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SUMMARY

Seismic traveltime tomography is a geophysical imaging method to infer the 3-D interior
structure of the solid Earth. Most commonly formulated as a linearized inverse problem, it
maps differences between observed and expected wave traveltimes to interior regions where
waves propagate faster or slower than the expected average. The Earth’s interior is typically
parametrized by a single kind of localized basis function. Here we present an alternative
approach that uses matching pursuits on large dictionaries of basis functions.Within the past
decade the (Learning) Inverse Problem Matching Pursuits [(L)IPMPs] have been developed.
They combine global and local trial functions. An approximation is built in a so-called best
basis, chosen iteratively from an intentionally overcomplete set or dictionary. In each iteration,
the choice for the next best basis element reduces the Tikhonov—Phillips functional. This is
in contrast to classical methods that use either global or local basis functions. The LIPMPs
have proven their applicability in inverse problems like the downward continuation of the
gravitational potential as well as the MEG-/EEG-problem from medical imaging. Here, we
remodel the Learning Regularized Functional Matching Pursuit (LRFMP), which is one of the
LIPMPs, for traveltime tomography in a ray theoretical setting. In particular, we introduce the
operator, some possible trial functions and the regularization. We show a numerical proof of
concept for artificial traveltime delays obtained from a contrived model for velocity differences.
The corresponding code is available online.

Key words: Body waves; Computational seismology; Eikonal equation; Seismic tomogra-
phy; Waveform inversion; Seismology.

1 INTRODUCTION

Seismic traveltime tomography serves to infer the 3-D interior structure of the solid Earth. For this, it measures the characteristics of seismic
waves that propagate through the Earth’s deep interior, between sources (earthquakes) and receivers (seismometers) that are located at or
near the surface. The most widely practised approach solves a linearized inverse problem, where measured traveltimes of waves propagating
through the real, heterogeneous interior deviate moderately from forward-modelled traveltimes through a spherically symmetric reference
Earth model. This reference velocity model is updated with moderate 3-D variations, in a linear inversion step that attributes traveltime
anomalies (observed minus predicted) to discrete regions where wave velocities must be moderately faster or slower than in the reference
model. The quantitative connection is made by means of efficiently computed sensitivity kernels (see Dahlen & Tromp 1998; Dahlen et al.
2000; Ben-Menahem & Singh 2000; Amirbekyan 2007; Nolet 2008; Aki & Richards 2009).

In particular, a Spherically symmetric, Non-Rotating, Elastic and Isotropic spherical shell (SNREI) model like the IASP91 (see Kennett
& Engdahl 1991), is usually used. When comparing modelled traveltimes with true measurements, we expect a traveltime difference
caused by anomalies within the Earth. Specifically, for total body-wave traveltimes of hundreds to 1000 s, the unexplained traveltime
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delay is typically fractions of a second to several seconds. Traveltime tomography aims to approximate these deviations in the velocity
field from the corresponding delays. Thus, traveltime tomography is a problem of inference, most often formulated as a linearized inverse
problem. Unfortunately, not many theoretical results about it are known. In particular, a singular value decomposition of the associated
mathematical forward operator (obtaining traveltime delays out of velocity anomalies), which would essentially accelerate the forward
modelling, is unknown. The inverse problem is ill-posed, meaning that, for example the solution is non-unique. The latter causes, more
practically speaking, that it is difficult to attribute a traveltime anomaly to a specific region along a waveform path (given the overall
traveltime and its delay). For details on the theory, see e.g. Amirbekyan (2007). Traveltime tomography is most often approached with ray
theory or with a more accurate, but also more demanding finite frequency strategy (Yomogida 1995; Dahlen & Tromp 1998; Marquering
et al. 1998, 1999; Tian et al. 2007a, b; Nolet 2008; Sigloch 2008; Hosseini e al. 2020). Traveltime tomography is practised in two or
three dimensions, and from length scales of millimetres (e.g. ultrasound waves in non-destructive testing of construction materials) to the
planetary scale (in a spherical geometry). Our study focuses on this latter scale, commonly termed ‘global traveltime tomography’. A
broad range of global tomography models exists, and dozens can be inspected at the SubMachine webportal (https://www.earth.ox.ac.uk/
~smachine/cgi/index.php Hosseini et al. 2018). These models differ in the types and amounts of data that entered the inverse problem, but
another key difference concerns the parametrization of the sphere chosen by various workers. Basis functions include tetrahedra, voxels
and spherical harmonics, which greatly differ in shape but have in common that they are largely chosen for computational convenience,
rather than for some physical or statistical properties of Earth’s mantle structure, the quantity to invert for. Such mantle properties are
largely unknown, although one may reasonably postulate a priori notions, such as mantle structures being extended more horizontally than
vertically. Hence, a better parametrization strategy could be to restrict basis functions minimally and instead let the data itself choose suitable
functions.

This is especially interesting since some areas of the mantle are very well illuminated, others very poorly. However, we do not expect
fundamental changes in convection style in different places due to the general viscosity of the mantle. Hence, poorly sampled regions might
be filled and justified physically if the approximation method is free to choose types of basis functions taking into account the whole data
distribution at once. This motivated us to apply a different type of approximation method for inverse problems to traveltime tomography
which appears to be suitable to tackle these challenges of parametrization, underdeterminedness and regularization.

Here, we propose to use the Learning Regularized Functional Matching Pursuit (LRFMP) which is one of the (Learning) Inverse Problem
Matching Pursuit [(L)IPMP] algorithms. The LREMP is the realization of the REMP with a learning add-on. The RFMP algorithm iteratively
approximates the solution of an inverse problem by minimizing the corresponding Tikhonov—Phillips functional. The unique characteristic
of the (L)IPMPs as well as the RFMP, is that the obtained approximation will be given in a so-called best basis of dictionary elements. The
dictionary is an intentionally redundant set of diverse trial functions. Here, we consider orthogonal polynomials and linear tesseroid-based
finite element hat functions (FEHFs). The best basis is usually also made of all types of trial functions given in the dictionary. The learning
add-on enables the method to choose the best basis out of infinitely many trial functions. More details on the methods can be found in Berkel
et al. (2011); Fischer (2011); Fischer & Michel (2012, 2013a, b); Michel & Telschow (2014, 2016); Telschow (2014); Michel (2015); Michel
& Orzlowski (2017); Gutting et al. (2017); Telschow et al. (2018); Kontak (2018); Kontak & Michel (2018, 2019); Leweke (2018); Michel
& Schneider (2020); Prakash et al. (2020); Schneider (2020) and Schneider & Michel (2022). These methods have already been successfully
applied to inverse problems in geodesy and medical imaging as well as for normal mode tomography, and we briefly introduce them in
Section 4, with an emphasis on adjustments made for traveltime tomography. Regarding the theory, a focus on the derivation of certain
gradients and inner products needed for this adjustment is given in Section 3.3. These computations are provided as supplementary material
in the appendix of this paper.

We demonstrate this new method on inversions for synthetic (i.e. invented) whole-mantle test structures, using realistic sampling
geometries, that is actual earthquake-to-receiver paths that have yielded high-quality traveltime data for tomography in the ISC-EHB
catalogue. For the latter, see for example Weston ef al. (2018) and The International Seismological Centre (ISC) (2022).

In Section 2, we introduce the mathematical inverse problem of traveltime tomography. We present our choices of dictionary elements in
Section 3, and we compute regularization terms related to a Sobolev space of these trial functions. We introduce the LRFMP in Section 4 and
show a first proof of concept in Section 5. Section A details certain mathematical derivations regarding the trial functions and the methods.
The corresponding code is available online (Schneider 2023).

1.1 Notation

The set of positive integers is denoted by N. If we include 0, we use Ny. For integers, we write Z. For the set of real numbers, we use R. The
d-dimensional Euclidean space is called R?. Only positive real numbers are collected in R,.. For x € R3, we can use the common spherical
coordinate transformation

ra/1 — 1% cos(p)
x(r,,0) = | rv/1 — t2sin(p) )]

rt

for the radius € R, the longitude ¢ € [0, 27| and the latitude 6 € [0, ] which yields the polar distance cos () =t € [ — 1, 1]. A radius is
denoted by R € R, and the corresponding ball with radius R is defined by By := {x € R : [x| < R}.If R = 1, we also abbreviate B := B;.
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Thus, a point £(¢, t) € 9B C R? is given by

V1 =12 cos(p)
E(p. 1) = | V1 —1*sin(p) |- (2)

t

Moreover, a well-known local orthonormal basis in R? is defined by the vectors

V1 =12 cos(p) — sin(gp) —t cos(¢p)
(g )= | V1 -1sin(p) |, e’(p.0) =] cos(e) |. &'(p.0) = | —tsin(p) |. 3)
t 0 V1 —¢?

see, for instance, Michel (2013).

2 SEISMIC TRAVELTIME TOMOGRAPHY

Seismic traveltime tomography estimates the propagation velocity of seismic waves as a function of spatial location inside the solid Earth.
The sensitivity of traveltime measurements to Earth structures along the wave propagation path is volumetrically extended in practice, but
can often be reasonably approximated as an (infinitely narrow) ray, in analogy to optical ray theory. Here we consider only (seismic) ray
theory for P waves, although our approach could be extended to less approximative sensitivity modelling, such as Born/finite-frequency
approximations, see for example Dahlen ez al. (2000), and to S wave or other wave types. As we aim here for a proof of concept, we consider
the accuracy of the classical ray theoretical infinite-frequency approach as adequate. For one seismic ray X between seismic source and
receiver, the mathematical relationship between its traveltime v and the (P-)wave velocity ¢ (and its slowness S, respectively), is given by the
Eikonal equation (see e.g. Dahlen & Tromp 1998; Nolet 2008; Michel 2022),

iy, = S = Vi Fe). @

where X : [0, R] — R* and the arc length s is chosen to parametrize X. We reparametrize the ray here by a parameter ¢ € [0, 1] such that
X : [0, 1] — R has the same curve, that is X([0, 1]) = X([0, R]). The specific choice of the parameter transformation s<>¢ depends on the
implementation of the numerically calculated ray. The Eikonal equation yields the non-linear inverse problem

1
fy{ S(X(s)) do (K (s) = w(X(R) & f SCX() | X0 df = w(x (1) 5)
with
5(0) = /0 X/(0)ld. ©)

Due to the difficulty of non-linear inverse problems, eq. (5) is usually linearized: instead of approximating the slowness S itself, we consider
the deviation &S between reality and a reference model (see e.g. Amirbekyan 2007; Nolet 2008). This yields the seismic ray perturbation
operator (SPO) given by

R
(T 55) (Yur) 1= fo 55 (Fras(s)) ds = 89 (Xur(R)) ™)

where X, stands for the ray obtained from a reference model and parametrized with the arc length s between 0 and its total arc length R.
Moreover, §¥ = Vqps — Vrer 18 the delay of the observed and (due to the reference model) expected traveltime. The more rays we consider,

the better our approximation of 85 can be. Thus, in practice, we use a family of rays {;( ref.i }i=1,...c With respect to a set of source-receiver
pairs
{(Kreti(0), Xt s(R)},_, ®)
and consider the Discretized SPO (DSPO)
R 1
('T‘l[ SS) (Xref,i) = / N (Xref.i(s)) ds = 8"//1 (Xref,i(R)) = / SS(Xref.i(Z)) |X|Ccf,i(t)| dt = 81//1 (Xref,i(l)) ’ (9)
0 0
T~ 88 = 8y (10)

¢. Our aim is then to construct an approximation

I
8S~ Y ad; (11)
i=1

for I € N, o; € R and some trial functions d;. Note that, in seismology, instead of considering 85, the velocity anomaly (deviation from the
reference velocity) is often considered. In our approach, this means, we would have to reformulate our approximation in the following way:
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if we obtain &S as the linear combination, we approximate

1 1 — Cre
5§ = - — — = STl (12)

c Cref CCref

This reformulates to
1 1
8§+ — = —. (13)

Cref c
Thus, after approximating 8.5, we would transform it via

58S z_(_c_cref>c=c_cref 2:% (14)

-
§S + Cref CCref Cref c

for a better comparison with the geophysics community. Since we are using a non-real, artificial deviation model (see Section 5.1), we abstain
from this explicit reformulation but consider the numerator only in our resolution test.

3 TRIAL FUNCTIONS

We utilize two types of trial functions in our methods: global orthogonal polynomials and compactly supported linear finite element hat
functions. We first present their definition and give examples of them.

3.1 Definition and examples

3.1.1 Tesseroid-based finite element hat functions

For a general introduction to finite elements, see e.g. Braess 2007; Grossmann et al. 2007; Johnson 2009; Schwarz & Kockler 2011. Regarding
trial functions, we are interested in composite hat functions on tesseroids as the finite elements. Thus, in the sequel, we speak of finite element
hat functions (FEHFs).

In seismology, using tetrahedra as finite elements is common (see e.g. Tian et al. 2007a, b; Sigloch 2008; Hosseini et al. 2020). We
change the underlying finite element structure here because, from a seismological perspective, there is no physical need to use tetrahedra.
Tesseroids, see Fukushima (2018), are rectangular parallelepipeds defined by upper and lower bounds with respect to the radius, the longitude
and the latitude. Thus, a tesseroid may be even more reasonable than tetrahedra: such an underlying structure would be a realization of the
interior of the Earth being structured or layered by gravitation. Moreover, the depth of the mantle (2900 km) is much smaller than the
circumference of the Earth (=40 000 km). Hence, the size of the heterogeneities in the mantle is smaller in the depth than it is latitudinally
and longitudinally.

For the definition of a tesseroid, we obviously have six degrees of freedom. Due to the composite nature of the FEHFs, we move from the
boundary-based view to a centre-based one. Then, the degrees of freedom are its radial centre R and its distance to each side AR as well as the
longitudinal and latitudinal centres ® and 7 and their respective distances to each side A® and AT. The natural constraints of a tesseroid are

R e [pR, R] = [Rmina Rmax]s 0 < €R = AR =< R/zv (15)
@ €[0,27] = [Pumin, Prmax] 0<ep <AD <, (16)
Tel=l+erl—er] = [Tom Tonl, 0 <eér < AT <0.5. (17)

Note that, for the derivative of an FEHF, we require that AR, A®, AT # 0 (see Section Al) and, thus, we introduce €, €4 and €. Further
note that, with p € [0, 1], we control the maximal possible depth of the tesseroids. For instance, if we set p = 3482/6371 = 0.54654, we allow
the FEHF as deep as the core—mantle boundary. Furthermore, due to singularities at the poles (see Section A3) we need to stay away from the
theoretically possible bounds +1 in the latitudinal case. We can identify (in polar coordinates) the ball with the domain

. b — AD
D:=[0,R]x [P, P+2x]x[—1,1] with P = Lij 7, (18)
T
the difference domain as
AD = [ex, R/2] % [€a, 7] X [€r, 0.5] (19)
= [GR, Rmax/z] X [GCDv <I>max/z] X [€T7 (Tmax + ET)/Z] (20)

and the tesseroid as

E = [max(Ryin, R — AR), min(Ryax, R + AR)] X [® — AD, & + AD] x [max(Tiyin, T — AT), min( Ty, T + AT)]. (21)
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Note that we need the definition of P as the starting point of a 2z-interval for technical reasons: in the appendix, we calculate the inner
product of two FEHF which depends on the intersection of their respective tesseroids. For this intersection, it is important to know whether P
is —1, 0 or 1 in practice.

For the sake of brevity, let a := (a;) ;=123 = (r, ¢, 1), A :=(A4;)j=123 =(R, D, T), AAd = (AA4j)j=123 = (AR, AD, AT),

Amin = (P’R, P, -1+ ET) = (Rminy D in, Tmin)v (22)

Amax = (R, P+ 27,1 — €7) = (Rmaxs Pmaxs Tmax) (23)

and the Cartesian product
3
SUPP 4 Aq = H[max(Amin.j, A; —(AA);), min(Ama j, A; +(AA);)] =E. (24)
j=1

With these definitions, we can consider the FEHFs. Commonly used in seismology are Lagrange finite element basis functions (see Tian et al.
2007a, b). Finite element basis functions for cuboids are given, for instance, in Mazdziarz (2010). We take the linear examples from there.
Via translation to supp,4 4 and the general notation just introduced, we then obtain the dictionary elements
3
AA; —|a; — Al
Naaa(x(@) = Nro.1),ar80,a7)TE(P. 1)) = Xsupp,y»,(@) l_[ #,
j=1 /

(25)

where x denotes the characteristic function and x(a) = r&(¢, t) € Bg. The FEHF N, 5,4 attains its maximum in 4, which is the centre of the
respective volume element. It holds Ny 4(4) = 1. The function linearly decreases towards zero when moving towards 4 + A4. It is constant
zero outside of the volume element. Thus, it is only piecewise constant. An example is given in Fig. 1. Note that, in this example, we see
that the hat is clearly visible. However, this shows that, although the theoretical support of an FEHF is a tesseroid, its visible support appears
smaller.

3.1.2 Polynomials

For polynomials on a ball with radius R, we consider the system

G P59, 0) 1= Pua P2 (10D () Yo (€02 1) (26)
; V2cos(jg). j <0

— py PO (2 (%)2 - 1) (55) @i Puin® L j=0 27)
V2sin(jg), j >0

= D PSP U0 (55) s P Trig ) (28)

with the normalization factors

[4m +2n + 3 2n+1(n—|j])!
m.n = _— d n.i = ni = _— 29
P, R3 an qn.j = qn.ljl a7 i+ 1)) 29

form, n € Ny, j € Z, |j| <n and where P,Sf*ﬁ) denotes a Jacobi polynomial, Y, ; a spherical harmonic and P, |; an associated Legendre
function. As can be seen here, we use fully normalized spherical harmonics in our implementation. For details on those composite functions,
see for example Magnus et al. (1966); Miiller (1966); Abramowitz & Stegun (1972); Szego (1975); Freeden et al. (1998); Freeden & Schreiner
(2009); Freeden & Gutting (2013) and Michel (2022). The functions G' were investigated first by Dufour (1977); Ballani et al. (1993) and
Michel (2013). For generalizations of this system, see Dunkl & Xu (2014) as well as Michel & Orzlowski (2016). Note that every G' is an
algebraic polynomial in R* and is, therefore, well-defined on the whole ball. An example is given in Fig. 2.

3.2 A dictionary

With these two types of trial functions, we now build a so-called dictionary D which is an intentionally redundant set of functions. In the
sequel, we work with the following dictionary

Gunla ={G),,, : m,neNy, m <M, n<N, jeZ, |jl <n}, (30)
[Alsenr = {Naas : A€ D, Ad € AD}, (31)

D == D" =[Gy v]ar U [Alrenr. 32)
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) 3193.1 km ) 3482.0 km ) 3770.0 km
60°N
0° 0° 0°
60°S 60°S
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
) 4059.8 km ) 4348.7 km ) 4637.6 km
60°N 60°N
0° 0° 0°
60°S 60°S 60°S
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
) 4926.5 km ) 5152.4 km ) 5504.3 km
60°N 60°N
0° 0° 0°
60°S 60°S 60°S
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
(j) 5793.2 km (k) 6082.1 km (1) 6371.0 km

Figure 1. Example of an FEHF. We show N(5096.8, 0, 0), (955.65, 7/4, 0.25)- The colour scales are adjusted for the purposes of comparison, that is the colourbar
always has the same range to show where the influence of the function is larger.

We see that the trial function classes [Gy, x ] and [AJrenr are defined via the characteristic parameters of the trial functions. Note that the
parameters of the FEHFs are continuous while those of the polynomials are discrete. We allow polynomials up to a maximum radial and
angular degree. Theoretically, we could also allow m, n € Ny and, thus, let [G), y]c1 be infinite. In practice, however, this is not sensible as
we will see later. Note, however, that [ A]ggyr is truly infinite. We discuss the dictionary again in a larger context below when we introduce
our approximation methods.

3.3 Regularization terms

As we are considering an ill-posed inverse problem, from a mathematical point of view, it is inevitable to include a regularization. For our
approach, we use the Tikhonov—Phillips regularization. Thus, we need to determine a suitable function space for the penalty term. We decided
to use the H; (B)-Sobolev space, see Yosida (1995); Adams & Fournier (2003); Heuser (2006); Braess (2007); Schwarz & Kockler (2011);
Bhattacharyya (2012) and Werner (2018). The regularization terms are then obtained via
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| — |
-2 -1 0 1 2 -2 -1 0 1 2 -2 -1 0 1 2
(a) 3193.1 k (b) 3482.0 km (c) 3770.0 km

R m———— |

-2 -1 0 1 2

(h) 5152.4 km

[ — |
2 0 1 2
(j) 5793.2 km (k) 6082.1 km (1) 6371.0 km

Figure 2. Example of a polynomial. We show GIZ.2 1~ The colour scales are adjusted for the purposes of comparison, that is the colourbar always has the same
range to show where the influence of the function is larger.

(d,‘, d/)le = <D(0)d,', D(O)dj>L2(]B,R) =+ <D(1)dia D(l)dj)LZ(]E,R3) = (d,', dj>L2(]B.R) + (de[, VXd/)LZ(JB,R3) (33)

for two dictionary elements d;, d; € D. We have to determine these inner products for the different cases of dictionary elements in D. We
start with the determination of the gradients. For the FEHFs, we obtain

vr*;‘((p,t)N(R,lb,T),(AR,Ad),AT)(rs ¢, t) = XSUPP[(R.@.T)f(AR.Acb,Ar).(R,o,T)+(AR,A¢,AT)](V’ @, t) (34)
— —RJAD— | —D|AT — |t —T
(o osEnt = R A® — g — O AT — |1 — T 55)
AR AD AT
1 1 AR —|r — R|[— —D)NAT -t —-T
L Ir = Rl [=sgn(y = ) AT — |t = 7| 56

ro J1—=1 AR AD AT
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1, AR —|r — R| A® — |¢ — ®| [—sgn(t — T)]
—&'V/1 —¢2 . 37
e AR AD AT 37
The derivation of this formula is done straightforwardly and can be found in Section A1l. For the polynomials, we have
V"é(‘/”) Giﬂ,n,j(rg(goﬁ t)) = (TGLI n ](rg(gos t))) (38)
k=1,2,3
ry r\" I
= Pty (B2 UEN) 1'0) () Pt (OTrig0 (0. 1) (39)
S 0.n+1)2) "\ .
PR (55) Pa(OTrEG 90,0 (40)
J pom Pyl o
PP UO (5) g P O =0 0. 1) (41
1 7o\l
+ PO U0 (%) V=P 00T (0. r)) (“2)
4
= Puntng Y G ipTE(@. 1), (43)
p=1
with
, 4r
I'(r)= =i (44)

The computation of this gradient is shown in Section A2 in detail. In both cases, note that & =", ¢¥ and &' are vectors.
Then, we obtain the following values for the inner products. The detailed derivation is given in Section A3. For two polynomials, we
have

I 1 —
<Gm n,j? Gm’ n' ]/>H1(]B) - Sm,m’sn,n’(sj,j’ + 8n.n’8j,j’pm,npm’.n (45)
RV2 (!
« |: z‘nf (P(0n+1/2)( )) ( 0n+1/2)( )) (1 +u)n+3/2 du (46)
-1
1 A
T ZR;E |:(R£IO n+1/2)(u))/ P’Z(z,nJrl/z)(u)_'_ P)fl().n+l/2)(u) (P’f:)/.n+1/2)(u)) ](1 + u)n-H/Z du (47)
n —1
Rnn+1) (! 00172 _
_ POy pOnHD gy (1 4y =12 dy |, 48
2n+1ﬁ . m (u) m (u) (48)

where 8, , denotes the Kronecker Delta. Note that the remaining integrals must be computed numerically due to the exponents of (1 + u).
For two FEHFs, we obtain

(Naaas N any)m @ (49)
li[/ubu [Ad; —la; — A;I[(AA;) —la; — alz,] =1, (50)
o AA(AA;Y 1, j=2.3
2
3 pubg _4 —a a;, k=1,
n / senta — Ay sen(a = A |0 g, (51)
= Jiby, Ady (AAy) 2 k=3
X li[ fub"’ Ay ey = 4| AT 8 - l “/ =hk=2 da; (52)
=1, gk 1 A4, (Ad;y L, else "

where /b,, and ub,, are the lower and upper bound with respect to the dimension ¢, of the intersection of the respective domains of the FEHFs
Ny, aa and Ny (s 4y. Note that we need to determine these boundaries as well as the critical points in between them.
Finally, we consider the mixed case of a FEHF and a polynomial. This yields

(Naaas Gin,n.j)H1(B)

ub, ub, ub,
" AR —|r — R| 0n+1/2) L / ¢ AP — o —D|_ . /' " AT — |t =T
= Pmanqn.; _— 1 ( ) dr —T d — P, ;(t)dt 53
N o) e Ty | S B ()
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(POn+172 (I(Qk)))' I'(ay) (%)n a
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Pm.nqn.j — Jis,, AAk jTI'lg( jak) k=2 k
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ﬁP,,M(a,-), i :3,k:2

where b, =1b, = max(Rmin, R — AR), ub, = ub, = min(Rma, R + AR), lb, =1b,y, = ® — AD, ub, =ub,, =+ Ad, b, =
Ib,;, = max(Tyin, T — AT) and ub; = ub,;, = min(Ti., T 4+ AT). Note that we use the same notation as in eq. (43). The longitudinal
integrals can be derived analytically (see Section A3). The radial and the latitudinal integrals must be computed numerically. Note that, in our
experience, it is difficult but critical for our approach to determine the most efficient implementation for the latitudinal integrals.

4 The (LEARNING) INVERSE PROBLEM MATCHING PURSUITS

Next, we introduce our suggested algorithms for the approximation of ill-posed inverse problems: the (L)IPMPs. The IPMPs include: the
Regularized Functional Matching Pursuit (RFMP) and the Regularized Orthogonal Functional Matching Pursuit (ROFMP). The LIPMPs
are the respective counterparts that include a learning add-on: the LRFMP and the LROFMP. Note that there also exists the Regularized
Weak Functional Matching Pursuit (RWFMP) whose idea can be included in the LRFMP and the LROFMP quite naturally as we explain
below. To the best of our knowledge, the Geomathematics Group Siegen is among the first to adapt these algorithms for inverse problems.
For more details and applications, see Berkel et al. (2011) Fischer (2011); Fischer & Michel (2012, 2013a, b); Michel & Telschow (2014,
2016); Telschow (2014); Michel (2015); Gutting ez al. (2017); Michel & Orzlowski (2017); Leweke (2018); Kontak (2018); Kontak & Michel
(2018, 2019); Telschow et al. (2018); Michel & Schneider (2020); Prakash et al. (2020); Schneider (2020) and Schneider & Michel (2022).
We concentrate here on the LRFMP because it appears to be more suitable for traveltime tomography due to its efficiency. For this method,
we introduce here the characteristics relevant for understanding and those that are newly adjusted to the particular problem at hand. Note,
however, that the transfer of the latter to the LROFMP is straightforward and an implementation of it is included in the corresponding source
code. We also direct the reader to the notations given in Section 2.

4.1 The (Learning) Regularized Functional Matching Pursuit

The RFMPs tackle inverse problems, such as the discretized, linearized traveltime tomography problem 7-8S = 81/, which are often ill-posed
by nature. The inevitable regularization for such kind of problems is implemented as a Tikhonov—Phillips regularization in these methods.
This is an established and well-performing choice for many ill-posed inverse problems (see e.g. Louis 1989; Engl ez al. 1996; Kirsch 1996;
Hofmann 1999; Rieder 2003). An approximation f* of the solution f'is then found as the minimizer of the Tikhonov—Phillips functional. In
particular, with the H; (B) -Sobolev space introduced above, in the REMP, we aim to determine /* such that

1891 — TS I + 21 f ey 2> 0, (56)

is minimized. The first term is usually called the data misfit while the latter is the penalty term. Note that the corresponding Tikhonov—Phillips
functional consists formally of only one penalty term instead of two (for smoothing and damping) as commonly used in seismology (see e.g.
Charléty et al. 2013; Hosseini et al. 2020). We choose the #; (B)-Sobolev space for regularization here because we considered FEHFs for
the approximation and they are tightly connected to (classical) Sobolev spaces. As we saw in eq. (33), the respective inner product is a sum of
the L? (B, R)- and the L? (IB%, ]R3)-inner product due to which we re-enact the trade-off between smoothing and damping. Thus, this difference
is only minor.

However, there is a more important difference between eq. (56) and the common seismological approach and it lies within the data
misfit: due to uncertainties within the data, seismologists usually consider the (reduced) x? in the computation process as well as for model
selection (via the L-curve) instead of the pure residual v — 7= /™ (see e.g. Hosseini et al. 2020). Mathematically, they are connected as
follows:

Gy, — A\ 1 H 8y = TS|
Xred e ;( o; ) - ¢ R (57)
with
8y =~ TS ((aww)l- - T%f*) , 58)
o Oi i=1,....0
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where 0; € R, denotes the (known) uncertainty with respect to the ith measurement. As the uncertainty within the data cannot be circumvented,
we, therefore, adjust the Tikhonov—Phillips functional considered in the REMP for the case of traveltime tomography as well. Therefore, in
the sequel, we consider the noise-cognizant Tikhonov—Phillips functional

2
A W) A >0, (59)

R¢

Y =T~ /"
o

which shall be minimized in the REMP. The minimizer f* is then obtained iteratively as a linear combination of weighted dictionary elements
d, € D. Let N denote the current (or final) iteration. Then we have

N
Iy =L+ ) and, (60)

n=1

in the case of the RFMP. Here, f; denotes a first approximation which is often the zero approximation in practice. As the dictionary is made
of global polynomials and local FEHFs, the approximation consists—in all probability—of both types of trial functions.
The noise-cognizant Tikhonov—Phillips functional of the Nth step transfers then to

2

B + 1Sy + adly, @) - >0, (61)

RN — d
@mHH——ﬂﬁ—
o

R =RV —ayTrdyi = 8¢ — T2 fva (62)

for the REMP and with R® = 8y~ — T+ f; which yields R’ = y if f; = 0. The main question is how to choose the dictionary element dy; € D
and the corresponding weight oy, € R such that the corresponding Tikhonov—Phillips functional is minimized. Similarly as in the literature
on the (L)IPMPs, we can exchange the minimization of the noise-cognizant Tikhonov—Phillips functional by an equivalent maximization of
the objective functions, see Section A4 for details:

/ 2
BL T A {fwedhy .
RFMP(d; N) = « S >Rf R “B)> _ dn(@) )

1325 + A 1 By(d)

The weights are then easily obtained via

S AN(dN+1)_ (64)
By(dy+1)

In practice, the IPMPs need termination and model selection criteria. As implemented for the Tikhonov—Phillips functional, we adjust
them here as well. Usually, in seismological experiments, we would strive to let x2, reach 1. This should yield the best trade-off between
data (mis)fit, accuracy and smoothing. For the contrived data we use here, however, the uncertainty is assumed to be o = 1. This enables
us to consider the relative data error || R" ||z¢ /|| R®|Ig¢ (as usually done in an IPMP) instead. If we used a varying uncertainty, then those data
points with a high uncertainty, that is, a high value of o;, would be less important for our approximation as the first terms in the numerator
and denominator of eq. (63) would be less significant. In other words, if we used a varying o then we would trust in some data more than
in some other. Then again, we should also rather consider x4 than the RMSE. From the theoretical point-of-view, this does not appear
to be problematic. However, it appears to be more reasonable to test this feature in the combination with the inversion of real data in the
future.

In our experiments, we additionally perturb the delay vector with simulated noise. This again allows us to terminate the algorithm if
the relative data error falls below this noise level. To avoid endless iterations for inappropriate parameters, we also set a maximum number
of iterations. Among those models fy obtained for diverse regularization parameters A, we select the one (i.e. the regularization parameter)
which yields the lowest relative root mean square error (RRMSE)

(Zfl (/ (&) = S (xi))2>1/2

65

TS )
for k € N, where f'is the (exact) solution which we use for our test and is given on the points x'.

The IPMPs use by definition a finite dictionary D* ¢ D = D™ In this case, the maximization of eq. (63) can be done by pairwise
comparisons. However, this means that D must be chosen a priori either automatically or manually. The latter cannot be recommended in
the case of the traveltime tomography because (i) we are inexperienced regarding which trial functions are needed as this is a novel application
for the methods; (ii) the size of D" grows tremendously due to the six characteristic parameters of the FEHFs and (iii) a possible bias by the
choice of D" cannot be quantified. In search of an automation of the a priori choice, the LIPMPs were developed [see Michel & Schneider
(2020); Schneider (2020); Schneider & Michel (2022)]. They follow the same routine as the IPMPs but include an additional learning add-on.
Then, the a priori dictionary choice is negligible. Though they do produce a learned dictionary which can be used as an automatically chosen
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one in the IPMPs, they also proved to be useful as standalone approximation algorithms. Thus, in our experiment, we include the learning
add-on, that is, we use the LRFMP.

4.2 The learning add-on

The idea is to allow all possible trial functions and, thus, use the infinite dictionary D. As we saw before, D includes infinitely many trial
functions of those types with continuous characteristic parameters, that is here the FEHFs. If the characteristic parameters are discrete as here
with the polynomials, we still allow only a finite set. In each iteration, we determine optimized dictionary elements (or candidates) for each
type of trial functions separately. Together they form again a very small, finite dictionary of candidates from which we obtain the overall most
suitable function. Thus, the learning add-on is the determination of the finite dictionary of candidates in each iteration.

Recall that we allow polynomials up to a maximally possible radial and angular degree. The global trial functions in the dictionary
are usually chosen to reconstruct global trends and, thus, high degrees and orders are often negligible. Hence, it suffices to consider some
maximum radial and angular degree. Theoretically, these maximally possible degrees can be chosen to be very high such that the methods
can learn a maximally needed radial and angular degree (see Schneider 2020; Schneider & Michel 2022). It remains to be seen whether this
can be done in practice for traveltime tomography due to efficiency reasons [the curse of dimensionality occurs here: the set of all (Cartesian)
polynomials G ln,n, ; with degree <N has a size of O(N %), see Michel (1999)]. Note that, due to the finiteness, we can still obtain the maximizer
of eq. (63) by pairwise comparisons. Furthermore, we can still use the common preprocessing routine of the IPMPs for the polynomials and
improve efficiency in this way. Practically, this means we define a finite starting dictionary D° which contains at least the chosen polynomials
from D.

In the case of the FEHFs, we use the truly infinite set of possible trial functions [ A]renr. The main challenge here is to maximize eq. (63)
among all possible FEHFs. As a matter of fact, this is a non-linear constraint optimization problem with the objective function REFMP(N a4;
N) — max ! For maximizing RFMP(N, a4; N), recall the corresponding constraints with respect to 4 and A4 given in eqs (15-17). We
can solve this maximization with any kind of established optimization routine. For instance, methods from the NLOpt library [see Johnson
(2019)], can be utilized. Note, however, that a gradient-based approach cannot be used here because it would necessitate the computation
of the gradient of RFMP(N, a4; N) with respect to (4, AA4). Unfortunately, this is not possible for practical purposes due to the absolute
value in the definition of the function (see eq. 25). Further, from experience, we propose a 2-step-optimization procedure, that is, we run two
optimization algorithms. First, we use a global method. Then we refine this solution by using a local counterpart starting from the former
solution. This also enables us to soften the accuracy of the global optimization technique (i.e. its termination criteria) which decreases the
runtime. Note that softening the termination criteria of the optimization is similar to including a weakness parameter as in the RWFMP. Also
note that both solutions are inserted into the dictionary of candidates. Moreover, if the global method needs a starting point, we should insert
a few FEHFs in the starting dictionary for this reason as well. Further note that this starting solution can also be included in the dictionary of
candidates but should generally not be chosen, that is this starting solution should not have a major influence on the learnt approximation in
general.

4.3 Additional divide-and-conquer strategy for traveltime tomography

We experienced that the optimization within the learning add-on is slowed down—amongst others—by the use of many rays at once. Thus,
we considered how to sensibly use fewer rays at once while taking a numerically significant number of rays into account. This yields an
additional divide-and-conquer strategy for our challenge at hand which proved to be helpful in practice. The main idea is to start with a low
number of rays. In our experiments, we started with 1000 rays. If the relative data error falls below a certain threshold such as 50 per cent
then we add the next package of 1000 rays to our consideration. We consider then the first 2000 rays in our algorithm with the exception of
optimization of the FEHFs where we consider only the latest package of 1000 rays.

We are aware that this is a quite manual approach with certain seemingly arbitrary parameters. In the meantime, we also considered
other aspects that concerned the efficiency such that it seems now to be possible to increase, for instance, the size of each ray package. This
may form the basis of future research.

5 NUMERICAL IMPLEMENTATION AND TESTS

In this section, we show a numerical proof of concept for our TTIPMP code. We first introduce our experiment setting for reproducibility and
afterwards our numerical results. Note that the corresponding code is available online (Schneider 2023).

The first-order objective of this paper is to describe a new ansatz for seismic traveltime tomography and to demonstrate that the method
works in principle. For this reason, we consider it, first and foremost, to be sufficient to design a simple test example. Certainly, seismic
tomography is always connected to challenges regarding the computational complexity and burden. Our approach is no different. In the
future, further enhancements need to be done, which could, in combination with progress in computer technology, allow the use of larger data
sets and more sophisticated test scenarios such as a chequerboard test. Since those aspects also mean that we would not yet claim to have a
competitive method, it does not make sense to compare numerical results with those obtained with other methods.
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Figure 3. Resolution test input model for P-velocity consisting of two plumes below the Volcanic Eifel and Yellowstone volcano, shown at spheres with
different radii. The values are in per cent.

5.1 Chosen earthquake data and specific experiment setting

We use the unit ball for our practical computations and show here the approximation of synthetic input structures modelled on mantle plumes,
that is seismically slow, vertical, columnar features that extend from the core—mantle boundary to the surface, as a model for the deviation of
the slowness in the interior of the Earth. That is, we show here a resolution test. The plumes are constructed to extend from the core—mantle
boundary up to the Earth’s surface. They lie below the Volcanic Eifel and the Yellowstone volcano. Note that vertically continuous plume
conduits are among the structures suspected to occur in the real Earth (see e.g. Boschi et al. 2007; Tsekhmistrenko et al. 2021). For a
visualization of this model (see Fig. 3). The diameter of the plumes are 1/40 of the circumference of the respective depth, that is 1718.30 km
at the core—mantle boundary and 3143.96 km at the Earth’s surface.

This enables us to compute a relative root mean square error as given in eq. (65) where we use a grid of k = 12 - 65341 = 784 092 data
points. This grid is given as 12 layers of an equi-angular grid, commonly also called a Driscoll-Healy grid (see e.g. Driscoll & Healy 1994;
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Michel 2013), of 361 - 181 gridpoints. The data are perturbed with 5 per cent Gaussian noise, such that we have perturbed data y? given by
=y (14005 &) (66)

for the unperturbed data y; = (T f) (ai ni) and a unit normally distributed random number &;.

As we aim for a proof of concept, it suffices to consider a ray theoretical setting and the ISC-EHB seismic metadata [see Weston et al.
2018; The International Seismological Centre (ISC) 2022]. Note that these data were among others also used in Hosseini et al. (2020). In
particular, we are using the ISC-EHB metadata from 1998 to 2016, respectively, but only the P waves. We use only the data up to 2016 which
was thinned out a bit to be concentrated in Southeast Asia (western Pacific) as this was the working set of the seismological project partners
(cf- paper by Totten et al. in preparation). Note, however, due to the divide-and-conquer strategy, we might not use all rays from these years
in practice. At most we have used 318 542 rays. According to our strategy, we start with rays in 2016 and add further rays by moving back in
time.

We correct these data with all necessary seismological corrections. The corrections are done in line with the tomography workflows
exhibited in Hosseini et al. (2020), Mohammadzaheri et al. (2021) and Tsekhmistrenko et al. (2021). Moreover, with these metadata, we
have a constant uncertainty o; = 1s,i =1, ..., £. In general, we cannot expect the rays to illuminate the Earth evenly, in particular also
due to the use of thinned out data (see above). That is, we have to take into account that all of our metadata—the receiving seismolog-
ical stations as well as the rays themselves—will be poorly distributed to a certain extent. In particular, the path coverage is sparse in
shallow depths under the largely uninstrumented oceans as well as in the deepest parts of the mantle since we exclude core-diffracted
body-wave paths. For a visualization of the ISC-EHB metadata rays, see Fig. 4. Despite the irregular distribution of the data, they still
appear to be sufficiently concentrated near our structures. We consider the challenge posed by this distribution as a stress test for our
method.

We solve the latitudinal integrals in the inner products of a polynomial and an FEHF with a GauB-Legendre quadrature rule of 10° points
and use an adaptive GauB—Kronrod quadrature rule with an integration error of 10~* anywhere else (i.e. for the DSPO as well as for other
integrals in the inner products). In particular, the latter is necessary for efficiency reasons. We set € = €4 = €7 = 1072 and p = 3482/6371.
Recall that this sets the lower bound for the value of R of an FEHF to the core-mantle boundary in our setting. We use the GN_DIRECT_L
and the LN_SBPLX algorithm for the global and local optimization in the learning add-on. We terminate the global algorithm if succeeding
iterates (i.e. variation in the optimal point itself) vary less than 10~* (i.e. xtol_rel = 10™*) or succeeding function values (i.e. variation in
the objective function of the current iterate) vary less than 10° (i.e. ftol_rel = 10°). We terminate the local algorithm if successive iterates
vary less than 10~% or successive function values vary less than 10~*. In analogy to Schneider (2020) and Schneider & Michel (2022), we
terminate the optimization after 10 000 evaluations of the objective function or 600 s computation time. From experience, these termination
criteria ensure that the optimization happens within a suitable time frame. Further, the loss in accuracy is negligible for our proof of concept.
For more information on the termination criteria of the optimization methods, see Johnson 2019. We terminate the LRFMP either after
300 iterations, or if | RV ||g¢ /||y || is less than the noise level or greater than 2 or if | szed — 1| < 1078, The regularization parameter is chosen
such that the RRMSE is minimized after terminating successfully which means that either the iteration criterion or the residual criterion is
fulfilled. We present here the result for A = 1073 |y|.

As a finite (starting) dictionary, we utilize

[Gsslar =1{(m,n,j) : m, ne Ny, m <5, n <5, je€Z |jl| <n}, (67)
Alsenr = {(4, A4) © A€ D,, AA=AD,}, (68)
3482 2889i i (1 —ep)i
i=0,..4 2 oi=o0,..,4 —1 LT 20,4 69
{6371 25484 1T ’}X{z = }X{ teat =0 } (69)
2889 l—er\"
T €T ! (70)
25484° 2" 2
D = [Gla1 U [Alrenr- (71)

Note that pR = 3482/6371, R = 1.0 and, thus, R — pR = 2889/6371 in our setting.

5.2 Synthetic inversion tests

We chose the regularization parameter to be 1073||y ||z as this produced the lowest RRMSE among the tested values of parameters. The
experiment terminated after 300 iterations with an RRMSE of 0.881173 and a relative data error of 0.154958. The absolute approximation
error is shown in Fig. 6. The approximation is shown in Fig. 5. We scaled the figures to the size of the solution for better comparability
(compare colour scales in Figs 3 and 6). We note that the errors are low for intermediate depths, where our teleseismic body wave paths
sample the mantle most extensively, and higher for large and shallow depths. This is not surprising because of the irregular illumination of
the Earth, which is common for teleseismic body waves and is intensified here due to the regional data set (see Fig. 4).
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Figure 4. Distribution of ISC-EHB metadata rays at different spherical shells (radius in km given in subcaptions). The colour gives the number of obtained
ray points within each 1° x 1°-degree voxel. White stands for no ray points in this voxel. The colourscale refers to the logarithm (to the base 10).

In particular, at the distances from 3770.9 to 4926.5 km to the centre, we see only very little remaining errors, and some of the
errors are simply due to boundary effects since the method is unable to recover the precise geometry of the plumes. Moreover, those are
close to the plumes, that isthe region where our structure is given. Also in larger depths (radial range from 3193.1 to 3482.0 km), the
main errors are situated in the Northern Hemisphere where our structure is located from the core-mantle boundary upwards. Since there
is practically no data (see Fig. 4), in these depths, the method cannot register that the plumes are cut off at the core-mantle boundary and,
further, it does not introduce random artefacts there but continues the structures. We assume that using additionally core-diffracted waves
as well would erase the errors in these depths. In shallower depths (radii 5215.4—6082.1 km), we also see a similar continuing behaviour
of the approximation. Comparing the approximation in these depths with the data distribution, we observe that the errors do not increase
as rapidly as the data becomes sparse. Hence, also here we have a continuation of structure within sparser data regions without many
artefacts. The errors increase in particular below the Southern Pacific at radii 5504.3 and 5793.2 km, which is typically not a very active
seismic region and the data is not well-distributed there. Unfortunately, at the Earth’s surface we have many artefacts. As the sparsity
there is extremely high, we assume that a certain sparsity level can also be a limit to the method. However, note that the Earth’s surface
represents also the boundary of the considered regions (boundaries are known to possibly introduce additional challenges in approximation
tasks).
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Figure 5. Approximation of the plumes model given in Fig. 3. The values are in per cent. The colour scales are adjusted for a better comparability, that is the
colourbar always has the same range such that it can be easily compared with Fig. 3.

In Figs 7, 8 and 9, we show the chosen dictionary elements. Further, in Fig. 10, we provide a comparison to the FEHFs that were given
in the starting dictionary. First of all, we note that the method chooses both local and global functions, much more polynomials than FEHFs
to be precise. In particular, higher degrees and orders are preferred in general. This supports the idea that, due to the irregularly distributed
data, the method uses global functions which fill empty blanks with similar structures as in regions with many data. This is at least the case,
as long as there are enough data points nearby such as in medium depths. Thus, it would be interesting to investigate how the method would
work with even higher degrees and orders. One possible hypothesis is that the method uses even fewer FEHFs in this instance. Regarding the
chosen FEHFs, we see that the LRFMP obtains FEHFs as solutions of its optimization procedure (i.e. they are, in this respect, the best basis
functions) in depths where more data is given. Nevertheless, also at these depths, the algorithm only selects a few of these basis functions.
In regions where the data is sparse, the method falls back to the FEHFs given in the starting dictionary. In general this is not really desired.
Note, however, that this also happens majorly near the Earth’s surface which represents a specific challenge as discussed above. However,
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Figure 6. Absolute approximation error for the approximation of the plumes model given in Fig. 3. The values are in per cent. The colour scales are adjusted
for a better comparability, that is the colourbar always has the same range to show where the errors are overall larger.

since the FEHFs are also generally less often chosen, this outcome suggests that FEHFs may not be the best choice within the LRFMP for
traveltime tomography but with only sparse data the polynomials are also not suitable. It remains a question for future research to determine
which alternative types of trial functions in the dictionary can yield better numerical results. For other applications such as gravitational field
modelling, the LRFMP proved to perform well for the combination of orthogonal polynomials (spherical harmonics in this case) and localized
scaling functions and wavelets constructed from reproducing kernels (see e.g. Schneider ef al. 2023). However, the analogues of such kernels
on balls are connected to essentially higher numerical costs, which is why we have not chosen them for our first experiments demonstrated
here. In light of this, while this approach shows promise, more work needs to be done to improve the efficiency of their numerical calculation
and integration.

Hence, we observe that the LRFMP can provide the possibility to reconstruct plumes within the Earth and constrain errors to their spatial
locale, though the method certainly leaves the room for further improvements.
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Figure 7. Chosen polynomials for the given radial degrees m.

6 DISCUSSION

The synthetic tests worked in the technical sense that our algorithm seems to have been correctly implemented and behaving broadly as
expected, that is the test input structures were recovered fairly well. However, we hit computational limits even with this first, relatively ‘easy’
input pattern of two broad, slow plumes embedded into a background model. These limitations prevented us from proceeding to resolution
tests of ‘harder’, more complex structures (e.g. chequerboards), or of more geologically realistic structure (many thin plumes, subducting
slabs, etc.). This means we are not yet able to comment on hoped-for behaviours such as the algorithm selecting certain dictionary functions
in well-sampled regions and reusing them in poorly sampled regions. This could provide an attractive strategy of acquiring knowledge in one
region and carrying it a priori into less knowable regions of the mantle, which would however be expected to be physically analogous—an
intelligent regularization technique. Extremely uneven sampling is a defining characteristic of global seismic tomography, and widely applied
Tikhonov regularization strategies (norm damping, smoothing) are clearly simplistic. A judgement whether LRFMP can improve on those
will have to await our technical ability to compute more complex test patterns.

The inverse problem of traveltime tomography is ill-posed. Unfortunately, we lack other, helpful theoretical insights such as a singular
value decomposition of the corresponding forward operator, which makes the numerical computations rather time-consuming. Due to the
lack of numerically exploitable properties of the respective operator, we have to take special care on how to use a sensible amount of rays in
practice.
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Figure 8. Chosen FEHFs within different spherical shells (cf. radii in Figure 4): the positions of the dots refer to the positions of the tesseroids’ centre and the
colours refer to their size in the three polar-coordinate directions, namely AR (left column), A® (middle) and AT (right).
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Figure 9. Illustration of the chosen FEHFs (see also Fig. 8).

In retrospect, it might have been preferable to start with a lower-dimensional test inverse problem, for example for mantle structure
beneath one well-illuminated continent such as Europe or North America, though still in a spherical geometry. Ray theoretical or finite-
frequency inversions have achieved very high resolution in such setups with only tens of thousands of wave paths (e.g. Sigloch 2011).
This approach would have reduced the number of rays in our computations, compared to our >300000 rays, which may still be on the
low side for a global P-wave inversion. It would still have been possible to observe the selection of dictionary functions in undercon-
strained regions (around the edges of the targeted continent) and in the large non-constrained volumes that make up the rest of the mantle
globally.

Besides these computational aspects, further work towards applicability in practice should include an efficient treatment of corrections
for earthquake hypocentres (‘source relocations’). Another question emerges from the result: which trial functions are best for this inverse
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Figure 10. FEHFs of the starting dictionary within the given depth ranges (the illustration is analogous to Figs 8 and 9).
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problem? Although we tried finite element hat functions in order to obtain a model that is comparable with other approaches, the results point
towards a different dictionary for future research.

In general, we conclude that the LIPMPs may promise to provide an alternative numerical regularization method in comparison to other
methods for traveltime tomography. In order to achieve competing status, the method still needs to be enhanced. Hence, this paper should be
seen as a report about the intermediate results in the development of the LIPMPs for seismic tomography.

7 CONCLUSION AND OUTLOOK

Here, we proposed to use the LREMP algorithm which yields an approximation in a chosen best basis of dictionary elements. For the latter,
we allowed polynomials as well as tesseroid-based linear finite element hat functions in order to include global and local trial functions in
the dictionary. As this is the first application of the LRFMP to traveltime tomography, we aimed for a proof of concept and followed the
ray-theoretical approach.

Here we presented the method in general with an emphasis on aspects that have to be remodelled for traveltime tomography. These
are—in addition to the choice of dictionary elements—the choice of a regularization space and the practical use of a necessary amount of
data. For the former, we chose a Sobolev space due to the deep mathematical connections between finite elements and these spaces. For the
latter, we introduced an additional divide-and-conquer strategy which allowed us to consider packages of rays iteratively and, in this way,
overall consider a suitable amount of rays to obtain a proof of concept.

In our experiments, we considered a contrived Earth model consisting of two cone-shaped plumes between the core-mantle boundary
and the Earth’s surface. Our results showed that the LRFMP is able to reconstruct such structures. The approximation contains more errors
where the data is relatively sparse.

Moreover, a numerical experiment with a varied data scenario showed that more sophisticated tests such as a chequerboard test would
require further adaptations and enhancements of the method. For instance, the divide-and-conquer strategy (see Section 4.3) deals with an
arbitrary choice of packages of 1000 rays. For complicated global structures, in contrast to our plume example, this might not be sufficient,
since such few rays most likely cannot cover the anomalies sufficiently. In such cases, larger ray packages might make sense, but this requires a
more scientific than arbitrary heuristic for choosing the package sizes. On the other hand, larger data packages will increase the computational
complexity, which needs to be balanced as well.

In summary, future research could deal with a parameter study for the divide-and-conquer strategy in combination with other accuracy-
lowering and efficiency-improving approaches as well as tackling more complicated Earth models.

ACKNOWLEDGMENTS

VM gratefully acknowledges the financial support by the German Research Foundation (DFG; Deutsche Forschungsgemeinschaft), project
MI 655/14-1. KS was supported by the French government through the UCAJEDI Investments in the Future project, reference number
ANR-15-IDEX-01. EJT was funded by the Clarendon scholarship of Oxford University Press (PhD) and supported by the UK National
Environmental Research Council Doctoral Training Partnership in Environmental Research. We thank Maria Tsekhmistrenko, who maintains
the tomographic inversion software on GitHub, and Afsaneh Mohammadzaheri, who assisted EJT with some data in the time of the COVID-19
pandemic. Last but not least, we are grateful for using the HPC Clusters Horus and Omni maintained by the ZIMT of the University of Siegen
for our numerical results.

AUTHOR CONTRIBUTIONS

The research was carried out during NS’s postdoc project. In this DFG-funded project, VM was the principal investigator. KS was the
project partner from geosciences. Both supervised the project and assisted NS. EJT provided available data and software and assisted in the
preparation of the tests.

CONFLICTS OF INTEREST

Not applicable.

AVAILABILITY OF DATA, MATERIAL AND CODE

The code is available at https://doi.org/10.5281/zenodo.8227888 under licence the CC-BY-NC-SA 3.0 DE. The solution shown here can be
computed from it. The used and corrected rays accompany the code in a compressed format. Note that the ISC-EHB metadata is also freely
available online.

%20z AInr Gg uo 1senb Aq 885099//975 L/€/8€Z/8101e/IB/woo°dno-oiwspese//:sdiy woly pepeojumoq


https://doi.org/10.5281/zenodo.8227888

REFERENCES

Abramowitz, M. & Stegun, L.A., 1972. Handbook of Mathematical Func-
tions with Formulas, Graphs, and Mathematical Tables, 10th edn, Dover
Publications, Inc.

Adams, R.A. & Fournier, J. J.E, 2003. Sobolev Spaces, 2nd edn, Elsevier
Ltd.

Aki, K. & Richards, P.G., 2009. Quantitative Seismology, University Science
Books.

Amirbekyan, A., 2007. The application of reproducing kernel based spline
approximation to seismic surface and body wave tomography: theoretical
aspects and numerical results, PhD thesis, University of Kaiserslautern,
AG Geomathematik, http://kluedo.ub.uni-kl.de/volltexte/2007/2103/.

Ballani, L., Engels, J. & Grafarend, E.W., 1993. Global base functions for
the mass density in the interior of a massive body (Earth), Manuscripta
Geodaetica, 18, 99-114.

Ben-Menahem, A. & Singh, S.J., 2000. Seismic Waves And Sources, 2nd
edn, Dover Publication.

Berkel, P, Fischer, D. & Michel, V,, 2011. Spline multiresolution and nu-
merical results for joint gravitation and normal mode inversion with an
outlook on sparse regularisation., /nt. J. Geomath., 1(2), 167-204.

Bhattacharyya, PK., 2012. Distributions: Generalized Functions with Ap-
plications in Sobolev Spaces, Walter de Gruyter GmbH & Co. KG.

Boschi, L., Becker, TW. & Steinberger, B., 2007. Mantle plumes: dy-
namic models and seismic images, Geochem. Geophys. Geosyst., 8,
doi:10.1029/2007GC001733.

Braess, D., 2007. Finite Elemente — Theorie, schnelle Loser und Anwendun-
gen in der Elastizitdtstheorie, 4th edn, Springer.

Charléty, J., Voronin, S., Nolet, G., Loris, 1., Simons, FJ., Sigloch, K. &
Daubechies, 1.C., 2013. Global seismic tomography with sparsity con-
straints: comparison with smoothing and damping regularization, J. Geo-
phys. Res., 118(9), 4887-4899.

Dabhlen, FA. & Tromp, J., 1998. Theoretical Global Seismology, Princeton
Univ. Press.

Dahlen, FA., Hung, S.-H. & Nolet, G., 2000. Fréchet kernels for finite
frequency traveltimes — 1. Theory, Geophys. J. Int., 141(1), 157-174.

Driscoll, J.R. & Healy, D.M., 1994. Computing Fourier transforms and con-
volutions on the 2-sphere, Adv. Appl. Math., 15(2), 202-250.

Dufour, H.M., 1977. Fonctions orthogonales dans la sphere. Résolution
théorique du probleme potentiel terrestre, Bull. Géod., 51, 227-237.

Dunkl, C.E & Xu, Y., 2014. Orthogonal Polynomials of Several Variables,
2nd edn, Cambridge Univ. Press.

Engl, H.W., Hanke, M. & Neubauer, A., 1996. Regularization of Inverse
Problems, Mathematics and Its Applications, Kluwer Academic Publish-
ers.

Fischer, D. & Michel, V,, 2012. Sparse regularization of inverse gravimetry
— case study: spatial and temporal mass variations in South America,
Inverse Problems, 28(6), doi:10.1088/0266-5611/28/6/065012.

Fischer, D. & Michel, V., 2013a. Automatic best-basis selection for geophys-
ical tomographic inverse problems, Geophys. J. Int., 193(3), 1291-1299.

Fischer, D. & Michel, V., 2013b. Inverting GRACE gravity data for local
climate effects, J. Geod. Sci., 3(3), 151-162.

Fischer, D., 2011. Sparse regularization of a joint inversion of gravitational
data and normal mode anomalies, PhD thesis, University of Siegen, Ge-
omathematics Group, Verlag Dr. Hut, Munich, http://dokumentix.ub.uni-
siegen.de/opus/volltexte/2012/544/index.html.

Freeden, W. & Gutting, M., 2013. Special Functions of Mathematical (Geo-
)Physics, Springer.

Freeden, W. & Schreiner, M., 2009. Spherical Functions of Mathematical
Geosciences — A Scalar, Vectorial, and Tensorial Setup, Springer.

Freeden, W., Gervens, T. & Schreiner, M., 1998. Constructive Approxima-
tion on the Sphere — with Applications to Geomathematics, Oxford Univ.
Press.

Fukushima, T., 2018. Accurate computation of gravitational field of a
tesseroid, J. Geod., 92(12), 1371-1386.

Grossmann, C., Roos, H.-G. & Stynes, M., 2007. Numerical Treatment of
PFartial Differential Equations, Springer.

LRFMP for seismic traveltime tomography 1567

Gutting, M., Kretz, B., Michel, V. & Telschow, R., 2017. Study on parameter
choice methods for the RFMP with respect to downward continuation,
Front. Appl. Math. Stat., 3, doi:10.3389/fams.2017.00010.

Heuser, H., 2006. Funktionalanalysis, 4th edn, B. G. Teubner.

Hofmann, B., 1999. Mathematik inverser Probleme, B. G. Teubner.

Hosseini, K., Matthews, K.J., Sigloch, K., Shephard, G.E., Domeier, M. &
Tsekhmistrenko, M., 2018. SubMachine: web-based tools for exploring
seismic tomography and other models of Earth’s deep interior, Geochen.
Geophys. Geosyst., 19(5), 1464-1483.

Hosseini, K., Sigloch, K., Tsekhmistrenko, M., Zaheri, A., Nissen-Meyer,
T. & Igel, H., 2020. Global mantle structure from multifrequency to-
mography using P, PP and P-diffracted waves, Geophys. J. Int., 220(1),
96-141.

Johnson, C., 2009. Numerical Solution of Partial Differential Equations by
the Finite Element Method, Dover Publication, Dover ed., unabridged
republ. of the work orig. publ. in 1987 by Cambridge Univ. Press.

Johnson, S.G., 2019. The NLopt nonlinear-optimization package, http://gi
thub.com/stevengj/nlopt and https://nlopt.readthedocs.io/en/latest/, both
accessed 7 August 2023.

Kennett, B.L.N. & Engdahl, E.R., 1991. Traveltimes for global earthquake
location and phase identification, Geop/ys. J. Int., 105(2), 429-465.

Kirsch, A., 1996. An Introduction to the Mathematical Theory of Inverse
Problems, Springer.

Kontak, M. & Michel, V., 2018. A greedy algorithm for nonlinear inverse
problems with an application to nonlinear inverse gravimetry, /nz. J. Ge-
omath., 9(2), 167-198.

Kontak, M. & Michel, V., 2019. The regularized weak functional matching
pursuit for linear inverse problems, J. /nverse [ll-Posed Problems, 27(3),
317-340.

Kontak, M., 2018. Novel algorithms of greedy-type for probability density
estimation as well as linear and nonlinear inverse problems, PhD thesis,
University of Siegen, Geomathematics Group, Verlag Dr. Hut, Munich, ht
tp://dokumentix.ub.uni-siegen.de/opus/volltexte/2018/1316/index.html.

Leweke, S.,2018. The inverse magneto-electroencephalography problem for
the spherical multiple-shell model: theoretical investigations and numer-
ical aspects, PhD thesis, University of Siegen, Geomathematics Group,
http://dokumentix.ub.uni-siegen.de/opus/volltexte/2019/1396/.

Louis, A.K., 1989. Inverse und schlecht gestellte Probleme, Teubner.

Magnus, W., Oberhettinger, F. & Soni, R., 1966. Formulas and Theorems
for the Special Functions of Mathematical Physics, Die Grundlehren der
Mathematischen Wissenschaften 52, 3rd edn, Springer-Verlag.

Marquering, H., Dahlen, FA. & Nolet, G., 1999. Three-dimensional sensitiv-
ity kernels for finite-frequency traveltimes: the banana-doughnut paradox,
Geophys. J. Int., 137(3), 805-815.

Marquering, H., Nolet, G. & Dahlen, F.A., 1998. Three-dimensional wave-
form sensitivity kernels, Geophys. J. Int., 132(3), 521-534.

Mazdziarz, M., 2010. Unified isoparametric 3D Lagrange finite elements,
Comp. Modell. Eng. Sci., 66(1), 1-24.

Michel, V. & Orzlowski, S., 2016. On the null space of a class of Fredholm
integral equations of the first kind, J. /nverse I/l-Posed Problems, 24(6),
687-710.

Michel, V. & Orzlowski, S., 2017. On the convergence theorem for the Regu-
larized Functional Matching Pursuit (REMP) algorithm, /nt. J. Geomath.,
8(2), 183-190.

Michel, V. & Schneider, N., 2020. A first approach to learning a
best basis for gravitational field modelling, /nt. J Geomath., 11(1),
doi:10.1007/513137-020-0143-5.

Michel, V. & Telschow, R., 2014. A non-linear approximation method on
the sphere, /nt. J. Geomath., 5(2), 195-224.

Michel, V. & Telschow, R., 2016. The regularized orthogonal functional
matching pursuit for ill-posed inverse problems, S/AM J. Numer. Anal.,
54(1), 262-287.

Michel, V., 1999. A multiscale method for the gravimetry problem: theoret-
ical and numerical aspects of harmonic and anharmonic modelling, PhD
thesis, University of Kaiserslautern, AG Geomathematik, Shaker Verlag,
Aachen.

%20z AInr Gg uo 1senb Aq 885099//975 L/€/8€Z/8101e/IB/woo°dno-oiwspese//:sdiy woly pepeojumoq


http://kluedo.ub.uni-kl.de/volltexte/2007/2103/
http://dx.doi.org/10.1007/s13137-010-0007-5
http://dx.doi.org/10.1029/2007GC001733
http://dx.doi.org/10.1002/jgrb.50326
http://dx.doi.org/10.1046/j.1365-246X.2000.00070.x
http://dx.doi.org/10.1006/aama.1994.1008
http://dx.doi.org/10.1088/0266-5611/28/6/065012
http://dx.doi.org/10.1093/gji/ggt038
http://dx.doi.org/10.2478/jogs-2013-0019
http://dokumentix.ub.uni-siegen.de/opus/volltexte/2012/544/index.html
http://dx.doi.org/10.1007/s00190-018-1126-2
http://dx.doi.org/10.3389/fams.2017.00010
http://dx.doi.org/10.1029/2018GC007431
http://dx.doi.org/10.1093/gji/ggz394
http://github.com/stevengj/nlopt
https://nlopt.readthedocs.io/en/latest/
http://dx.doi.org/10.1111/j.1365-246X.1991.tb06724.x
http://dx.doi.org/10.1007/s13137-018-0110-6
http://dx.doi.org/10.1515/jiip-2018-0013
http://dokumentix.ub.uni-siegen.de/opus/volltexte/2018/1316/index.html
http://dokumentix.ub.uni-siegen.de/opus/volltexte/2019/1396/
http://dx.doi.org/10.1046/j.1365-246x.1999.00837.x
http://dx.doi.org/10.1046/j.1365-246X.1998.00426.x
http://dx.doi.org/10.1515/jiip-2015-0026
http://dx.doi.org/10.1007/s13137-017-0095-6
http://dx.doi.org/10.1007/s13137-020-0143-5
http://dx.doi.org/10.1007/s13137-014-0063-3
http://dx.doi.org/10.1137/141000695

1568 N. Schneider et al.

Michel, V., 2013. Lectures on Constructive Approximation — Fourier, Spline,
and Wavelet Methods on the Real Line, the Sphere, and the Ball,
Birkhéuser.

Michel, V., 2015. RFMP — an iterative best basis algorithm for inverse prob-
lems in the geosciences, in Handbook of Geomathematics, 2nd edn, pp.
2121-2147, eds Freeden, W., Nashed, M.Z. & Sonar, T., Springer.

Michel, V,, 2022. Geomathematics — Modelling and Solving Mathematical
Problems in Geodesy and Geophysics, Cambridge Univ. Press.

Mohammadzaheri, A., Sigloch, K., Hosseini, K. & Mihalynuk, M.G.,
2021. Subducted lithosphere under South America from multifre-
quency P wave tomography, /. Geophys. Res., 126(6), €2020JB020704,
doi:10.1029/2020JB020704.

Morse, PM. & Feshbach, H., 1953a. Methods of Theoretical Physics, Vol.
1, McGraw-Hill.

Morse, PM. & Feshbach, H., 1953b. Methods of Theoretical Physics, Vol.
2, McGraw-Hill.

Miiller, C., 1966. Spherical Harmonics, Springer.

Nolet, G., 2008. A Breviary of Seismic Tomography — Imaging the Interior
of the Earth and Sun, Cambridge Univ. Press.

Prakash, E., Radhamani, V. & Priyalatha, S.PR., 2020. Determination of
Earth’s mass density distribution based on satellite data, Adv. Math.: Sci.
J, 9(9), 7223-7233.

Rieder, A., 2003. Keine Probleme mit Inversen Problemen. Eine Einfiihrung
in ihre stabile Losung, Vieweg.

Schneider, N. & Michel, V,, 2022. A dictionary learning add-on for
spherical downward continuation, J. Geod., 96(4), doi:10.1007/s00190-
022-01598-w.

Schneider, N. 2023. (L)IPMP source code for travel time tomography, v3-
tt-2023. Zenodo. https://doi.org/10.5281/zenodo.8227888.

Schneider, N., 2020. Learning dictionaries for inverse problems on the
sphere, PhD thesis, University of Siegen, Geomathematics Group Siegen,
doi:10.25819/ubsi/5431.

Schneider, N., Michel, V. & Sneeuw, N., 2023. High-dimensional exper-
iments for the downward continuation using the LRFMP algorithm,
preprint (arXiv:2308.04167).

Schwarz, H.R. & Kockler, N., 2011. Numerische Mathematik, 8th edn,
Vieweg+Teubner.

Sigloch, K., 2008. Multiple-frequency body-wave tomography, PhD thesis,
Princeton University, Princeton, NJ, USA.

Sigloch, K., 2011. Mantle provinces under North America from mul-
tifrequency P wave tomography, Geochem. Geophys. Geosyst., 12,
doi:10.1029/2010GC003421.

Szegd, G., 1975. Orthogonal Polynomials, American Mathematical So-
ciety Colloquium Publications Vol. XXIII, American Mathematical
Society.

Telschow, R., 2014. An orthogonal matching pursuit for the regularization
of spherical inverse problems, PhD thesis, University of Siegen, Geo-
mathematics Group, Verlag Dr. Hut, Munich.

Telschow, R., Gerhards, C. & Rother, M., 2018. On the approximation of
spatial structures of global tidal magnetic field models, Ann. Geophys.,
36(5), 1393-1402.

The International Seismological Centre (ISC), 2022. ISC-EHB Bulletin,
http://www.isc.ac.uk/isc-ehb/, accessed 21 April 2022.

Tian, Y., Hung, S.-H., Nolet, G., Montelli, R. & Dahlen, FA., 2007a. Dy-
namic ray tracing and traveltime corrections for global seismic tomogra-
phy, J. Comput. Phys., 226(1), 672—687.

Tian, Y., Montelli, R., Nolet, G. & Dahlen, FA., 2007b. Computing travel-
time and amplitude sensitivity kernels in finite-frequency tomography, /.
Comput. Phys., 226(2), 2271-2288.

Tsekhmistrenko, M., Sigloch, K., Hosseini, K. & Barruol, G., 2021. A
tree of Indo-African mantle plumes imaged by seismic tomography, Nar.
Geosci., 14(8), 612-619.

Werner, D., 2018. Funktionalanalysis, 8th edn, Springer.

Weston, J., Engdahl, E.R., Harris, J., Di Giacomo, D. & Storchak, D.A.,
2018. ISC-EHB: reconstruction of a robust earthquake data set, Geop/ys.
J.Int., 214(1), 474-484.

Yomogida, K., 1995. Fresnel zone inversion for lateral heterogeneities in the
Earth, Pure appl Geophys., 138(3), 391-406.

Yosida, K., 1995. Functional Analysis, 6th edn, Springer, Reprint of the
1980 edition.

APPENDIX A: MATHEMATICAL DERIVATION OF SPECIFIC TERMS

A1 Derivation of VN4, a4

As we are using the gradient in the L? (]B%, R3)-integrals, we need the version of V in spherical coordinates:

Ve =€ — +-Vi=eg' — + - (e —=— +e'VI - 12— Al
=ty 83r+r<8 Jirop ' ° az) (AD)
(see, e.g. Freeden et al. 1998; Freeden & Gutting 2013; Michel 2013). Then, for an FEHFE, we obtain
Vieo.)Nr.0.7).(aR. 20,07, @, 1) .
.0
= Xsupion-aras.anwonaravan s €2 0 | € §N<R,®,T),(AR,A¢,AT)(F,<p,t) (A3)
! o (A4)
I % o
r J1—1203¢ (R.®,7),(AR, AD, AT, @
1 3
+;g’m§ Nw.o.1).aR.00.07)(, @, t)) -
= XsupP[(R,(»,T)—(AR.M:.AT),(R.@,TH(AR.A@_M}](V, ®, t) (A6)
— —RJAD— |9 -S| AT — |t - T
x er[ sgn(r — R)] lp | | | .
AR Ad AT
+ —¢? | | [—sgn(p — ®)] | | N
r m AR AD AT
! AR —|r — R| A® — g — | [—sgn(t — T
+eVi-e =K lp — I [ sen( )]> (A9)
,

AR AD AT
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almost everywhere because

0 Ady —lay— Al —aalac— Al —sgn(ay — Ay)
aak AA]\ - AAk - AAk ’

(A10)

Note that this is only piecewise continuous with respect to the differentiated component but it is still continuous for the other components.

A2 Derivation of VG!

m,n, j

Similarly, for the polynomials with n > 1, we obtain

d 1 n
VG 60 00 = | 2+ 10| [ P50 (1) Tt 0) (A1)
3 m.,n
= P’ 5 [ PSP U0) () ] Vel ) + 22297 [ P02 (109) () Va0 )] (A12)
= P [(P,s?-"“m AN 10) () + Z PO aen () ] ) (A13)
+ B por i 1y (%) Oy &g, 1) (Al4)
with

1 i=1
W) : AlS
Hon {,/n(n+1), i=2,3, )

and the vector spherical harmonics yfj)j (see e.g. Morse & Feshbach 1953a, b; Dahlen & Tromp 1998; Freeden & Schreiner 2009; Freeden &
Gutting 2013; Michel 2022). In the case n = 0, the angular derivative as well as the derivative of (7/R)" does not exist:

ad 1
Vré(w,t)G}n,o.o(”é(% 1)) = Pmo |:8r$ + ;V*] POV (1(r)) Yo0(E(p, 1) (A16)
- r 9 Lo poany b
= Dm0 |:8 o + rV ] P, () N7 (A17)
= Do (PSP U@) 1'0) (1)) 406, 1), (A18)

Note that eq. (A18) can be written in the form eq. (A14) due to the multiplication with 0 (2nd term) and by defining yO 0 = 0 (3rd term).
Hence, the gradient eq. (A14) is well-defined for all 7 and all possible m, n and j. For practical purposes, we need to specify the gradient in
more detail:

Vrc ) G 5@ 1) = P [(Rf?"“/z)(l(r))) 10) () + 2 P8P 1) (5 )"‘}yn,@(w,t» (A19)
2 p0r 2 (1) () Py, 0) (A20)
= P [(B" 12 100) 10 (55) s Py (O Trie G059 0 (A21)
n—1
TR B UCN (F) s P Trigg)e (0.0 (A22)
1 n—1
+ PPN (%) 4V (Pn,|_,-|(r>Trig(j¢))] (A23)
= D) [(P(O n+1/2) (](r))) 1 (r)( )n P, (O Trig(jp)é(e, t) (A24)
o 0.n+1/2) ro\n L
+ 2P UE) () Pu T (9. 1) (A25)
1 -l
+ 2 PP ) (1) =z Dn(0) (Trigp) (. 1) (A26)
b PO ey ()T VI e U.(r)Trig(jw)s’(w,t)] (A27)
= Dt [(POTP 1) 1 (r)( ) PuinTrig(j0)% (g, 1) (A28)

PO () PTG, 1) (A29)
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J pon " 1 . .
+ ﬁprio' U (ﬁ) ﬁf’nm(fﬂrlg(—](ﬂ)&w(% 1) (A30)
1 -l , L
+ o POAE) () V1= 2L, (0OTrgGe) o r)] (A31)
4
= Puntnj ) G 1y (rE(@, 1)), (A32)
p=I
Note that the well-definedness of the terms
1)", (t) /
\/% and  V1—12P) (1) (A33)

used only for n > 1 was already discussed in Schneider (2020). The latter can also be computed with the respective algorithm given there.
We discuss the former here in a bit more detail as this increases the efficiency in our implementation. Away from the poles, the term can be
calculated straightforwardly. In a neighbourhood of the North and South Pole (i.e. for t — +1), we obtain

P, it o X 5 _2\0 oy — p/ i —
i Lot® (1= )72 Uiy — lim, 1y (1 —2) P(1) = Py(x1). =1 (A34)
=+l 1 — (2 1>+l 0, ljl > 1,

where the lower row holds because every derivative of a Legendre polynomial is bounded in [ — 1, 1] for trivial reasons.

A3 Derivation of regularization terms

At first, we list certain trigonometric identities that we will need hereafter:

sin(oz)—l—sin(ﬁ):25in<a;ﬁ>cos<a;ﬂ>, sin(«) — sin(B) = 2 cos (a;'g>sin (a;ﬂ>, (A35)
cos(a) + cos(B) = 2 cos <a ;— '3) cos (a ; ﬂ) , cos(a) —cos(B) = —2sin (#) cos (a ; ﬂ) , (A306)
. . 1 1
sin(«) sin(B) = 3 (cos (¢ — B) —cos(xx + B)), cos(a)cos(B) = 3 (cos(a — B) +cos(x + B)), (A37)
) 1. . ) sin?(x)
sin(e) cos(B) = 3 (sin (e — B) — sin(a + B)), / sin(x) cos(x)dx = 5 (A38)
/x sin(ax)dy = sm(izx) X cos(ax)7 /x cos(ax)dx = cos(zax) n X sm(ax), (A39)
a a a a
in(2 in(2
/sinz(x)dx = % - smi x)’ /cosz(x)dx = % + s1nE‘ x). (A40)
We have to discuss the following inner products
(G G:n’,n’,j’);_tl ) (Naads Naraay)y » (Naaa G:n.n,j>7¢l ; (A41)
which practically means computing
(G:n.n,j, Gl"’-”’vj’>L2(B,]R) ) <NA,AA, NA"(AA)’)Lz(]EYR) s (NA,A/h GLH'J)LZ(]B,R) s (A42)
(VG:,,’,,_]-, VGl"'~”/s/’>L2(]B,]R3)’ (VN4 a4, VNA’.(AA)’)LZ(]B’Rs)s (VN4 a4, VG}’L"’./')LZ(B,]R%' (A43)
We start with two polynomials. We have
(Gin,n._,-f Gin’.n’,//>L2(B,]R) = 8m~’”'8"-"'8j-j’ (A44)

due to the fact that they constitute an orthonormal basis system in L? (B, R). Next, we consider the vectorial inner product of their gradients.
Note that the vector spherical harmonics are orthonormal with respect to their degrees, order and type. With eqs (44), (A15) and the substitution

r = R4/(1 4+ u)/2, we obtain from eq. (A20)
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+ (Mglz))z-/o [%P’go n+1/2) (I(r))( )"_]] |:71?'P;0 n+1/2) (I(r))( )"_1i|r2dr:|
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(A45)

(A46)

(A47)

(A48)

(A49)

(A50)

(AS1)

(A52)

(AS53)

(A54)

(A55)

(A56)

(A57)

(A58)

(A59)

(A60)

(A61)

(A62)

(A63)

(A64)

(A65)

(A66)

(A67)

(A68)

(A69)
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! 1 "R [ 2
+ (n(2n + 1)) / PO ) PO D () (—“L”) = du (A70)
. 2 4V 1+4u
= 6n,}1’8>/,j’pm,npm’,n (A71)
1 e omalss AN
x | 4R / (POM12(y) (P;;”* / )(u)) (T) du (A72)
-1
1 ) 1+ u "
+Rn/ I:(Prglo,n-#l/Z)(u)) POy 4 PO () (Prfg’nﬂﬁ)(u))]( : ) du (A73)
-1
1 n—1/2
+ LQZ +1 / PO ) PO () (—1 ;Lu) du} (A74)
—1
= 6n,n’8j.j’pm.npm’,n (A75)
RV2 (! ey '
x [ 2‘( (PO D)) (P,fji’ +””(u)) (1 +u)"" du (A76)
-1
R ! / n n !
4 Rn [(P;o,nﬂm(u)) Prfﬁ, 172, POy (Pr(nq, +1/2)(u)) ](1 +uy 12 4y (A77)
212
Rn2n+1) ', (0.n+1/2) ~1/2
4+ — 7 PO () P w)(1+u)""du|. A78
s ) @) P ) (A78)
Next, we discuss the inner products of two finite element hat functions. Generally, we have
<NA,AA7 NA/.(AA)’>L2(B‘R) (A79)
3 ’ ’
[Ad; —la; — A;[[(AA;) — la; — A]]
= Suj Su ’ / d ASO
/I;X» PP 4, A4 (a)X PP 4 (A A) (a)}:[] AAJ-(AAJ-)/ a ( )
_ > /“”ﬂ.f [Ad; —la; — A;[(AA;) —la; — ASN] | a2, j =1, da. (A81)
i, AAd;(AA;) Lj=23"

where /b, denotes the lower and ub, the upper bound of the respective g;-integral. That is, principally, we have (informally speaking)
[[b, ub] = supp 4 x4 N SUPP 4/ (1Y (A82)
though we have to take a detailed look on the case a, if P # P’ (see below). As a generalization, we consider the integrals

/“b‘ [AX —|x — X[I[(AX) —|x — X"|]
Ibs AX(AXY

x4dx (A83)

for ¢ € Ny (here, in particular, ¢ = 0 and ¢ = 2) in the sequel. Then, the L? (B, R)-integral is obtained as the product of this integral for all
variables x = a;,j = 1, 2, 3. At first, we need to consider how the lower and upper bounds are defined. Furthermore, because the FEHFs
are piecewise defined, we have to determine these critical points in between /b, and ub, as well. At last, we need to discuss the remaining
integrals.

For x = a; = r and x = a3 = t, there are three cases depending on X, AX, X" and (AX)' that we have to consider:

(a) suppy, ax = [X — AX, X + AX]

L suppyr (axy = [X' — (AX), X + (AX)]
2. suppyr (axy = [Xmin, X'+ (AX)]
3. 8uppy (axy = [X' = (AX), Xinax]

(b) suppx, ax = [Xmin, X + AX]

Losuppy (axy = [X' = (AX), X"+ (AX)]
2. suppyr (axy = [Xmin, X'+ (AX)']
3. suppyr axy = [X = (AX), Xinax]

() suppy, ax = [X — AX, Xinax]
Losuppy axy = [X' = (AX), X'+ (AX)]

2. suppyr (axy = [Xmin, X'+ (AX)]
3. 8uppy (axy = [X" = (AX), Xinax]
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In any of these cases, we obtain the lower bound as
[b, = max[max(Xmin, X — AX), max(Xmin, X' — (AX))] (A34)
and the upper bound as
ub, = min[min(Xpax, X + AX), min(Xpax, X' + (AX))] (A85)

Note that if /b, > ub, (componentwise), the intersection is the empty set and the integral vanishes. For x = a, = ¢, we also have three relevant

cases:
(a) sgn(P) = —1 = suppy py = [max(—m, X — AX), min(rw, X + AX)]

1. sgn(P’) = —1 = suppy (nxy = [max(—m, X' — (AX)'), min(rr, X" + (AX))]
2. sgn(P’) = 0 = suppy: (axy = [mMax(0, X’ — (AXY)), min(27r, X' + (AX)")]
3.sgn(P’) =1 = suppy (ayy = [max(w, X' — (AX)"), min(37, X" + (AX))]

(b) sgn(P) = 0 = suppy oy = [max(0, X — AX), min(27, X + AX)]

L. sgn(P’) = —1 = suppy (xy = [max(—m, X' — (AX)"), min(z, X' + (AX))]
2. sgn(P’) = 0 = suppy: (pxy = [Max(0, X' — (AXY)), min(27r, X' + (AX)")]
3. sgn(P’) =1 = suppy axy = [max(w, X' — (AX)'), min(37, X' + (AX))]

(c) sgn(P) =1 = suppy oy = [max(wr, X — AX), min(37, X + AX)]

L sgn(P’) = —1 = suppy (nxy = [max(—m, X’ — (AX)), min(r, X" + (AX))]
2. sgn(P’) = 0 = suppy (ryy = [max(0, X' — (AX)'), min(27, X" + (AX))]
3. sgn(P’) =1 = suppy (axy = [max(w, X' — (AX)'), min(37r, X' + (AX))]

If sgn(P) = sgn(P’) [i.e. the cases ( — 1, —1),(0, 0) and (1,1)], we obtain the same lower and upper bound as in eqs (A84) and (AS85),
respectively, but with the respective Xy, € { — 7, 0, 7 }. If sgn(P) = — sgn(P’) while sgn(P) # sgn(P’) [i.e. the cases (1, —1) and ( — 1,
1)], we shift one of them about 277 and obtain that sgn(P) = sgn(P’) (and P = P’). Last but not least, we have the cases (0, 1), (1, 0), (0,
—1) and ( — 1, 0), that is where one, let it be sgn(P), equals zero and the other one, here sgn(P’), is £1. If sgn(P’) = —1, then we can
cut the support suppy s yy C [—7, 7] from the left-hand side at 0 and shift the part that is in [ — 7, 0] into [, 27]. Then, we obtain
suppy iy, = [X' — (AX) + 27, min(X' 4 (AX)' + 27, 277)] U [max(0, X' — (AX)), X’ + (AX)']. As a consequence, we obtain possibly
two lower and upper bounds via

[X — (AX) + 27, min(X" + (AX) + 27, 27)] N suppy o x (A86)
and
[max(0, X' — (AX)), X'+ (AX)] 0 suppy o - (A87)

In particular, we have

b — max[max(0, X — AX), X' — (AX) + 2x] (ASS)
* 7\ max[max(0, X — AX), max(0, X' — (AX))]

and the upper bound as

b, — min[min(27, X + AX), min(X' + (AX) + 2x, 27)] (A89)
T min[min(27, X + AX), X’ + (AX)] '

If sgn(P’) = 1, we cut its domain at 27 and shift the part that is in [27, 37] into [0, 7r]. Thus, analogously, we obtain suppi?,i,fzfX), =

[X' — (AX), minQ27, X' + (AX))] U [max(0, X' — (AX) —27), X' + (AX) —2n] and

Ib, = max[max(0, X — AX), X/— (AX)/] (A90)

max[max(0, X — AX), max(0, X' — (AX) — 2m)]

and the upper bound as

b — min[min(27, X + AX), min(27, X' 4+ (AX))] (A91)
7\ min[minQm, X + AX), X' +(AX) —27x] |’

For the cases where sgn(P’) = 0 and sgn(P) = £1, we obtain analogous solutions (exchange X with X', AX with (AX)’ and vice versa). Note
again that, in all cases, if /b, > ub, (componentwise), the intersection is the empty set and the integral vanishes.

We explain the following steps of determining critical points and deriving the remaining integrals only for the case where we have one
integration interval [/b,, ub,]. If we have two, we can execute these steps for both separately and add the integral values to obtain the value of
(A83) with respect to x = a, = ¢.

%20z AInr Gg uo 1senb Aq 885099//975 L/€/8€Z/8101e/IB/woo°dno-oiwspese//:sdiy woly pepeojumoq



1574 N. Schneider et al.

Critical points here are those points between the lower and upper bound(s) where one of the FEHF turn from increase to decrease of
the hat (always with respect to a fixed dimension). Here is how to determine them. The critical points can obviously only be from {X, X +
AX, X, X £ (AX)'}. Thus, we sort them for increasing order and then check each value whether it is in [/b,, ub,]. For practical purposes, it
is sensible to count how many critical points—including /b, and ub,—we have. Let this count be / < 6. In the sequel, we set p; for a critical
point: /b, < p; <ub,,i = 1,..., I, 1 < 6. Note that it cannot be more than 6 different critical points because of the definition of /b and ub. The
integrals in eq. (A83) are, thus, equal to

x9dx. (A92)

— [P [AX = |x — X[[(AX) — |x — X[]
;/ AX(AXY

Note, that if two critical points p; and p; .| coincide, then the respective integral from p; to p; .| vanishes. Thus, we do not have to take care
of this situation by ourselves. We first consider the following

TZI:/_M [AX —|x — i(g[((ﬁ))(?’ —l =X, (A93)
2 /m+1 [AX —sgn(x — X)(x — ?)]([((2))2 —sgn(x — X")(x — X’)]xq & (A%)
. + +
AX| =20 ] [AX) | ] (x=X)
1 N ~
= 2 /p [ AX(AXY x4dx, (A95)

where the last two cases must coincide. Note that we need to determine the values of — sgn(x — X)) and — sgn(x — X") for this. Forx =a; =rand
X = az = t, the sign value can be obtained straightforwardly. Similarly, this holds forx = a, = ¢, if (P, P’) € {(0, 1), (1,0), (0, —1), (—1,0)},
that is, if we exclude the cases where we shifted the support of one FEHF in order to obtain the upper and lower bound. In the latter cases,
we have to shift P or P’ here accordingly to the shift done before to obtain the correct sign values. In practice, we can also shift P or P’ once
in the beginning of the computation of the inner product as well.

For readability, we only consider the integration of x?W(x; X, AX, X', (AX)') defined in

+ +
AX| - =X || Aax)y| - |x=-X)
- + W(x; X, AX, X', (AX)
/ x¥dx =;/xq (x; A i (A96)
AX(AXY AX(AXY
1
=— [ x"W(x; X, AX, X', (AX)) dx A97
AX(AX)’/X (3 X, AX. X' (AX)) (A97)
in the sequel. We obtain
qu (X, AX, X', (AX)) dx (A98)
+ +
X x| X+ | X+ | AX |+ [ AX) (A99)
+ + + -
x| X + AX { (AX)) (A100)
xq+2 - + +
= +3 o2l X|+|X|+|AX| + | (AX) (A101)
1 + |1 + +] |+ -
+ xq+1 - -
+ X+ |ax||x]|+|ax) (A102)
q+1
— + __
+ ] + - - + +
=+ |@+Dg+Dx" | = [(@+3)g+Dx | |+ | X| + | X' | + |AX]| + |[(AX) (A103)
— + + + + -
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+ — —_
+1 / / 1
+ @I+ X j: sx| ¥ |+ &0 | | samw D (A104)
+ + -1 [- + +
|+ @+2@+ 0| = [@+@+De ||+ | x|+ | x|+ [ax]|+ [ax (A105)
- + EE: + -
+ - - x4q+1
Ng+2) [ x|+ |ax||x AX' : A106
M e R M Rl | KPR Ry (100

With these values the L? (B, R) inner product of two FEHFs is fully discussed. For the respective L? (IB, R3) inner product, we obtain

(Vrs(w,t)N(R,qxT).(AR,A<1>,AT), Vrs(w,t)N(R'.cb'.T/),((AR)/.(A@)'.(AT)')>L2(M3) (A107)
= /B Xsuppir,0. 18R, 2067 (R0 18R, 20, AT '+ @ ) Xsupbyiar a1y~ ay cawy campwor meary oy aryy s @5 1) (A108)
[—sgn(r — )] AD — o — ®| AT — |t = T|[—sgn(r — R)] (AD) — |9 — Q| (AT) — |t = T'| (A109)
X
AR AD AT (ARY (ADY (ATY
n 1 1 AR-—|r—R|[—sgn(p — P)| AT — |t = T| (AR) — |r — R'| [—sgn(¢p — O] (AT) — |t = T'| (A110)
r21—1¢2 AR AD AT (ARY (ADY (ATY
1 AR —|r — R| AD — |¢p — D| [~ t — 1) (AR) — |r — R'| (AD) — |9 — ®'| [— t—1
Ll AR = RIA® — g = @] [ sgnt = D (AR — Ir = RI(A®) —lp = @ [=sgnt =T o
r? AR AD AT (ARY (ADY (ATY
= A XS“W[(R,®,T)7(ARAA®~AT>A(R<®.T)+(ARVA®<AT)](r’ ¥, t)XsuPp[(R’,d)’,T’)—((AR)’,(A(b)’,(AT)’).(R/.Cb’,T/)+((AR)/.[ACD)C[AT)’)](}” 9. 1) (A112)
- —R)JAD — | —D|AT — |t —T|[— — RN (ADY — |¢ — ®'| (AT) — |t = T
 LSEn = R A® — g = @ AT — |t — T [=senr — R)}(A®) —lp = @[ (ATY [t =Tl A1)
AR AD AT (ARY (ADY (ATY
N -/JB XS“”"[(Rw,T)—(AR,m.AT),(R,<1>A7‘>+(ARAA®,A7‘>1(F’ ¢ t)XSUPPRR/.cD/.T/>—((AR)’.<A¢)’.<AT>’),(R’.¢’~T’)+<<AR>’,(A®>’.(AT)/)J(r’ . 1) (Al14)
1 1 AR-—|r—R|[- — ®) AT — |t —=T|(AR) — |r — R'| [— — PN (ATY — |t =T’
1 I~ Rl [=sgnlp = @] AT — |t = T| (AR —Ir = R [=sgnlp =@ (ATY i =T/l e
21 —1¢2 AR AD AT (ARY (ADY (ATY
+ /]E Xsupp[(R-fb,T)—(AR,M%AT),(R,¢AT)+(AR.A®,AT)](r’ @ Z)XSUPP[(R’,G’/.T’)—((AR)’,(ACD)’,(AT}’),(R’.q)’.T’)+((AR)’.(A<D)’.(AT)/)](r’ ¢, t) (Al 16)
1 AR —|r — R| AD — |¢p — ®| [— t —T)(AR)Y —|r — R'| (AD) — |¢p — ®'| [— t—T
Ly ARl = RIA® — o — @] [ et — D (ARY — Ir = R (A®) ~lp = @ [=snt = T)] oo
72 AR AD AT (ARY (ADY (ATY

|r2drd<pdt (A118)

_ /” / /"”' [ sgn(r “R)JADP — o —PIAT — |t = T|[—sgn(r — R)] (AD) — |9 — | (AT)Y -t =T
e Ad AT (ARY (ADY (ATY

ub, ub, _ _ _ _ _ _ /o _ PRI P /o _ 7
+/ / / 1L AR-F-Rl[snle = AT - = T ARV = = R [osgnle = 00 AT = 0= T2y (s 119)
Ib, b, L=

AR AD AT (ARY (ADY (ATY

/“”/ fl /1 L2y AR=Ir = RIA® — g — O] [—sen(t = T)] (ARY — Ir = R| (A®) — Iy = &'| [ sentt —
1b, 1b, 1b,

7] ,
-1 = AR AD AT (ARY (ADY (AT) r*drdedr  (A120)

/“”r sgn(r — R) sgn(r — R) , /"bw AD — |p — | (AD) — | — D/ /b AT — |t = T| (ATY — |t = T'|
= r
/ 1

, , — (A121)
AR (AR) 1ty AD (AD) . AT (AT)

»
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“r AR —|r — R| (ARY — |r — R’ uby —-® — @ w1 AT —t=T|(ATY = |t =T’
+/ Ir [ (AR) —|r | / sgn(p ) sgn(g ) / . | [(AT) —| Idt (A122)
s, AR (ARY Ib, Ad (ADY b 1 —t AT (ATY
ubr AR —|r — R| (ARY — |r — R’ e AD — |9 — DI (AD) — |9 — P’ ubi t—T t—T
+/ I — R| (AR) Ir/ | / lp — @ (AD) |<P/ Id(p (1— tz)sgn( ) sgn( : ) s (A123)
s, AR (AR) Ib, Ad (AD) by AT (AT)
3 ”b“ksn(a — Ay) sgn(a, — Ay) 5113, k=1,
_ / gn(ax — Ai) sg kA - 1. k=2 Yda (A124)
k=1 " 1ba Ade (Ady) l—a}, k=3
3 ubg ; — R . AA-’—a~—A’- #5 .=35k=27
y / P AA;—la; — A;| (AA;) — | 4 il a2/ da; (A125)
otk Vb A4 (A4)) 1, else

Note that /b, = Ib,,, ub, = ub,,,lb, = 1b,,, ub, = ub,,,1b, = lb,, and ub, = ub,,. We see that also this integral fragments with respect to
the variables a;,j = 1, 2, 3, and the only integrals left for a discussion are of the form

/‘ sgn(x — X)sgn(x — X7)
AX(AXY

again for ¢ € Ny, here in particular ¢ = 0 and ¢ = 2, and

x4dx, (A126)

1 AT —t—=T|(AT)Y —t =T
/ | [(AT) | |dt. (A127)
11— AT (ATY
For each integral between two critical points, we obtain
— - X 1 +l
/sgn(x X) sgn(x )quxzi_ifxq gy (A128)
AX(AX) AX(AXY (g + DAX(AXY
in the first case and
W, T, AT, T',(AT)
( ( ))dt (A129)
1—1¢
+1 . [+] - - + ] +
=/ + il Bl s + | T|+|T|+ |AT| + | (ATY (A130)
- + + + + | -
+ 1 - -
+ T2 T| + | AT T + [ (AT)) | dt (A131)
— + —
+ “oe=e) ([ o
= | + | (atanh(®) —¢) | + — s +|T|+|T |+ |AT | + | (AT) (A132)
- - + + + -
+ — —
+ |atanh(?) | T | + | AT T + | (AT) (A133)
— + —

in the second case. Note that the latter is obviously not well-defined for # = 41 due to the logarithm which is why we have to diminish the
domain for this variable in practice.
At last, we consider the mixed cases. We obtain

(Nasa: Ghunjiogz (A134)
=11 e A4 A4y — la; = 45 G, (x(ar, a2, a3)) a. J=1 da; (A135)
=t maxCmin, ;24 A4 s L j=23["
min(Rmax, R+AR) AR — — R n

= Pt [ BT =R poramaey (5) rar (A136)

! max(Rmin, R—AR) AR R

AP AD | — D min(Tnax, T+AT) AT _ |¢ — T|
x / 7Tr1g(j(p)d<p/ S T (. (A137)
D—AD AD max(Tin, T—AT) AT

We immediately see that the integrals with respect to 7 and ¢ cannot be calculated analytically. However, as they are 1-D integrals, they can
easily be integrated numerically, for example with suitable software libraries. With respect to the ¢-integral, we obtain
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AD —|p— D o — —D)p—D
B2 = D tiigj) = 22 =D D
-~ Dsgn(p —P)\ .. . sgn(p — ) .
= (1 + AD Trig(j¢) AD @Trig(jp).

Thus, the following cases remain:

V2¢cos(jg). j <0

, [COS(jw) .

esin(jo)| .
> - . J <0
J J

G = [otigione = [{ ei=0  tae=1 " igj=0
V2¢sin(jg), j > 0 ﬁ[sm(éw) _ (PCOS.(J‘P)] =0
J J
and
V2cos(jg), j <0 ?sin(j(p), j<0
LU.o = [Tiggene = [1 1 j=0fde= o, j=0

\/Esin(qu), j>0

—% cos(jg), j >0

This yields
QHAD A lp — @
————Trig(jp)de
./q>7A<1> AD
® AD— | — D PHAC AD — | — |
= ———Trig(Gp)de + / ———Trig(jp)dg
/cp—Acp AP ® AD
* AP+ —@ PHAPNAD — 4+ D
= Trig(je)de + / Trig(j¢)de
/;—A@ AD ® AD
[} q) D+AD q)
= 1— — + —— ) Trig(jo)d l+——— T d
L_m< ~o T2 ) rlg(w)fﬁﬁ ( v Aq)) rig(je)de

1 ) Ny
= EL(;,@@,M,JF (1 ACI))12(1 Dlo-no —

1 P
=——0L(,P-AD)— (1 — — | L(,P - AD
sl e =20~ (1= 2 ) by @ - a)

1
—0L(j, D 1—
+ACI> 1 )+<

@
——L(j,d+ AD 1+ — ) L(j,®+ Ad
D 1(J, @+ )+< +M>> 2(j, @+ AD)

1 O]
=——0(,P—-AD)— (] — L(j,®—Ad
o= a0 - (1- 2 ) np.e - a0yt

AD

e )12(J»q>)+ Lo - (

1 @
~a 10 PIgTe? + <1+ e )12(1 PlgTe?

)
q>> LG, ®)

2 [
Il(]’ (D) 12(]7 d))

)
——0L(j, o+ AD)+ (1 + E) L(j, ® + AD).

AD

For the gradients, we have similarly

1
(Veew.) Nr.o.1).aR,00.87), VVE((”J)Gm,n.j>LZ(]B,R3)

L [—sgn(r — R)] AD —

lg —®| AT — |t =T

= /]; XS“pp[(R,dxT)—(AR‘AQAT).(R,@,T)+(AR,A¢,AT)](V’ ¢, t) <£

AR AD AT
N —r = R [=sen@ = @NAT — |t =T| 1, 15 AR=|r = R| A® = |y = & [~ sgn(t = T)]
r «/;1 —2 AR AD AT AR AD AT

1577

(A138)

(A139)

(A140)

(Al41)

(A142)

(A143)

(A144)

(A145)

(A146)

(A147)

(A148)

(A149)

(A150)

(A151)

(A152)

(A153)

(A154)
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4
< | Pwandn; Y Gy i E(0 1) | dx(r, @, 1)

p=1

= Pmn4n.j /]; Xsupp[(R.QT)—(AR,AtD,AT).(R,<I>,T)+(AR,A®,AT)](r’ @, t)

5 (8,‘[_sgn(r—R)]A<D lo — <I>|AT—|t—T|> ZGmnjp(rg(go,t))

AR AD
1 1 AR—|r—R|[-sgn(p — ®) AT — |t — T
+<;g¢m AR AD AT > ( mn/3(r§((pvt)))

1, AR —|r —R|AD — |¢p — D [— (t—T)]
-I—(;e Vi—eSt = N ) (G, u(rEo, r)))]dx(r,w,r)

REaR: pota®  pTHAT —sgn(r — R)] A® — |p — D] AT—|t—T|
—pmnqn,/ / / ( £ ) ZGmn]p(VE(ga,t)) r2drdedt

AR AD
ReaR poae Tear | AR—Ir—Rl[=sgnp— @ AT — |t =TI\ :
+ Pm.nqn.j ./1; /(;) /T (V . t2 AR AD AT ) . (Gm,n,jﬁ(ré}_((/’, t)))r drdedrt
REAR (8400 (T4AT AR—Ir = R A® — |p — & [=sgn(t = )]\ .
+ DPmondn,j /R A ./T ( AR AD AT ) . (Gm%j%(ré(tp, t)))r drdedt
/-R+AR /<D+A<I>/T+AT —sgn(r—R)] AD — |€0_¢| AT—|t—T|
= Pmndnj AR AD AT

x((P;"’"““)(l(r»)’1’(r>(%)” By (Trigo)é . 1)+ = POV 1) () P,,,m(r)Trig(ms(w,r))rzdrdwdr

. /R+AR /-¢+A¢/T+AT 1 AR — |r — R| [—sgn(p — )] AT — |t — T|
Pm.nqn,j R ® r },. l_tz AR AD AT

j o -1
x <EP"5° P (%)

1 o
ﬁpw(, )Trig(—jp)e (o, t)) r’drdedt

N /vR+AR /-<D+A<D/~T+AT AR — |}" _ Rl AD — |(/J _ (bl [_ sgn(t _ T)]
Pt | o . AR AD AT

1 -1 L
x <§ PO ([(r)) (ﬁ) 1 —22P; (OTrig(jp)e' (¢, t)) r2drdedr

R+AR [ gon(r — R)] , Fan PHA® AD _ | — O THAT AT — |t — T
— D LSl = O (pOn+1/2) (o)) 1 (7) 24y A T P Trig(jg)d / ST (nde
psns [ B (0 ae) 10y () e [ 22 g [ 0
REAR [—sgn(r — R)] r" PTA® AP — o — D THal AT — |t — T
; ooV = 2 p0nt1/2) r AP —jp—D[ . . AT =t =T,
b [ D g ey (£) 0 [T B2 S g [ AL o

R+AR AR _ R P+AP [ S THAT AT — |t =T 1
+ Pundn.j / # (0 n+1/2) (@) ( ) dr wﬂrig(_m)dw/ # ﬁpn,\j\(t)dt
" JR-ar AR P—AD AP T-AT AT 11—t

(A155)

(A156)

(A157)

(A158)

(A159)

(A160)

(Al61)

(A162)

(A163)

(A164)

(A165)

(A166)

(A167)

(A168)

(A169)

(A170)

(A171)

RYAR AR _ 1y — R DHAD A _ THAT [ (—T
+ o [ SRR gt 4y (1) ar / AP =107 Pl gy / N st =Dy p2ypr (nar (A172)

ReAR AR AT o1l
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(P2 (@) (@) ()" af + P (@) (%) nag. k= 1

3 Ap+Ad, — 4
k=1 7 Ak=BA k (1 —ap)P, | (axp), k=3

P’flo,n+1/2) (@) (%)" ) Pi=1

3 AHA A A g — A Trig(ja;), i=2
8 /A A4, Py jiai), i=3k=1
ljfaizP,,,m(ai), i=3,k=2

da;. (A174)

i=1,izk Y Ai= DA

Note that, for practical purposes, we still have to compute eight different integrals for this term. Moreover, the integrals with respect to a; =
rand a3 = t can still only be computed via numerical integration. For the case a, = ¢, we obtain

O+AD Sgn((p _ q>) (o) 1 O+AD
D g e = [ Soieiode— [ S Triejed (A175)
/Hq> Ad ooso BO . A0
j ® P+AD
= Lo ([ e - [ i) (A176)
d—AD [
= 5 QL= ®) = h(=j; @ = A®) — L(—]: ®+ A®)) (A177)
and
®+A¢ACD_|§0_CD| ) )
| A = g, (A178)
DP—-AD

which we have already discussed above.

A4 Derivation of objective functions RFMP( - ; -) and ROFMP( - ; -) and related coefficients

We start with REMP. The respective noise-cognizant Tikhonov—Phillips functional is given in eq. (63) by
2

RY —aTHd
TN (fw + ad; T, 0, 89, 0) = ‘ S A adlBy e, >0, (A179)
R¢
RN = RN — iy Trdyg = 89 — T4 fugr- (A180)
We now aim to determine («, d), o € R, d € D which minimizes 7M. We start as follows:
3 3 [|RY —aTRd |’
0= —TM(fy +ad; Ta, A, 89, 0) = — | | — | +2llfy +adld (A181)
oo do o RE !
o [ |RY] RY TRd\' | | THd|’ ) 2 2y 2
= @ 7 » —2(¥<7, T>R( + o 7 . 'f')\”fN”Hl(]Bg)"'205)L <fN7d>Hl(]E)+05 )LHd”H](B) (A182)
RY THd\’ T=d |? s s
=-2{—,—) +2||—| +2x{fy,.d)3,@ + 20 dly, s - (A183)
o 0 [gt R
This yields
N 2
<RT7 ¥>R‘T —A (st d)%-ll(B)
Uny1 = 2 . (A184)

| 24 e + 211415, )

Inserting this value into JM (fy + ad; 79, A, 81, o), we obtain

TM(fy + aypid; T2, k. 89, 0) (A185)
RY|? RY THd\’ TAd |

=||— _ZO(N+1<777> +O{§]+1 - +)\”fN”%{1(]}g)+2aN+l)‘«<va d)%{l(]]g)'f'a%]Jrl)\”d”i[l(]B) (A186)
0 |lge [} 0 [rt R!

RV 144\’ 2

RV|? <TT> AU D [ RY TRd\

= Hf + 2wl @ — 2 p— R . <7 —> =2 (S d)yy, ) (A187)
7 e ||%||]R‘ + A1l @) g 9w
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(

2

_}\(vad)%{l(]B) |:‘
1225 + 2 1l s

2
RN THd
(( o’ o > - fN’ HI(B))

=

)

o

NoT d>2

o

Td |
o

R¢

+ 2 Ildllil(};)} (A188)

= +A ||fN||H1(]B) - (A189)
o e |32 5 + 21y
= J™M(fv-1 + aydy; T7. A, 8¢, o) — REMP(d; N). (A190)

Note that 7™ (fy_; 4+ andy; 77, A, 8%, o) is fixed in the (N + 1)th iteration. Thus, we see that, if we maximize RFMP( - ; -) as defined in
eq. (63), we minimize the noise-cognizant Tikhonov—Phillips functional in the (N + 1)th iteration.
Similarly, in the ROFMP, we consider the noise-cognizant Tikhonov—Phillips functional

RN —aP J_'T-ld
M (f,(VN>+ad;T-,,A,a¢,a) = % A Hf“v’ +a(d- b(N)(d))HH o (A191)
R¢
RV = RY — (1P Trdy = 8y — To AL, (A192)
for » > 0. Confer Schneider, 2020 for a full definition. Again, we first consider the minimizer with respect to «:
il
0=~ gM( W 4 ad; T, x,aw,a) (A193)
J RN 2 RN ’PVLT—Id 2 PV Tjd (N) (N) 2 2
LN I S S e e Dy 104 _pM 23 14— B
N 8a|: o g 2a< o’ o >Rf+ H H 1 ®) +2°‘}‘(f .d —b, (d)>Hl(]B)+a)n||d b, (d)“y,(B) (A194)
2 2
RN PpiTAd Py T~d 2
Y +20 | (0 d @)+ 2 |d = V@] - (A195)
o o " o " H(B) 1
which yields
< RJN, Py}i’f‘id> < 2 F0, d — d)>u
B
e = ol = i =3 (A196)
PVlTjd )
el I |-t (d)”
H1(B)
Inserting o)\ in 75 ( (N)—|—ad TA, A, 8, a) we obtain
(A + a0 T 0 5w, 0) (A197)
2 2
R g (RY Py (ot |2 (A198)
- o Rt N+1 o ’ o -, N+1 o »
2 2
(N) (N+1) (N) 7 1(N) (N+1) )] 2
+ 2] £ ’ T2 VRN (d))HI(B)—I—(aNH ) wld = bV@], (A199)
‘ A<VN> 2 (A200)
Hi(B)
Py,L Tad
RN Vy < (N) d— b(N) d)
<”’ ’ >z I Doy [ [ RY Py \? N
2 . = +A<f( ) d - b<N>(d)> (A201)
P, Td | ™ o o , Hy(B)
i +]d =} (d)H R
R H1(B)
ey PopTd\? ™) ’
2, 51w -s@), Y Typy el
¢ % 2
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LRFMP for seismic traveltime tomography
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