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INTRODUCTION

ABSTRACT

In Global Illumination, calculating absorption and scattering values of transparent or semi-
transparent materials is one of the most difficult phenomena. Absorption and scattering
values affect indirect illumination. This phenomenon is often overlooked in realistic image
processing software. When an absorption or scattering coefficient is not input for transparent
or semi-transparent materials, the global illumination values do not change. In this study, an
experiment was planned to see the effects of absorption and scattering values of liquids on
spherical illumination. In the experiment, different liquids were placed in a 55 cm Cornell box,
and the illuminance values on the surfaces of the Cornell box were measured for each liquid.
The same scene was created with digital image synthesis software. Afterward, the luminance
values in the real model and the virtual image were compared. This study proposes adding an
absorption and scattering parameter to realistic image synthesis software for transparent and
semi-transparent materials. This parameter was prepared with the Open Shading Language
(OSL) developed by Sony Imageworks. In this way, the luminance values of the Cornell box in
real and digital images are very close to each other.

Cite this article as: Mucur, A. & Tong, T. (2025). Effects of absorption and scattering values of
liquids on global illumination. Megaron, 20(2):203-221.

it is an efficient tool for building information modeling,
building physics, and materials analysis. By simulating the

Realistic image synthesis is the process of creating images
that are indistinguishable from real photographs using
computational methods and advanced techniques.
Realistic image synthesis has important applications in
many fields such as the film and video industry, virtual
(VR) and augmented reality (AR), architecture and urban
planning, industrial design, educational simulations, and
medical imaging systems. Realistic image synthesis plays
an important role in architecture and is not limited to
visualization. Beyond determining how a building will look,

*Corresponding author
*E-mail adress: ayhan.mucur@gmail.com

interaction of materials with light, this technology is used
to measure their physical properties such as reflectivity,
transmittance, and refraction. In addition, when integrated
with virtual and augmented reality (VR - AR) technologies,
realistic image synthesis has the potential for high-level
interaction in the fields of architecture and design. As can
be seen, the techniques used in realistic image synthesis,
when used correctly and effectively, contribute to the
improvement of projects both aesthetically and functionally.
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The main goal of realistic image synthesis is to simulate
the natural behavior of light and improve the visual
fidelity of objects and scenes. Direct illumination, indirect
illumination, reflection and refraction, shadows, caustic
effects, and global illumination are the basic principles
for modeling the behavior of light. Algorithms used to
model these principles include ray tracing, radiosity,
photon mapping, and path tracing. All these algorithms
are different methods for calculating global illumination.
Each method, which samples the behavior of light, has
advantages and disadvantages over the others. Ray tracing
is a point sampling technique that traces infinitesimal light
beams through a model (Whitted, 1980). Basic ray tracing,
which started in 1980, is based on the principle of tracing
light rays from the observer to the light sources. This
approach deals only with mirror reflections, refractions,
and direct illumination and cannot account for effects
such as depth of field, motion blur, caustic, and bright
reflections. Radiosity was developed to calculate indirect
lighting effects (Cohen & Wallace, 1993). This technique is
based on the idea that each surface on the stage can both
receive light and act as a light source. It was developed as an
alternative to light tracing methods, where the balance of
light exchange between surfaces in the scene is calculated.
The propagation algorithm is limited to simulating light
effects such as the reflection of light from surfaces and its
passage through transparent objects. Propagation is mainly
designed to calculate the indirect light transfer between
surfaces and how this light is scattered. It is often used in
combination with other methods, such as ray tracing, to
accurately simulate interactions such as reflection and
refraction. The strength of the propagation method comes
from its ability to calculate the overall illumination of the
scene, indirect lighting effects, and the distribution of light
between surfaces. Photon mapping shows very successful
results in material and surface conditions where ray tracing
and diffusion methods are inadequate (Jensen, 2001). This
method is a two-step method used in global illumination
calculations. The first stage is to record the scattering
of photons from light sources and their interactions
with surfaces. The second stage is the light calculations
that use this information to produce visually accurate
images. Photon mapping is suitable for modeling indirect
illumination, caustics, and other complex light interactions.
It is especially efficient in simulating transparent and semi-
transparent objects compared to methods such as light
tracing and diffusion. Path tracing is a powerful, realistic
image synthesis method that simulates the complex
interactions of light in a scene (Kajiya, 1986). By tracing the
progression of light paths through the scene, it is able to
model phenomena such as reflection, refraction, shadows,
and indirect lighting in a natural way. This method works
based on the physical laws of the real world. This makes it
easy to create challenging effects such as indirect lighting,

complex reflections, and caustics (bright light patterns
caused by the refraction of light). In addition to these basic
methods, complementary algorithms such as bidirectional
ray tracing, Metropolis light transport, and Monte Carlo
ray tracing are also used in conjunction with the basic
methods.

In global illumination, the most complex situation to
compute is the passage of light through transparent and
semi-transparent objects. Light exhibits unique interactions,
especially as it passes through liquids, being absorbed and
scattered depending on the density and components of the
liquid. These interactions affect the appearance of the liquid,
its depth of color, and how objects in it appear. Absorption
is the partial or complete absorption and retention of the
energy of light as it travels through a medium. Liquids absorb
certain wavelengths of light, causing the liquid to acquire a
distinctive color. Accurately simulating absorption values
allows liquids to gain a realistic sense of color and depth.
Scattering is the change in direction of light as it travels
through a medium. This feature causes the light to spread
over a wider area in the liquid, creating a soft lighting effect
in the process. Accurate modeling of scattering in a liquid
affects the opacity of the liquid and the visibility of objects
in it. Accurate calculation of absorption and scattering
values ensures that the colors of liquids and the objects in
them are seen realistically, which contributes to the overall
atmosphere of the scene. Absorption rates, which vary
depending on the depth of the liquids, create a perception
of depth in the scene. Scattering creates soft lighting effects
in and around the liquid and makes the shadows on the
liquid surface and on the objects in it appear more realistic.
Absorption and scattering determine how clear objects in
the liquid appear. This is important for the degree of blur in
the liquid and the visibility of details behind objects.

Accurate modeling of the absorption and scattering values
of liquids, as part of global illumination algorithms, plays
a critical role in producing photorealistic images. This
is especially important in scenes involving transparent
materials such as water, glass and different liquids to
enhance visual realism.

BACKGROUND

Global Illumination

Global Illumination (GI) is a lighting model in computer
graphics and rendering technologies that provides a
realistic calculation of the light in a scene. GI takes into
account not only the light coming directly from the light
source but also the light that is reflected between surfaces
and objects in the scene and reaches other surfaces
indirectly (Angel & Shreiner, 2020). This approach allows
for more natural and detailed lighting and shadows to be
created in scenes. For example, thanks to GI, light reflected
from one surface carries its color to other surfaces, adding
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a color-bleeding effect to the scene. Based on the principle
of energy conservation, this model is compatible with
physically based rendering (PBR) and ensures that the
total energy of light remains constant in the scene (Peddie,
2019). GI simulates direct and indirect light calculations
with ray tracing and path tracing, while techniques such as
radiosity and photon mapping are used to model complex
light distribution. In addition, volumetric lighting adds
depth to scenes by accounting for the transport of light
in participating environments (e.g. fog and smoke). GI is
indispensable for providing lifelike and dynamic lighting
in areas such as film, animation, architectural visualization,
and modern game development.

Basic Radiometric Quantities

Radiometry is the field that deals with the entire
electromagnetic spectrum, including visible light, and
studies the measurement of radiation. In this context, three
fundamental quantities are considered: flux, irradiance, and
radiance (Kurachi, 2007).

+ Radiant Flux (®) is the total electromagnetic energy
emitted from a source in a given time interval. Its unit is
expressed in Watts (W) (Table 1).

o Irradiance (E) is the energy flux falling on a surface. It
is defined as the amount of energy incident on a surface
area and is expressed in watts/square meter (W/m?).
It is often used when analyzing sunlight or other light
sources (Table 1).

« Radiance (L) is the flux of energy emitted or reflected
from a unit area in a given direction. This quantity
provides information about both the direction of
light and the amount of light leaving the source. It is
expressed in watts/(square meter-steradian) [W/(m>-
sr)] (Table 1).

Table 1. Radiometric quantities and expressions

Reference Quantity Formula Expression
d
- ‘w. Radiant Flux (®) @ = d—g
s 'l 4/ Irradiance (E) E@) = %
—=F—— Radiance (L) _ d*®(p,w)
Lp @) = dA dw cos @
_ dE(p, @)
" dw cos@

Table 2. Radiometric and photometric units

Radiometric units cover the entire electromagnetic
spectrum, while photometric units are organized according
to the visible light spectrum, which only the human eye can
detect. Therefore, radiometric and photometric units differ
from each other (Table 2).

BRDF-Based Lighting Models

BRDF (Bidirectional Reflectance Distribution Function)
is a mathematical function that defines the angle and
intensity at which light coming to a surface is reflected
from this surface. It determines the scattering of light in
different directions by reflecting from the point where it
hits the surface and thus analyzes the optical properties of
the surface (Zhou, 2023). BRDF models the interaction of
light with the surface, simulating the physical properties of
the material such as matte, glossy, metallic or translucent.
This function is used in computer graphics and rendering
processes to obtain realistic visualizations. It helps calculate
both the direct and indirect lighting. BRDF-based lighting
models increase the realism of reflections in scenes by also
taking into account the interactions of light with the texture
and microstructures of the surface (Guarnera et al., 2016).

The image of objects in the real world is formed when ambient
light is reflected from the surface of the object and reaches
our eyes. BRDF is a function that describes the relationship
between light incident on a surface and reflected light (Figure
1). Its mathematical expression is as follows:

dLo (p, wo) _ dLy(p, o)
dE;(p,w;) L;(p, w;) cos B;dw;

f;’(p' wj, wo) =

In this equation,

+ f (pw,w,) represents the BRDF

o pisapoint on the surface

+ w,is incoming light directional

+ w, is the direction of the observer or reflected light

« dL, (pw,) is the differential reflected radiance of the
surface in the direction w,

« dE, (pw) is the differential illuminance of the surface
from the incoming light direction w,

0 is the angle between the incoming light direction wi
and the surface normal at the shading point p.

Integrating over the entire semi-spherical surface:

fr (0, w;, o)L (p, w;) cos B;dw;
a

LO (p: (‘)0) =

Quantity Radiometric Unit Photometric Unit

Radiant Flux (®) Watt (W) Lumen (Im)

Irradiance (E) Watt per square meter (W/m?) Lux (Ix)

Radiance (L) Watt per square meter per steradian (W/(m?sr)) Candela per square meter (cd/m?)
Radiant Intensity (I) Watt per steradian (W/sr) Candela (cd)
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Figure 1. Basic reflection models for incident light (Goral et al., 1984).

In general, BRDF describes the distribution of outgoing
light after it reflects from a point on the object's surface with
the direction of the incoming light. In computer graphics,
the BRDF is represented as a three-component RGB vector.
BRDF has basic properties such as reversibility, energy
conservation, and linearity.

The reversibility of the BRDF is based on the Helmholtz
Reciprocity Principle, which states that changing the
incident and reflected light will not change the BRDF value:

Lo(p, wi,wo) = Lo(p, wo,w;)

BRDF is also subject to the principle of energy conservation.
The energy conservation equation is as follows (Q represents
the corresponding energy):

Qincoming: Qreﬂected+Qabsorb+Qtransmitred
Therefore, it can be concluded that:

QreﬂectedS Qincoming

Therefore, the BRDF must satisfy the following integral
inequality for the energy conservation property:

Vo, f o (p, @y wo) cos Bydew; < 1
Q

The linearity property of BRDF requires multiple BRDF
calculations for the correct reflection description. The total
reflected radiance of a point on a surface can be simply
represented as the sum of the individual BRDF reflected
radiances. For example, bright diffuse reflectance can be
obtained by calculating multiple BRDFs.

To make BRDF data easier to process and more efficient, the
researchers translated them into numerical models. These
models were categorized as empirical and physically based. In
addition, data-driven models were developed to directly obtain
measured BRDF data and use it in the processing process.

Empirical Models

Empirical models are generally focused on the calculation
of reflected light. They produce simple formulas for fast
calculations on this subject. Empirical models include
parameters based on observation of the behavior of light
and provide results close to physical reality. However, they

may not fully meet the laws of physics such as reversibility
and conservation of energy.

In 1975, Bui Tuong Phong (Phong, 1975) introduced the
Phong Reflection Model to simulate specular reflections.
Considered one of the earliest BRDF models, it described
the light reflected by a point on a surface towards an
observer as the sum of various light intensities. The Phong
Reflectance Model is one of the most basic and common
reflectance distribution functions used to model how
surfaces reflect light and provides a simple yet effective
approach to making surfaces appear matte or shiny. For this
reason, it is still used today as a basic reference in many
computer graphics applications.

The Phong model describes the behavior of light on a
surface with two main components. Diffuse accounts for
the dispersion of light on the surface, and specular accounts
for the reflection of light back to the observer. Thus, the
Phong BRDF combines these two components to calculate
the reflection behavior of a surface. However, the Phong
model fails to simulate more complex surface properties
and micro-surface details.

In 1977, Jim Blinn (Blinn, 1977) developed the Blinn-Phong
reflection model as an improvement to the Phong model.
The Blinn-Phong model simplifies some of the calculations
of specular reflections in the Phong model and provides
a more efficient computational process while providing
similar visual results. For this reason, it has become widely
used in computer graphics. Although the Phong model
uses the angle between the ideal reflection vector and the
view vector to calculate the specular component, the Blinn-
Phong model uses a different vector called the half-vector.
The half-vector represents the direction halfway between
the light source vector and the line-of-sight vector, so the
calculation is performed with this half-vector instead of
the ideal reflection vector. This method is particularly
computationally efficient and provides a more stable result.

The Blinn-Phong model produces more realistic specular
highlights, especially on surfaces with high specular
exponential values. Highlights appear more diffuse or more
focused depending on the smoothness of the surface and
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the light source. This increases realism by making surfaces
look more natural. In addition, the half-vector calculation
reduces visual errors due to changes in the angle between
thelight source and the observer. However, the Blinn-Phong
model, like the Phong model, does not take into account
the orientation of the observer relative to the surface. This
can lead to inaccurate reflections at some angles.

In 1992, Ward (Ward, 1992) proposed the Ward BRDF
model, an empirical model developed by measuring
and fitting reflection data of objects. This model was
an important step forward, especially for photorealistic
imaging and the simulation of light reflection properties.
In particular, he aimed to more accurately model the
reflection properties of metallic surfaces. Ward's BDRF
model takes into account the effects of surface roughness
and micro-geometric properties on reflections in areas
where traditional Lambertian surfaces are inadequate in
reflection modeling. Based on the assumption that the
micro-roughnesses on the surface are randomly distributed,
the Ward BDRF model determines the different reflectance
amounts of these roughnesses according to the directions.
Therefore, the Ward model more accurately describes the
reflection behavior of anisotropic surfaces (i.e., surfaces
with different properties in different directions).

However, the original Ward BRDF model has energy loss
when light is scattered. In 2006, Arne Diir (Diir, 2006)
made some additions to Ward's model and introduced a
more accurate and flexible reflection model. The Ward-
Diir model ensured that surface reflections conform to the
principles of energy conservation. In 2010, Geisler-Moroder
and Diir (Geisler-Moroder & Diir, 2010) developed the
Ward-Diir BRDF model to conserve energy at all angles.
This version of the model addresses the problem of energy
conservation by introducing a finite albedo parameter
that helps to ensure that the model remains physically
plausible at all angles. However, Ward's 1992 BDRF model
is considered a revolutionary development, especially for
computer graphics and rendering engines.

In 2000, Ashikhmin & Shirley (Ashikhmin & Shirley,
2000) proposed a new BRDF model inspired by the models
of Ward (Ward, 1992), Schlick (1994), and Neumann
et al, (1999). The Ashikhmin-Shirley model was a new
experimental model with many desirable properties, such
as energy conservation and reciprocity. It allows anisotropic
reflection to create effects such as the striped appearance of
brushed metal. The parameters of the model are intuitive
and take into account the Fresnel effect, which causes the
specular reflection to increase as the angle of incidence
decreases. In addition, the diffuse term is not constant, so
the diffuse component decreases as the angle of incidence
decreases. This model is well suited for Monte Carlo
processing techniques.

Physically-Based Models

Physically based models are models that calculate surface
reflectance in more detail based on physical principles and
produce more accurate results. Because they are physically
accurate, they are particularly suitable for realistic
rendering and simulations. These models more accurately
describe the microstructure of surfaces and the direction
of light reflection. Physically based BRDF models are
based on physics concepts such as energy conservation and
Helmbholtz reciprocity.

In 1967, Torrance & Sparrow (1967) used radiation and
microfacet theory to produce a rough surface specular
reflection model. In 1981, Cook & Torrance (1981)
introduced the Cook-Torrance model, an improved version
of the Torrance-Sparrow model. The Cook-Torrance model
is based on the microsurface theory. According to this
theory, the irregular structure of the surface consists of
tiny bends and ridges at the micro level and light interacts
with these micro surfaces and reflects at different angles
depending on the degree of roughness of the surface. This
reflection model takes into account not only the reflection
properties of the surface, but also the effects of roughness,
shadowing, and light refraction.

The Cook-Torrance model is a microfacet model widely
used in computer graphics. It is used to simulate the
appearance of metal and glass materials and has many
advantages, notably the Fresnel effect. In this model, the
Fresnel effect, the reflection oflight at tangential angles from
surfaces, is more accurately calculated, and the anisotropic
reflection used to achieve the appearance of brushed metal
is also obtained. In addition, the Cook-Torrance model is
used to model a wide range of materials, from dull to shiny
surfaces.

In 1991, He et al., (1991) published a paper proposing a
more complex and purely physical BRDF model based on
wave optics. This model takes into account the polarization
of smaller scattering angles of light, diffraction, interference,
surface conductivity, and roughness, and can simulate more
optical phenomena than microfacet models. However, the
computational cost is much higher.

The Oren-Nayar model was introduced by Oren & Nayar
(1994) in 1994. This model was developed for rough
surfaces and establishes a relationship between surface
roughness and reflection pattern. One of the main
advantages of the Oren-Nayar model is that it simulates the
surface roughness of real objects to a certain extent, giving
them a more textured appearance. However, it may not be
suitable for real-time applications as the computation times
are too long.

Data-Driven Models
Data-driven models are a type of general model that provides
a way to quantify anisotropic BRDFs based on measured
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data. These save a large set of BRDF materials as high-
dimensional vectors and then use dimension reduction
to compute a low-dimensional model from this data. This
allows a lookup table-based approach to directly find
processing results and saves a lot of real-time computation.
Matusik et al., (2003) described in their 2003 paper how
they implemented a series of studies and obtained a data-
driven reflectance model. In addition, many laboratories
have used a variety of tools to measure reflectance data of
various real-world materials under different light angles and
observation angles and recorded them in public databases
such as the MERL BRDF Database.

Since data-driven models are based on measurements of
real-world materials, the resulting renders are very realistic,
and this is one of the main advantages of these models.
However, a major drawback is the lack of parameters for
adjusting effects, so it is not possible to manipulate the data
to achieve the desired results. In addition, data collection
for some extreme angles is difficult due to instrument
limitations. These models also require large amounts of
data and are computationally expensive, making them less
suitable for real-time applications such as video games, but
suitable for offline renders such as movies. They can also be
used in graphics research to evaluate the realism of other
BRDF models.

Participating Media-Based Lighting Models

Participating media-based lighting models are lighting
models that simulate how light interacts not only with
surfaces but also with particles within a medium. These
media can be transparent or translucent substances such
as air, fog, smoke, water. Participating environments take
into account the absorption, scattering and redirection of
light, resulting in a more realistic and immersive visual
experience in scenes (Cerezo et al., 2005).

Participating media are volumes filled with particles
that affect the light passing through them by scattering
or absorption. This term refers to media that actively
participate in the transmission of light. In computer
graphics, low-density media such as water, fog, steam, and
air, in addition to solid surfaces, are also important for
modeling their interactions with light. The composition
and particle density of a medium determine the behavior
of light in the medium. In homogeneous media (e.g., air
or water), the density is constant, while in heterogeneous
media (e.g., clouds or steam), the density is variable. Some
dense materials, such as skin or candle wax, exhibit high
levels of light scattering, and such interactions form the
basis of diffuse surface shading models. As a result, all
media scatter or absorb light to some extent, depending on
their density and composition (Deng et al., 2020).

In recent years, various algorithms have been introduced
to handle participatory media, such as many light-based

methods (virtual ray lights, VRL) (Novédk et al., 2012),
various extensions to photon mapping resulting in unified
points, rays and paths (UPBP) (Kfivanek et al., 2014),
Monte Carlo-based methods (Herholz et al., 2019) and
point-based methods (Wang & Holzschuch, 2017). All
these methods have greatly improved the simulation of
participating media.

Features of Participating Media

In a participating medium, three different phenomena
affect the amount of radiation emitted along the beam
(Siegel & Howell, 1992).

o Absorption: The medium absorbs some of the light, and
the light energy is converted into heat or other energy.
The intensity of light absorbed determines the degree of
opacity of the medium.

o Scattering: Light changes direction when it hits particles
in the medium. This process scatters some of the light in
other directions. In Single Scattering, light is scattered
only once and then either hits the observer or another
surface. In Multiple Scattering, light is scattered more
than once in many directions. This is more pronounced
in dense environments.

o Light Extinction: Light loses intensity due to both
absorption and scattering.

Participating media-based lighting models are usually based
on the Radiative Transfer Equation (RTE). This equation
mathematically describes the absorption, scattering, and
propagation of light in a medium (Table 3):

os(x,0") - L(x,0") - p(w', w)dw’

L(x,w) = L.(x, w) +f

14

In this equation,

o L(x,w) is the light intensity at a given point (x) and
direction (w).

+ L, (xw)is the light emitted from a light source.
+ 0, (xw)is the scattering coefficient.
o p (wiw) a is the phase function (determines which

direction the light is scattered).

Table 3. Features and units used in participating media (Ak-
enine-Moller et al., 2018)

Symbol Feature Unit
o, Absorption coefficient m’!
o, Scattering coefficient m*
o, Extinction coefficient m!

p Albedo unitless
p Phase function srt
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Types of Participating Media-Based Lighting Models

o Volumetric Lighting: A lighting method in computer
graphics and visualization that simulates how light
propagates, absorbs, and scatters through a medium.
It is used to model the interactions of light with
participating media such as smoke, fog, vapor, or water
instead of solid surfaces. This technique is particularly
important for adding depth, atmosphere, and dramatic
visualization to scenes (Novak et al., 2018).

o Ray Marching: Although it works on a similar principle
to ray tracing, ray marching calculates the density of the
medium or its distance from the surface at each step the
light travels, which is a great advantage, especially for
complex volumetric media.

« Single Scattering: This model simulates situations where
light is scattered only once. It is less complex and gives
fast results in low-density environments (e.g. light
fog). However, it does not provide realism in dense
environments such as multiple scattering (Jonsson et
al., 2014; Yan et al., 2013).

o Multiple Scattering: Simulates the complex interactions
that occur when light is scattered more than once. It can
produce more realistic results for environments such as
dense fog, smoke, or water. Computational cost is high,
but the results are highly detailed (Jénsson et al., 2014;
Yan et al., 2013).

o Subsurface Scattering: Simulates light penetrating
translucent materials (such as skin, wax, milk),
propagating through them and then exiting. This model
is especially used for realistic visualization of organic
materials such as skin (Dutré at al., 2006; Kurachi, 2007).

Comparison of BRDF and Participating Media-Based
Lighting Models

These models are the two main approaches used to model
the interaction of light with different physical media.
BRDEF-based models deal with the interactions of light with
surfaces while participating media-based models simulate
how light propagates, absorbs, and scatters within a volume
(participating media) (Table 4).

BRDF (Bidirectional Reflectance Distribution Function)
is a model that describes the light reflection of surfaces. It
calculates the reflection of light from a surface depending
on the incoming and outgoing light angles. It is often used
for opaque surfaces and simple lighting situations. BRDF
models are fast, so they are common in real-time rendering
engines, but focus only on surface effects.

Participating media-based models simulate the propagation,
scattering, and absorption of light in a medium. These
models are ideal for handling volumetric effects such as fog,
smoke, or water. Participating ambient models focus on
physical accuracy but are computationally expensive and
are often favored in cinematic rendering engines.

As a result, BRDF is simpler and faster, suitable for surface
reflections. Participating environment models, on the other
hand, are more complex but are required for effects that
aim for volumetric and physical accuracy. The two are often
used together to optimize both surface and volumetric
lighting effects.

METHOD

In this study, an experiment was planned to determine
the effects of absorption and scattering values of liquids
on global illumination. In this experiment, a glass filled
with different liquids was placed in a 55cm Cornell box
and the luminance values on the surfaces of the Cornell
box were measured for each different liquid. The same
scene was created digitally with V-Ray 6 and Corona
software for image synthesis. As a result, the surface
luminance values of the real model and the virtual image
were compared.

« Color Contrast: The colors red and green are opposite
each other in the color spectrum. This contrast makes
it easier to observe the reflection and propagation of
light on different surfaces. Thus, the behavior of light on
different colors can be analyzed more clearly.

« Light Reflection and Diffusion: Different colors reflect
and diftuse light in different ways. Strong colors such as

Table 4. Comparison of BRDF and participating media-based models

Feature BRDF-Based Models

Participating Media-Based Models

Focus Surface-Oriented

Type of Interaction Reflection, Refraction

Volume-Oriented
Absorption, Scattering, Multiple Scattering

Radiative Transfer Equation

Physical Theories Fresnel Reflection, Micro-face Distribution,
Conservation of Energy
Physical Accuracy High Accuracy for Surface Materials

High Accuracy in Volumetric Environments

Calculation Cost Lower

Areas of Usage Metal, Glass, Plastic Surfaces

Higher
Fog, Smoke, Liquid, Atmospheric Effects
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red and green make the behavior of light on these surfaces
apparent. In this way, the reflection and propagation
properties of light can be studied in more detail.

+ Realism and Accuracy: The use of red and green colors
is used to test the accuracy of calculations made to
create realistic scenes in computer graphics and visual
effects. These colors are ideal for testing light and
shadow interactions and how the human eye perceives
these interactions.

+ Psychological Impact: The colors red and green are easily
distinguishable to the human eye. This allows observers
to analyze light and color interactions more easily.

The experiment was conducted with a 55 cm Cornell box, a
surface-mounted luminaire and a measuring device (Figure
2). The interior surfaces of a 55 cm box were painted with
RAL code-defined colors (Table 5) (Figure 3).

The equivalents of the three colors on the experiment box
surfaces in all other color systems have been calculated
(Table 6). These values will be the reference in the virtual
experiment to be conducted later.

The luminaire is a surface-mounted model used for indoor
lighting (Table 7). Luminaire, supplied by Ikizler Lighting,
has been tested again in the company's laboratory. The
technical data of the products manufactured in industrial
design are very close to each other. However, due to
production conditions, the values are not exactly the
same. All technical features of the luminaire have been re-
measured in order to simulate the virtual scene very close
to reality. In addition, the IES Map has been prepared to be
used in the 3D scene.

Figure 2. Experiment box, luminaire, spectroradiometer,
and liquids.

Table 5. RAL codes for the Cornell box

Surface RAL Codes
Red Surface RAL 3020
Green Surface RAL 6001
White Surface RAL 9003

Konica Minolta CS-2000 Spectroradiometer was used for
the measurements (Figure 4).

In the Cornell Box, the luminance values on the box surfaces
were measured for an empty glass and 8 different liquids.
The value changes in different liquids were compared in
tables. In this experiment, an empty glass, water, milk, olive
oil, white wine, red wine, beer, honey, and grape vinegar
were used (Figure 5). Measurement values are (cd/m?).

For each liquid, luminance values were measured at 16
different points on the Cornell box surface (Figure 6). In
addition, an identification number is defined for the points
defined on the colored surfaces (Table 8).

In this experiment, the change in luminance values of points
determined on the Cornell box surfaces under the influence
of different liquids was investigated. The luminance value at
each point is the sum of the direct light, reflected light, and
indirect light reaching after being absorbed by the liquid
(Figure 7).

The luminance values of three different surfaces in the
Cornell Box were measured. Each surface was divided into
three equal parts horizontally and vertically after leaving a 2
cm gap from the edges. Thus, 4 axes intersecting each other
horizontally and vertically were formed. The intersection
points of these axes are the 16 points to be measured. The
luminaire located in the middle of the upper surface of the
Cornell box emits light in all directions at 180 degrees. In
this case, each point on the surface to be measured is at a
different position and angle from the light source. In this
sense, measuring from 16 different points for each surface
is an important factor in understanding the distribution
and reflection of light (Table 8).

Experiment Results

In the measurements, it is seen that the red and green surface
values are close to each other (Table 9; Table 10; Figure 8;
Figure 9). However, it was determined that the white surface
values are different from the red and green values (Table 11)
(Figure 10). While the red and green surfaces have the same
angle and position as the light source, the angle and position
of the white surface are different. The luminance value on
the surfaces is the sum of four different light values (Figure
7). These are the direct light coming from the luminaire, the
indirect light coming by bouncing oft other surfaces, the
indirect light coming by reflecting off the glass surface, and
the indirect light coming after being absorbed in the glass.
In this case, the only element that will affect the values in
measurements made with different liquids is the liquid in
the glass. The values are affected by the different color and
absorption coefficients of these liquids. The purpose of this
study is to determine whether these experimental findings
made with a real model give the same results in software
that performs realistic image synthesis.
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Figure 3. Experiment box and RAL codes.

Table 6. Color code equivalents in other color systems

Virtual Scene Experiment

RAL 6001

RGB 54,103, 53 CSS rgb (54, 103, 53);
HSL 119, 32,31 CSS hsl (119, 32%, 31%);
HSB 119, 49, 40 Hex #366735

CMYK 80,30,100, 10  Websafe  #336633

RAL 3020

RGB 187, 30, 16 CSS rgb (187, 30, 16);
HSL 5, 84,40 CSS hsl (5, 84%, 40%);
HSB 5,91,73 Hex #bblel0

CMYK 0,100,100,10  Websafe  #cc3300

RAL 9003

RGB 236, 236, 231 CSS rgb (236, 236, 231);
HSL 60, 12,92 CSS hsl (60, 12%, 92%);
HSB 60, 2,93 Hex #ecece7

CMYK 0,0,0,0 Websafe — #fffff

The experiment, the technical details of which are
described above, was simulated in 3D environment.
Cornell box, luminaire, and glass were modeled with
the same dimensions and material properties were
defined. The luminaire used was re-measured in the
manufacturer's laboratory and an IES map was taken by
these values. The RAL color codes of the surfaces were
converted to RGB values and this value was processed
into the material properties. V-ray 6.0 and Corona
11 were used as image-processing software. Surface
luminance values were measured as (cd/m?) with the
VrayLightingAnalysis render element module in V-Ray
software. Since Corona software does not have a Light
Analysis module, indirect illuminance values on the
surfaces were measured with the Indirect Light render
element module.

Table 7. Technical Specifications of the Luminaire

Luminaire Photometric Test Report

Test: U:224.20V 1:0.0873A P:18,674W PF: 0.9544 Freq:50.03Hz UTHDi:0.00%

Lamp Flux:983,472x1 lm

Name Canvas-T Type

Spec. 4000K Dim.

Mfr. Ikizler Lighting  Sur.

Data of Lamp Photometric Data
Model Led Imax (cd)
Nominal Power (W) 18.67 LOR (%)

Rated Voltage (V) 220 Total Flux (Im)
Nominal Flux (Im) 983,472 CIE Class

Lamps Inside 1 nup (%)

Test Voltage (V) 220 1 down (%)

Su Weight 0.6 kg
175x175x115mm  Serial No. 05250.22.40.022.N000
Shielding Angle
Eff: 52,66 Im/W
338.1 S/MH (CO0 / 180) 1.25
100.0 S/MH (C90 / 270) 1.26
983.47 n UP, DN (CO - 180) 0.9 -49.2
Direct n UP, DN (C180 - 360) 0.6 — 49.2
1.6 CIBSE SHR NOM 1.25
98.4 CIBSE SHR MAX 1.35
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Figure 4. CS-2000 Spectroradiometer.

Figure 5. Empty glass and 8 different liquids.

Figure 6. Experiment box and measuring points.

Virtual Scene Material Properties

The materials of the red, green, and white surfaces are
defined by Diffuse - Roughness, Reflection - Glossiness, and
Fresnel Reflection parameters. VRaylIES light was used for
the light value in the luminaire illumination. The material
properties of the glass and all liquids are defined by the
parameters Diffuse - Roughness, Reflection - Glossiness,
Fresnel Reflection, Refraction - Glossiness - IOR, and
Translucency - Fog Color - Depth(cm).

Table 8. Measurement points inside the Cornell box

Surface Measurement Points

Red Surface L01, L02, L03, L04, L05, L06, L07,
L08,L09,L10,L11,L12,L13,L14,

L15,L16

L17,L18, L19, L20, L21, L22, L.23,
L24, 125, L26, L27, L28, L29, L30,
L31,L32

L33, L34, L35, L36, L37, L38, L39,
L40, L41, L42, 143, L44, L45, L46,
L47,148

Green Surface

White Surface

Figure 7. Example light scheme at point L10.

Virtual Experiment Results
Realistic renders of the Cornell box and liquids created with
V-ray 6 software (Figure 11; Figure 12; Figure 13):

Light analysis renders of the Cornell box and liquids created
with V-ray 6 software (Figure 14; Figure 15; Figure 16):

Realistic renders of the Cornell box and liquids created with
Corona 11 software (Figure 17; Figure 18; Figure 19):

Indirect light renders of the Cornell box and liquids created
with Corona 11 software (Figure 20; Figure 21; Figure 22):

The measurement values taken from the surfaces in the real
model experiment do not match the surface measurement
values in the images created in V-ray and Corona software.
The reason for this is that the software generally does not
define an absorption coefficient for liquid materials. Each
transparent and semi-transparent material has its own
absorption coefficient. Open Shading Language (OSL) was
preferred to add this feature to the software. Open Shading
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Table 9. Measurement values on the red surface of the Cornell box (cd/m?)

Liquids Lo1 Lo5 IL09 1L13 Lo2 Lo6e L10 Li14 103 L07 1L11 L15 1L0o4 1L08 L12 L16

Empty Glass  32.68 86.69 66.96 67.11 43.98 121.5 91.86 98.54 42.53 120.1 99.59 106.1 36.35 104.1 91.74 79.04

Water 3424 90.5 7148 751 4479 1238 96.42 107.6 44.39 1243 103.2 113.8 37.66 1053 96.67 98.34
Milk 33.39 89.28 70.71 73.92 47.81 123.8 9597 107.3 4696 121.1 1044 115.1 3854 1057 1159 94.22
Olive Oil 32.58 8897 7042 7342 4354 124 96.55 107 4233 132.8 1119 113.8 382 110.3 110.1 85.89

White Wine  31.61 87.83 70.23 72.66 43.84 1229 96.18 1052 43.3 120.8 104.2 1129 38.3 1009 98.3 8278
Red Wine 3331 87.49 69.09 7353 4431 121.5 949 1042 40.89 1322 101.5 111.6 37.91 117.7 93.84 86.25
Beer 31.65 8853 6991 72.68 4282 123 9505 1054 45.78 120.5 101.9 1129 34.14 106.3 96.41 92.96
Honey 3295 9092 7145 73.89 43.99 123.7 9576 106.6 42.35 124.7 103.3 112.8 39.61 105.5 94.99 88.45
Grape Vinegar 34.35 91.49 71.89 108.2 44.37 127.6 97.97 107.8 44.32 149.5 113.1 1153 37.98 1209 107.8 94.52

Table 10. Measurement values on the green surface of the Cornell box (cd/m?)

Liquids L33 137 141 145 134 L38 142 146 135 139 143 147 136 140 144 148

Empty Glass  71.8 68.2 91 31.8 104 917 119 44 113 99.1 116 422 844 984 126 394

Water 72.3 684 91 315 104 91.7 119 437 113 99 117 425 848 105 115 36.8
Milk 70.7 663 886 315 103 908 119 445 113 983 115 397 83 104 105 43.1
Olive Oil 734 689 915 295 106 925 120 424 116 100 116 479 91.8 122 125 455
White Wine 72.1 674 8.8 301 104 909 119 436 113 98 115 40.7 858 106 99.6 36.1
Red Wine 713 664 881 287 103 903 117 396 112 969 113 48 91.7 96.7 114 442
Beer 72.1 671 899 304 104 907 119 416 114 98.1 115 404 100 941 122 42

Honey 724 669 901 304 104 902 118 426 113 978 119 40.2 852 101 111 36.2

Grape Vinegar 723 67.6 903 294 105 91 119 41.1 114 102 122 40.7 108 129 116 424

Measurement Values on the Red Surface(cd/m?) Measurement Values on the Green Surface (ed/m?)

Grape Vinegar
Beer

Grape Vinepar
Bear

While Wine Ly

B0 g g i Milk

Whire Wine

WL s s - Milk

L3 a7 e Empty Cilass
LI 2T

LIV s e Empty Cilass
® i
B 1e 1 148

mEmpty Gloss = Water Milk Dhive Oil = White Wine sRed Wine ®Beer mHoney »Gripe Vinegar sEmpty Glass  m Water Milk Dive 0il  wWhite Wine wRed Wine wBeer mHoney wGrape Vinegar

Figure 8. Radiance change graph on the red surface. Figure 9. Radiance change graph on the green surface.

Language (OSL) was preferred because it works integrated
with rendering software such as Arnold, Blender/Cycles,
Pixar/Renderman, Chaos/V-ray, Chaos/Corona.

Measurement Values on the White Surface (cd/m?)

Adding Parameters with Open Shading Language
This work continues in terms of analyzing other realistic 200
image processing software and preparing the code " i
infrastructure of the proposed parameters. Software such L7 L2t 18 g i ot

as Arnold Renderer and Renderman are being analyzed. e e L

In addition, it is planned to add the proposed parameters -
to the materials with the Open Shading Language (OSL)

language developed by Sony ImageWorks. Figure 10. Radiance change graph on the white surface.

mEmpy Gloss mWater #Milk  #Olive Oi @ White Wine  wRed Wine wBeer mHoney  # Grupe Vinegar




214 Megaron, Vol. 20, No. 2, pp. 203-221, June 2025

Table 11. Measurement values on the white surface of the Cornell box (cd/m?)

Liquids L17 IL21 125 129 IL18 122 126 L30 1L19 123 127 131 120 124 128 1L32

Empty Glass 275 363 366 350 349 480 482 350 356 497 497 357 335 420 421 336

Water 276 365 365 276 351 482 485 351 358 502 501 357 336 423 423 337
Milk 274 362 359 275 353 481 481 354 361 502 501 360 340 427 424 339
Olive Oil 279 361 361 275 354 485 486 353 362 506 502 359 340 425 423 344
White Wine 277 364 368 279 352 483 484 354 357 501 501 358 338 422 424 338
Red Wine 273 355 360 348 347 469 472 349 352 489 490 355 333 416 418 335
Beer 276 360 365 278 350 478 480 352 355 496 495 357 336 420 422 336
Honey 274 359 358 274 347 474 475 348 356 493 492 353 333 420 417 335

Grape Vinegar 282 368 370 280 357 484 485 355 363 503 502 361 344 430 428 341

Figure 11. V-ray realistic renders of empty glass, water, and milk.

Figure 12. V-ray realistic renders of olive oil, white wine, and red wine.



Megaron, Vol. 20, No. 2, pp. 203-221, June 2025 215

Figure 13. V-ray realistic renders of beer, honey, and grape vinegar.

Empty Glass Water Milk

Figure 14. V-ray light analysis renders of empty glass, water, and milk.

Olive Qil White Wine Red Wine

Figure 15. V-ray light analysis renders of olive oil, white wine, and red wine.
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Beer Honey Grape Vinegar

Figure 16. V-ray light analysis renders of beer, honey, and grape vinegar.

Figure 17. Corona realistic renders of empty glass, water, and milk.

Figure 18. Corona realistic renders of olive oil, white wine, and red wine.
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Figure 19. Corona realistic renders of beer, honey, and grape vinegar.

Empty Glass Water Milk

Figure 20. Corona indirect light renders of empty glass, water, and milk.

Olive Oil White Wine Red Wine

Figure 21. Corona indirect light renders of olive oil, white wine, and red wine.
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Beer Honey

Grape Vinegar

Figure 22. Corona indirect light renders of beer, honey, and grape vinegar.

Shader Variables

o base_color: A variable of type “color” that represents the
base color of the material. Color(1.0, 1.0, 1.0) : Default
white color

 liquid_name: A variable of type “string” representing
the name of the liquid. The user can specify this value
in the interface.

string liquid_name = "Custom Liquid";

« absorption_value: A “float” variable representing the
absorption value of the selected liquid. The user can
specify this value in the interface.

float absorption_value = 0.1;
0.1 : Default absorption value
min = 0.0, max = 1.0 : Minimum and maximum values

« custom_absorption: A “float” variable representing the
absorption value for a user-specified type of liquid.

float custom_ absorption = 0.1;
0.1 : Default absorption value
min = 0.0, max = 1.0 : Minimum and maximum values

o absorption_influence: A variable of type “float”
representing the local absorption effect.

float absorption_influence = 1.0;
1.0 : Default absorption value

« influence_radius: A variable of type “float” representing
the radius of influence of regional effects.float influence_
radius = 1.0;

1.0 : Default radius of influence

o result: A variable of type “output color” representing the
final calculated color.

output color result = color(0.1, 0.1, 0.1);

« transform: A function that performs the transformation
of the current point.

point Pobj = transform ("object”, P);
"object" : Transform type
" P" = Valid point

o getattribute: A function to get the value of the specified
attribute.

if (getattribute(("occlusion” , dirt_value)) { .... }
" occlusion” : The attribute name to retrieve.
" dirt_value" = Variable to store the value in.

The OSL code prepared according to the variables
explained above is connected to the diffuse channel of the
base material (Figure 23). Therefore, the light entering the
material is defined to affect the environment and itself after
being absorbed. In addition, an easy interface is provided to
enter data (Figure 24).

Shader Code
shader AbsorptionProximity(

color base_color = color(1.0, 1.0, 1.0), // Base color of the
material

int liquid_type = 0 // Type of liquid
[[ string widget = "mapper",

string options = "Water:0| Milk:1| Beer:2| OliveOil:3| Honey:4|
GrapeVinegar:5| WhiteWine:6| RedWine:7| Other:8",

string label = "Liquid Type",

string description = "Select the type of liquid for
absorption properties" ],

float custom_absorption = 0.1 // Custom absorption
value for "Other" liquid type
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* 0SL Map Parameters
base_color:
Liquid Type: O

Custom Absorption: 0,

absorption_influence:

nfluence_radius:

@\@_Lﬁ]‘ Open ﬁﬁﬁlﬁgﬁ’;ﬁml age

Viewport Accuracy (in Realisti

Figure 24. OSL code interface.

[[ string label = "Custom Absorption",

string description = "Custom absorption value for
'Other' liquid type",

float min = 0.0, float max = 1.0, string visible_when =
"liquid_type ==8"1]],

output float absorption_value = 0.1 // Absorption value
for the selected liquid

[[ string label = "Absorption Value",
string description = "Absorption value for the selected
liquid",
float min = 0.0, float max = 1.0, string visible_when =
"liquid_type !=8"1],

float absorption_influence = 1.0, // Influence factor for
surrounding absorption

float influence_radius = 1.0, // Radius of influence for
surrounding objects

output color result = color(1.0, 1.0, 1.0) // Output color

/1 Local variable to store the absorption value based on
the selected liquid type

float base_absorption;

/I Set the base_absorption based on the selected liquid
type
if (liquid_type ==0) {
base_absorption = 0.1; // Water

Map i1
AbsorphionPro,

Figure 23. OSL shading network.

} else if (liquid_type ==1) {

base_absorption = 0.5; // Milk

} else if (liquid_type == 2) {
base_absorption = 0.3; // Beer

} else if (liquid_type == 3) {
base_absorption = 0.7; // Olive Oil

} else if (liquid_type == 4) {
base_absorption = 0.8; // Honey

} else if (liquid_type == 5) {
base_absorption = 0.6; // Grape Vinegar

} else if (liquid_type == 6) {
base_absorption = 0.2; // White Wine

} else if (liquid_type ==7) {
base_absorption = 0.4; // Red Wine

} else if (liquid_type == 8) {

base_absorption = custom_absorption; // Custom value
for Other

}
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/I If the selected liquid is not "Other", update the
absorption_value for the Ul

if (liquid_type != 8) {
absorption_value = base_absorption;
}
/I Get the current point in object space
point Pobj = transform("object", P);
// Calculate a simple dirt value based on proximity
float dirt_value = 0.0;
if (getattribute("occlusion", dirt_value)) {
/I Calculate adjusted absorption value
float adjusted_absorption = base_absorption;
if (dirt_value > 0.0) {
float influence_factor = 1.0 - dirt_value;

adjusted_absorption += influence_factor * absorption_
influence;

}

// Calculate the final color based on absorption

result = base_color * (1.0 - adjusted_absorption);

} else {
result = base_color;
}
}
CONCLUSION

In the Cornell box experiment, as a result of precise
measurements, the luminance values on the box surfaces
were different for each different liquid. The luminance value
on the box surface is the sum of direct and indirect light
energy. Indirect light energy is affected by light reflected from
surfaces and absorbed and scattered within the liquid. The
difference in the measurements here is due to the different
absorption and scattering values of each liquid. However,
in the experiment with realistic image processing software,
the results on the Cornell box surfaces are almost identical.
The reason for this is that there is no absorption parameter
in the material definitions in the software. From a physical
perspective, in the real world, all materials except dielectric
materials have alight absorption rate. The missing parameters
in the liquid materials were added with the Open Shading
Language, and an experimental study was put forward.
Open Shading Language is an open-source software and has
been preferred because it has support for many software.
Different software languages can also be preferred instead.
The important factor here is to be aware of the absorption
parameter. This work continues to be developed.

Asaresult, it is necessary to use participating media models
together with BRDF illumination models in realistic image
processing software. Using participating media means that
absorption and scattering coefficients are included in the
calculations. Thus, the light energy that bounces oft objects
and incidents on surfaces in global illumination can be
more accurately described. In addition, a pre-measured
preliminary absorption and scattering value of each liquid
can be defined. This method will reduce the computational
cost as in the Data-Driven BRDF model. This approach will
contribute to more accurate results in all areas of realistic
image synthesis. In addition to realistic image synthesis,
surface and volume calculation image processing algorithms
will also be necessary in areas such as building information
modeling, structural physics, and material analysis. Finally,
the absorption coefficient must be taken into account in all
simulation models related to light.
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