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ABSTRACT
In this study, a Monte Carlo (MC) method for time-resolved light scattering from multilayered tur-
bid media (SMCML) has been developed. This method is particularly suitable for simulating light
backscattering from layered media and receiving the time-resolved signal in a finite sensor area,
such as oceandetection, photomedicine andphotobiology. The classical semi-analyticalMCmethod
requires the scattering events to be located in a single-layer medium. To address the multilayer
problem, the energy loss mechanism of photons propagating in tissue was analyzed in this study.
According to theenergy contribution to thedetector, onlyphotons that contribute significantlywere
considered. Simulations were conducted for stochastic turbid media with different optical parame-
ters. Temporal profiles of the echo signal were obtained with a satisfactory convergence. Compared
to the classical MC method, the SMCML method can dramatically reduce the computation time by
more than two orders of magnitude.
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1. Introduction

The Monte Carlo (MC) method is viewed as a classical
numerical technique for solving photon propagation in
turbid media and has been widely used in many fields
such as optical detection, telecommunications, photobi-
ology (1,2). Whereas, the major drawback of MC is the
Inefficient calculation. After years of evolution, a vari-
ety of methods for accelerating the MC simulations have
been developed, including scaling methods (3,4), pertur-
bation methods (5), and hybrid methods (6,7). However,
there are still some obstacles preventing the realization
of this technique to obtain time-resolved signals for a
finite detecting area and limited field of view, which is
often encountered in the fields of ocean and atmospheric
remote detection. Such a low-probability event exponen-
tially increases the time consumption in theMCmethod,
resulting in the difficulty of the simulation converging to
a value.

Tinet et al. (8) adapted the statistical estimator tech-
nique to a fast semi-analytical MC model for simulating
time-resolved light scattering problems. However, it is
only suitable for single-layer tissue because of its designed
photon transmission mechanism. Chen et al. (9,10) pro-
posed a controlled MC method in which an attractive
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point with an adjustable factor increases the efficiency
of trajectory generation by forcing photons to propagate
along directionsmore likely to intersect with the detector.
However, there is no dedicated formula currently avail-
able for calculating the attractive factor, and the statistics
could deteriorate in an unfavourable region.

In this paper, we propose a semi-analytical Monte
Carlo (SMCML) method to simulate the time-resolved
signal in a finite detecting area from light scattering in
multilayered turbid media. The classical MCmechanism
is applied to generate the moving trajectory and photon
energy weight for light propagating in a medium, and
an analytical method is used to accumulate the energy
contribution. Based on the analysis of photon propa-
gations inside the tissue, different approximations are
adapted in the analytical method for the boundary layer
and underlayers.

In Section 2, the SMCML is described in detail.
Section 3 provides the simulation results using this new
method. Our algorithm is verified by applying it tomulti-
layered media of different optical thickness and compar-
ing the computational efficiency to theMCMLmethod. It
is found that the SMCMLmethod provides a more stable
and reliable shape of the reflected pulse and accelerates
the MC simulation.
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Figure 1. Schematic of three types of photon propagations in
medium.

2. Method

For the problem of light propagation inmultilayermedia,
the MC method generates photon transmission trajec-
tory and energy contribution based on random sam-
pling. The probability that a photon will reach the detec-
tor comes from all potential arrival paths, However, it
is neither realistic nor necessary to considerate count-
less paths. The traditional MC method simulates vari-
ous paths through a large number of random samples.
Instead, we introduce the analytical method to avoid the
computational cost in inefficient path sampling. Further,
the principle of the SMCML is to evaluate every possi-
ble detected photon and accumulate the major potential
contribution.

By analysing the light transport process in the media,
we summarize three types of photon propagations, as
illustrated in Figure 1. The first propagation type rep-
resents the remaining energy that transmits through
the layer interface, entering the other layers, or exiting
the medium without any reflections. The second type
of propagation indicates that the photon is reflected or
multi-reflected from the interface of any layer in single-
scattering event. The third type of propagation represents
the remaining energy in the photon that continually scat-
ters inside themedium layer without any interactionwith
layer interface. In summary, if a photon exits themedium,
the last step must be the propagation of the first and
second type.

As illustrated in Figure 2, we divide the medium into
two parts, the boundary layer (layer 1), which is nearest
to the detector, and the underlayers (layer 2−n). All three
types of propagation situations illustrated in Figure 1 will
take place in both the boundary layer and underlayers.

In a MC simulation, the free propagating path length
between any two subsequent scattering events is ran-
domly generated with a probability density function
μt exp(−μts), so the path length is dependent on the
extinction coefficient of the medium. In addition, the
probability of the energy contribution of the photon is
associated with the optical distance between the detec-
tor and scattering points (8). Based on the above two
reasons, most of the detected energy originate from scat-
tering events in the boundary layer, and only some of

Figure 2. Schematic of three types of photon propagations in
medium.

the energy originates from the other layers. Moreover,
because of the additional propagation length, photons
experiencing multiple reflections or transmissions will
lose most of the energy before they are collected. These
effects will be further analysed in Section 3.1.

Therefore, the approximation used in this paper con-
sists of two parts. In the first part, for photons whose
scattering points originate from the boundary layer, the
analytical method consider that these photons experi-
ence no more than once reflection before they reach
the detector. However the reflection could occur in the
boundary layer or in the underlayers. In the second part,
for photons whose scattering points originate from the
underlayers, analytical method only consider the case
that they directly reach the detector without reflection. In
Figure 2, the solid line represents the type of propagation
we consider and the dashed line represents the ignored
contributions.

The classical MCmechanism (12) is employed to gen-
erate the moving trajectory and light-tissue interactions
for each launching photon, including random walking,
light absorption and scattering, reflection or transmis-
sion at interface. The walking step size and scattering
angle will be sampled randomly based on the optical
properties of medium and the last scattering event. If it
is about to hit an interface, the photon will either trans-
mit through or be reflected from the interface governed
by the Snell’s law and Fresnel’s equations.

The analytical method is calculated before each scat-
tering interaction. As the procedure to simulate the
reflection or transmission signal is similar, we demon-
strate the SMCML method in light backscattering from
multilayered tissue. As shown in Figure 3, light is verti-
cally incident on the multilayered tissue, and a detector
is placed at pointM(xm, ym, zm) above the medium, with
a finite detecting space of round area �S and a relevant
long media-detector distance.

Based on the analysis above, the total diffused energyE
received at the detector is the sum of the Ej contributions
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Figure 3. Schematic of photon propagating in multilayered
media.

of all the scattering events in the boundary layer and
the Ek contributions of all the scattering events in the
underlayers:

E =
J∑

j=1
Ej +

K∑
k=1

Ek, (1)

where Ej is the contributions of all the scattering events
in the boundary layer, Ek is the contributions of all
the scattering events in the underlayers, j represents the
jth scattering point in the boundary layer, and k rep-
resents the kth scattering point in the underlayers. For
these two energy contribution sources, we apply different
approximations, which will accelerate the computation
and simultaneously guarantee precise results.

2.1. Boundary layer energy collection

In the case of no refractive index matching, the energy
contributions of all the scattering points in the boundary
layer are from the photons that directly transmit through
themedium and the photons that experience only several
reflections from the boundary layer.

The energy Ej received without additional scatter-
ing events from the scattering point Pj in the boundary
layer is

Ej = Es;j,0 +
H∑
h=1

Es;j,h, (2)

where Es;j,0 is the contribution of the first propagation
type defined in this paper from scattering point Pj to
detectorM; Es;j,h is the contribution of the second propa-
gation type, which experiences h reflections at the layer
interface. However, each propagation event adds one
reflection, greatly decreasing the rate of energy contri-
bution. Therefore, it will be reasonable to consider only

one reflection in the propagation event. The simplified
calculation of Ej is

Ej ≈ Es;j,0 + Es;j,1, (3)

where Es;j,1 is the contribution of the second propaga-
tion type, which experiences one reflection at the layer
interface.

2.1.1. First propagation type in boundary layer
For every scattering point, only a finite solid angle of
energy can be collected by the detector. The solid angle
depends on the detecting area and distance between the
scattering and detector. The angular distribution of scat-
tered energy is characterized by a phase function. Before
the photon reaches the detector, the energy is reduced by
the extinction in the medium and the reflection at the
boundary. The energy Es;j,0 from scattering point Pj to
detectorM is

Es;j,0 = Es;jf (�s · �m, g) exp(−μtLj)
�S
dj2

· [1 − R1,0(αj)],

(4)
where Es;j is the total energy radiated by the scatter-
ing point. The exponential term exp(−μtLj) accounts
for extinction along the trajectory in the medium,
μt = μa + μs is the extinction coefficient, and μs and
μaare the scattering and absorption coefficients, respec-
tively. The parameter �S is the detector area and d is
the distance between the scattering point and detector.
f (cos θ , g) is theHenyey–Greenstein phase function (11),
defined as

f (cos θ , g) = 1
4π

· 1 − g2

2(1 + g2 − 2gcos θ)
3/2 , (5)

where g is the anisotropy factor ranging from −1 to+ 1
and θ is the scattering angle, defined by cosθ = �s · �m · �s
is the propagation direction of the incident photon, as
shown in Figure 4. �m is the unit vector defining the direc-
tion from the scattering point Pj(xj, yj, zj)in the boundary
layer to the detector point M:

�m = (umx, umy, umz) = 1
dj

· (xm − xj, ym − yj, zm − zj),

(6)

where dj is the distance between detector positionM and
the scattering point:

dj = [(xm − xj)2 + (ym − yj)2 + (zm − zj)2]1/2. (7)

The Cartesian coordinate system was set up such that
the axial dimension, which is perpendicular to the top
surface of the baselinemedium, corresponds to the z axis,
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Figure 4. Schematic of scattering angle and step path.

and the x–y plane is parallel to the top surface of the
boundary layer.

In the general procedure of MC modelling (7), the
path length and scattering angle for every step is sampled
randomly based on their respective probability distribu-
tions. As the detector position M(xm, ym, zm) is located
out of the medium, the step path Lj from the scattering
point toward the detector only includes the length inside
the medium:

Lj = zj
umz

. (8)

The angle αj is defined by umz = cos(αj). The pos-
sibility of transmission [1 − R1,0(αj)] at the boundary
between layer 1 and layer 0 is determined by Fresnel’s
formulas and is an average of the reflectance for the two
orthogonal polarization directions (12):

R(αi) = 1
2

[
sin2(αi − αt)

sin2(αi + αt)
+ tan2(αi − αt)

tan2(αi + αt)

]
, (9)

where αi is the angle of incidence and αt is the angle of
transmission.

2.1.2. Second propagation type in boundary layer
The energy Es;j,1 can be calculated by

Es;j,1 =
I∑

i=1
Es;j,1,i, (10)

where Es;j,1,i is the contribution of the second propaga-
tion type, which experiences one reflection at the ith layer
interface. The I parameter is the total layer number of the
target medium.

Es;j,1,i = Es;jf (�s · −→mi, g) exp(−Lopt;i)
�S
dj,i2

· TiRi,i+1(αj,i),

(11)

where the unit vector −→mi, distance dj,s and scattering
angle αj,i maintain the same definitions as Equations

(6)–(9), but the detector positionM changes to the image
detector position Mi seen through the ith surface of the
lower border, which isMi = (xm, ym,Di − zm). Lopt;i rep-
resents the optical path length inside the layer, which can
be calculated by

Lopt;i = 1
umz;i

[
−μt,1zj +

i∑
i′=1

2μt,i′(Di′ − Di′−1)

]
,

(12)
where Di is the depth of the ith surface of the lower bor-
der, μt,i is the extinction coefficient of the ith medium
layer.Ti represents the total transmission rate in the tra-
jectory, which is

Ti = 1
[1 − R0,1(αj,i)]
i∏

i′=1

[1 − Ri,i−1(αj,i)][1 − Ri−1,i(αj,i)], (13)

where Ri,i−1 is the Fresnel expression for specular reflec-
tion for the light hitting the interface between layer i and
layer i−1 and accounts for the energy loss in reflection.

2.2. Underlayer energy collection

The calculation of the energy Ek in Equation (1) is similar
to the first propagation type in the boundary layer:

Ek = Es;kf (�s · �m) exp

×
(

−
Is∑
i=1

μt,iLk,i

)
�S
dk2

·
Is∏
i=1

[1 − Ri,i−1(αk)],

(14)

where the Is parameter is the layer number of the scat-
tering point. The subscript i represents the ith layer, Lk,i
represents the propagation length inside the layer, μt,i
is the extinction coefficient, and Ri,i−1 is the specular
reflection rate at the interface between layer i and i−1. In
addition, the influence of reflections between the under-
layers can be added if the optical thickness of the layers is
comparable to the free path.

2.3. Time-resolved computation

After each scattering, a photon is allowed to propagate
a random distance. The total path length is the sum of
every step path length and the final step path from the
scattering point toward the detector. Then, the time coor-
dinate for each component of the sum is determined. The
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relative time-resolved signalW(τ ) can be given as

W(τ ) = 1
N0

⎡
⎣ J∑

j=1
Ej(τ , τ + dτ) +

K∑
k=1

Ek(τ , τ + dτ)

⎤
⎦ ,

(15)
in which N0 represents the total number of photons
launched and E(τ , τ + dτ) is the weight of each con-
tributed photon with the detected time between τ and
τ + dτ .

3. Simulation results

3.1. Energy contribution

To validate the assumption of analytical method, we
test and compare the energy contribution from different
positions and different photon propagation types. Each
independent simulation was run five times.

3.1.1. Energy contribution in different layers
In this section, different parameters are set to investi-
gate the spatial distribution of the last scattering positions
under ideal conditions. Here, we consider a slab model,
which is a homogeneous turbid medium restricted by
parallel planar interfaces in each layer. Photons are intro-
duced into the slab at the same time to simulate an
ultra-short pulse of point light illuminating one of the
surfaces perpendicularly. The medium is divided into
two layers, but the optical parameters of each layer are the
same, including the refractive index between layers. The
boundary layer has a thickness of 1 cmand the underlayer
has a thickness of 9 cm.

In Table 1, we test the energy contribution to the dif-
fuse reflectance in different layers, the results were given
by MCML simulator, created by Wang and Jacques. The
parameters are used to described the optical properties in
boundary layer. The albedo is denoted by ω0, and ω0 =
μs/μt . The optical depth (Dopt) is Dopt = μtD, where D
is the layer thickness. Pboundary represents the ratio of the
energy contribution in the boundary layer (Eboundary) to
the total diffuse reflectance (R), defined as Pboundary =
Eboundary/R. These tests were made for a wide range of
optical coefficients: the albedo ranging from 0.1–0.9, the
optical depth from 0.1–100, the anisotropy factor g from
0.1–0.9.

Comparing the tests in Table 1, Optical thickness plays
a major role in each of the influencing factors. As the
boundary optical depth increases from 0.1–1, Pboundary
rises rapidly from 0.28–0.8. When ignoring the effect
of layer-to-layer refractive index changes, almost all of
the photons that escapes the medium after backscatter-
ing originates from regions with optical thickness less
than 10. Hence, if the boundary layer optical thickness

Table 1. Energy contribution in different layers.

Test Dopt ω0 g Pboundary

1 0.1 0.9 0.9 0.279
2 0.5 0.9 0.9 0.6
3 1 0.9 0.9 0.8072
4 10 0.9 0.9 1
5 100 0.9 0.9 1
6 1 0.5 0.9 0.8888
7 1 0.1 0.9 0.9095
8 1 0.9 05 0.8121
9 1 0.9 0.1 0.8351

is greater than 10, sufficient calculation accuracy can
be achieved by using only the semi-analytical method
described in Section 2.1.

On the contrary, the influence of the asymmetry factor
and the albedo is relatively small. The asymmetry factor
affects the extent to which the scattering spreads around.
When the asymmetry factor increases from 0.1–0.9,
Pboundary is only reduced by a few percent. The albedo
affects the proportion of energy absorbed in each scatter-
ing, and as the albedo increases, the energy contribution
from deeper position decreases, thereby increasing the
ratio of energy contribution from the boundary layer.

3.1.2. Energy contribution from different photon
propagation types
In this section, we investigate the contribution of differ-
ent photon propagation types to the detected energy in
scattering. The setting of the light source is the same as
in Section 3.1.1. The medium is divided into three layers
with thicknesses of 1, 1, and 8 cm, respectively. In Table 2,
the optical parameters of each layer are the same except
for the refractive index, ω0 equals to 0.9 and g equals
to 0.9. Preflection(0), Preflection(1) and Pcount represent the
ratio of the energy contribution from different photon
propagation types to the total diffuse reflectance. Where
Preflection(0) stands for the first type propagation, that
is, the photon does not experience reflection in the last
scattering, and Preflection(1) stands for the photon propa-
gation that photon only experiences once reflection in the
last scattering. Pcount stands for the photon propagations
that SMCMLmethod considerate. The results were given
by MCML simulator with 10,000,000 photons launched.

Test 1 to Test 3 compare the relative refractive index
changes between the boundary layer and the underlay-
ers. When the optical thickness of the boundary layer
is greater than 1, the SMCML method can account for
more than 98% of the energy contribution for all three
cases. Test 4 to test 7 compare the effects of different
optical thicknesses of the boundary layer. It should be
pointed out that as the optical thickness of the boundary
layer decreases from 1 to 0.1, Preflection(1) rises from the
0.03–0.93, whichmeans that most photons undergo once
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Table 2. Energy contribution from different photon propagation
types.

Optical parameters Simulation result

Test
Layer

number n Dopt Preflection(0) Preflection(1) Pcount Pboundary

1 1 1.1 1 0.9739 0.0261 0.9845 0.705
2 1.3 1
3 1 8

2 1 1.3 1 0.9487 0.0513 0.9873 0.7709
2 1.3 1
3 1 8

3 1 1.5 1 0.951 0.0489 0.9845 0.7003
2 1.3 1
3 1 8

4 1 1.1 0.1 0.0722 0.9264 0.9917 0.9355
2 1.3 0.1
3 1 0.8

5 1 1.1 0.01 0.0722 0.9264 0.9917 0.9355
2 1.3 0.01
3 1 0.08

6 1 1.1 10 1 0 1 1
2 1.3 10
3 1 90

7 1 1.1 100 1 0 1 1
2 1.3 100
3 1 900

reflection during the scattering process before leaving the
medium. But when the boundary layer optical thickness
is greater than 10, almost all energy contributions are
derived from the first photon propagation type.

3.2. Accuracy of time-resolved detection signal

To test the accuracy of simulating light backscattering
from layered media by SMCML algorithm, the time-
resolved signal was independently simulated on the
three-layered homogeneous turbidmedium, inwhich the
same anisotropy factor, refractive indices, layer thickness
and light source as used in the Section 3.1.2 test 1 were
employed. The optical thickness of the boundary layer
ranges from 0.01–100, by changing the extinction coeffi-
cient of themedium. The detector is placed 300 cm above
the medium, with 5 cm away from the light source in
the y-axis direction, and has a round detection area of
20 cm2. The deviation in the horizontal direction is to
avoid receiving specular reflection energy. The intensity
of detected signal was normalized as defined in Equation
(15).

3.2.1. The intensity of detection signal
In each ofMC simulations, 108 photons were launched to
calculate the relative error (δ) and coefficient of variation
(CV). The CV is the ratio of the standard deviation to the
mean value. The relative error is defined as

δ = x − μ

μ
, (16)

Where the standard value (μ) is the averaged result from
5 times independentMCML simulations, x is the normal-
ized intensity from SMCML simulation.

Figure 5(a) shows relative error of detection signal
normalized intensity fromSMCMLsimulation compared
with MCML simulation results. The range of relative
error is less than 6% and it comes from the approxima-
tion in the analytical formula. The energy contribution of
the path without reflection is greater than the true value,
and the energy contribution of the path containing the
reflection is smaller than the true value.

Figure 5(b) compares the coefficients of variation of
the SMCML algorithm and the MCML algorithm. As
the optical thickness increases, the simulation results of
the MCML algorithm fluctuate and become more and
more difficult to converge. On the contrary, the SMCML
algorithm can maintain a stable output under various
conditions.

3.2.2. Time-resolved signal
In order to demonstrate the confidence of the algorithm,
we compare the time-resolved signal of 107 and 108 pho-
tons. The light propagates in the layered medium with
the parameters of test 6 in Table 2. The detector collects
photons at all angles. Figure 6 shows the simulated time-
resolved echo signal, and time starts with the first signal
received.

By launching 107 photons, the classical MCML sim-
ulator still cannot discern a good shape of the reflected
pulse at a reasonable quality (Figure 5); only a few
photons are collected. In contrast, the SMCML method
provides a good evaluation of the pulse with only 107
photons.

3.2.3. Spatial distribution of detected energy
The purpose of this part was to analyse how the SMCML
algorithm can convergemore quickly. Here we record the
position and energy of the last scattering of the photon
before it was received, and compare the results of the
MCML algorithm and the SMCML algorithm. In each
MC simulation, 108 photons were launched.

Figure 7 shows the logarithm of the energy contribu-
tion of the scattering event from any specific depth (z)
and horizontal position (x) to the normalized intensity of
the detected signal. The upper surface of the medium is
located at 0mm on the z-axis, and the light is incident
perpendicularly at 51 cm on the x-axis. The parameter
settings for the light source and medium are the same as
the test 1 in Table. The spatial resolution is identical in
both cases.

It can be seen from the Figure 7 that the calculation
results are smoother in spatial distribution in SMCML
simulation. Compared to the traditional MC algorithm,
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Figure 5. Relative error (a) and CV (b) as a function of boundary layer optical thickness.

Figure 6. Time-resolved signal from simulation with (a) 107 and (b) 108 photons.

the SMCML algorithm can better utilize the subtle
information of each scattering event when calculating the
detection signal.

4. Computational efficiency

For these comparisons, both MCML and SMCML
simulations were performed on the same computer (a
2.9GHz Intel Core i5 Mac) and used the same compiler
(Xcode). For a fair comparison, the same level of pro-
gramming optimization was used; only the simulation
kernels were different.

The major objective of this study is to estimate the
efficiency of the SMCML through multilayered tur-
bid media. For an optical path longer than several

centimetres, hundreds of scattering events are generally
involved, but only a few photons are received at the
detector.

In demand of accuracy, the simulation photon num-
ber of the classical MCmethod must be increased, which
greatly increases the time consumption. In this study, we
compare the accuracy of the MCML and SMCML with
different photon numbers and time costs to evaluate the
algorithm efficiency. The accuracy R can be defined as

R = 1 − 2

√√√√∑m
i=1 (yi − ŷi)2∑m

i=1 (ŷi)2
, (17)

where yi is the test time signal intensity, and we set ŷi as
the simulation result with 108 photons, m is the total time
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Figure 7. The spatial distribution of the logarithmof the normalized energy contribution to detected energy. (a)MCML simulation result.
(b) SMCML simulation result.

bins of time-resolved reflected signal. The time temporal
resolution is 1 ps. Here, we compare the accuracy R of the
time-resolved signal with the parameters settings of test
1, 4 and 6 in Table 2. The optical thickness of boundary
layer ranges from 0.1–10. In order to test the algorithm
efficiency,we record the launchedphotonnumber in each
simulation, as shown in Figure 8.

In most cases, the SMCML method requires approx-
imately no more than 107 photons to produce a good
evaluation of the signal curve compared to 108 or even
more photons in the MCML. The SMCML algorithm is
especially suitable for processing photon radiation trans-
mission in strong scattering media. Because in strong
scattering media, simulation takes longer time to con-
verge time-resolved reflected signal. When the optical
thickness of a single layer is greater than 10 (like test
6), it takes hours to finish a 108 photons simulation in
the MCML, while the received signal is still fluctuating.
However, by adopting the SMCML method, the number
of photons required can be saved by a hundred times,
and the simulation time can be saved by tens of times in
different scenarios.

5. Conclusion

The SMCML method presented in this paper is more
stable and reliable than classical MC simulations for the
hard convergence problem in multilayered turbid media.
In classical MC methods, we have seen photons that
are traced but do not intersect the detector. The general
approach of the SMCML is that it considers a method to
analytically evaluate the energy distribution in every scat-
tering event so thatmore photons reach the detector, thus

Figure 8. Comparing computation accuracy as a function of
launched photon number.

increasing the number of launched photons and thereby
reducing the statistical error in the estimated quantity
while simultaneously reducing the number of wasted
photons. This will improve applications such as oceanic
and atmospheric optical detection and may even lead
to new applications that are not efficient using current
technology.

Compared with other hybrid methods (13–15), the
SMCML algorithm solves the problem of photons repeat-
edly crossing the internal interface of multilayer media
by MC sampling photon trajectories. It does not need
to distinguish between high scattering regions and low
scattering regions. On the other hand, compared with
the method proposed by Tinet et al. (8), the SMCML
algorithm does not require the post-processing calcu-
lations to be performed after all photons have been
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computed and stored. The SMCML algorithm is suit-
able for processing the problem of light transmission in
a medium with a boundary optical thickness of 0.01 or
more. In this case, the detected simulated echo signal
can converge quickly, especially advisable for simulating
high-scattering medium.

As the former MC process is separated by the analyt-
ical mechanism in the SMCML, the algorithm could be
grafted with many forms of MC simulators. To simulate
fluorescence emission, one additional parameter, the flu-
orescence quantum yield, could be added to the SMCML.
To simulate bioluminescence, the external light source
could be changed to a distribution of bioluminescent
sources.

However, the SMCML method might cause errors if
the elements of the media surface change significantly
in a small area. To overcome this limitation, the ana-
lytical method of photon contribution for tissue models
including the heterogeneities of complex tissue structures
require further investigation.

To conclude, we have proposed a novel MC method
based on the semi-analytical evaluation of the photon
energy distribution. Themethod is verified by comparing
to conventional single-layer and multilayer media. For
barely detected time-resolved signals, its advantages are
manifested by providing meaningful simulation results.
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