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This work presents a novel, optimized Monte Carlo algorithm capable of accounting for the spatio-temporal

evolution of the electric field, developed for highly accurate numerical modeling of coherent effects arising during

the propagation of polarized optical radiation in turbid tissue-like scattering media. The method is based on

the direct computation of successive changes in the electric field along photon trajectories within a scattering

medium, enabling the simulation of interference, phase retardation, and polarization rotation caused by multiple

scattering in optically inhomogeneous environments. The proposed algorithm is optimized for energy-efficient

Apple M-series processors, leveraging unified memory and high-performance parallel computation of photon

trajectories and electric field evolution for real-time simulation with low energy consumption. It is integrated

into a previously developed open-access software that supports light propagation modeling with both temporal and

spatial-polarization resolution, making it particularly attractive for a wide range of applications, including, notably,

Mueller matrix polarimetry and interference-selective imaging with spatiotemporal signal filtering.
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Introduction

Modeling the propagation of optical radiation in scattering

media is critical in the study of fundamental effects

arising from the interaction of coherent and polarized light

with a complex randomly inhomogeneous structure such

as biological tissue, including interference, phase shifts,

depolarization, and speckle fluctuations [1]. In particular,

for the analysis of interference, phase, and polarization

transformations resulting from multiple scattering [2], the

spatiotemporal characteristics of the vector electric field

should be taken into account. Traditional models based

on scalar approximation or the average intensity of [3–7]
are insufficient to describe such effects. In this paper,

we propose an improved numerical modeling algorithm

based on the Monte Carlo method with direct calculation

of the evolution of the electric field along the trajectories of

photons in a scattering medium [8,9].
Modeling the interaction of light with biological tissues is

critical for the development and design of diagnostic optical

systems intended for non-invasive biomedical applications,

and must take into account a number of technical param-

eters, including wavelength, polarization state, coherence,

power of the detection radiation used, as well as the

spatial configuration of the source−detector [6,7,10–15].
Ideally, a rigorous theoretical approach involves solving

Maxwell’s equations for the stochastic distribution of di-

electric diffusers, followed by ensemble averaging over all

possible implementations of the system. However, excessive

computational costs and the complexity of the formulation

of boundary conditions make this approach impractical for

most real-world problems.

To solve this problem, the radiative transfer equation

(RTE) has become widely used as an effective approxi-

mation for modeling the propagation of light in scattering

media [16]. Among the most well-established methods

of solving RTE, the Monte Carlo (MC) method can be

distinguished — a stochastic, statistically reliable approach

that has become the gold standard for modeling photon

migration in turbid media [17,18]. In addition, numerous

developments are currently underway aimed at expanding

the MC method to include coherent and polarization-

sensitive interaction mechanisms [8,11,19,20].
This paper presents a new improved MC model based on

electric field tracking and designed to simulate the propaga-

tion of coherent polarized light in turbid scattering media.

Unlike traditional scalar MC methods, the given approach

explicitly tracks the evolution of the electric field vector of

each photon packet as it passes through successive scattering

acts. This vector formalism makes it possible to model

such effects as polarization memory [21], cross-polarization
dynamics, and coherence [22], which are usually neglected

in the scalar models [3–7,11]. For the first time, the use of

a specialized hardware architecture ensures the preservation
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and access to localized space-time and three-dimensional

volumetric information, such as photon trajectories and

associated electric fields, throughout the entire process of

the photons MC transfer. This option, which was previously

difficult to achieve or inefficient in traditional CPU−GPU

systems with separate memory pools, now provides a

physically accurate and computationally efficient platform

for modeling polarized light interactions in turbid media.

The algorithm originally presented by Kuzmin and

Meglinsky [8,9,23], has been expanded and is now fully

compatible with the hardware and runs directly on the

energy-efficient Apple M processors which is consistent

with the growing trend for development of portable high-

performance biomedical computing platforms. Bridging the

gap between traditional intensity-based MC simulations and

full-wave and stringent electromagnetic methods [22,24], the
developed method offers a highly accurate, but at the same

time computationally accessible platform for modeling the

light−tissue interactions. This study represents significant

progress in modeling the transfer of polarized radiation for

biomedical optics.

The basics of direct calculation of
successive changes in the electric field
along the trajectories of photons in a
scattering medium

The MC method is recognized as the gold standard

for modelling the light−tissue interactions due to its high

accuracy and flexibility. First introduced and improved in

the 1990s, the classic MC algorithm models the stochastic

trajectories of photon packets as they pass through scatter-

ing, absorption, and reflection processes in complex media.

In view of this, MC method gains to provide accurate

reproduction and quantitative analysis of light localization

in layered structures of model biological media, which has

led to its widespread use in solving a wide range of optical

tomography problems [26,27]. From a computational point

of view, the MC method evaluates physical characteristics

of the detected radiation by statistically selecting the most

probable trajectories of photon packets, which makes it

possible to model various spatiotemporal optical phenomena

in detail. The scattering intensity of optical radiation

propagating in the randomly inhomogeneous scattering

media is outlined in this case on the basis of Bethe−Salpeter

equation [8]:

G(R, Rn; k i , ks) = µs f (k i − ks )δ(Rn − R1)

+ µs

∫

f (k i − kn j)3(Rn − R j)G(R, R j ; kn j , ks)dR j,

(1)
where G(R, Rn; k i , ks) is Bethe−Salpeter equation prop-

agator describing the field correlation. The wave vectors

k i and ks represent the incident and scattered planar

waves accordingly; µs — scattering coefficient. Propagator

Figure 1. Schematic representation of ballistic photons I(0), one-

time scattered I(1) , twice scattered I(2) , three-time scattered I(3), as

well as photons that passed along the asymmetric trajectories I(a),

as usually depicted on ladder diagrams in the context of multiple

scattering theory.

describing the transfer between scattering events:

3(R) = R2 exp

(

−
R

l

)

.

The phase function is defined by the following expression:

f (ks − k i) =
σ (q)

∫

4π
d�σ (q)

with scattering vector q = k i − ks = 2k sin
(

θs

2

)

and

cos θs = (k i − ks ) · k i/k2.

Iterating the Bethe−Salpeter equation, we obtain an

expression for scattering contributions of higher orders:

G(R1, Rn; k i , ks) = µs f (ks − k i)δ(Rn − R1)

+ µ2
s f (ks − kn1)3(Rn) f (kn1 − k i) + µ3

s f (ks − kn2)

× 3(Rn2) f (kn2 − k21)3(R21) f (k21 − k i) + . . . .

(2)
Each term corresponds to one-, two-, three-fold, and

subsequent orders of multiple scattering, which are stochas-

tically taken into account in the analysis by MC method

(Fig. 1).
In MC modeling, the distance that a photon travels

between successive scattering acts obeys an exponential

distribution [28]:

P(s) = µt exp(−µts), (3)

where µt = µs + µa — extinction coefficient. Distance

between the scattering acts is generated by formula:

s = −
ln ξ

µt

, (4)

where ξ ∈ (0, 1) — an evenly distributed random number.

Thus, photon packets are injected into the medium

from the surface, and their trajectories are iteratively

updated until they are absorbed or leave the boundaries

of the considered volume. Absorption is calculated by

sequentially reducing the weight of the photon packet along

the propagation path in the medium:

I =

Nph
∑

j=1

W j exp

(

−

n j
∑

i=1

µa li

)

,
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where W j — statistical weight of j-th packet of photon,

and li — length of i-th trajectory portion.

The polarization of an electromagnetic wave is usually

described within the Stokes−Mueller or Jones formal-

ism [29,30]. The Stokes vector and the Jones vector

characterize the polarization state, while the Mueller and

Jones matrices delineate the change in this state during

scattering occurring because of fluctuations in the dielectric

constant of the medium.

The Stokes−Mueller formalism is widely used for the

analysis of polarization in birefringent turbid media in

polarization-sensitive optical imaging [31]. In a number

of experimental and numerical studies, characteristic po-

larization patterns in backscattering have been observed,

represented as Mueller matrices [32,33]. It is demonstrated

that the residual degree of polarization in the backscattered

light is somewhat dependent on the optical properties of the

scattering medium. In this view, let’s consider a linearly

polarized wave propagating along z axis with initial polar-

ization along x axis. After scattering, the polarization vector

P i is determined according to the following expressions:

P i = −ei × (e i × P i−1) = (I− ei ⊗ ei)P i−1. (6)

This can be represented in matrix form as:

P i =









1− e2iX −eiXeiY −eiX eiZ

−eiY eiX 1− e2iY −eiY eiZ

−eiZeiX −eiZeiY 1− e2iZ









P i−1. (7)

Assuming that the initial polarization is P0={1, 0, 0}, the
final polarization after n scattering acts is defined as:

Pn = PnPn−1 . . . P1P0. (8)

In the scalar version of the polarized light propagation

modelled by MC method, the parallel and orthogonal

components of the scattered radiation are approximated

based on the weighted contributions of photons detected

by the detector. These components can be calculated as

follows:

IXX(χ) =

Nph
∑

j=1

W j Ŵ
N j P2

XX , j, (9)

IXY (χ) =

Nph
∑

j=1

W j Ŵ
N j P2

XY, j , (10)

where IXX(χ) and IXY (χ) represent the scattering intensity

with saved (parallel) and orthogonal polarization as a func-

tion of the scattering angle χ . Summation is made over all

Nph photon trajectories that have reached the detector. Here

W j — statistical weight of j-th photon accounting for the

losses along its trajectory; N j — number of scattering events

experienced by this photon. The values PXX , j and PXY, j

represent the polarization-dependent components of the

phase function corresponding to scattering with parallel and

orthogonal polarization, respectively.

The multiplier Ŵ characterizes the depolarizing contribu-

tion of each individual scattering event. It depends on the

local scattering angle θ and is determined by the following

expression:

Ŵ =
2

1 + cos2 θ
. (11)

Such shape of Ŵ provides a more pronounced depolar-

ization when scattering at large angles, which corresponds

to the established physical patterns of light interaction

with biological tissues, especially in anisotropic scattering

modes [34,35].
The detected weight of the photon packet W j is defined

accounting for its coordinate rD :

W j(rD) = W0 exp

(

−

N j
∑

i=1

µa,iℓi

)

, (12)

where W0 — initial weight of the photon (usually = 1),
µa,i — absorption coefficient in i-th segment of the photon

path, and ℓi — length of this segment. This exponential

decay simulates the cumulative absorption effect along the

photon trajectory.

Modelling in practice using Apple
ARM-processors

The advent of high-performance parallel computing plat-

forms has significantly transformed the MC method, making

it possible to significantly reduce calculation time and

simulate complex light−tissue interactions with increased

detail and physical dependability [6,7,36]. This progress

has contributed to significant advances in biomedical optics,

providing opportunities for deeper analysis of spectral

characteristics and polarization-dependent effects, including

the development of modern image reconstruction algorithms

using machine learning methods [14,22,37–49]. Yet, model-

ing the coherent propagation of polarized light in scattering

biological media remains the most resource-intensive task,

especially in tasks involving the study of the formation and

spatiotemporal localization of optical radiation, taking into

account birefringence or polarization-dependent detection

geometry [14,41].
To solve this problem, we present an energy-efficient MC

algorithm with tracking the evolution of the electric field

vector during photon migration in scattering (turbid) media.

Developed based on Apple M processors architecture, this

method provides highly detailed modeling of polarization-

resolved radiation transfer in multilayer biological tissues

(Fig. 2). The algorithm tracks the electric field vector P

of each photon packet, iteratively updating it in accordance

with each act of scattering. The proposed approach provides

an accurate reproduction of the effects of depolarization, co-

and cross-polarized scattering, as well as the polarization

memory effect [22,50].
At the beginning of the modeling, photon packets are

initialized with the spatial and angular profile of the

Optics and Spectroscopy, 2025, Vol. 133, No. 12
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Figure 2. A schematic representation of the implementation of MC algorithm, which takes into account successive changes in the electric

field along the trajectories of photon packets, based on Apple M system-on-a-chip architecture. Updates of the polarization vectors with

appropriate scattering actions are mapped to GPU execution threads by using unified memory and parallel processing at the level of Apple

GPU thread groups to ensure efficient data access and high computational performance.

Comparison of the results of modeling by MC method with Milne’s analytical solution and the results of alternative numerical

modeling [51,52]. The table includes the components of both, linear intensity (I‖, I⊥), and circular intensity (Ico, Icross) of polarization, as

well as their ratio

Source I‖ I⊥ I‖/I⊥ Ico Icross Ico/Icross

Milne solution [51,52] 3.025 1.563 1.935 1.751 2.837 0.617

Kuzmin et al. [51,52] 3.029 1.570 1.929 1.758 2.841 0.618

Present model 3.023 1.566 1.930 1.753 2.838 0.617

Gaussian beam. Their initial coordinates (x , y, z ), guide

cosines (ux , uy , uz ), and polarization vectors P0 are set in

the Cartesian coordinate system. As it propagates, each

act of scattering causes a deterministic transformation of

the current polarization vector P i in accordance with the

following expression:

P i = (I− ei ⊗ ei)P i−1, (13)

where ei — unit vector specifying the new direction of

propagation after i th-th act of scattering, and I — unit

matrix. This transformation ensures a consistent evolution of

polarization along the photon trajectory, taking into account

the scattering geometry and the anisotropy of the medium.

Photon interactions are described by the probabilities of

elastic scattering PElastic and absorption PAbs, determined by

the optical properties of the medium: scattering coefficients

µs and absorption µa . The photon displacement step 1r is

selected less than the minimum free path to ensure correct

sampling of interaction events. At each calculation step, the

probability of a specific interaction is calculated as follows:

P i = 1− e−1r/li , (14)

where li denotes the average free path length for the

corresponding type of interaction.

Here, Metal technology from Apple is used to accel-

erate calculations made by the graphic processor. Each

GPU thread processes individual photon packet providing

full computational independence. Apple M architecture

with a unified memory minimizes the delays between

CPU and GPU, providing efficient access to the general

memory when tracing the photons packet. The state of

each photon packet, including trajectory, statistical weight,

and polarization vector, is stored in device registers or

memory buffers optimized for vectors (SIMD). Photon

packet propagation is carried out within the iterative cycle

of the core. At each step, the state of the photon packet

is updated according to the interaction probabilities. The

absorbed parts of the photon packet are marked to complete

their further modeling, and their energy contribution is

registered. Photon packets after scattering change their

direction according to Heney−Greenstein phase function;

their polarization vector is updated accordingly, as described

above. The polarization states are continuously monitored,

which makes it possible to accurately reconstruct the

intensity distributions corresponding to the components

Optics and Spectroscopy, 2025, Vol. 133, No. 12
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Figure 3. The results of MC-modelling of the propagation of polarized light in a turbid medium with anisotropy factor g = 0.9 and

scattering coefficient µs = 30mm−1. On the left: intensity versus the number of scattering events for parallel polarized (I‖), perpendicular
polarized (I⊥) components, as well as for scalar intensity (red curve) and total vector intensity (magenta curve). On the right: spatial

distributions of the polarization-resolved parameters: at the top — parallel polarized intensity I‖; in the center log10 perpendicular to

the polarized intensity I⊥; at the bottom — spatial distribution of the depolarization coefficient (DR), reflecting spatial variations of

polarization conservation during multiple scattering.

with saved and changed polarization. Photon packets that

exceed the permissible spatial or angular range are excluded

from further modeling. Thus, a spatially resolved intensity

distribution is formed at the output, taking into account the

polarization characteristics of the detected radiation.

Results and discussion

The findings obtained from using the proposed MC

model in the table below are in good consistency with

both, the results of Milne analysis, and the numerical

data provided by V.L. Kuzmin et al. [9,23]. For example,

the calculated ratio I‖/I⊥ is close to the values of 1.935

(according to Milne) and 1.929 (according to Kuzmin’s

method), which confirms the high accuracy of polarization-

dependent intensity modeling. Similarly, the ratio Ico/Icross,

which describes the behavior of circular polarization, ex-

actly corresponds to the analytical value of 0.617, which

additionally proves the correctness of describing coherent

effects in the proposed approach.

The comparison results confirm the numerical depend-

ability of the developed MC model, taking into account

the evolution of the electric field, and demonstrate its high

accuracy in reproducing polarization effects. Moreover,

the model correctly reproduces the phenomena of spiral

inversion and spatial characteristics of optical radiation

depolarization [53–55].

To validate performance of the improved MC model,

taking into account the evolution of the electric field (MC

model with EP), the spatial and volumetric distributions of

key polarization-resolved quantities in a highly scattering

anisotropic medium were calculated. As shown in Figure 3,

the results obtained show excellent consistency with the

expected physical behavior, including the memory effect

of polarization and characteristic patterns of depolariza-

tion [53–56]. In particular, the model successfully repro-

duces parallel polarized (I‖) and perpendicular polarized

(I⊥) intensity components, as well as the depolarization

coefficient (DR) over a wide scattering range. The data

obtained provide a detailed understanding of the spatial

structure of backscattered light [55,57] and quantify the

degree of preservation or loss of polarization as a result of

multiple scattering in media with high anisotropy g = 0.9

and scattering coefficient µs = 30mm−1 [22,43,57]. The

ability of the model to accurately reproduce such distribu-

tions confirms its physical validity and practical value for

numerical analysis of light interaction with biological tissues.

To assess the performance of the implemented improved

MC model, we conducted extensive testing with an empha-

sis on computational speed, energy efficiency, and numerical

stability. First of all, the throughput capacity was compared

by the number of processed photons: the efficiency of the

Metal-accelerated implementation was evaluated compared

to previously developed Monte Carlo algorithms based

on NVIDIA CUDA and classical CPUs. The results

Optics and Spectroscopy, 2025, Vol. 133, No. 12
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demonstrated impressive performance: the proposed model

is capable of processing from 2 million photons per second

(on M1 Pro chip) to 5 million photons per second (on M2

chip) in a homogeneous medium. This bandwidth makes it

possible to conduct large-scale modeling of the order of 1011

photonic packets in a reasonable time, which was previously

achievable only when using high-performance clusters with

graphics accelerators. The findings convincingly demon-

strate that the developed model may find its application in

the portable and high-speed biomedical optics in real time.

Existing solutions based on high-performance NVIDIA

GPUs, for example, within CUDA platform [6,7], do provide

higher absolute throughput — approximately 2.3 times

higher. However, this is accompanied by significantly higher

energy consumption. Thus, GeForce RTX 3090 graphics

card is capable of processing about twice as many photons

per second, but its power consumption under load reaches

360W, while the M1 Pro graphics processor consumes only

about 10W. Overall computational efficiency is determined

not only by raw performance indicators, but also depends

on many factors, including the algorithm structure, hardware

architecture, software interfaces used, and the development

environment.

It should be noted that the presented implementation

of the MC algorithm is specially optimized for Apple M

processors using Metal computing platform. However, the

algorithm itself is not strictly tied to Apple hardware. Key

architectural features that ensure its efficiency, such as ARM

processors and unified memory, are becoming increasingly

common on other platforms, including Qualcomm Snap-

dragon processors and other ARM-compatible solutions. If

there is support for similar computing APIs, as well as

access to unified memory, the developed MC algorithm can

be adapted to the appropriate computing platform. Thus,

although Apple hardware was used in this study due to

its affordable energy-efficient architecture and native Metal

support, the MC algorithm itself and its conceptual structure

are transferrable and not limited to a specific hardware.

Conclusions

This paper presents a new optimized MC algorithm

with the ability to take into account the spatiotemporal

dynamics of the electric field [58], developed for the

most accurate computational modeling of coherent effects

arising from the propagation of polarized optical radiation

in scattering media. Unlike traditional scalar MC modeling

methods, the developed algorithm provides a physically

correct description of coherent optical effects, including

polarization, interference, and absorption, by sequentially

calculating changes in the vector electric field along pho-

ton trajectories in a scattering medium. The presented

MC algorithm is optimized for energy-efficient Apple M

processors using GPU acceleration, which allows high-

performance modeling on portable computer platforms.

The algorithm was validated by comparing it with Milne’s

analytical solution and numerically oriented reference MC

models. The results obtained are in good agreement with

the results of reference calculations of the spatial distribution

of the scattered radiation intensity and the depolarization

coefficients, confirming the adequacy of applicability of

the model in polarization-sensitive configurations. The

algorithm is integrated into a previously developed software

module with open access to the source code [59], which

supports modeling light propagation with both temporal

and spatial-polarizing resolution. The module combines

computational efficiency with physical reliability and can be

expanded to solve a wide range of tasks, including speckle

analysis, coherent-selective visualization, and time-resolved

light transfer modeling. The proposed optimized MC

method is a reliable and scalable platform for computational

modeling of the interaction of light with inhomogeneous

media, including biological tissues. The method is intended

for use in the next-generation optical technologies such as

diffusion-wave optical coherence spectroscopy [60,61] and

phase-polarization-sensitive optical biopsy [47,62].
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