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Fast path-integration technique in simulation
of light propagation through highly scattering objects

A.V. Voronov, E.V. Tret’yakov, V.V. Shuvalov

Abstract. Based on the path-integration technique and the
Metropolis method, the original calculation scheme is
developed for solving the problem of light propagation
through highly scattering objects. The elimination of
calculations of ‘unnecessary’ realisations and the phenome-
nological description of processes of multiple small-angle
scattering provided a drastic increase (by nine and more
orders of magnitude) in the calculation rate, retaining the
specific features of the problem (consideration of spatial
inhomogeneities, boundary conditions, etc.). The scheme
allows one to verify other fast calculation algorithms and
to obtain information required to reconstruct the internal
structure of highly scattering objects (of size ~ 1000 scattered
lengths and more) by the method of diffusion optical
tomography.

Keywords: highly scattering media, multiple small-angle scattering,
path-integration algorithm, Metropolis method.

1. Introduction

In recent years, optical tomography (OT) has been
extensively developed as a_new method for diagnostics of
highly scattering objects The OT methods assume
the possibility of a correct description of propagation of
optical radiation in such objects. The complexity of solving
this problem, which seems standard at first glance, resulted
in the appearance of the independent line of investigations
[4—8]| Although the description of interaction of radiation
with matter is always based on the system of Maxwell’s
equations, it is impossible to directly use these equations in
the case of highly scattering media. The use of statistic
methods and correlation functions allows one to pass to the
Dyson equation for the mean values and to_the Bethe—
Salpeter equation for the second moments However,
these equations are not usually solved in practice but are
only used to substantiate the passage to the transfer
equations, which are now commonly used for solving
problems of this type M In this case, a medium is
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described by the absorption and scattering coefficients
(inverse lengths) and the angular scattering indicatrix|[4 — 8]

Because the transfer equations also have no analytic
solution in the general case, even simpler models are often
used, which are based on some additional assumptions, for
example, the diffuse approximation|[4—8]| Note, however,
that the correctness of the latter is qués 10ned As a rule,
a scattering object in these models is described by the same
macroscopic characteristics as in transfer equations. The
stationary two-flux Kubelka—Munk model|[11, 14]|and its
generalisations and the method of finite elements[[16]
and integral transformations %in particular, the Melline and
Laplace transformations)|[17] pbelong to models of this type.
The nonstationary two-flux model retaining a
traditional ray ideology also seems rather promising. The
results of any approximate calculation are, as a rule, verified
by solving numerically the transfer equation or using
Monte-Carlo simulations|[21 —24]| In this case, all the basic
macroscopic characteristim;!tic properties) describing
processes of light propagation are initially incorporated to
the model

Unfortunately, when the characteristic size of an object
is of the order of 1000 scattering lengths, it is impossible to
use the Monte-Carlo method directly because the simulation
of ‘unnecessary’ realisations in this method takes plenty of
time. In this case, only 107 — 107" of a total number of
injected photons enters a photodetector aperture, whereas to
achieve an accuracy of 1 %, the number of detected photons
should be no less than 10*. At the same time, the diagnostics
of namely such objects is the aim of diffusion OT
where the internal structure is reconstructed using the data
on spatial distributions of fluxes of detected photons

%is paper, we describe a new scheme for solving the
problem of propagation of light through highly scattering
objects, which is based on the path-integration technique
and the Metropolis method and allows us to overcome
the above-mentioned difficulties. The main advantage of this
scheme is a cardinal gain in the calculation time (by 9—10
orders of magnitude for objects of size of approximately
1000 scattering lengths). We emphasise that, from the point
of view of diffusion OT, this is not simply an increase in the
calculation rate but a qualitative breakthrough because such
a calculation becomes possible.

The path-integration technique was proposed by Feyn-
man in quantum mechanics ﬁ Later, this method was
used in problems of propagation of light through turbulence
[30, 31]] The path-integration technique was first used to
describe multiple scattering by Perelman et al.[[32]] who, as
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other authors later described analytically the
average trajectories and second moments. Note that this
approach, which is efficient in the case of relatively weak
scattering, cannot be used in situations we are interested in.
For numerical calculations, the path-integration technique
was used for the first time in the model of random walk over
a three-dimensional discrete grid [[35—37]} The approach
described below, which more accurately describes processes
of multiple small-angle scattering, better takes into account
the role of spatial inhomogeneities, boundary conditions,
etc.

2. Definition of the statistical ‘weight’
of trajectories in terms of their probabilities

As many other authors|[4—8]| we will not consider here the
phase and polarisation of the light field, assuming that their
role is insignificant in the case of multiple scattering. Note
also that polarisation effects can be rather simply taken into
account in the algorithm described below. We will
approximate any trajectory of a photon by a series of
sufficiently short (with respect to the length of the trajectory
itself and all the spatial scales of the problem) linear
segments Ar; =r; | —r;, where r;isthe ith i =1,2, ..., N)
break point of the trajectory. Points r; and ry,, correspond
to the beginning and the end of the trajectory. We describe
the spatial orientation of each segment by the azimuthal (6,)
and polar (¢;) angles by introducing the corresponding two-
dimensional angle 8, = (0;, ;). We assume, as usual, that
the probability P, (Ar;) =exp(— u,Ar;)) of ‘successful’
(without absorption) passage of a photon through the ith
segment is determined only by the segment length Ar; =
|Ar;| and the absorption coefficient ,, while the scattering
probability Py (Ar;) =1 —exp(— p,Ar;) is determined by
the scattering coefficient (inverse length) f

Let us estimate the probability Pg; (A@;, Ar;) of a change
in the photon propagation direction by the angle Af; =
0., — 0; after the photon transition from the segment Ar; to
the segment Ar;; on the path Ar; We assume that each
scattering event in a homogeneous medium (in sense of
constant values of p, and y) is described by the indicatrix
P (AB,AG,), which, in the case of the appropriate normal-
isation, is simply the distribution of the probability density
of scattering over the two-dimensional angle A@ = (A0, Agp),
having the width A8, = (A0, Ap,) Here, A0 and Ag
describe changes in the azimuthal and polar propagation
angles during scattering. We will estimate the probability
Pg; (AG;, Ar;) taking into account that integration should be
performed over all the intermediate directions of propaga-
tion on the segment Ar;. Therefore, when the probability of
a change in the photon propagation direction by the angle
A@; in each scattering event is small (P(Af, Af,) < 1, small-
angle scattering) the probability P (A8;, Ar;) of rota-
tion by the same angle on the segment Ar; depends on the
number k of scattering events. Strictly speaking, we should
introduce the indicatrix for multiple scattering, which can be
approximately written as

Py(A0;, Ar) ~ >~ PN (Ar) P (AG)). (1
k=0
Here,
) (i Ar)*
P (Ar;) ~ exp(—Ar;) 2

k!

is the probability of the k-order scattering on the trajectory
segment Ar;, which can be specified by the standard Poisson
distribution with the average number of scattering events
(k) = Ny = uArj;

PM(AG)) ~ [dAo 'PEV(A0)P(A0; - A0, A0, (3)

is the probability density of the k-order scattering by the
angle AG;; P*)(9) = 5(6). Then, the total probability of the
photon propagation over each ith segment of the trajectory
under study can be written in the form

Pi(A0;, Ar;) = exp(—u,Ar;) Pg;(A0;, Ary), 4

and the probability of the photon propagation along the
entire trajectory is determined by the expression

N
P(rl;...;V[;...;VN+1) :HP[(Agi,AV,')

i=1
Y

Py(AO;, Ar;). ()

=

1

3. Phenomenological description
of multiple scattering processes

It is impossible to calculate all the required angular
distributions PS(/")(A&») from (3) in the general case. For
this reason, approximate calculations can be performed in
two different ways. In the first case, all the trajectories are
divided into such short segments (Ny; = p Ar; < 1) that it is
sufficient to retain in each segment only two first terms of
sum (1) with known angular distributions PS<0>(0) = 4(0)
(k =0, absence of scattering) and P{V(AB,) = P,(A8;, AD,)
(k =1, single scattering). The rest of the terms in the sum
are neglected because P<k)(Arl-) <1 for k>2.

Due to the elimination of simulation of useless realisa-
tions (see above), even this simplest approach should
provide a considerable advantage in the calculation time
compared to standard Monte-Carlo simulations. However,
the calculation of propagation of light through a three-
dimensional object with the characteristic size of the order
of 1000 scattering lengths will remain time consuming.
Therefore, we will use an alternative phenomenological
approach assuming that the segments, into which trajecto-
ries are divided, are sufficiently long (Ny; = uAr; > 1). We
also assume that the angular distribution of the scattering
probability on each ith segment remains the same as that for
single scattering [Pg; (Af;, Ar;) ~ P(AB;, A8y,)], but its width
AO; depends now explicitly on Ar;. The latter assumption
looks quite reasonable because the lengths of all segments
Ar; for (k) > 1 become so large that the maximum of the
distribution P<k)(Ar,-) (2) separates terms with numbers
k~ Ng>1 from sum (1). The angular distributions of
these terms should be rather broad (A6 > Af,) and
approximately identical because for k ~ Ng; > 1 the con-
secutive integration in (3) can be performed by treating
P,(AB;, AD,) as the delta function. Therefore, by calculating
P,(AO;,Ar;), we can take out the angular distributions
P (k)(AHi) from the sum in (1), which immediately gives

Py(A0;, Ar;) ~ Ps(k) (Aﬂ,—)‘k:N Z P(k)(A’”i) =
k=0
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= P80, .

It is this indicatrix of multiple scattering (k ~ N;) (6) that
we should find now within the framework of some standard
models P((A0)], v, = P40, A0,).

Although we can’perform further calculations for any
specific model of the scattering indicatrix, we will use here
the Henie— Greenstein model Elin which P (A8, A6,) is
specified by the expression

1+
P(A0,A0,) = P (A0, ) = —-
2
A e o
(I —g)" 1 (1+ g2 —2g,cos AD)
where E[x] = n/2 (1 — xsin?y)"/2dy is the total normal

elliptic Legendre integral of the second kind and g, =
(cos A0) is the anisotropy parameter defined as the average
cosine of the scattering angle and varying from zero
(isotropic scattering) to unity (forward scattering). Expres-
sion (7) takes into account the unique relation between A,
and g, and the two first cofactors in (7) provide the
required normalisation of the probability to unity. In the

range 1 > g, > 0, it is convenient to use the approximation
_ 4g 2

E~! {— 75} ~—(1-g 8

1_g) - (1=g). ®)

which gives finally

1 (1-g)
2n? (1+ g2 — 2g, COSA0)3/2

(A0, g,) = ©)

We will calculate the dependence g; (Ar;) assuming that
all the even moments of the distribution of the scattering
angle A6 are ‘split’ into the products of second-order
moments. The relation between the width Al =
(<A92>)1/2 of the distribution P{¢)(Af.g,) and the anisotropy
parameter g, can be found from the standard expansion

00 2\ k
gs—<amA0>—-<§j<wk(éiﬂ )

k=0

Z M = cos(Ad), (10)

= 2k)!

from which it follows that
A, = arccos g;. (11)

Because 1 > g, > 0, the region of variation of A6, should
be specified by the relation

0< A0, < g (12)

In the case of small-angle scattering (g,
the approximate equality

> 0.9), we can use

A0y = [2(1 - g))]'"2. (13)

Under the assumption Py (A8;, Ar;) ~ P,(A8;, Af;) that
we use here, the relation between Af; and the anisotropy
parameter gg; should be similar to (11),

Al = arccosgg, 1>g,=>0, 0<Al; < =, (14)

o a

however, even for g; > 0.9, scattering is not necessarily
small-angle. Taking into account the independence of
individual interaction events, it follows from the central
limit theorem [38]| that for not too long trajectory segments
we have

AOZ ~ NyAOZ = uArA02. (15)
At the same time, scattering on long segments should
become isotropic [11] and

A0, — g for Ny = pt,Ar; — oo. (16)
Let us use now a simple interpolating expression

n? 4
AOZ ~ T [1 —exp ( = MSA,ﬂiAof)}, (17)

which completely satisfies the asymptotics considered
above. It follows from (17) that we should use the

expression
1/2
,usAriAesz):| }v

T
8si = €OS§ l—exp| ——

in all further calculations, and in the case of small-angle
scattering of interest to us, we have

. 1/2
g cos{i {1 — exp (—— M’Ar,)} }

Here, p = (1 — g,)u, is the transport scattering coefficient
[11]} Taking (6), (9), and (19) into account, we can rewrite
expression (5) in the form

(18)

(19)

P(ris...5ri o 50ng)

o (= 32 )
. ] 1/2
5[ -on (-an)] ]
1/2
x{l + cos’ F [1 —exp <—% ,u!Ar,—)] }
2 I
. 8 1/2 -3/2
—2cos | = |1 —exp | ——5 u/Ar; cos AY; ,
2 n?

which determines within the framework of our model the
probability of photon propagation along any trajectory
through its break points r; specified by variables Ar; and
AD;.

(20)

4. Statistical calculation and mechanical analogy

Obviously, the total probability of photon propagation
from a source (point rg = ry) to a detector (point rq = ry,)
can be now described by the expression

P(ry —ry) = J dry...drp. . deyP(ry ... (21)
v

INt1)-
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Here, integration is performed over the entire phase
(configuration) space of the trajectories connecting points
ry and ry, while the probabilities P(r;...;r;...ry.) of the
trajectories are specified by (20). One can easily see that,
despite the incoherent nature of a superposition of the
‘weights” of the latter (due to multiple scattering), our
approach led to the expression that is typical of the
Feynman quantum mechanics The problem is reduced
to the calculation of the continual integral (21), this
procedure being well developed

Integrals of type (21) in quantum statistics are usually
calculated numerically. In this case, an instability often
appears which requires the introduction of certain restric-
tions on the integration region. We assume below that all
the trajectory segments are comparatively short and have
approximately the same length [u,' < Ar; ~ Ary < (1)1,
while a total number N of nodes is variable. Taking this into
account, after the change of variables

Irssrnsmvan} o0 £, 00300, AG; . A0y}
(22)

and simple algebraic transformations, expression (21) can
be written in the form

o0

Pl r) = |

dNJAal A0, ABy
0

(23)

N
XP(N;AO;;...;A0;;.. .;AﬂN)6<0N+1 -0, — ZA«%),
i=1

i=

S, A0

P(N;AO;...;A0;;...;A0y) = exp {f 5 (,u’ArO)z
3\Ms

2 3/5
N {5 ) |14 A |- N} @

The delta function appearing in (23) restricts the integration
region by a space of connected trajectories (@y . = 6+
Zfi L AG;). Expression (24) was written by retaining several
first terms of standard power expansions in (20) and the
result was again convoluted to an exponential. The
limitation of the phase space is justified only when a
photon experiences a sufficiently large and approximately
equal number (Ng; = p,Arg > 1) of scattering events during
transitions from one trajectory node to another. If the
scattering order is small, interference effects should play a
significant role, and the applicability of even standard
Monte-Carlo simulations is limited.

One can easily see that, as in the quantum-mechanical
problems with a variable number of particles — bosons
a total number of integration variables in (23) is not fixed.
Within the framework of quantum-mechanical analogy, the
first term in the exponent in (24) describes ‘the energy of
elastic coupling’ between the adjacent nodes of the trajec-
tories — ‘bosons’, while two other terms specify their
‘chemical potential’. Note that even in a spatially homoge-
neous scattering medium (with constant values of y,, 1, and
g,), these two terms cannot be discarded because a total
number of nodes on trajectories ‘bosons’) can vary. Only
when the dispersion of trajectory lengths is comparatively
small (the case of weak scattering or consideration of only
‘almost’ ballistic photons[[4—8]], the number N of nodes on

trajectories can be considered constant, and further calcu-
lations can be reduced to the problem that has been solved
by Perelman [[32]

Continual integrals of type (23) are usually calculated by
statistical methods, for example, by the Metropolis method
[28]. In this method, the random Markovian process is
constructed in the configuration space s € {sy,55...,5;,...},
where s; = {Nj;ri;...;r;...;ry 1 }. The probability P(s —
s') of transition from one configuration to another is
assumed dependent on the initial (s) and final (s’) states
and is defined so that the distribution {s,} converges to the
specified distribution n(s). In this case, if the ergodicity and
detailed balance conditions are fulfilled

n(s)P(s — s") = n(s")P(s' — s), (25)

this distribution converges to the equilibrium distribution

Zn(s)P(s’ —5) =n(s").

)

(26)

The transition probability P(s — s’) can be represented as
the product

P(s —»5")=T(s— s)A(s — s'), 27
where T'(s — s') and A(s — s’) are the probabilities of the

choice and adoption of the s’ state upon transition from the
s state. The detailed balance is achieved when

T(s'—s n(s')}’

T(s — s')m(s) (28)

A(s — s") :min{l,

By using the Metropolis method, we assumed that all the
nodes are identical and the probability 7 (s — s') is inde-
pendent of their position. In this case, it is sufficient to
determine the ratio of probabilities for two trajectories: the

old one — P(r;...;r;...;ryy1) (node positions {ry;...;
! !

Fisooos e} and/the new one — P(r{;..5ri . PNL)

(node positions {r(;...;¥;;...;rnp1})- In this procedure,

each new trajectory was constructed by modifying the
position of one of the nodes of the old trajectory whose
number i was selected randomly. Because any node ‘inter-
acts’ only with two nearest neighbours (24), this ratio can be
represented in the first approximation in the form

P(l’l;...
P(Vl;..

S PNgL)
S PND)

/
sPici Vs Fig1s - -

P igs.-

. { 1 Ar; + Ar;, { AO% | + AOF + AOF,
= X —
P12 Arg 2 (1l Aro )

n? 5 3/5
+21n |:7 (ﬂS/AI'O) |:1 + g (,US/A}’()):| :| + ZﬂaAro}
LA A { (A07.1)" + (A0)) + (A0],)
2 Arg 2y (1l Ary)?
n? 5 3/5
+21n |:7 (ﬂs/Ai'O) |:1 + 6 (ﬂS/Aro):| :| + 2[laAro}}. (29)

Here, the prime indicates that the value of the parameter
for a new trajectory is substituted.
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The position of r; was varied assuming that the relative
changes in the lengths of segments Ar;_; and Ar; were small.
If the condition [(Ar! + Ar]_)(2Ary)~" — 1| < 0.05 was vio-
lated, the nodes were again uniformly redistributed over a
trajectory using its parabolic approximation and (if neces-
sary) the value of N was changed. In this case, both the
trajectory curvature and its length remained the same, i.e.,
its total probability also did not change. In the cases when
the inequality

!/
ST (TR T FI (SN D
s Vi—1s Vis Vit ) N+l)
>R

SR PN )

was valid (# is a random number in the interval [0, 1]),
according to (28) a new trajectory was ‘adopted’. In this
case, the photon flux density was renewed [D(r)) —
D(r) 4 1] in the vicinity of /. In the opposite case

!
P(ry;. .51 i

S IN1) y
R
P(V];...

< R,

SFFS T PN
a new trajectory was ‘rejected’, and the photon flux density
was corrected [D(r)) — D(r;) + 1] already in the vicinity of
r;. The size of this vicinity was determined by the memory
capacity used for the storage of the array D(r), i.e., by the
size of cells of the grid on which the required distribution of
the photon flux density was mapped.

After the renewal, a new node was again randomly
selected on the trajectory, and the modification procedure
was repeated for this node. Calculations were performed
until the array D(r) was described with the required
accuracy. Note that, although unlike many other proce-
dures, the grid in the scheme described above is used only
for data recording, i.e., for preserving the output distribu-
tion D(r), the spatial resolution of the algorithm can be
improved only by decreasing the cell size and correspond-
ingly increasing the total calculation time at the same
statistical error per cell.

The spatial inhomogeneity of the problem (the presence
of boundaries, inclusions, etc.) in the algorithm described
above can be easily taken into account by introducing
spatial modulation (dependence on r) of two standard para-
meters u, and p. used in (24) to describe the properties of a
scattering medium. Although their dependence on r is
specified functionally (continuously) in this case, the con-
sideration of variations in u, and u. at spatial scales smaller
than Ar, is not rational because it leads to a substantial
increase in the calculation time. Note also that, according to
(24), any perfectly absorbing boundary plays the role of an
infinitely high potential barrier for the nodes. This means
that, if one of the trajectory nodes passes behind such a
barrier during the trajectory modification, then the trajec-
tory probability vanishes and the corresponding realisation
should be rejected at once. This leads to certain restrictions.
The matter is that a new trajectory in the algorithm
described above is always generated due to the modification
of the old trajectory. The presence of high potential barriers,
which cannot be virtually surmounted in the case of small
(see above) changes in the position of only one of the nodes
(for example, in the case of highly absorbing inclusions
intersecting the entire object), inevitably leads to the division
of the configuration space of the trajectories into two (or
more) unconnected sets. Because the passage from one set to
another is impossible, a part of trajectories are lost. This can

be avoided by using more complicated algorithms in the
Metropolis method.

One can easily see that the algorithm described above
allows one to calculate both distributions and mean values
of any parameters important for experiments. In this case,
all the mean values are determined by averaging over
realisations at fixed points r; and ry. For example, the
mean time (r) of photon propagation from a radiation
source to a detector and the mean length (L) of the cor-
responding trajectories are calculated as

(30)

Here, c is the speed of light in a medium; (N ) is the average
number of segments on the trajectories; m is the total
number of realisations in the procedure; and N, is the
number of nodes in the /th realisation of the procedure.
Note also that, after substitution (22), the initial propa-
gation angle #; plays the role of an independent variable.
No restrictions were imposed on the values of this angle and
the final angle @y, in the procedure described above.
Therefore, the above expressions correspond to situations
with an isotropic (concerning the angular aperture) source
and a similar detector. To take the finiteness of angular
apertures into account, one should introduce into (29) either
the terms describing the ‘elastic’ interaction with nodes
located in two additional points (outside the object) or
introduce into (23) the restrictions on the integration region.

5. Approbation of the calculation algorithm

The results of approbation of the calculation algorithm
described above are illustrated in Figs 1-4. Figures 1-3
show the isoline maps of the distributions 7(x,y)=
J_OZC dzD(r) for photons recorded with a detector at different
geometries of the problem. The distribution 7(x,y) was
mapped using the linear scale of grey gradation. It was
assumed in all the realisations that a highly scattering (u, =
14mm™", ¢=0.9, and u/= 1.4 mm™") and weakly absorb-
ing (u, =0.01 mm ') medium is located in an infinite
(along the z axis) cylinder with perfectly absorbing walls
(1, — o0). The radiation source and the detector were
assumed isotropic (see above) and were located in the plane
orthogonal to the z axis at the central angles 180° (Figs la
and 3a) and 90° (Fig. 2a) on the cylinder surface. The
cylinder diameter was comparatively small (2R = 35 mm),
which allowed us to compare our results with the results of
similar calculations (Figs 1b, 2b, 3b) performed by the
standard Monte-Carlo method. Note, however, that the
angular aperture of a radiation source in these calculations
[27] fvas 10°, the receiving area of the detector being 1 mm?.

One can easily see that distributions obtained by both
these methods are quite similar, although the statistics
obtained by the Monte-Carlo method for the IBM PC
AMD XP-1800 calculation time of about 10 days is
obviously insufficient. Figure 3a illustrates the transforma-
tion of the distribution 7(x,y) when a highly absorbing
inclusion (u, — oo) of the same shape with the diameter
2r = 12 mm appeared on the cylinder axis. Unfortunately,
similar calculations were performed infor somewhat
another realisation when a highly absorbing inclusion of
diameter 2r =3 mm was strongly displaced towards a
radiation source (Fig. 3b). Note that, despite the same
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—R 0 R

Figure 1. Maps of the distribution 7(x,y) in the linear scale of grey
gradation for a cylinder with highly absorbing walls obtained using the
fast calculation algorithm (a) and Monte-Carlo method (b). The radia-

tion source and detector are located in the plane orthogonal to the z axis
i

—R 0 R

Figure 2. Maps of the distribution 7(x,y) in the linear scale of grey
gradation for a cylinder with highly absorbing walls obtained using the
fast calculation algorithm (a) and Monte-Carlo method (b). The radia-

tion source and detector are located in the plane orthogonal to the z axis
I

at an angle of 180°, 2R=35mm, p,=14mm ', g=09, pu, = at an angle of 90°, 2R=35mm, p,=14mm , g=09, pu, =
0.0l mm™". 0.01 mm "
R

—-R

Figure 3. Maps of the distribution /(x, y) in the linear scale of grey gradation for a cylinder with highly absorbing walls and an inclusion obtained
using the fast calculation algorithm for 2r = 12 mm (a) and Monte-Carlo method for 2r = 3 mm (b). The radiation source and detector are located in

the plane orthogonal to the z axis at an angle of 180°, 2R = 35 mm, g, = 14 mm~

1 1

,g=09, 4, =001 mm™ .

calculation time (10 days), the statistics obtained by the
Monte-Carlo method proves to be in this case even worse
than in two previous cases. Figure 4 shows the so-called
time-of-flight characteristic calculated using a fast algo-
rithm, i.e., the distribution of the time of flight of
photons from the source to the detector. The time axis is
normalised to the ballistic (without scattering) time of flight
T0-

6. Conclusions

We have described the fast algorithm for solving problems
of light propagation through highly scattering large objects.
The algorithm is based on the path-integration technique
and the Metropolis method and excludes, first, the
simulation of useless realisations (when a photon was
absorbed or missed a photodetector), which increases the
calculation rate by six and more orders of magnitude for
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Normalised probability

20.
Figure 4. Time-of-flight characteristic calculated using the fast calcula-  21.

tion algorithm. The time axis is normalised to the ballistic flight time z,

(without scattering). 22.

= 23.

objects of size ~ 1000 scattering lengths, and, second,

calculation time of useful realisations (when a photon was

not absorbed and entered a photodetector). The latter is mm26.

achieved due to a motivated (the central limit theorem)
phenomenological description of multiple small-scale scat-
tering. Spatial inhomogeneities, boundary conditions, etc.®
are taken into account within the framework of standard

parameters p, and y.. This algorithm can be used to verify 3.
other approximate calculation methods, such as the ‘mean’ 59

trajectory method [33, 34], ‘scaling’ method [27], etc., and

to obtain reliable reference information required for @& 30.

reconstructing the internal structure of highly scattering @&31.
objects of size ~ 1000 scattering lengths and more in
diffusion optical tomography.

34.
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