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A NEW NUMERICAL APPROACH TO INVERSE TRANSPORT EQUATION WITH
ERROR ANALYSIS
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ABSTRACT. The inverse radiative transfer problem finds broad applications in medical imaging, atmospheric
science, astronomy, and many other areas. This problem intends to recover the optical properties, denoted as
absorption and scattering coefficient of the media, through the source-measurement pairs. A typical computa-
tional approach is to form the inverse problem as a PDE-constraint optimization, with the minimizer being the
to-be-recovered coefficients. The method is tested to be efficient in practice, but lacks analytical justification:
there is no guarantee of the existence or uniqueness of the minimizer, and the error is hard to quantify. In
this paper, we provide a different algorithm by levering the ideas from singular decomposition analysis. Our
approach is to decompose the measurements into three components, two out of which encode the information
of the two coefficients respectively. We then split the optimization problem into two subproblems and use those
two components to recover the absorption and scattering coefficients separately. In this regard, we prove the
well-posedness of the new optimization, and the error could be quantified with better precision. In the end, we
incorporate the diffusive scaling and show that the error is harder to control in the diffusive limit.

1. INTRODUCTION

Radiative transfer equation (RTE) describes the dynamics of (photon) particles in materials with various
optical properties. It has been used in atmospheric science, medical imaging and many other areas as a basic
model. The equation can take different forms, depending on the degrees of generality. Among them, a stationary,
frequency independent form reads:

v-Vaf+olx)f = /k(x,v,v’)f(:t, v")dv (1)

where f(x,v), defined on phase space, is the distribution of particles at location x and with velocity v. Here
z € Q C R withd =23 and v € V = S, the unit sphere in R%. k(x,v,v") is termed the scattering
coefficient, representing the probability of particles moving in direction v’ changing to direction v at location z.
o(x) is the total absorption coefficient that represents certain amount of photon particles being absorbed by the
material. Here we assume that o has no velocity dependence. The boundary is separated into an “outgoing”
and an “incoming” part by defining:

Iy ={(z,v) : 2 € 0Q,+v - n, > 0}, (2)

where n, is the normal direction pointing out of 2 at x € 9. In this way, I'_ collects all boundary coordinates
that represent particles coming into the domain where I';. collects the opposite. For the wellposedness of RTE,
we require inflow boundary condition, i.e. the data imposed on the “incoming” part of I'_:

f|f‘7 :f—(xuv)v (;EJ’U)EF—' (3)
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In many applications, light is sent to a bulk of material with unknown absorption and scattering properties,
and light current propagating out of the material is measured. Scientists need to adjust the sources and
measurement locations for recovering the material properties. This technique is used in medical imaging where
near infrared light (NIR) is sent into biological tissues for tumor or bone structure [22, 23]; it is also used in
outer space studies: during Galileo’s travel around Jupiter, pictures are taken by the near infrared mapping
spectrometer (NIMS), and scientists recover components of atmosphere on each satellite by inverting RTE,
through which they found that Io is covered by SOs mainly [14].

We study these problems from mathematical and computational side. Mathematically, we typically assume
that no prior information on ¢ and k is known, but the entire incoming to outgoing map is given. This map is
termed the albedo operator:

Al f-— f|F+ . (4)
Then the goal of inverse RTE is to recover o and k through the albedo operator.

The wellposedness of this problem was considered in [I3], in which the authors showed that, given the albedo
operator (@), a full recovery of both o and k is possible in 3D whereas in 2D, only o is recoverable. Some
following up studies include: utilizing the Born series for the recovery [21]; the illposedness of the problem if
the operator’s output is changed to flow current (having no velocity angle information) [7] [6]; the passage to
the illposedness in fluid regime [I1]; and studies on various scenarios [8, [5]. Most of these analytical studies
use the technique termed “singular decomposition” invented in [I3]. In that paper, the authors separate the
data according to the singularities of different components in the measurement, each of which is in charge
of recovering one property. See also a review [4]. However, despite its effectiveness in analysis, the singular
decomposition idea barely sees its direct use in computation: it is unknown if the process could be repeated
numerically or on real experiment, let alone the error analysis it induces in practice.

From the computational side, the topic has been extensively studied in many scenarios as well [29] 19} 26|, T2, [T].
Reviews could be found in Arridge [2, 3] and Ren [25]. One typical formulation is to first rewrite the equation
into an optimization form and then run optimization algorithms for the recovery. More specifically, one samples
N, and N, grids for z and v respectively, and writes the equation in the discrete form:

(A+B)-f=0, with f|p_=1f_.
Here f is the solution sampled on all grid points:

f= [f(xlavl)vf(:EQavl)v"' af(xnavl)af(xlaUQ)a"' af(INzaUQ)a"' i 7f($sz’UNu)]t7 (5)

and f_ is f_ evaluated on grid points on I'_. Considering the dimension of # and v, the subscript ¢ and j can
be multi-indexed.
—-A=VRV,+1®o B=23X;, (6)

are discrete version of the transport and the scattering operator, where V is a diagonal matrix of size N,, x N,
with diagonal elements v;, and V, is an N, x N, finite difference matrix in = (depending on the scheme one
uses). o is an N, x N, matrix with diagonals o(z;) and Xy is a block matrix with N, blocks, each block is of
size N, X IN,.

Given several rounds of experiments with {f@ ,i =1,--- N} as the inflow on I'_, and the measured data
{qﬁ(i) ,i=1,--- N;} as the outflow on I';, the typical set-up of the numerical inverse problem is to perform
the following optimization problem:

min, s, (g} 2, |E4£@ — 6| + regularization 7)
st. (A+B)-f@0 =0, E_fO=f" v
Here the superscript ¢ denotes different experiments, and E is the confining operator:

Eif =1, . (8)
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One advantage of this approach is that it is very straightforward, and the regularization could be adjusted to
fit a priori information (for example, TV norm used on o for piecewise constant cases). Disadvantage is obvious
as well, as mentioned in [25]: on one hand, it is unknown that whether the minimizer exists, or is unique, and
the problem tends to be either overdetermined or underdetermined; on the other hand, the computational size
is huge. There are IV, unknowns in ¢ and N, N, unknowns in X, and in d = 3 case, N, is about N2 and N,, is
about N2, with NV being the number of grid point per direction. It is extremely expensive to update even one
iteration in the optimization problem. Multiple strategies are invented as modifications for better efficiency,
such as utilizing the diffusion approximation [28] [30], linearization [25], or using gradient instead of Jacobian
for the updating [27]. However, despite all the effort, it is nevertheless a pity that the wellposedness results
from the analysis side is not benefitting the computation, and it is extremely hard to quantify the error of any
of these methods.

In this paper, we intend to fill in the gap between analysis and computation. More specifically, we will design
an algorithm that 1) is efficient, and 2) leverages as much analysis results as possible. This allows us to spell
out the well-posedness and the error analysis in an exact fashion numerically. Our idea is based on the singular
decomposition analysis, and we will numerically separate the three components in the measurements, using one
to recover o and another for k.

More precisely, consider a concentrated incoming data f_, let ¢(x,v) be the solution of () confined on T';:
o=f ‘F+’ then analysis in [13] tells that ¢ = ¢1 + ¢2 + ¢3 with its components enjoying different singularities
and thus could be separated from each other. Specifically, with ¢, separated from the rest, it could be used to

recover o: o)
T_(z,0
Rlo] = / o(x — sv)ds =1n <f (= 7(z,0)v, v)> )
0 ¢1 (CL‘, U)
where 7_ is the time needed for a non-scattering photon passing through Q and emitting at (z,v) € T';. R is
the X-ray transform that has been proved to be reversible. We repeat this procedure numerically. Denote ¢ 1
the first component that gets extracted numerically from ¢, we show that (Theorem [3])

|oR,1 — P1
|1

with e; and e standing for the width of the concentrating inflow data and outflow measurement. Consequently,
the numerically recovered ¢ has the following the error estimate (Theorem M)

lo = o)1z S (e1 % + Az?)V/2,

where 0% is the true absorption coefficient evaluated at grid points, and Ax is the discretization in z. Here
we only analyze the recovery of 0. We believe that similar analysis for the scattering coefficient k can be done,
but it will be much more involved and we leave it to future work. In the end of this paper, we also study the
inverse RTE in diffusion regime using this approach. When the RTE can be well approximated by the diffusion
equation, one gains big error in the data separation step (@), and this error propagates in recovering o. The
whole scheme therefore breaks down.

The rest paper is organized as follows. In the next section, we recall the singular decomposition theory used in
proving the well-posedness of the inverse problem, and make an analogy in the discrete setting. In Section 3, we
set up the new algorithm and provide details in the implementation. Section 4 is devoted to the error analysis,
which consist of two major parts—error in the data separation and inversion. In Section 5, we introduce a
diffusive scaling to the RTE and revisit the algorithms and error analysis in the presence of multiple scales.

= O(el %), foranyd >0, 9)

dis

2. SINGULAR DECOMPOSITION

The base of our algorithm is the singular decomposition to the measured data. In this section, we first review
this technique developed in [I3], and then extend it in the discrete setting that we will be working on. Let us
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denote
A=—v-V, —o(z), Bf= /k(x,v,v’)f(v’)dv/ , (10)
then equation (II) rewrites (A + B)f = 0. One sees that A consists of a free transport and damping whereas B
encodes the scattering. We let
T4 (x,v) = min{t > 0, z +tv € 90N}, T=T_+4+T4,

be the time for a free transport of photon located at = with velocity v to travel out of 2 forward or backward.
We also assume that

o(x) — /k(z,v,v')dv' >v>0, forae (z,v)€QXV,
in which case the forward problem () is well-posed, and (o, k) pair is called admissible.

2.1. Continuous setting. In the continuous setting, the singular decomposition is proposed in [I3]. The idea
is that when the incoming data is concentrated around one point in  x T'_ space, the solution to () can be
decomposed into three parts that enjoy different degrees of singularities, wherein the leading two singular terms
can be used to recover o and k respectively. Indeed, formally one can write the solution to

A+B)f=0 (z,0)eQxV
{f&zﬁ@m) (1)
as
f = (I+A'B)'Jf
= Jf —(A'BYIf +T+A B YA B?2Tf
= fi+fot[3, (12)
where J : I'_ — Q x V is the solution to the pure transport and damping, i.e.,
ATf-)=0, Tf-|. =Ff-. (13)

It maps the boundary condition to the entire £ x V', with an explicit form:

T_ (x,v)
Tf—(z,0)=eJo ole=sv)ds ¢ (p — 7 (,0)v,0). (14)
The inverse of A, denoted as A~ : Q x V — © x V has the form:

T_(z,v) .
A= —/ e~ Jo o@=sv)ds £y gy, v)dt .
0

It satisfies A(A™Lf) = f with (A71f)|r_ =0.

From (I2)), one sees that f; represents the solution with pure absorption, fo denotes solution after one
scattering, and f3 collects the rest.

The solutions to (IIl), when confined on the boundary I';, is the outgoing data that we measure. Let us
denote it by ¢, then

¢=flr, and ¢ = filr,, i=1,2,3. (15)
Immediately

3
o= ¢ =Allf].
i=1

We now study the structure of Al. For that we use a delta function as the incoming data for f_, and have
the following theorem:
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Theorem 1 ([13]). Assume that (o, k) is admissible. Then the solution to () with
f-(z,v) =8(x —2')o(v =), (2',0v)eTl_ (16)

has the decomposition f(x,v;a’,v") = f1 + fo+ f3, where

(2’ v T (z,v)
f1=1n(z") - | / e oo ol s 0 t)S (v — o )dt; (17)
(z,v) T (2’ 0") T_(z—sv,0)
/ /|/ / S o(z— p'u)dpe Jo~ O'(I — sv —p’Ul,U/)dp
xk(x — sv,v",0)6(z — 2’ — sv — tv)dtds (18)
(min{7, A\}) " Hn(2’) -o'| " fs € L(T ;W) (19)

Here A\ > 0 is an arbitrary constant, and
W={f:fel'(QxV),v-V.f € L'(QAxV)}.

The albedo operator only takes the information on I', and we thus write the distribution kernel «; (z, v, 2, v")
as a confinement
‘WyeT_, i=1,2,3.

ai(z, vy’ ') = fi(x,v;x’,v’)|(m7v)ep+, (x

It maps (2/,v") € T'_ to (z,v) € Ty, and could be explicitly expressed:
Theorem 2 ([I3]). Assume that (o,k) is admissible. Then a(z,v;2’,v") = a1 + az + as, where

In(z) - ']
n(z) v

)-v
) v
-
n(z) v

| T (z,v)

ay(z,v;2' 0') = ”(1_5”)';155(90 — 2 =72V (v =) (20)

042(17 ’U':Zj‘/ ’U/) |n($ /| / (z' 0 . JT+(I +to’, U)U (z— p'u)dpef .]ot o(z+pv’)dp
y Uy

n(z
xk(x 4+t v v)d(z — 2’ —t' — 7 (2 + ' v)v)dt;  (21)
min{7r(2’,v"), \} " Hn(a) - o[ taz € LT _; LY (T, df)). (22)

We conclude that, for any incoming data f_(z,v):

3 3
¢(.’L‘,U) = Al[f_](ib, U) = Z b = /F Zai(xvv;xlu Ul)f_($/,U/)d§($/, Ul) ) (23)
=1

—i=1

where d¢(2/,v") = |n(2’) - v|du(2’)dv is the measure on I'_, and the three components have very different
singularities:

ay is a delta function in both z and v. It belongs to L*(£2 x V), and contains information only from o but
not k.

«o is an integration of a delta function over a one dimensional manifold. The two exponentials reflect the
particle traveling from 2’ to 2’ +tv’ and from z’ +tv’ to x respectively. The particle changes its velocity
from v' to v at 2’ + tv’ with the probability k(z + tv’,v’,v). This term encodes the information of
particles who travel and change directions once.

a3 collects of all the rest information.



6 QIN LI, RUIWEN SHU, AND LI WANG

2.2. Discrete setting. The same formulation can be written down on the discrete level. Using the notation
from the introduction, we write the equation, incorporating the boundary conditions:

(I+AT'B)f = A~ Jof_, (24)

where f is defined in (). Here Jo numerically resembles J. Denote N,y the number of grid points (z,v) on
'y, then Jg is a matrix of size N, N, X Np_.
Using the Neumann expansion:

I+X) P =1—(1+X) X,
. (l—(|+X)‘1x)x
==X+ (I+X)7"'x2,
we let X = A~1B and separate the solution of (24]) into:
f = A of. —ATIBATUf. + (I1+ATIB)THATIB)2 U
= h+H+1fs. (25)

Comparing it with ([I2]), we see that the three vectors are simply counterparts of f;. As suggested by
Theorem [ these three vectors should have different sparsities. Similar to the discussion for the continuous
setting, here we see that f; includes information on A only, which could be used to recover o, while f; takes up
information from B that is equivalent to Xg.

3. NUMERICAL ALGORITHM

As mentioned in the introduction, most of the currently available algorithms are based on optimization, and
they typically write as

(26)

ming, s, (¢} D4 |E £ — ¢@)|| + regularization
st. (A+BED =0, O, =f9 i=12... Nj,

where the superscript ¢ denotes different rounds of experiments, N7 is the total number of experiments conducted,
and E; is defined in (8). The approach is straightforward, but it is lack of analytical justification: there is no
guarantee that the minimizer exists and will be unique, nor does it tell how to choose the correct regularization,
and what will the error be. What is more, ¢ and X are recovered simultaneously which requires a lot of
computation in each optimization iteration step.

In this section, we set up a new optimization framework in recovering o(z) and k(z,v,v") separately. As
indicated by the singular decomposition method from [I3], the measurement could be separated into three parts
based on the different regularities they enjoy, and the first two terms encode information for ¢ and k respectively.
Based on this, we propose a new way of the recovery, and this new approach comes with more rigorous error
quantification.

3.1. Algorithm set up. We first write down the algorithm in the continuous sense, following the ideas in [13].
From here on, we will assume that the experiments are well set in the sense that the measurement is placed
at the boundary where free transport photons emit, corresponding to the input stimulus. Then the algorithm
reads as follows.

Algorithm (continuous)

Input: concentrated source f_(a’,v"), V (2/,v") € T'—; measurement ¢(z,v), V(z,v) € I'y
Output: o(z), k(z,v,v")

Step 0) Decompose data ¢ = ¢1 + ¢2 + ¢3;
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Step 1) Recover o(x) by solving the following problem
min F (Rlo](z,v) — a(z,v)) ; (27)
Step 2) Recover k(z,v,v") by solving

{ mink,f]:(f|r+_¢l_¢2)
st. (A(e) +B)f =0, f|. =/f-

In the problem we formulated, F is a nonnegative convez fit-to-data function. R is the X-ray transform:
_(z,v)
Rlo](z,v) = / o(x —sv)ds, VY(x,v)el,
0

and a is calculated from the data:

a(z,v) = In <f‘($ _T‘(w’”)“’“)> .

51 (@.0) (29)

To justify the validity of this algorithm, we note that:

Step 0 can be done due to the different singularities of ¢; according to Theorem 2l once the incoming data is
made concentrated.

Step 1 is written in an optimization form for later convenience, but in fact, the minimum could be achieved
and is zero. Indeed, according to the definition in (I5) and (1), one immediately sees that for all
(z,v) €T, given z — 2’ //v and v = 0"

T (z,v)
Rlo)(z,v) = /0 o(z —sv)ds = In[f_(z',v")/p1(z,v)] , (30)

which is the same as a(z,v) in (29).
Step 2 is also written in the optimization form. From the theory in [I3], a unique recovery of k is available
once o, is obtained from the first step. Therefore, the minimum could be achieved and is zero.

Remark 1. Another straightforward solver is to replace the optimization problem in Step 1 by:

{ mina,f}—(f|1~+ —¢1) , (31)
st. Af =0, fl. =f-

However, as we can see ¢ here is involved in a nonlinear way, making the optimization problem harder to
analyze.

The same procedure could be taken in the discrete setting for numerical simulation.

Algorithm (discrete)

Input: concentrated source f&i), concentrating around (x(i),v(i)) € I'_; measurement ¢(V. 4 =1,--- Ny.
Output: X, ¥ . . ‘

Step 0) Decompose data ¢(*) = gb%?l + gb%?Q + ¢§;?3 for all 7;

Step 1) Recover o(x) by solving the following problem

mzin]:(R-E—a) ; (32)
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Step 2) Recover Xy by solving

miny, F ({EJrf(i) _ gl ¢gi)}_ - )
i=1,2, N,
st (AR) +B)fD =0, fOr_=£% i=12... N;

Here the subindex R in Step 0 indicates the numerical recovery. F is the discrete version of the fit-to-data
function, and R is the numerical integration of X-ray transform in (30), with each of its row representing one
experiment. Vector a consists of data collected at specific grid point:

£9) (20, p())
aj:ln( D 0,0 ) (34)

R\ T, Us

(33)

where (z9),00)) € T_, and its counterpart denoted as (27, v%7)) takes the form
2@ = 20 41 (2@ @)@ @ = 0 (35)

As written, these steps are pure resemblance of the algorithm in the continuous setting, and each step re-
quires a specially designed implementation, to ensure the wellposedness, and controllable error. We discuss the
implementation in the following subsection, and the error analysis is left to Section [l

Remark 2. An immediate advantage of our new formulation ([B2]) over the conventional one (20) is the size
reduction: instead of looking for ¥ and ¥ simultaneously, which is a problem of size (N, N, + N,)?, we find ¥
first and then find X, and the former one is of a much reduced size.

3.2. Implementation. In this section, we will make clear how each of those steps in the discrete algorithms
can be performed.

3.2.1. Decomposition. Given a concentrated incoming data f&i) on I'_, one could collect the outgoing data ¢(*)

on I'y, which analytically can be separated into three parts ¢§i/)2 /3" Numerically, however, it is not possible to
conduct the separation exactly. Instead, we obtain the recovered data, denoted as ¢§;)1 /2/3° Therefore, we need
to find a way to define ¢%?J— that is simple to obtain and close to ¢§i) enough with a small error. To this end, let

us first assume that fﬁi) is concentrated around (a:(i) , v(i)), with the width smaller than Az and Av. Therefore,

fﬁi) has only one nonzero value located at (:C(i),v(i)) grid. Then we simply set

, _ ) o o
6% (z,v) = p(z,v), T=zi7, V=08 7 @@ 0 eT_, @D ) er, (36)
’ 0, elsewhere

o(x,v), I(s,t) s.t. . — sv =z + t0® v #£ 0@ '

0, elsewhere

By (w,0) = {

%?3 =¢—¢r1— PR2-

3.2.2. Recovering ¥. To recover o from ¢;, one just need to conduct an inverse X-ray transform as displayed
in (30). Since the X-ray transform has explicit inversion formula (will be detailed below), and it is in an integral
form, one way in the discrete setting is to use quadrature rules to approximate inversion formula. This requires
evaluating the integrand on the grids and performing the summation. However, the process is well-known to be
numerically very unstable [10,24]. To overcome this difficulty, many strategies have been invented, including the
algebraic reconstruction technique, direct algebraic methods, among many others [24]. Earlier in this century,
more attention has been placed on using the optimization framework instead of a direct inversion and adopting
the Tikhonov regularization to overcome the large conditioning. This is the approach that we will be taking.
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Specifically, in Step 1, we modify the optimization with a regularizer:
min [|R-o —af[x + Allo|ly, (37)

where the first term represents the mismatch and the second term is the regularizer ensuring the error in the
measurement stay controlled. Both terms are convex, and the existence and the uniqueness of the minimizer is
obvious. In the next section, we will analyze the error brought by the introduction of the regularizer.

We remark here that a more straightforward form in recovering o, in our problem could be

ming YN [[EL£O) — 687 ||x + Ao]ly
st AFD =0, O] =f9 i=12... N,

which can be considered as a numerically implementation of ([BIl). However, as claimed before, here ¢ is involved
in the problem in a nonlinear fashion, and it is not clear why the minimizer exists, or is unique, and the error
would be hard to quantify.

To end this section, we include the inversion formula for the X-ray transform for completeness. In 2D
(z,v € R?), the X-ray transform is equivalent to Radon transform, which admits a unique inversion formula [9]:

o(x) = 2—71T2 /07r Rlo(-,0) * h](x1 cosf + xo sin )db . (38)

Here h is the inverse Fourier transform of |k|, and R[o] is defined in [B0). For dimension higher than two, the
X-ray transform is different from Radon transform, and one needs to first translate a series of X-ray projection
into a Radon projection and then perform the inverse Radon transform [I6] 17, [I8]. Specifically, for helices
trajectory of sources, denote

T (y,v)
D(y,v) = / oy — sv)ds,
0

then for properly chosen vector e, (p, x) and weight u,, the reconstruction formula is

_ 1 I(p,x)
@ = S T g (39)

where

in-y

and the derivative of D is with respect to the first variable. Ipp(z) is the back-projection interval [9]. Here in
either cases, we see that analytically a unique reconstruction of o(x) is available.

N,
e us ) 1
I(p,z) = Z L D' (y(p), cosvb + Szn’ye#)s,—d”y ,

4. ERROR ANALYSIS

This section is devoted to analyzing the reconstruction error |¥ — o%%¢||5, where ¥ is obtained from solving
@1 with ¢r1 given in (30). 0% is the true media sampled on the grid points, with the superscript “dis”
indicating that it is the discrete version. The analysis below is confined in 3D.

In the recovery for X, two steps are taken: the separation of data and the minimization for inverse X-ray
transform. We cumulatively analyze them:

1) data separation: to extract qﬁgi) from the measurement ¢(*), some assumptions have been made, and we

need to study ||¢)g?1 - (bgi) |I, the distance between the recovery ([B6) and the true data;
2) determine ¥ from (1) using discrete reconstruction formula. The regularization has been added to
control the error from 1) but it inevitably introduces the regularizing error.

We examine each error closely in the following two subsections.
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4.1. Study of ¢r1 — ¢1. According to ([BA), incoming data is placed at (zg,v9) and ¢r 1 is defined to be zero
except for a particular point—(zg + 74 (2o, vo)vo, vo)—the counterpart of (zg,vp) on 'y, and at this point,
¢r,1 simply takes the value of ¢, with the intuition that both ¢2 and ¢3 have very limited contribution at this
particular point. In this section we quantify the error produced by ignoring ¢;/3’s contribution.

More precisely, assume the incoming source f_(z',v") = 9 (lm,;zo‘) P (W;v"l) to concentrate at (zg,vp) €
I'_, and the measurement is taken in the neighborhood of its counterpart coordinate (xo.,vo.) := ((xo +

74 (20,v0)v0,v0) € T'y, e,

Bi= [ ow o (Bt m bl (Rl 4o .

Iy €1

Here ¢, and ;1 denote the concentration of the source and measurement respectively. v is a smooth positive
function supported on [—1,1] with ¢») =1 on [—1/2,1/2]. Then using 23], E; writes

o= [ et () o (520

y (|CU — (@0 +T+($07U0)U0)|> y (|U ;UO|) A () dE !0

€1

(40)

We will show that E; is much larger than Ej5 5 for small € and 1, which implies that, at this particular point,
the error ¢r1 — @1 = ¢ — ¢1 = P2 + ¢3 is small. In particular, we have:

€

Theorem 3. Consider the incoming data given by f_(x',v") =1 (\z’7m0|) P (lv/;”["), and E; defined in (@0).

Assume there exists positive constants Cy such that
o(z) <Cy, k(z,v,0") <Ci, Va,v,0,

and T4 1is Lipschilz continuous near (xo,vo). Then there exists constants ¢, C, and Cys such that
Ei > cail, FEy < Ca%f, FE3 < 0552 g4

for any 6 > 0. Consequently, we have

FEs+ FE
% =0(e;2%Y  forany §>0, (41)
1
and thus the relative error is:
|¢R,|l¢_| ¢1| _ 0(5;27654)- (42)
1

To get the relationship among FE;s, we need to estimate their magnitudes individually. From the relation (40)
and the expression of oy and as in 20) (ZII), £y and FE3 can be evaluated straightforwardly. On the contrary,
FE’5 needs more sophisticated analysis and as such, we first bound ag, the kernel of the third part of the albedo
operator, in the following theorem.

Proposition 1. ag(z,v;2',v") € L>(T_, LP(I'4,dE)) if p < 2.

To prove this theorem, notice that ag = fg}(z Der, fs = (A7'B)2f, and by Proposition 2.3 of [13],

I fllzr@xvy < Cllf=|lL1(ag), therefore we basically need the boundedness of A~! and BA™'B (Lemma [ and ).
We will also show that the operator BA~1B could send L' data to L? (Lemmalfl). The results are summarized
in the following few lemmas.

Lemma 1. Let g be a function defined on Q2 x V. 1 < p < oco. Then 3C such that:
A glr, | ze@ae) < Cllgllpr@xvy-
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Proof.
N T g etamsnma '
”A g|F+||Lp(d§) = / / e Jo TNTTIVY Sg(x — t’l),’l))dt df(m,’l))
r. |Jo
T (z,v) p
<[] o] dto
r; |Jo
T (z,v)
< C/ / |g(a — to,v)[Pdtdé(x, v)
r. Jo
= OH9||Z£;,(X><V)
where the second inequality uses Holder inequality, and C' = sup,, , 7 (z, v)p/ p/, % + ﬁ =1. 0

Lemma 2. Let g be a function defined on Q x V. Assume that k(z,v,v") < C1. If p>1 and ¢ < 3377” < 00,
then

IBA™ Byl Lacaxvy < Cp, D)9l Lrxv) -
Proof.

T_(x,0") . ,
(BA™'Bg)(z,v) = — / k(x, v, v)/ e~ Joole=s)ds (BoY (x — 0! o' )dtdo’
0

\4
o / ko' w)e™ o 7m0 (By)(y, o) 2dy
2 (43)

- / Kz, o, v)et Jo o= 4s s / Ky, w, v/ )g (y, w)dwt~2dy
1%

Q
:/ Ki(z,v,y,w)g(y, w)dwdy
QJv
with the change of variable
r_ Ty
lz -yl

and €2, the integration domain of y, is the set of y € Q such that the segment from z to y is contained in .
The integral kernel K; is given by

Kl (JI, v, 7, ’U}) _ 1Qz (y)k(.’[], ’U/, ,U)e—t fol a((l_S/)IJ’_S/y)dS/k(y, w, ’U/)|.'L' _ y|—2 .
Thus, by the assumption that k € L*, one has
|K1(xav7y7w)| < Cl(E—yl_2 (4'4')
Using this estimate, we can finish the proof by the Hardy-Littlewood-Sobolev inequality:
”BA_lBquLq(XXv) < |~T|_2 *zv quLQ(XxV)

= C/ / |z — y|?g(y, w)dydw
QxV QxV
/ |z —y|"%3(y)dy
Q Q

= el %0 310
< Cllglle e -

y=x—t/, dy=~tdtdv’, t=|z—y|, v

q
dadv

q

<C dz
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where g(x) = fv g(z,v)dv, and the last inequality uses the HLS inequality in €2, hereby imposing the restrictions
on p and ¢g. Then notice from the Holder inequality

P
13112,y = / \ / g(z,v)do| dz < C / / lglPdvdz = Cllgll, ey -
Q \% QJV

the result directly follows. O

Lemma 3. Let f1 be defined in ([[T), then for p < 2
IBA™'Bfil|raxvy < Cp.
Proof. Recall f;

T (z'0") T_ (z,v)
fi(z,v) = |n(2") - V'| / e o o(z=s0)dss(p — o — to)d(v —v')dt,
0
Then
7y (& )
|IBA™'Bf1(z,v)| < C/ / / |z —y|720(y — 2’ — tw)d(w — v")dtdwdy
QJvJo
74 (' 0")
= C'/ |z — (2 + )| 2dt
0

thanks to ([@3]) and (@4).

For any x € X, write the parallel and perpendicular component of x with respect to v’ as

r=a"4z+x1, with  z) = ((z —2') - "),
then one sees that
/ lv — (' + )| 2dt = / (| = to' P+ |zL?) " 'dt = / (o) =t + |z L[*)~"dt

= [ e+ syt = el

— 00

Therefore, for any ¢ < 2,

R
||B.A_18f1||%q < C/ / |:Z?l|_qd’Ud:ZT = C/ / |Il|_qd$Ld|5E”| < C,
QJV —RJ|z|<R

where R is the diameter of €2, since x| lives in a 2d space. O

Lemma 4. Let f be the solution to ([l) with incoming data (IG)), then for p < 2 there is C' such that
|BA™'Bf||Lraxv) < C.

Proof. From the previous lemma, we know that ||BA_1Bf1||L:D(Q><V) < C for any p < 2. Then notice that
A~! and B are bounded operators on LP (which is obvious from their explicit expressions). Then, since
BA 'Bfy = -BAT'B(A™'Bf1) = —BA Y(BA'Bf1), one gets |BA™'Bfa||roxv) < C. Finally, from the
fact that || f||L1axv) < C, one gets || fallLaaxv) = AT BAT Bf [ Laaxv) < C by Lemmall if ¢ < 3/2. Then
using Lemma 2 again give | BA™'Bfs||Lrxv) < C for any p < 3. O

Finally, given the fact that f3 = (A~!'B)?f, Lemma [Il and Lemma [ imply Proposition [l The proof of
Theorem B is now in order.
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Proof of Theorem[3 Using (20), one can see that

/ . / 7_(x,v
Jo / / @) V] otemsods s — gt (0N — )
r_Jry ) v

n(x
v <|I/ ; IO|) (4 <|1/ ; v0|) (G <|x — @+ T;(xo,vo)vo)D) P <|v ;UO') dé(x,v)dE(a’,v)

e et ) ) (45)
= Ny e Jo T T o (@ @ )y, (1 —l’0|> (|v —vo|)
_/Filn(ac)UIG P p¢( - " .

" <|($I + 74 (2, 0")0)) ;(fﬂo + T+($07U0)U0)|> " (|U/ ;UOl) dé(a!,v').

Due to the Lipschitz continuity of 7, there exists a small constant ¢ < § such that |2/ —zo| < ce1, [v/ —vg| < ceq
implies |(2/ + 74 (2/,v")v") — (zo + 74 (20, v0)vo| < 1. Also, since 7_ and o have upper bounds, the exponential
term has a lower bound. Thus

Bz [ dé(a’, o) > et
|z’ —z0|<cer,|v'—vo|<cer

To estimate Fs, one uses ([2I)) to get

T (z'v) AN (3 0 ) ,
|E2| :/ / / |TL(I ) v |67 0+ a'(zfp'u)dpef f(f o(z+pv )dpk(ilf + t’Ul,’Ul, 1})
r_Jry Jo n(x) v

6z — a2’ —tv' — 7 (¢ + ', v))dtep ('I/ ; 3:0|) (4 ('v/ — v0|>

€

y (|$ — (@0 +T+($07U0)U0|)> y (|U ;UO|) Ae () dE, o)

€1
SCsup/ / [n(z’) - v'||n(z" + to' 4+ 7 (2 + ', v)v) - v|q/} (|x’ - x0|> . (|U/ _ U0|)
t JroJv

n(a’ + ' + 7o (2!, +tv', v)v) - v € €

. <|(a:’ v+ (2 + o)) — (20 + T+(I0,v0)vo)|)> . <|v - vo|> dode(@' )

€1 €1

<C dvdé(2',v') < Cee?,

|z’ —x0|<e,|v'—vo|<e,|v—vo|<er

where in the first inequality we bound the exponential terms and the k term by C' and then integrate out the
x variable.
For E3, we have

|Es| S/ as(z, v’ v")dE(z, v)dE(2!,v)
|z’ —zo|<e,|lz—(xo+T4+ (20,v0)v0|<E1,|V —v0|<E,|v—v0|<E1

< / las (- -5 Ila UI)HLP(d&) Hllm—(mo+7+(wo,vo)vo|<€1,\v—vo|<€1 ||LP/(d5)d§($/a vl)
|z’ —xo|<e,|v'—vo|<e

SOPEMP,/ dé(a’,v")
|z’ —xo|<e,|v'—vo|<e
Scpgi/p 547

thanks to Proposition[Iland Hélder inequality. Notice that 4/p’ = 2—4§if p = T%/Z < 2, and (@) directly follows.

To go from () to ([@2)), one just needs to notice that ¢1 = lim. o ¢, 0 F1 and ¢r1 = lime 0., -0 E. O
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4.2. Study of ¥ — 0. We study the error in the final recovery. Comparing ([27) and [3T), we see that the true
media ¢ minimizes:

min F (R[o](z,v) — a(z,v)) ,

(e
or directly:
Rlo)(x,v) = a(z,v),
while the numerical recovery ¥ satisfies:

min R = allx + A|Z]ly

with @ and a defined in (29)) and (B4)).

The difference between R|[o] and R- ¥ is governed by the accuracy of the quadrature rule. Suppose the second
order trapezoidal rule is used to approximate the line integral of R, and then the truncation error is given by,
for each experiment:

Rlo](z®™, o)) — (R od%), = O(Az?). (46)

The difference between a and a, according to the definition, is from the error in ¢y:

Lemma 5. With incoming data given by f-(a',v') = v (=) o (W222L), the analytical aa, v) and the

£

discrete a differ by O(e72 %) (with arbitrary small § > 0), i.e.,
a(wij),vij)) —a;=1In (M) —1In <M> = O(e7?7%Y),
o1 (CC*J),Uij)) ¢R,1(£C§<J),v>(k]))
where (x0) v0)) € T_, and (xij),vij)) € I'y is defined in (B8l), both of them are on the grid points.
Proof. 1t is a immediate consequence of Theorem [3] and the definition of a. g
We then have the following theorem.

Theorem 4. If the norms in [B7) are both taken as the L?> norm and assume the range condition: there exists
a vector z such that

o¥s =RT 2. (47)
Then by choosing
e 2% 4 Ax?

121l

A= (48)

in BT) with 6 > 0, one has the error estimate
12 = 0%l < Cllelly* (67 % + Aa?)/2. (49)

Proof. The major part of the proof follows a standard result from Tikhonov regularization, as summarized in
[31L [15]. First according to Lemma [Bl and equation (@g]), one has

a=a(z,v) + 0> %) =R- 0% + 07270 + Az?),
and thus
R-o% =a+C (51_2_654 + Az?) . (50)
If considering the L? norm, i.e., (B7)) writes
min R+ - a3 + A3,

then the minimizer ¥ reads
Y =R'R+A)"'R"a. (51)
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Comparing (B0 and (&), their error can be computed as

Y —o? = (RTR+ A)T'RTRo¥ — % — (RTR+ A)"'RTC(e72 %" + Az?)
= [(RTR+A)T'RTRe?® — g%s] — (RTR+ M) T'RTC (7% %" + Az?)
ereg + equa,

where the first part "¢ is the regularization error, and the second e?"“* is the error from computing a and may
get amplified in the optimization process.

Now write the singular value decomposition of R = UAVT and denote the columns of U and V as u; and v;
respectively, and the elements in A is s;. Then we have

le*lle = ‘

Zvi(sf + N sl Cer? 0t 4 Az?)

2

C —2—46_4 2
< —(e et 4+ Az”), 52
— \/X( 1 ) ( )

where we have used Cauchy-Schwarz inequality and the fact that s;/(s? + \) < % to get the inequality. For
e"®9 using the range condition (1), we have

and therefore,

re Asi )\Sz 2
e = 3 (53 ) 20 < el (5325 ) < €Al (53)

9

Combining (B3)) and (B2)), we have

) 1
12— 0%ty < © (mznz + (e e + M)) ,

then choosing A from (@S], the result [@3) directly follows. O

5. DISCUSSION IN DIFFUSIVE REGIME

As demonstrated in previous sections, in most optimization formulation of the inverse problem, one always
needs a repeated use of forward solver. However, the radiative transfer equation resides in a high dimensional
phase space, which requires a large amount of computation effort. A well accepted approximation is the diffusion
approximation, which gives rise to a model that only varies in spatial domain. This approximation turns out to
be very efficient in the forward setting, but brings huge error in the inverse problem. Studies have shown that, in
the case when such approximation can be made, the recovery of the scattering and absorption coefficient becomes
unstable and inaccurate. This phenomena was systematically studied in [IT] for the stationary case, where the
Knudsen number (Kn) denotes the regime of the equation: smaller Knudsen number means better approximation
of the diffusion limit. Then it is shown that, as the Knudsen number shrinks to zero, in the forward setting, the
RTE equation converges to the diffusion equation, with its scattering and absorption coefficients becoming the
diffusion and the damping coefficients in the diffusion equation. For the inverse setting, however, the recovery
becomes very bad, with the so-defined indistinguishability coefficient—a quantity that measures the accuracy
of the recovery, blowing up to infinity in the diffusion regime.

In this section, we will revisit this result in our numerical optimization framework and show that, in 3D
diffusive regime, F; cannot be separated from Fs and F3, making the algorithm invalid in the very first step.
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More precisely, the original equation () in the diffusive scaling rewrites as

v-Vaf+ <Knaa(ar) + %a,j:z:,v)) = % /k(x,v,v’)f(a:,v/)dv’, (54)

where the Knudsen number Kn represents the ratio of the mean free path and the domain length, and is an
indicator of the regime the equation is in. Here we decompose the the total absorption o in () into two
components, o, and o,. The former one is a pure absorption, and the latter one is the absorption caused by
scattering, i.e., o, (2,v) [ k(z,v,v")dv’. As written in (54)), o, and o, is rescaled differently. In this new form,
the inverse problem will recover either (o, k) or (o4, k).

For simplicity, we consider the domain €2 = {:1: = (z1,72,23) ER3,0< 17 < 1}, and thus 02 are two infinite
size parallel walls located at x; = (0,0,0) and z, = (1,0,0) respectively. The outer normal directions are then
n; = (1,0,0) and n, = (—1,0,0). The main theorem states as follows.

Theorem 5. In 3D, consider the incoming data given by f—(z',v') = ¢ (Im/_mol) P (W;U”I) with g =

13
(0,72,23), and E; defined in [@Q). Assume that O is C* in the neighborhood of x. = xo + T4 (%0, v0)v0,
one has:

Ey; < Cietexp (—=Cy/Kn), F3 > celeiKn?, (55)

where Cy, Csy, ¢ and q are positive constants, and q depends on the dimension of the problem. Consequently, if

Kn§(’)(— ! ),
11181

the algorithm breaks down since E3 can mo longer be distinguished from E;.

The proof of this theorem relies on asymptotic and boundary layer analysis. For this reason, we first consider
a 3D case with slab geometry, which essentially reduces to a problem in 1D. Indeed, denote = = (z1, z2, x3),
then in slab geometry, the dependent functions are assumed to be homogeneous in x5 and 3, and the velocity
is v = (cos6,0,0), where 6 is the angle between the direction of the flight and positive 7 direction. Therefore,
the photon dynamics varies only along 1 and v, and the problem (54]) reduces to a 1D problem:

vlaxlf: %(<f>_f) ) (Ilavl) € [07 1] X [_171]
f|m1:O,v1 >0 — ¢(U1) 5 (56)
f|w1:1,v1<0 =0.
Here we assume that the boundary is placed at z; = 0 and x; = 1. At the left boundary x; = 1, there is an
incoming data ¢(v;), which could be designed as a concentrated source term. We also assume that o, = 0 just
for the ease of computation that follows.
When Kn = 1, equation (B0 is a reduced version of RTE () in 1D with o0 = k = 1. And as Kn — 0, physically

it means the interactions between particles become intense, driving the equation to the diffusive regime. More
specifically, we have (here we omitted the subscript ‘17):

Proposition 2. In the Kn — 0 limit, the solution to ([BO) can be well approximated by:
f0) = fA+ B = f5 (o) + /(@) + B (ayv), (57)

where f4 is the approzimate solution and has two parts: the layer part, denoted by f* and the interior part,
denoted by f1. E4 is the approzimation error. There exists a constant n, such that the layer, the interior and
the error satisfy the following equations respectively:
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fL: The layer lives only within Kn distance from x = 1 and with change of variables y = Ko 1t satisfies:

vdy f* = (f*) - f*,
fHy=0,v>0)=¢(v) —n, (58)
fHy = 00) = 0;
fI: The interior is defined as:
fl(z,v) = 0 — Knvd, b,
with 6 satisfies:

It also means that f1 satisfies:
v, f1 =5 ((F1) = f1)
iz =0,v>0)=n—Knvd,0, (60)
fz=10v<0)=0;
EA: The error term satisfies:
v0, B4 = & ((E4) — EY)
EA(z =0,v > 0) = Knvd,0 . (61)
EA(z=1,v<0)=—fE(&,v)
Moreover, in a neighborhood of the right wall, with x € (1 — 2Kn, 1):
flay=1-z, fHa)~e ™M EA~ et/ (62)

Proof. To show (&7)), one simply needs to add up the three equations (G8]), @) and (EI)). The properties in (G2])
are from: the solution to the diffusion equation and the behavior of the layer equation [20]. 7 is termed the
extrapolation length, and its existence is proved in [20], but it can not be computed explicitly. 0

Remark 3. In more general 3D case, the analysis can be a bit complicated. As mentioned earlier in this section,
we still assume that the boundaries are two infinite size parallel walls located at 2; = (0,0,0) and x; = (1,0, 0)
respectively. Then the equation writes:

’Ulamlf"f"l)gamzf-i-’vg,ame = %E[f], (1'1,1'27113) (S [O, 1] X R2, E?:l Ui2 = 1,

flar=0,050 = ¢% (22, 23)9" (v) ,

f|x1:1,v1<0 - O .
Here L[f] = (f) — f is an abbreviation of the collision term, and ¢* and ¢V are two functions concentrated at
2o = (0,0,0) and vy = (1,0,0). Namely, the particles getting into the domain are mainly from the origin with
speed pointing directly to the wall on the right. As Kn goes to zero, the layer appears only on the left side along

x1 direction, and by setting:
Z1

Y= 1>
we separate the layer equation and the interior equationifn
e Layer:
ndy ff = L[], yel0,00),
FEly=0,050 = 6" (22, 23) (6" (v) — ) , (63)
fL|y:<>o =0;



18 QIN LI, RUIWEN SHU, AND LI WANG

e Interior:

’Ulamlfl + vgﬁmfl + ’Ugamsfl = %E[fl] R (,Tl,wz, ,Tg) S [0, 1] x R2 ,
SHar=00>0 = 10" (22, 23) , (64)

f|11:1,v1<0 =0;

e Error: the error is defined by:
BA=f—fr=f—-f"=f",
and taking (G3)) and (64]) into account, one gets:

(Ulaxl + 1)28962 + 1)3813) EA = %E[EA] — (1)2812 + v3813)fL , ({El,{EQ,{Eg) S [0, 1] X RQ,
EA|I1:0,U1>0 =0, (65)
EA|m1:1,'U1<0 = _fL(%u x2,x3, U) .

It has been shown in [20] that f(y,v) € L* (ef¥dy, L?(dz)), then in the neighborhood of zo. = (1,0,0),

Vox = (15 07 O)a
R T

fL(:v,v) ~e K EA(CL',’U) ~ e Kn

and thus f ~ f around z; = 1. The standard asymptotic analysis applied on f! shows that:
fl=0—-Knv V0 +Kn?(v-V,)%0 4, /ffdvzo,

where
Awe :Oa 6‘|m1:O :77¢1($27$3)a 9|m1:1 = 07 Ty = (17070)

In summary, around xg., asymptotically we have

/fde/fldvz6‘~|x—xo*|q

with ¢ depending on the dimension (¢ =1 in 1D for example).

At the end of this remark, we would like to point out that the choice of xy and vy is arbitrary as long as they
resides on the left wall. Here we pick z¢o = (0,0,0) and vg = (1,0,0) just as an example. In the following proof
of Theorem [Bl we still make this choice and again it can be easily adapted to other choices.

Proof of Theorem[A Tt follows from [@H]) that

B <ecire [ aE(’ ),
|z’ —zo|<e,|v'—vo|<e
where Cy = ming v 7 ((2' + 74 (2/,v")v"),v") > 0, the minimum taken over all possible (z’,v") for which the
integrand in (@5) is nonzero. Then the upper bound for E; (B3] follows.

In order to estimate Ej3, first notice that for the input ¢ ('x,ﬂ“’l) P ('vl;”“‘) with 2 = (0,0,0) and vy =

€

(1,0,0), the asymptotic analysis gives

fz,0) = 0(z) + O(e7 /K", 0() > cla — w.|?
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for some ¢ > 0, where zg. = (1,0,0). This means at the receiver placed at xo., #(z) has a polynomial lower
bound. Then, for z with |2 — 20.| < Kn, by using [@3]), we estimate

(BAT'Bf)(z,v) —/Q/VKl(x,v,y,w)f(y,w)dwdy

:Kn*Q/ e—\m—y\/Kn e(y) dy
Q. [z —y|?

_ q
20Kn72/ Mdy
Q. N{lz—yl<kn} 17— Yl

_ q
20Kn72/ Md
2 N{lo—yl<le—a.1/2} [T =Yl

Note that if |z — y| < |z — z4]/2, then |y — x| > |z — z.|/2. Thus

(BA7'Bf)(x,v) > cKn™?|z — x*|q/ dy > cKn™ 2|z — z, |77,

O Nflz—y|<|lz—a.|/2} 1T — Y[?

Since a3 relates to A1 (BA_lB), and using the assumption that 9§ is C' at zo., we have
—(xs,v) .
az(xy, vz’ v") :/ e wn Jo ov@—sv)ds (BASIB (g, — to, v)dt
0

Kn
> canQ/ |(z4 — tv) — 2, |77 dt = cKn? .
0

Then the lower bound of Es5 follows directly from its definition ([@Q). Comparing E3 and Ep, we see that as long

as Kn < O(—ﬁ), Ej3 is no longer much smaller than Ej, and the separation cannot be done.

O
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