt migration [38]. In Appendix B
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we provide the evolution equations for velocity continuation of data downward continuation and extended
image velocity continuation in background velocity models that vary in depth only, in particular the case of
constant gradients. We conclude with a discussion.

2. Velocity continuation. A comprehensive framework of continuation of seismic data and images
was introduced in Paper 1. Here, we summarize some key aspects of the theory developed there that apply
to velocity continuation. To facilitate the introduction of velocity continuation, we consider a one-parameter
family, c¢(«), of velocity models. This family can be viewed as a curve or trajectory in a space of allowable
models. Optimization in wave-equation reflection tomography would yield samples of models on such a
curve. Let w(a, X) denote downward continued data, an image, or image gathers, evaluated with model
¢(ar), whereas X stands for the coordinates of the space on which w(«, .) is defined; o will be referred to as
the evolution parameter.

Continuation operators. An operator C(4 4,) is a continuation operator if it transforms w(ay, .) into
w(a, .), that is

2.1 Cla,ae) + w(o,.) — w(a,.)
and satisfies the conditions

2.2) — g(ao’ao). = Id (i@entity operator);
— Cla,ap) 1 invertible,

for each a, o € J, where J = [a1, ay] is a given interval. In essence, properties (2.2) imply that C 4 ) is

a propagator. Indeed, for ap < o/ < a we have C(4,0) = C(a,a)C(a’,a0)> and a mimics time as in wave

propagation. The second condition in (2.2) states that the process of continuation can be reversed.
Evolution equation. With conditions (2.2) and some additional weak assumption, a continuation opera-

tor C(q,a,) 18 the solution operator to an evolution equation, that is, w(c, .) = C(q,a,)w(0, -) is the solution

to the initial value problem

(2.3) [0 —iP(a, X, Dx)|w(a, X) =0, w]a=a, = w(ap,.),

where Dx = —i0x are differentiation operators with respect to coordinates X, in dimension n say. Some-
times, we will use the shorthand notation P = P(«). P is a pseudodifferential operator of order 1; the proof
of its existence and a construction can be found in Paper I. Basically, the action of P on w is given by

1

(2.4) P(o, X, Dx)w(o, X) = T

// P(a, X,8) e EXYy(a,Y)dYdE,

where P(«, X, E) is the operator’s symbol which is obtained from P(«, X, Dx) upon replacing Dx by
=. Certain mathematical details that pertain to velocity continuation with the double-square-root equation
are omitted here; the double-square-root operator is not a pseudodifferential operator globally, but with the
introduction of a judiciously chosen damping term, the methods developed here still apply.

Continuation rays. The solution operator of (2.3), that is, the continuation operator, propagates singu-
larities along rays in phase space. These rays are solutions of the Hamilton-Jacobi equations derived from
the Hamiltonian

(25) H:H(aﬂXagowE):Eafpl((j@X,E%

where P is the principal (‘high-frequency’) symbol of operator P. The Hamilton-Jacobi equations are given
by

dX d=
— = OH=-0=P , — = —-0xH=0xh,
da do
(2.6) de
=2 = _H,H= Oa P,

do
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yropagation of singularities
Cla.ap) <« Pla) — | Pla) < H

FI1G. 1. Propagation of singularities the continuation operator (2.1) is governed by the evolution operator (2.4) via its principal
symbol, and the Hamiltonian (2.5).

and are supplemented with initial conditions X («g) = Xo, Z(ag) = Zo, Ea(@n) = ao- Note that the top
equations do not depend on &, and thus can be solved independently from the bottom equation. The solutions
of (2.6) are also written as X = X (a, ag, X0,Z0), Z = Z(a, ag, X0, Z0)s £a = Eala, g, Xo,Z0,Ea0)
A diagram emphasizing the interrelation between the continuation operator, the evolution operator, and the
underlying geometry and their high-frequency behavior is given in Fig. 1.

To facilitate the introduction of downward continuation, we write the coordinates in space as (z, x), where z
denotes depth and z the lateral coordinates. In general, the velocities ¢(a) = ¢(«; z, x) will be defined by a
representation of the type,

2.7) clog z,2) = Z ki(@)pi(z, ),

icl

where the @; are basis functions with properties that are desirable (such as compression [28]) for the velocity
analysis problem at hand; I is a finite index set.

3. Evolution equations in seismic migration. In this section, we discuss operators for seismic data
continuation derived from the double-square-root (DSR) equation. The data are, implicitly, modelled in
the single scattering approximation. We assume that the DSR assumption holds, that is, energy propagates
nowhere horizontally (cf. [36]). Then the data can be modelled with the DSR equation. We consider both data
continuation in depth, z, which arises naturally in imaging, and data continuation in two-way traveltime, ¢,
which arises naturally in modelling. The further analysis will be entirely based on the associated continuation
operators. We reserve the symbol u for ‘data’; u is a function of depth, z, lateral source coordinates, s, lateral
receiver coordinates, 7, and time, t. Thus, u(z = 0, s,7,t) = ug(s,r,t) denotes observed reflection seismic
data. The maximum depth considered is Z.

3.1. Data continuation in depth. For upward continuation (used in modelling) the initial value prob-
lem takes the form (cf. [36]):

(3.1) (=)[0, —iPPSB(2 5,7, Dy, Dy, D)u =0, w(z1,s,7,t) = ui(s,7t);
this equation is solved in the direction of decreasing z (upward, and forward in time) with initial condition

defined at some large depth, z; say, at the bottom of the model. The DSR operator PPS% has principal
symbol,

1 €511 1 1€-1I
DSR — —_ —
(32) P1 (27 S, T, 55757”77—) - T\/C(Z, 8)2 T2 +7 C(Z,T)2 T2 ’

while considering 7 > 0. Here, 7 denotes frequency and £ denotes horizontal wave vectors, &, associated

with s and ¢, associated with 7. The upward continuation operator, H(, .,) = C@i’f‘), with z < 2, is

the solution operator of (3.1), that is, u(z,.) = H. ..yu1. (As compared with (2.3) we have o = z and

'In Goldin’s (1998) formulation of continuation, for each a, (X (a, ag, Xo,Z0), Z(a, o, X0, Z0)/||E(, a0, X0, Z0)]|) is
identified with a contact element. In image continuation, for example, X (c; X0, Z¢) represents an image point corresponding with a
reflector, while the direction of Z(cv; X0, Z¢) defines the normal to the reflector.
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The adjoint, H, (*O.z)’ of H (0,) Appears to be a solution operator to the initial value problem,

(3.3) [0, — iPDSR(z, $,7,Dg, Dy D)u =0, u(0,s,7r,t) =ug(s,r,t),

now to be solved in the direction of increasing z (downward, and backward in time) with initial condition de-
fined at the surface. We have u(z,.) = H, (*O_Z)uo. We note that we have omitted non-selfadjoint contributions

to PPS; indeed, we have ignored evanescent waves. Then the following property is true:
(3.4) H(E,Z) (a) HE;7Z) (a) ~ Id.

and we will substitute this composition instead of identity operator while deriving different types of evolution
operators for velocity continuation further in the text.

Using (2.5) we obtain Hamiltonians for the DSR rays in phase space using depth as the evolution pa-
rameter:

(3.5) HPSR (2,5,7, 6,86, &6, 7) = £(& — PP (2,8,1, &6, 6, 7)),

in which the upper signs correspond with downward continuation and the lower signs corresponds with up-
ward continuation. Integrating the Hamilton-Jacobi equations (cf. (2.6)) associated with upward continuation
(cf. (3.1)) yields solutions

(36) (S(Za 21, Fl),T'(Z, 21, Fl)vt(zv 21, Fl)ags(zv 21, F1)7€T(Z> 21, Fl)a T(Za 21, Fl))7
I'n = (s1,71,t1, 81,601, 71)
that define a mapping

(37) Z(Z,Z]_) : Fl - (S(Z,Z]_,Fl),T(Z,Z]_,F1)7t(Z,Zl,F1),§S(Z721,Fl),fr(z,zl,Fl),T(Z,Zl,F]_)).

S1(z,z1)(I) Ea(z,21)(I')

Modelling. Seismic reflection data, in Born approximation, can be modelled with an inhomogeneous
DSR equation [36]:

(3.8) ()[0. —iPPSB(2 s,r, Dy, Dy, Dy)Ju = R(2,8,7,t), ul|.—z =0,
where
3.9 R(z,s,1m,t) = 8(t)6(r — s)4(c™35¢) (2, 5(r + 3))

dc(z, x) is the function containing the rapid velocity variations representative of the scatterers, superimposed
on a smooth background model ¢(z, z) (which will be parametrized by «). The data are then modelled by
the solution at z = 0: u(z = 0, s, r,t).

In the further analysis, it appears useful to transform coordinates from subsurface lateral source and
receiver to subsurface midpoint and offset,
(3.10) r=12%(r+s), h=3(r—s)
with the transformation

(3.11) gs = %(El - fh)v §7' = %(gi + fh)'

This coordinate transform can be applied to the symbol of the DSR operator [34, , Thm. 4.2] getting for
(subsurface) midpoint and offset, and time coordinates:

(3.12) PPSR(z a0, h, &, én, ) = PPSR (2, s(z, h), (2, h), &5 (Es ), & (Eay En), T).
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REMARK (offset plane waves). We consider the situation where &, is preserved along all DSR rays, that
is, d—d% = 0 along these rays. This holds, in particular, in the case of a vertically inhomogeneous medium,
¢ = ¢(z). We downward continue, in such a ¢(z) background model, independently every subset of the data
corresponding to a constant value of &p:

(3.13) [0, —iPPSB (2,2, h, Dy, &, D) = 0, (2, 2, En,y t)]sm0 = tio(, En, 1),

cf. (3.12), where 4 denotes the Fourier transform of u with respect to h. The principal symbol of the evolution
operator can be written in the form (cf. (3.5) subject to coordinate transformation (3.10)-(3.11)):

(3.14) PPSR(Z,x,h,ﬁwfh,T)—T\/E(i)2£m|2+2<§h’§z>+7\/1 Ll St

T2 c(z)? T2

in which ¢(2) 72 = ¢(z)~2 — ||&,||?7 2. The operator with principal symbol (3.14) was introduced in [22]
for so-called pre-stack offset plane wave migration. If the term, 2({,,&,), is omitted, then the operator in
(3.14) reduces to a zero (source-receiver) offset migration (see also (3.23)), with modified velocity given by
¢(z), for each &, [30].

3.2. Data continuation in two-way traveltime. We discuss an alternative form of data continuation,
namely in two-way traveltime rather than depth. Let, for given (z, s, 7, &, &), © denote the mapping 7 —
& = PlDSR(z, 5,7, &, &, 7). Then ©~1 is the mapping that solves the equation (cf. (3.5))

52 = PIDSR<Z7S7T5 €S7£T7 671(’27577“7 52568757'));
it follows that
(3.15) @_1(Z,S,T,€Z,§S,€T) =

CrCs _
fz\/c§+r + &2 (Il 1> = Nesl?) 2y — 2\/0262 + &2 (Il 12e? — llEs)12e) €2y,

ol
S—r

lc

which also defines the principal symbol, PIWT = PIWT (s r 2 &, €, €.) (homogeneous of degree 1 in

(&5,&,€2)) of a pseudodifferential operator PTWT of order 1. Here, ¢, = c(z,7), cs = c(z, s) 2 =

c(z,8)? —c(z,r)*and 2. = c(z, s)> + ¢(z,)?. Note that this representation admits the limit ¢2_, — 0 to
be taken:

, ¢ I€s 112 + 11612 (€ I1? = N1En112)2 ,
(3.16) Cglﬁlmﬁo PIVWT — 5gz\/l +2 2 + a , 267 = Cg{lrrio ..

We consider the mapping

3.17) h(s,r,z) — u(z,s,r,t) / H, .no(t')hdz'

/{// (H(,2)) (s,r,t,8" 7't )5(t')h(s’,r’,z’)ds'dr’dz’} dt'.

We note that, with h(s, 7, z) = 6(r — s)3(c36c) (2, 4(r + 5)), u(z = 0, s, 7,t) models the data as in (3.8)

(cf. [36]). It follows that, up to leading order, u(z, s, r, t) solves the initial value problem
(3.18) [0, —iPTWT(s,r,2,D,, D,,D.)]i = 0,

supplemented with initial values u(z, s,7,0) = h(s,r, z) att = 0, to be solved in the direction of increasing ¢
(thus decreasing z). In a similar manner we can construct a backward (hence downward) evolution equation
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FIG. 2. Continuation in data-extended-image volume. (a) Downward continuation concept for migration; (b) Two-way traveltime
continuation (exploding reflector) concept for demigration.

and the principal symbol of the evolution operator. (As compared with (2.3) we have & = ¢ and X =
(Z ) S5 T))

Using (2.5) we obtain (time-independent) Hamiltonians for the DSR rays in phase space using time as
the evolution parameter:

(3.19) HIWT (28,7, 7,6, 66, 6) = £(r — PT VT (2,5,1,6.,&, &),

in which the upper sign corresponds with forward in time (upward) continuation and the lower sign corre-
sponds with backward in time (downward) continuation.
Transforming coordinates from (subsurface) lateral source and receiver to (subsurface) midpoint and

offset, as in (3.10), the principal symbol of PT”"7T reads
(3.20) PP (2,2, 0,65, 600 6n) =
CrCs —
E |£z\/6+ +E2 & ) e \/46262 2(lexl? + 1€nll?) (c2)? + 267 (6o, En) G2,

where ¢; = c(z,2—h), ¢; = c(z,2+h), ¢ = c(z,x—h)*—c(z,2+h)? and 2 = c(z,x—h)?+c(z, z+h)%

Equation (3.18) can be used to generalize the notion of exploding reflectors (see remark below), in the
data-extended-image volume with coordinates (z, s, 7, t) — subject to the extension of reflectivity [36]. The
concept of data-extended-image volume that emerged in this section is schematically illustrated in Fig. 2. By
continuing surface reflection data, observed at z = 0, in depth one fills up the volume with u = u(z, s, r,t).
To obtain an extended image, one applies an imaging condition, which amounts to extracting v at the t = 0
‘hyperplane’ (Fig. 2 (a)). Alternatively, one can consider an extended image, or reflectivity, as a source acting
at two-way time ¢ = 0, that is subjected to forward continuation in two-way time which also results in filling
up the volume, now with & = u(z,s,r,t). To recover single scattered data, one extracts u at the z = 0
‘hyperplane’ (Fig. 2 (b)).

Vertically inhomogeneous models. In the case of a vertically inhomogeneous velocity model, we have
c(z,1) = c(z,8) = c¢(z). We could use the expressions above, but it is more straightforward to rederive the
Hamiltonians directly from (3.5) and (3.2), in s, r coordinates,

(3.21)

T A D= A AT Ry
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(the analogue of (3.15)) and in x, h coordinates,

(322 H (b 6 G ) = £ (r - fz@\/f;%mﬂ + & (&P + llenll?) + 1)

(the analogue of (3.20)). We note that for constant background velocity, ¢(z) = v, equation (3.21) reduces
to [31, (3)]; equation (3.22) reduces to the Fourier domain counterpart of [21, (A-10)].

REMARK (exploding reflectors). We use the Hamiltonians for data continuation in two-way traveltime
and depth to revisit the exploding reflector model used in the early development of seismic imaging. For a
vertically inhomogeneous velocity model, ¢(z), the Hamiltonian H”"7 in (3.22) does not depend on h, and
thus the phase variable &;, remains constant in the course of downward continuation (%% = —OHTWT =
0). For zero source-receiver offset (ZO) surface data, £, = 0 (this follows immediately from the symmetry
of common midpoint gathers) and it remains zero for all . Then equation (3.22) reduces to the Hamiltonian
for zero-offset data modelling in ‘exploding reflector’ approach [8, 7]:

(3.23) T— fz@\/l + & )12622% = HZO (2,2, 7, &4, ),

where we recognize the ‘half-velocity’ %c(z) typical for the ‘exploding reflector’ model. We note that we
describe, here, the ‘exploding reflector’ model by a first-order evolution equation instead of a second-order
wave equation.

REMARK (extended isochron rays). The principal symbol given in (3.20) can be used to form forward and
backward Hamiltonians, H”"'7, as in (3.19), and set up corresponding Hamilton-Jacobi equations. Their
solutions,

(324) (Z(t7t07 FO)vx(t7t07 FO)) h(t7t07 F0)7§Z(t7t07 Fo)ﬂé-fb(t7t07 FO)’gh(t7t07 FO))7
FO = (ZO; Zo, hOaﬁZO,&zOthO)a

are continuation rays in phase space. The frequency, 7, is constant along the rays; in particular,
(3.25) H T (20,20, ho, 7, €20, €0, €no) = 0-

We consider the backward propagation it time from ¢ = ¢, to 0. For each fixed point, (zo, o, ho), the above
mentioned solutions generate a hypersurface,

(Z(Ovt07 FO),.’E(O,tO, FO)? h(07t07 FO));

in the extended image space with coordinates (z, x, h). This hypersurface is parametrized through
(€20,&20,&n0) subject to constraint (3.25). If zp = 0, the above mentioned hypersurface may be regarded
as an extension of the notion of isochron. Isochrons in seismic imaging form the ‘impulse response’ of the
imaging operator, that is, they are the fronts in image space that originate from a particular data sample.

For the case of a constant (unit) velocity model, some extended isochrons are shown in Fig. 3 (a). The
three hypersurfaces correspond with (zg, o, ho) = (0,0, .5) and the two-way time, o, is set to 1, 3 and 5.
The conventional isochrons follow from intersecting the extended isochrons with the i = 0 hyperplane in the
extended image space (the thick grey lines in Fig. 3 (b), for ¢y = 3 and 5). We note that extended isochrons
exist for every tg > 0, while they will not intersect the h = 0 hyperplane for sufficiently small ¢y. Indeed,
conventional isochrons do not exist for £y < 1 in the model example shown in Fig. 3 (b).

Extended isochron rays are described by (3.24) subject to setting time ¢ = 0. These rays have ¢ as
evolution parameter:

(326) (Z(O7t07 FO)a'r(Oa tOy FO)? h(07t07 FO)agz(Ovtm FO)aga:(Oath F0)7§h(07t07 FO))
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a) h o b) h

FIG. 3. Notion of isochrons. (a) Extended isochrons for two-way traveltimes t = 1, 3, 5; (b) Conventional isochrons (thick grey
lines) and isochron rays (thick black lines) in the image space obtained by intersection of the extended isochrons and rays with the
h = 0 hyperplane.

We now establish the connection between extended isochron rays (3.26) and isochron rays for common
(source-receiver) offset migration as defined in [24]. Fig. 3 (b) provides some intuition about their construc-
tion. We consider an n-dimensional configuration (n = 2,3). We fix (29 = 0, zo, ho), but, naturally, not
to. As noticed above, equation (3.26) generates a (2n — 2)-dimensional ‘fan’ of rays parametrized through
(€20,&20,&no) Which is (2n — 1)-dimensional set but we loose one dimension due to constraint (3.25). The
‘common offset’ restriction is enforced by fixing &, (this value is constrained by common-offset data),
whence the ‘fan’ of rays becomes (n — 1)-dimensional, and will be parametrized through (&0, {0 ), again,
subject to constraint (3.25). The points where these rays (indicated by thin black lines in Fig. 3 (b)) intersect
the h = 0 hyperplane lie precisely on a conventional isochron ray (the thick black line in Fig. 3 (b)).

In [24] the isochron rays are parametrized by ¢y;. Under certain assumptions, we can recover this
parametrization from our construction. Again, we fix (z9 = 0, 2o, ho) and &,o. For each t;, we need to
find a (£n0, .0) such that constraint (3.25) is satisfied and that the extended isochron ray in (3.26) precisely
reaches the h = 0 hyperplane. That is,

(3.27) h(0,t9, Io) =0 for Iy = (20 = 0,20, ho, £20, E20, Eno)-

If a solution exists, we write it as (£.0(to, o, ho, 20 = 0,&z0), Ero(to, Zo, ho, 20 = 0,&x0)). The conven-
tional isochron rays (in the ‘combined parametrization’ [24]) follow to be

(3.28) (2(0,tg, o), 2(0,t0, I0)),
I'y = (20,0, ho, &20(to, o, ho, 20 = 0,€20), €ox» Eno(to, o, ho, 20 = 0,&20))-
To recover a Hamiltonian from these expressions, see Paper 1.

4. Velocity continuation of downward continued data. In this section, we apply the notion of velocity
continuation to data downward continuation. To this end, we reconsider the smooth family of background
velocity models, c(«a; z, z), depending on a parameter . The initial value problem (3.3) for downward
continuation is modified to depend smoothly on a:

4.1) [0, —iPPSR(a; 2,57, Dy, Dy, D) u(a;.) =0, u(a;0,s,7,t) =uo(s,rt),
in which the principal symbols of the one-parameter family of DSR operators,

PPSE(o) = PPSR(q: 2, 5,7, Dy, D,, D,),
are given by

1 5|12 1 12
@2) PPsR(a;Z,s,r,gs,gT,ﬂ_T\/ IeP \/ el

cla; z, 8) T2 c(a; z,1) T2
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and is solved in the direction of increasing z as before. Naturally, surface reflection data, ug, are assumed
to be independent of o. (However, one could account for a-dependent data in time-lapse seismic surveys.).
Here, the solution u(«; z, s, 7,t) corresponds with data downward continued from the surface (z = 0) to
depth z assuming a background velocity model ¢(«; z, z).

To develop an operator for continuing u(c; 2, s, 7, t) in a, we will need 9, PPSF
tially a pseudodifferential operator of order 1. The principal symbol of d, PP

, which is still essen-
is given by
Oncs OaCr
(43) (8<1PDSR)1(O[;27857'75875’!‘77—) = - L z?,c - u ch )
Vet l&lz/m & \Jer -l 2/

in which ¢, = ¢(a; 2, 8), and ¢, = ¢(a; 2, 7).

4.1. Evolution equation and propagator. A family of velocity models, ¢(«; z, z), induces a family
of solution operators, H(*0 2 (a), to the initial value problems (4.1), that is, u(c; z, s,7,t) = H(*0 z)(a)uo.
Upon substituting this representation into (4.1), and taking a formal derivative with respect to o, we obtain

(4.4) [0, — iPDSR(a)](GaH(*O’Z)(a))uO = i(@aPDSR(a))H(*U’Z) (a)ug.

Equation (4.4) is an inhomogeneous variant of equation (4.1) satisfied by the function 0, H (* 2,0) (@)ug. Its
solution may be expressed in the form:

4.5) (OaH{y o (@)uo)(z,.) =1 [/0 H(*E’Z)(a)(@aPDSR(a))HE‘OyZ)(a) dz | ug.

This equation is identical to equation (C4) in [13] (but without the pseudodifferential factors ) and microlo-
cal cutoffs ).
Also we can rewrite (4.5) in the form

4.6)  OuaH{, .y ()uo = iP*(a)H, ) (a)ug, Pa)= /0 H{; y(a)(0a PP (@) H - . (@) dz,

where we used the properties (3.4) and H(*O,z)(a) = H(*E,Z)(a)H(*O}E) (o) with 0 < Z < z. We note that
expressions (4.5) and (4.6) provide two ways of calculating the perturbation of downward continued data
u(o; z, 8,7, t) = Hy,  (o)ug (at depth 2) due to smooth perturbations of background velocities. Both ways
are illustrated schematically in Fig. 4 (a). The evaluation of the integrand in the integral on the right-hand
side of (4.5), for one fixed Z, is illustrated in Fig. 4 (a) left. This formulation basically mimics transmission
tomography (with the DSR equation) as it uses linear perturbation theory to downward continued contribu-
tions due to smooth velocity perturbations, and add them at the depth of interest, z. It can be also associated
with the concept of remigrating the data (as the computation of the integrand for each depth Zz initiates at
the surface). The evaluation of the integrand (for one fixed Z) in the integral representation for P¢(c) (4.6)
is illustrated in Fig. 4 (a) right. The scheme follows the cascading of upward and downward continuation
operators. This approach fits the concept of velocity continuation as it acts on downward continued data
u(a; z, 8,7, t) while its output is again u subject to a background velocity perturbation. This description is
naturally connected with reflection tomography.

According to Egorov’s theorem (see Appendix A), Q%(«;z,2) = H(*ZZ)(a)(aaPDSR(a))H(ZZ)(a)
is a pseudodifferential operator of order 1, the principal symbol of which is obtained by the transformation
(defined by the DSR rays of operator H; . (@)

4.7) QY 2,2,8,1,t,&,&,7) = (0 PP ) 1(0; 2,5/ (2,2) (5,7, 1, &, &, 7)),

with Z < z; the prime in ¥’ indicates that the output time coordinate in X (cf. (3.7)) has been removed.
Y is the transformation describing upward DSR rays in phase space in velocity model ¢(«; z, x), while the
explicit expression for (9, PPSF); was given in (4.3). We obtain

(4‘8) P{i(a; Z? S7T7 t’ 55757'77-) = / Q?(a; 27 Z’ 37 7‘7 t,€s7£7-77-) dz'
0
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FIG. 4. Calculation of the evolution operator for velocity continuation of downward continued data. (a) Linear perturbation due
to smooth variations of the background velocity; left — as manifestation of transmission tomography (cf. (4.5)); right — as manifestation
of reflection tomography (cf. (4.6)); (b) Geometry of the upward continuation operator, transformation 3, and DSR rays.

o)

The variables appearing through the transformation 3 are illustrated in Fig. 4 (b). We note that, with
&, = PP98(z,s,m,t,&,,&,7), ¥ also defines the DSR ray in (z, s, 7, t, £, &, &, T)-space (that is a coupled
pair of standard rays in source and receiver coordinates correspondingly).

The velocity continuation of u(«; z, s, 7, t) at a given depth z is described by the continuation operator,
(4.9) Clta.ao) (2) = H{g 2y (@) Hg 1y (a0).
From the properties of H g .) (o) [37] it indeed follows that condition (2.2) is satisfied. Then
u(as z,.) = C’(Claﬂo)(z)u(ao; z,.).
In accordance with the theory summarized in Section 2, Cfa’ao) (z) is the solution operator to
(4.10) [0a —iPY(a)]u(s 2,.) =0, u(ap;z.) = H, . (ao)uo(.)

for each z (being a parameter here); the principal symbol of P%(«) is given in (4.8). As before, we have
assumed that the surface reflection data ug are independent of «. (As compared with (2.3) we have X =
(s,r,t); z has become a parameter.)

4.2. Continuation rays in phase space. The Hamiltonian associated with (4.10) is given by
4.11) M 2,8,7, €0, 65,60, T) = €a — Pl (a3 2,5,7,65,&,7),

The Hamilton-Jacobi equations (cf. (2.6)) take the form

d(s,r,t) opy B )
(4.12) R T Vile, 258,18, €6, &, T),

d(&. &, 1) _ _orf :
da - 8(8,7", t) - V2(a7278aTat?£Sa£T’T)’
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in which
[ BB 2@aPPS,
W) = [ | G e s ZE )
822(2,2) 8((9@PDSR)1 sy ’ 5 5 5
@.13) 3.6 g e EE W}d’
L FTO%(52) 00.PPSE),
Va(a, 2:.) = /0[8(8’“) S (055 T (2.2)()
822(2, Z) 8(8(XPDSR)1 ) 1o _.
@19 Asrl) 06 eor) T (EA0) } 4=

here, the derivatives in aggfﬁi’;), g%gjg(i’f)) follow ray perturbations (with respect to initial parameters)

calculated along the unperturbed DSR rays (cf. 3.6). Indeed, we have followed a linear perturbation argument
much in the spirit of ray perturbation theory [16]. Thus in order to get directions for velocity continuation rays
one needs to solve the dynamic ray tracing system for the DSR rays. (This aspect of velocity continuation
appeared in the work of Iversen (2006) as well.)

5. Velocity continuation and imaging.

5.1. Velocity continuation of extended images. Migration with the DSR equation is built around
downward continuation of the data into the subsurface, which is followed by applying appropriate imag-
ing conditions: Restricting for each depth the downward continued data to ¢ = 0 and s = r = x. However,
here, we are interested in applying only the first imaging condition leading to an extended image, w.(z, s, ),
say (note that s and r represent subsurface source and receiver coordinates). This object is relevant, for
example, for developing tools for migration velocity analysis; see also the next subsection.

If R; denotes the restriction to ¢ = 0, the extended image follows from the surface reflection data, ug, as

(3.1 we(o; 2,.) = N(a)*lRtHFO,Z)(a)UO,

where N («) is a pseudodifferential operator correcting for ‘amplitudes’ and illumination, using a background
velocity model parametrized by « as before. (A usual image, at (z,x), is obtained by w.(«; 2z, x, x).) We
identify

(5.2) RH}y (o) = K™,

with the adjoint of an operator K, with

z
(5.3) ug = K(@)we(a;.) = / H 5 () Bywe(; Z,.) dz,
0

while N(a) = K*(a)K(«); here, E; = Ry yields a multiplication with 6(¢). (Up to the differentiation
[— % 0?2] the operator K corresponds with the depth-to-time conversion operator K in [37].)
The velocity continuation of an extended image is described by

(5.4) we(a;.) = Cf we (3 .,

(a,cx0)

where C’(Ca o) denotes the relevant continuation operator. Using the depth-to-time conversion operator con-
cept, we get

(5.5) Claa0) Wela0; ) = N(a) ' K* (o) K (ag)we(ap; .).

a,a0)

In [37] it was established that K = K/(«) is (microlocally) invertible. We now construct an evolution
equation for we (c; .) with respect to a.
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Differentiation of Cfa’ao)we(ao; .) in (5.5) with respect to « yields two terms: The term,

(OaN"H()N(a)CE we (o3 .,

(a,c00)

is of order zero, and is neglected in the further analysis. The leading order (order one) term gives
(5.6) iNY(a) [ RePY(a)Hjy ) () } K (ao)we(ag: ),
from 5.2 upon substituting (4.6). This operator in the leading-order term can be rewritten as (using (3.4)),

(5.7) iNfl(a)K*(a)H(OJ)(a)Pd(a)H(*O,Z)(a)K(a) Ct =iP%(«)CF,

(0470‘0) (()‘70‘0).

We apply Egorov’s theorem twice, and find that P¢(«) is a pseudodifferential operator the principal symbol
of which is obtained from the principal symbol of P¢(c) via two successive transformations of variables:
The transformation associated with H g .y is %(0, 2) given in (3.7) with z = 0 and z; = z, while the
transformation associated with K is given by [36, , Thm. 4.2]

(5.8) Y (2,816, 6,6) — 2(0,2)(s,7,0,&, &, Oz, 8,7, 62,66, 60)),
where the mapping © solves the equation (cf. (3.5))

HPSE (2, 5,7, t, O(2, 8,7, €6, &, T), €5, Ery T) = 0
as before, cf. [36, , Lemma 4.1]. The composition of transformations then yields,

(5'9) E(Z7O) OEK : (Z’S7 T?gZ’gS)ET) - (S7T707§S7€7'7 @71(258’ r’gz?gs?gr))?

which appears in the application of Egorov’s theorem (see Appendix A) to (5.7). We get:

(5‘10) Ple(a; Z? S7T7 £Z7§S7£T) = Pld(a; Z’ S’ r’ 53757'7 @71(27 $7T7 52355757'))7

(eaaao)

up to principal parts. C' is the solution operator associated with the evolution equation,

(5.11) [00 — 1P¢(a)]we(a;.) = 0.
(As compared with (2.3) we have X = (z, s,7).) The corresponding Hamiltonian becomes

(512) He(a; Z,S,’/‘, 604752’58757”) = fa - Ple(a; Z,S,’/‘, 6276335’!‘)'

In general, the evaluation of symbols Pf(«;z,s,r, &, &, 7) and Pf(a; z, 8,7, &,, €5, &) (cf. (5.10))
requires retracing DSR rays for each « (cf. (4.7)-(4.8)). However, in the special case of vertically inhomoge-
neous background velocities, this can be avoided, see Appendix B.

5.2. Velocity continuation of image gathers. Surface reflection data are, formally, redundant: The
measurements are taken in 2n — 1 variables, while the image to be constructed is a function of n variables.
This redundancy is revealed by the angle transform, Ay g [35], which generates common image-point gath-
ers, here denoted by wy, from surface reflection data, 1. These common image-point gathers can be directly
used in wave-equation migration velocity analysis [37, 12, 13]. Here, we consider the velocity continuation
of these image gathers, with velocity models ¢ = ¢(a; z, ) parametrized by « as before.

Let Aw g(«) denote a family of angle transforms parametrized by a; Ay g(«) is defined by

(5.13) wy(a) = Awg(a)uo = Bx H(j ,)(a)ug,  with

By : u(zs,mt) — (Bxu)(z,,p) = / Wz — hya + b (p,20)) (2,2, ) db,
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in which x(z,z,h) is a taper function attaining the value 1 around A = 0 (which ensures that the image
gather is artifact free in the presence of caustics); here, (z, ) are the coordinates of an image point. (A
convential common image-point gather is wgy(c; 2z, x, p) as a function of (z, p) for fixed x.) We note that p
isa (2n — 1 —n = n — 1)-dimensional (co)vector, and can be connected to scattering angle and azimuth
associated with the geometry of reflected rays [11].

The velocity continuation of image gathers is described by

(514) 'lUg(OL;Z,CC,p) :C(gavao)wg(ozo;z,x,p),

where C? o) denotes the relevant continuation operator. Using that the angle transform is (microlocally)
invertible [37], we have

(5.15) c? Ay (@) Ay (o).

(o,a0) —

We now construct an evolution equation for wy (c; .) with respect to c.
Differentiation of C? wy(ov; ) in (5.14) with respect to « yields

(a,0)
(5.16) 8aCfa’a0)w9(a0; .) =1iBx Pd(a)H(*o,z) (@) Ay (o) wy (s ),

upon substituting (4.6). We can rewrite the composition of operators acting on wg(c; .) on the right-hand
side in the form (using (3.4))

(5.17) iAw (a)Ho,2) () P4 () H{; . (a) Ay (@) CF

(a,a0)

iP9(a)C?

(a,0)"

We apply Egorov’s theorem twice, and find that P9(«) is a pseudodifferential operator the principal symbol
of which is obtained from the principal symbol of P¢(c) via two successive transformations of variables:
The transformation associated with H (*o 2) is X(2,0) given in (3.7) with z; = 0, while the transformation

associated with Aa}E is given by
22‘1,”3 : (Zv 2, P, &z & gp) — Iy = (507 70, t0, §505 §r0s 7_)7
where ['4 is the solution of the system of equations [37, , Thm. 3.1]:

PlDSR(Z7S(Z70a FA) T(Z7O7FA)358(27()’ FA)ng(ZaOa FA)vT) = §Z s

(5.18) %[S(Z7O7FA)+T(2507FA)} = Z ) fs(Z,O, FA) = %&L‘“‘Tp )
' T[T(Z,O, FA)_S(Zv())FA)} = fp ’ 57»(270, FA) = 356z~ TP

the solution is constrained by the equation

(5.19) T (5(6:(2,0, Ta) = &(2,0,a)),7(2,0, T'a) — 5(2,0, I'a)) = (2,0, I'a)

for each z. Thus we are looking for initial conditions I"4 such that output of mapping 3(z,0)(I"4) (cf. (3.7))
solves the system (5.18)-(5.19). The equation labelled with * can be rewritten as

(520) 9_1('27 S(Za 07 FA)7T(Z707 FA))&Z?&S('Z7O7 FA)?&T(z7O7 FA)) =T

The composition of the above mentioned transformations is then given by

(5.21) N =%(z0005,] :(z,2,p,6,6.8) = B(2,0)(L4) = I'p.

Note that I'4 becomes implicit in this mapping and in fact the system (5.18)-(5.19) is constraining elements
of I'y = X(2,0)(I'4) (s(2,0,T'4), etc.). Then I'g (in (5.21)) represents the solution to (5.18) after rear-
rangement (5.20)
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(]

[s+r] =« , & = %fm + 07 (28,1, 6,66, &)D
9_1(Za5a7aa§z7§sa§7“) [T—S] = ép ) g'f = 3%z — 9_1<Z78ara€m£87§r)p )
where I'y = (s,r,t,&s,&,7), t follows from (5.19); this guarantees proper I'y = ¥(0,2)(I's) (due to
invertibility of mapping (3.7)).

Composition (5.21) appears in the application of Egorov’s theorem (see Appendix A) to (5.17). We get:

(5.23) Py (c; 2,2,p,62, 60, 6p) = Pl X (2, 2,0, 65,60, 6p));

as before, the prime in Y indicates that the output time coordinate in ¥ (cf. (5.21)) has been removed.
C is the solution operator associated with the evolution equation,

(5.22)

g
(ev,00)
(5.24) (00 — iPY()]wg(a;.) = 0.

(As compared with (2.3) we have X = (z, z,p).) The corresponding Hamiltonian becomes

(525) Hg(a;zvx7p7 gougzugzvgp) = ga - Pjg(a;zvxap7 gzagangp)'

6. An example: Velocity continuation with a lens. In this section, we present a two-dimensional
example of velocity continuation of common image-point gathers, and of an extended image. We focus on
the high-frequency aspects, carry out our calculations with the relevant principal symbols, and follow the
geometry of ‘fronts’ (singular supports to be precise). We specifically include the formation of caustics and
illustrate that their presence is allowed in the approach developed here. We make use of background velocity
models containing a low velocity lens:

6.1) cla;z,2) =1 — a exp[-7.5(z% + (1 — 2)?)],

where « defines the ‘strength’ of the lens. We take o = 0.2 as our ‘true’ model (see Fig. 5 (a), where the
smooth background velocity (low-velocity lens) is shown in grey scale). We consider a single, horizontal,
reflector (solid line) at depth z = 2. Synthetic data, ug (traveltimes, as we consider only geometry), were
generated in the ‘true’ model by methods of ray tracing. In Fig. 6 we show incident (a) and reflected (b) rays
for one source position, to illustrate that in our example the DSR condition is satisfied, while caustics are
being formed due to the lens.

InFig. 5 (b) we show a common image-point gather (its singular support) wy(a = 0.2; z, z, p) (cf. (5.13))
if the ‘true’ background velocity model were used in the downward continuation. The reflector (the horizon-
tal line in Fig. 5 (a)) is mapped into a plane (Fig. 5 (b), in grey). A common image-point gather is usually
associated with an  =const section (line 2); a constant p section corresponds to an image (line 1).

The evolution of a ‘front’ of wg(a; 2, , p) with « is illustrated in Fig. 7 (a) (top: a = 0.2, that is the
‘true’ model; middle: o = 0.1; and bottom: o« = 0, that is, the lens is absent). Due to restricted acquisition
geometry (the sources and receivers are located within an interval (—2,2)) we have illumination over a
diamond shaped region only (see Fig. 7 (a), (b) top). The dots in Fig. 7 (b) top indicate the initial locations
of a set of velocity continuation rays; the dots in Fig. 7 (b) middle, bottom, indicate the points (at « = 0.1
and « = 0, respectively) of the continuation rays in this set, projected onto the (z, p) coordinate plane. We
observe how the regularly spaced initial points evolve under velocity continuation, and their movement is
not restricted to any coordinate plane. Indeed, migration velocity analysis should not be carried out with
separated common image-point gathers.

However, due to the (common) symmetry of the background velocity models in our example, the velocity
continuation appears to be 2D (velocity rays stay in the same plane) for two planes of our (z, z, p)-space,
namely, x = 0 and p = 0, which are illustrated in Fig. 8. We show the ‘fronts’ (their sections) as thick lines,
again, at « = 0.2, 0.1 and 0 as well as the continuation (velocity) rays connecting them. Continuation in
Fig. 8 (left) takes place in p = 0 and can be associated with conventional image; we notice the evolution
towards an apparent structure of a syncline while underestimating the strength of the low velocity lens (a
phenomenon that has been well recognized in seismic migration). Continuation in the plane z = 0 is shown
in Fig. 8 (right). It corresponds with a standard common image-point gather.
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Velocity model («=.2)
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FIG. 5. (a) The ‘true’ background velocity model (a low-velocity lens) and reflectivity function (reflector at z = 2); (b) Diagram
illustrating the presence of the reflector in the common image-point gather wg = wq(cs; z, , p).

Incident rays Reflected rays

0 : : 0

1 1}
N N \

2 2 k

3 3

-1 0 1 -1 0 1
X X

FIG. 6. Incident and reflected rays for a single source. The lens in Fig. 5 (a) is, here, indicated by a grey circle. The rays are
nowhere horizontal, while caustics are being formed.
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b)

FIG. 7. Velocity continuation of wg(os; z, x, p), tracking the ‘front’ associated with the horizontal reflector shown in Fig. 5 (a).
(a) Continuation of the grey plane of Fig. 5 (b), at o = 0.2 (top), 0.1 (middle) and O (bottom); (b) A set of points on continuation rays
corresponding to initial locations (top), « = 0.1 (middle) and o« = 0 (bottom).
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2.2 2.2
z,km z,km

Y Y

FIG. 8. Continuation rays (thin lines) and ‘fronts’ at « = 0.2, 0.1 and O (fat lines) under velocity continuation in the p = 0
(image) plane (left) and the x = 0 (image gather) plane (right). These are sections of the volumes illustrated in Fig. 7.

We then use the some background model and reflector to illustrate velocity continuation of the extended
image w.(«; z, x, h). In the ‘true’ model, the extended image is a line focused in (z, z, h)-space at subsurface
offset h = 0. This line defocuses, while departing from the ‘true’ background model, following the fronts
shown in Fig. 9.

7. Evolution operators in homogeneous velocity models. In homogeneous velocity models (¢(z, z) =
v independent of z and z) the evolution parameter becomes the velocity itself, « = v. The (principal) symbol
of the DSR operator in (4.2) takes the form

1 &I2 L &2
DSR/, . _
(7.1) Py (UvzasaragsvfmT)T\/FT‘f’T E*T,
while the (principal) symbol in (4.3) becomes
(7.2) (BPDSR) (v;2,8,7,&s, &y T) T ! - !
. v 1Yy 2,9,1,Cs5Qry - - - —_
V2 =&/ 00 o2 =& [P /2 v°
1 S

IR ey N Y=Y e T Yk

using that HPSE (2 5.7, t,€,,€,,&.,7) = 0, cf. (3.5). We derive, here, closed-form expressions for the
evolution operators for velocity continuation of downward continued data, velocity continuation of extended
images, and velocity continuation of common image-point gathers. We use these expressions to illustrate
some of the features of these types of continuation that coexist in the data-extended-image volume.

Continuation of downward continued data. For the DSR rays corresponding to upward continuation
operator Hz .y(v), we have

22(27 Z)(S,’I"7t,§s,€r, T) = (6575’!‘7 T)7

that is, the wave numbers are preserved, which implies, with (7.2), that
(0o PPSE) (v; 2,5/ (2, 2) (s, 7, t, &, &, T)) (cf. (4.7)) is independent of z. Evaluation of (4.8) then yields

Tz 1 1
" Pm”&“%&ﬂ:_5<¢v2anﬂ+wv2|MWH>

Extended image continuation. We get 7 = O~ 1(v; 2, 5,7, &,, &5, &) directly from the equation,
HIWT (5,7, 2,7, &, &0, €,) = 0, using (3.21) subject to the substitution ¢(z) = v, and note that with the
solution 7 = 7(v; 2, 8,7, &2, &6, &),

(7.4)

1 1
TV = &2/ 72 = o= (& + &1 = 11617) s Tv/om2 = 1612/ = % (€2 + 11607 = ller ) -

2€-
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FIG. 9. Velocity continuation of the extended image we(c; z, x, h), tracking the ‘front’ associated with the horizontal reflector
shown in Fig. 5 (a): at o = 0.2 (a line representing the focusing at h = 0), 0.1 and 0, signifying the gradual defocusing.

Then, with (7.3) and (7.4), the evaluation of (5.10) yields

& 428U + 161 + I 1” — 161%)*
’ & = (I&11P = N1&112)?

z
(7.5) Pf(v;zasvragzvgsagr) = _56
Applying coordinate transformation (3.10) results in

€ + (IS + 16nl*) + (6 &n)2
: §2 = (§ar n)? '

(7.6) Ple(wzaxah)é.zagzafh) = _gg
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REMARK (Stolt residual migration). Given the (principal) symbol, Py, for extended image continuation,
we obtain the Hamiltonian (cf. (2.5))

(77) He(v; Z,8,T, gvvé-z’gsvg’r’) = gv - Ple(v; Z2y8,T, £Z7£sa€7“)a

which generates corresponding Hamilton-Jacobi equations (2.6). With (7.5), these equations can be solved
explicitly for given initial conditions (2, So, 70, £-0, €50, &r0) (at v = vg say), resulting directly in the formu-
las for Stolt residual migration (see [31, 38]). Note, however, that our Hamiltonian representation (7.5)-(7.6)
is general, and allows different implementations in addition to the phase shift method (as discussed in [20]).

Continuation of common image-point gathers. In homogeneous background velocity models, the
symbol PP5E is independent of s and r, whence the equations for (&, &, 7) in (5.22),(5.20), given (., &4, &),

can be solved separately:
531}2 fg + ||§IH2 .
4 &0~ lopll?) = (&arvp)*’

these are all preserved under X(z,0). We then use the equations for (s, r) in (5.22), given (z,&,), to find s
and 7:

(7.8) s = %gz +71p, &= %gz —7p, with T =

_ % &
(7.9) s=z 5. r—x—i—zT.

Equation (5.19) yields
(7.10) t=1""p,&).
We immediately have obtained transformation Yin (5.21). Subjecting (7.3) to this transformation then yields

£ + ||&. |12
§ —1E2vp + (Eovp)&el*

z
(711) Pf(”?%%%fza&:fp):_;gg
‘We obtain the Hamiltonian (cf. (2.5))

(712) Hg(v;zvxvpv gv»&za&zvﬁp) = gv - Plg(v;zvxvpa gzv&mv&p)a

which generates corresponding Hamilton-Jacobi equations (2.6). The Hamiltonian for common image-point
gathers velocity continuation depends on (z,p) and v. In Fig. 10 (a) we show the corresponding slowness
surface, defined by HY9 = 0, using the notation k, = &,/&,, k, = &./§, and k, = &,/&,. We set z = 2,
v = 1 and take two values for p: p = 0 (outer surface) and p = 0.3 (inner surface). From (7.11)-(7.12) it
is clear that the slowness surface does not depend on §,. This, in turn, means that the group velocity has no
component in the direction of the p-axis, that is, the energy flow, in the case of homogeneous media, stays
within planes p = const. To illustrate this, we show a set of velocity rays in Fig. 10 (b). Here, we assume
that initial common image-point gather consists of a dipping plane in (z,x, p)-space (in grey). We then
follow a transformation of one straight line in his plane (x = z = 1) under velocity continuation. Thin lines
show velocity rays, while the velocity is changing from a starting value v = 1 to v = 1.2. Three bold lines
show the evolution of the straight line in the initial common image-point gather (for v = 1) after velocity
continuation tov = 1.1 and v = 1.2.

8. Discussion. We developed a general framework for velocity continuation in the downward continu-
ation approach to seismic imaging. We based the framework on the double-square-root (DSR) equation, and
imposed the DSR assumption. In the process, it was then natural to introduce the concept of data-extended-
image domain that is (z, s, r,t)-space. Continuation takes place along curves in the space of allowable
velocity models. As the main result, we obtained evolution equations for three interconnected velocity con-
tinuations: for downward continued data, (extended) images and common image-point gathers formed from
these. We used techniques from microlocal analysis, in particular, Egorov’s theorem.
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1873 P

F1G. 10. Velocity continuation of a common-image point gather in the case of homogeneous background velocities. (a) Slowness
surface for the Hamiltonian in (7.12) for v = 1 and p = 0 (outer surface) and p = 0.3 (inner surface); (b) velocity continuation of
a line in a common image-point gather consisting of a dipping plane (in grey). Thin lines represent velocity rays, while the velocity
is changing from a starting value v = 1 to v = 1.2. Three bold lines show the evolution of the straight line in the initial common
image-point gather (for v = 1) after velocity continuation tov = 1.1 and v = 1.2.

We developed the realization of velocity continuation explicitly on the level of principal (high-frequency)
symbols of the above mentioned evolution operators. The evaluation of these symbols essentially requires
retracing DSR rays in the evolving velocity models. However, the downward continuation of data needs not
be repeated, which enhances efficiency of operations in velocity analysis. Indeed, the data themselves are
not involved in the process of velocity continuation proper.

Continuation operators are the solution operators of the above mentioned evolution equations. In general
these equations need to be solved numerically, after the evolution operator symbol has been evaluated with
‘retracing’ DSR rays (sensing the background model variation) in phase space. Continuation operators prop-
agate singularities along continuation rays, which are generated by Hamilton systems. Numerically solving
these systems, in general, consists of two nested steps: Computing the Hamiltonians (and their derivatives),
which involves a depth integration, followed by integrating the Hamilton systems. The complexity of numer-
ically computing other continuation rays was recognized by [24, 25, 1].

The numerical solution of the evolution equation for continuation can be constructed as follows. The
initial values (downward continued data, image, or image gathers) can be decomposed into curvelets or wave
packets and subsequently compressed. Then the solution of the evolution can be efficiently computed with
curvelets (see [4]); to leading order, the curvelets that appear in the decomposition of the initial values are
subjected to a ‘flow-out’ [14] following the continuation ‘rays’ in phase space. Continuation can be viewed
as an alternative to (map) remigrating curvelets that appear in the decomposition of surface reflection data
[14].

We hasten to mention that in particular classes of velocity models, admitting dependence in depth only,
the retracing of DSR rays is unnecessary. (This is also true, for example, in velocity continuation through so-
called common reflection-point (CRP) stacks [5], using a class of velocity model perturbations, c(«; z, ) =
aco(z, ). Indeed, to obtain the CRP stacks, the ray geometry can be kept the same then, but the Kirchhoff
summation has to be repeated for every a. In these factorizable velocity models, ‘approximate’ formulas
for residual pre-stack Stolt migration, which naturally avoids Kirchhoff resummation, were developed and
applied by [32].)

While developing velocity continuation in the downward continuation approach to seismic imaging, we
show how the conventional exploding reflectors model fits in our framework, and that our results can be
viewed as a generalization of residual migration. Furthermore, we extend the notion of isochron rays [24].

We derived explicit formulas for the evolution operators in the case of special background velocity
models: In the case of models with a linear velocity growth with depth (the evolution parameter is the
gradient) for the continuation of extended images, and in the case of homogeneous velocity models (the
evolution parameter is the velocity itself) for the continuation of extended images and common image-point
gathers. The latter results relate to earlier work by [19, 21]. Though not applicable to generic situations, these



162 ANTON A. DUCHKOV AND MAARTEN V. DE HOOP

formulas provide some insight also in connection with the history of residual velocity (poststack) migration
(e.g. [38]).

We present a two-dimensional synthetic data example for the velocity continuation of the extended im-
age and common image-point gathers associated with a plane horizontal reflector in a family of background
models with a low-velocity lens that varies in strength. Thus we illustrate velocity continuation in the pres-
ence of caustics, and demonstrate that, in the process, image gathers cannot be separated from one another.

Acknowledgements. This research was funded in part by NSF CMG grant EAR-0417891. The authors
also thank the members, ExxonMobil, Total, BP and Statoil, of the Geo-Mathematical Imaging Group for
financial support.

Appendix A. Egorov’s theorem.

A precise formulation of Egorov’s theorem can be found in [40, , Thm. 6.2]. Here, we provide an
intuitive understanding of this theorem with a view to applications in seismic wave-equation imaging.

We consider an invertible Fourier integral operator, F' say, the canonical relation of which is the graph
of a transformation . Suppose F' : £'(Y) — D’(X); F propagates singularities according to (y,7n) —
(7,€) = X(y,n). An example is F'~! being common-offset Kirchhoff migration (absence of caustics) and 3
describing map demigration.

We then consider a pseudodifferential operator, P, with principal symbol P = P;(x,&). The operator
Q = F~'PF is also a pseudodifferential operator. Its principal symbol, Q; = Qi(y,n), is given by a
change of coordinates in P, :

(A1) Q1(y,n) = Pi(X(y,m)).

In the main text, we repeatedly prepare constructions for application of this theorem.

Appendix B. Vertically inhomogeneous background velocity models.

Retracing rays and perturbation theory are not required for velocity continuation in the case of a family
of vertically inhomogeneous background velocities, c¢(a; z). Then HPSF does not depend on s, r (and t)
so that 8(Sﬁr,t)HDSR = 0 and &g, & and 7 are constant along DSR rays in phase space. Formulas (4.3) and
(4.8) simplify according to

(B.1)
DSR . _ _% ) T T

(0aP7" )1 (0 2,8,1,65, &7, T) = = (a;2) [\/C(a; S T B + DR ||fr||2/7'2] ,
and
(B.2)

d _ ? % L T T B

Aoz utrr) == [ Sl [\/C(a;Z)Q e Velae) 7o |§r||2/72] -
respectively. Moreover, we obtain
B3 O (et = S VITET-TE P + ETET = T& T+ €

which, upon substitution for 7 in (B.2), gives us Pf(«; 2, 8,7, &, €5, &) for velocity continuation of extended
images, cf. (5.10). Clearly, no DSR rays have to be traced.

For some particular choices of families c¢(«; 2), it is possible to carry out the integration on the right-hand
side of (B.2) in closed form. For example, if ¢(a; 2) = ¢ + az, we get:

B4) Plajz,s,1,&,&,T)

L colgs +ar) — = log |40t (g, + — +— -
= - s - 0, s p T — )
a2 Co\gs T qr o2 g |4 | g, o+ 0Z q o+ az e

where g, = 71/ (co + @2) 72 = [&:[7/72, ¢s = 7/ (co + 02) 2 — [I&:[/72.
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