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ABSTRACT & KEY WORDS

(ENG)

Physically based rendering (PBR) aims to simulate the transport of light in a way that is both visually convincing
and physically accurate. Real-time and offline renderers commonly rely on RGB color representations, which
approximate light using three fixed channels. While it’s efficient in terms of performance and memory, this
approximation limits the accuracy of wavelength-dependent simulations such as dispersion, spectral absorption,
and other complex material-light interactions. Spectral rendering addresses these limitations by representing light
as a continuous function over wavelengths, but it does introduce significant computational and implementation
challenges.

This paper will analyze and compare a real-time renderer with an RGB, spectral and hybrid pipeline. This hybrid
pipeline is a combination of both spectral rendered and RGB rendered assets in a scene. With this | want to render
specific assets physically accurately where it matters while taking advantage of the advantages RGB pipelines have
in terms of performance.

(NED)

Physically based rendering (PBR) heeft als doel het transport van licht te simuleren op een manier die zowel visueel
overtuigend als fysisch nauwkeurig is. Real-time en offline renderers maken doorgaans gebruik van RGB-
kleurweergaven, die licht benaderen met behulp van drie vaste kanalen. Hoewel het efficiént is qua prestaties en
geheugen, beperkt deze benadering de nauwkeurigheid van golflengteafhankelijke simulaties zoals dispersie,
spectrale absorptie en andere interacties tussen materiaal en licht. Spectrale rendering lost deze beperking op
door licht weer te geven als een continue functie over golflengten, maar dit brengt wel aanzienlijke uitdagingen
met zich mee op vlak van berekeningen en implementatie.

In deze paper wordt een real-time renderer met een RGB-, spectrale en hybride gebaseerde weergave besproken
en vergeleken. Deze hybride gebaseerde weergave is een combinatie van zowel spectraal gerenderde als RGB-
gerenderde objecten in een scene. Hiermee wil ik specifieke objecten fysiek nauwkeurig kunnen renderen waar
dat belangrijk is, terwijl ik profiteer van de voordelen die RGB-pijplijnen bieden op vlak van prestaties.
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PREFACE

This work was started as part of a broader interest in physically based rendering and graphics engine development.
Through both academic coursework, and personal projects and interests, it became apparent that many visually
striking and physically meaningful optical effects like dispersion and polarization are either approximated, faked, or
entirely excluded from conventional renderers due to their reliance on three RGB channel color representation.

The motivation for this project stems from an interest in exploring spectral rendering not only as a theoretical
concept but as a practical system that could be integrated into a modern rendering pipeline. While spectral
rendering is often regarded as computationally expensive or impractical for interactive applications, recent
research and open-source implementations suggest that this assumption is no longer fully true. At the same time,
hybrid rendering approaches have demonstrated that combining multiple rendering techniques can yield favorable
trade-offs between performance and visual accuracy.

This project aims to bridge these two domains by exploring how spectral light transport can be incorporated into a
hybrid renderer.
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INTRODUCTION

Physically Based Rendering (PBR) aims to simulate the interaction of light with surfaces in a scene according to the
laws of physics. The most important aspect of this approach is the accurate simulation of light transport, which is
formalized through the rendering equation. By accounting for emitted, reflected, and incoming radiance at each
point in a scene, the rendering equation provides a theoretical framework for producing realistic light behavior.

In practice, however, many rendering systems approximate light transport by representing color using three
channels: Red, Green, and Blue (RGB). This representation offers significant computational advantages and aligns
well with display hardware, but it fundamentally reduces to a low approximation of the continuous spectral nature
of light. As a result, RGB-based pipelines struggle to accurately reproduce wavelength-dependent phenomena such
as chromatic dispersion, wavelength-specific absorption, and subtle variations in material appearance under
different illuminants.

Against RGB rendering, spectral rendering addresses these limitations by modeling light as a function of
wavelength rather than discrete (RGB) color channels. This enables more physical and accurate results in
comparison to RGB rendered scenes. Despite its advantages, spectral rendering has generally been considered too
costly for widespread adoption, particularly in real-time or interactive contexts due to its increased computational
cost, higher memory requirements and complex sampling strategies. Therefore, most spectral rendering research
focuses on offline rendering whereas real-time rendering systems continue to rely on RGB-based approaches.

Recent research challenges the long-standing assumption that spectral rendering is prohibitively expensive for
interactive or real-time applications by proposing efficient spectral sampling strategies, compact spectral
representation, and GPU-friendly implementations. In parallel, hybrid rendering approaches have gained
prominence by combining multiple rendering techniques, such as rasterization and raytracing, to balance
performance and visual accuracy. These developments suggest new opportunities for integrating spectral
rendering into practical rendering pipelines by treating it as a selectively applied enhancement rather than a
globally enforced rendering mode.

The motivation for this research stems from the observation that recent advantages in GPU hardware, real-time
ray tracing support, and hybrid rendering techniques have significantly narrowed the performance gap between
physically accurate rendering techniques and real-time limitations. Simultaneously, modern game engines
increasingly rely on hybrid rendering pipelines that combine rasterization, ray tracing, and post-processing
techniques to target expensive computations to specific materials, lighting interactions, or screen regions where
they provide the greatest visual benefit. This raised the question of whether spectral rendering too could be
integrated into such pipelines in a similar selective manner, enabling improved color accuracy and wavelength-
dependent effects without compromising real-time performance.

This literature study examines foundational concepts in radiometry and light transport, surveys key research in
spectral rendering, and reviews practical implementations that bridge theory and application. Additionally, it
investigates spectral rendering within the broader landscape of hybrid rendering systems. These works form the
theoretical and technical foundation for the hybrid spectral renderer presented in this paper.
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My research question with its corresponding hypothesis for this paper are:

“How can a hybrid spectral-RGB rendering pipeline be designed to optimize the trade-off between perceptual
color accuracy and real-time rendering performance in modern game engines?”

HO: Implementing selective spectral sampling in a hybrid spectral-RGB pipeline results in a mean color deviation
(AE) below 5% compared to full spectral rendering, while sustaining a frame rate of at least 60 FPS on modern
GPUs.

H1: Limiting spectral computations to reflective and refractive materials yields a higher ratio of visual accuracy to
performance cost compared to applying spectral rendering uniformly across all materials.
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To establish the theoretical foundation for spectral rendering, this chapter will briefly address the physical and
mathematical principles for light transport in rendering systems. Section 1.1 reviews the rendering equation as the
core formulation of physically based rendering. Section 1.2 then distinguishes between radiometric and
photometric descriptions of light, highlighting the importance of wavelength-dependent formulations for physical
accuracy. Section 1.3 places these concepts within the context of the visible portion of electromagnetic spectrum,
clarifying which wavelengths are relevant to image synthesis and human perception. Finally, section 1.4 discusses
the limitations of RGB-based light transport models, motivating the need for spectral approaches.

1. INTRODUCTION TO RENDERING AND LIGHT TRANSPORT

Rendering aims to generate images by simulating the transport of light through a virtual scene. The physical
behavior of light is commonly described using radiometric quantities such as radiance, irradiance, and spectral
power distributions®. This together defines how energy is emitted, reflected, and absorbed by surfaces. These
principles are unified by the rendering equation (See Fig. 1). As described by [11] Delombaerde and Vandenberghe,
the rendering equation encapsulates the interaction of light with surfaces and forms the theoretical foundation in
modern rendering systems.

Figure 1: The rendering equation [11]

1.1. THE RENDERING EQUATION

The rendering equation expresses the outgoing radiance at a surface point as the sum of emitted radiance and
reflected incoming radiance over the hemisphere of incident directions. By recursively accounting for light
interactions between surfaces, the equation models both direct and indirect illumination and this captures global
lighting effects. The rendering equation serves as the basis for numerical solution techniques such as Monte Carlo
integration (see further in 2.2.5), which are used in lots of modern rendering algorithms. [30]

! Spectral power distribution is a measurement that describes the proportion of total light that is emitted,
transmitted or reflected by a color sample at each visible wavelength. It often refers to the concentration of any
radiometric or photometric quantity like radiance, irradiance, radiant energy, ... [16][23]
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1.1.1. BIDIRECTIONAL REFLECTANCE DISTRIBUTION FUNCTION (BRDF)

The interaction between incoming and outgoing light at a surface is commonly described using a Bidirectional
Reflectance Distribution Function (BRDF). The BRDF defines how much radiance arriving from one direction is
reflected towards another direction, and it encodes material properties such as roughness, reflectivity, and
anisotropy.

In the rendering equation, the BRDF is in control of how incident radiance contributes to outgoing radiance at a
surface point. While traditional RGB-based renderers evaluate BRDFs using color triples, physically based and
spectral rendering approaches extend BRDF evaluations to operate on wavelength-dependent reflectance
functions.

1.2. PHOTOMETRY VS RADIOMETRY

Radiometry provides a wavelength-dependent description of light energy, independent of human perception.
Photometry incorporates the response of the human visual system by weighting radiometric quantities according
to perceptual sensitivity. Peters [21, 22] emphasizes that although photometric quantities are useful for
perception-oriented evaluation and display, physically accurate rendering fundamentally relies on radiometric
formulations, which are inherently spectral in nature.

Light sources and materials interact differently across wavelengths, influencing occurrences such as absorption,
scattering, and reflection. If we collapse this behavior into a small set of color channels, it introduces
approximation errors. As a result, radiometric formulations are essential when the goal is to simulate light
transport in a physically accurate technique rather than merely reproducing perceptual appearances.

1.3. VISIBLE LIGHT AND THE ELECTROMAGNETIC SPECTRUM

Light is a form of electromagnetic radiation characterized by its wavelength or frequency. The electromagnetic
spectrum spans a wide range of wavelengths, from gamma rays to radio waves. Human vision, however, is
sensitive to only a narrow portion of this spectrum known as visible light. According to NASA [33], visible light
occupies wavelengths approximately between 380 and 750 nanometers (nm), ranging from violet at shorter
wavelengths (400 nm) to red at longer wavelengths (700 nm).

Within this visible range, different wavelengths correspond to different perceived colors. However, light sources
and materials typically emit and reflect energy across continuous spectral distributions rather than discrete bands.
As a result, two light sources with distinct spectral power distributions can produce the same perceived color, a
phenomenon known as metamerism 2. This property is central to understanding both the strengths and limitations
of RGB-based rendering models.

Because light interactions are wavelength-dependent, physically based simulations must account for spectral
variations. Although photometric quantities incorporate the human eye’s sensitivity, the physical interactions

2 Metamerism is the perceived matching of colors with different spectral power distributions. [16]
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between light and matter remain inherently wavelength-dependent. This motivates spectral rendering
approaches, which model light transport across the visible spectrum rather than approximating it with a small set
of color channels.

CRANGE

WELLOHY

RVAVAVAVAVAVAVAVAY

Figure 2: (Left) Isaac Newton's experiment in 1665 showed that a prism bends visible light andthat each color refracts at a
slightly different angle depending on the wavelength of the color. Credit: Troy Benesch. (Right) Each color in a rainbow
corresponds to a different wavelength of electromagnetic spectrum. [33]

1.4. LIMITATIONS OF RGB-BASED LIGHT TRANSPORT

Traditional real-time rendering pipelines often bypass these complexities by representing radiance using RGB color
triplets. While RGB-based rendering is efficient in terms of increased performance gain and memory, this approach
assumes that three values are sufficient to approximate the spectral distribution of light. Peercy [14] already
highlighted the limitations of linear RGB representations for accurately modeling spectral interactions, noting that
different spectra can map to identical RGB values.

These observations underline that light transport is fundamentally spectral in nature, and that RGB-based
rendering forms a practical approximation rather than a physically complete solution. This motivates the study of
spectral rendering techniques, which attempt to more accurately model light transport by working directly in the
wavelength domain.

2. SPECTRAL RENDERING

This chapter analyzes spectral rendering as an extension of physically based rendering, focusing on its theoretical
motivation, core techniques, benefits, and practical limitations. Section 2.1 introduces spectral rendering and
motivates its use by contrasting it with traditional RGB-based approaches. Section 2.2 then reviews classic spectral
techniques. Building on this foundation, section 2.3 discusses the key advantages of spectral rendering in terms of
physical correctness, perceptual accuracy, and robustness under different lighting conditions. Finally, section 2.4
examines the computational and practical challenges associated with spectral rendering, particularly in real-time
contexts.
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2.1. DEFINITION & MOTIVATION

Spectral rendering refers to rendering techniques that represent light as a function of wavelength rather than
distinct color channels. Instead of storing radiance as RGB values, spectral renderers operate on spectral power
distributions, enabling physically accurate simulation of wavelength-dependent effects like dispersion.

Yamaguchi et al. [3] argue that RGB imaging systems are fundamentally limited in their ability to capture and
reproduce spectral information. Especially in scenarios involving non-standard illuminants or materials with
complex spectral reflectance. Similarly, Croisant [35] demonstrates that RGB renderers fail to accurately reproduce
effects such as dispersion, colored shadows and subtle material color shifts under varying lighting conditions.

Peters [26] provides a comparative analysis of RGB and spectral rendering, showing that RGB renderers can be
visually convincing in many cases. They start to break down in scenes involving refractive materials, narrowband

[a] light sources, or fluorescence. Spectral rendering addresses these issues by maintaining wavelength

information throughout the rendering pipeline. This results in improved physical accuracy and perceptual accuracy.

The primary motivation for spectral rendering is therefore not merely visual realism, but visual correctness. By
calculating light transport in a way that aligns with reality, spectral rendering avoids many of the approximation
errors and artifacts that RGB pipelines produce.

2.2. CLASSIC SPECTRAL RENDERING TECHNIQUES

Spectral rendering techniques aim to model light transport as a function of wavelength rather than discrete color
channels. Over time, multiple approaches have been proposed to balance physical accuracy against computational
costs. This section reviews the most influential spectral rendering techniques that form the foundation for modern
spectral renderers. The techniques | will be discussing are full spectral path tracing, hero wavelength, moment-
based and constrained spectral uplifting, the rendering of polarization, dispersion, and fluorescence and lastly how
the Monte Carlo technique can be used in the spectral domain.

2.2.1. FULL SPECTRAL PATH TRACING

Early approaches to spectral rendering focused on full spectral path tracing. With full spectral path tracing, the
radiance is evaluated across a dense set of wavelengths at every interaction between light and a surface. In this
formulation, the rendering equation is extended to explicitly operate in the spectral domain. This results in highly
accurate simulations of wavelength-dependent interactions.

Radziszewski et al. [2] describe techniques for full spectral rendering that achieve high physical accuracy by
sampling radiance across the visible spectrum (see 1.3). However, this technique approach significantly increases
computational cost due to the added spectral dimension. This leads to higher memory usage, increased sampling
requirements, and longer convergence times. This leads to full spectral path tracing to typically be restricted to
offline rendering applications.
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Copper sphere illuminated by a D65 white light. Copper sphere illuminated by a triangular spectral
distribution stretched from 535nm to 595nm.

Figure 3: Top left half: an RGB model with 645nm, 526nm and 444nm wavelengths. Right bottom half: our full spectral
model. For clarity, only diffuse reflection is calculated. [2]

2.2.2. HERO WAVELENGTH

A more performant technique in comparison to the full spectral path tracing is the hero wavelength technique.
Wilkie et al. [12] proposes sampling a single wavelength per light transport path instead, while using importance
sampling® to approximate the full spectrum.

This approach drastically reduces computational cost while retaining the ability to reproduce wavelength-
dependent effects. Mojzik [8] extends the hero wavelength framework to support fluorescence computations. This
is achieved by allowing wavelength shifts during light transport and demonstrates that complex spectral effects
can still be captured efficiently. Hero wavelength techniques can capture complex spectral effects at a reduced
performance cost compared to full spectral methods.

3 Importance Sampling (MIS) is a Monte Carlo approximation method, and it used to estimate an assumption. It
uses the Monte Carlo sampling method to take the average of all samples and them estimate the assumption.
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Full spectral tracer rendered Hero wavelength rendered

Figure 4: renders of a photon map scene with a non-dispersive glass sphere. 4 samples per pixel, inset: 256 samples. To
render the hero wavelength version, only a quarter of the photons used for the single wavelength scene was shot: due to
the increased ability of the renderer to find photons that can be used, no decrease in quality can be seen. [12]

2.2.3. MOMENT-BASED AND CONSTRAINED SPECTRAL UPLIFTING

Another class of techniques focuses on compact spectral representations rather than explicit wavelength sampling.
Moment-based and constrained spectral uplifting methods reconstruct plausible spectral distributions from RGB or
low dimensional input data.

Tédova et al. [17] and Peters and al. [32] show that moment-based representations can efficiently approximate
bounded spectral signals while still preserving important spectral data. Mallet and Yuksel [24] further explore
spectral primary decomposition which represents spectra using a small set of basis functions optimized for
reconstruction quality.

2.2.4. RENDERING OF POLARIZATION, DISPERSION, AND FLUORESCENCE

Beyond general light transport, spectral rendering has been applied to specific optical effects that cannot be
accurately represented in RGB pipelines. Wilkie et al. [5] presents a framework for combined rendering of
polarization and fluorescence. This is achieved by extending the rendering equation to account for additional
physical dimensions.

Similarly, Fontas [7] demonstrates the simulation of chromatic dispersion using spectral sampling. This work shows
how visually significant these improvements are over RGB-based approximations. Both works highlight the
meaningful power of spectral rendering, but they also emphasize the increased computational demands
associated with simulating such effects accurately.
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Figure 5: This scene was rendered using a double gaussian lens system with moderate depth of field effects. Each
diamond is a transformed instance of the same mesh with each instance sharing the same set of vertices in memory. [7]

2.2.5. MONTE CARLO

Most spectral rendering techniques rely on the Monte Carlo integration to numerically approximate the rendering
equation. Monte Carlo methods estimate high dimensional integrals* through random sampling and are widely
used in physically based rendering due to their flexibility and scalability.

In spectral rendering, wavelengths are treated as an additional sampling dimension alongside spatial position,
direction, and time. Peters [21, 22] emphasizes that spectral rendering does not fundamentally alter the structure
of a Monte Carlo renderer but rather extends the sampling space to include wavelength-dependent behavior.
Radiance is then typically evaluated at one or more sampled wavelengths per path, and the full spectral response
is then reconstructed through accumulation and averaging.

While this approach makes spectral rendering manageable, it does introduce additional variance. This particularly
shows when simulating narrowband phenomena such as dispersion or fluorescence. The reliance on Monte Carlo
integration unifies the spectral rendering techniques mentioned in this section. This insight is very relevant for
real-time and hybrid rendering systems, where Monte Carlo ray tracing is already employed for effects such as
reflections and global illumination.

4 High dimensional integrals are an accumulation over a space with lots of variables/dimensions.
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2.3. ADVANTAGES OF SPECTRAL RENDERING

Based on the spectral rendering techniques reviewed in section 2.2 and their reported results in prior work, several
recurring advantages over RG-based rendering can be identified.

Spectral rendering offers several fundamental advantages over traditional RGB-based rendering pipelines by
explicitly modeling light as a function of wavelength. These advantages extend beyond visual accuracy and impact
physical correctness, perceptual accuracy, and robustness across varying lighting conditions.

One key advantage of spectral rendering is its ability to accurately simulate wavelength-dependent optical
phenomena. Effects such as chromatic dispersion, fluorescence, and polarization occur from interactions that vary
across wavelengths and cannot be recreated using RGB-based renderers. Wilkie et al. [5] demonstrate combined
rendering of polarization and fluorescence effects that are inherently spectral in nature. Fontas [7] illustrates
realistic chromatic dispersion through spectral sampling. Mojzik [9] further shows that fluorescence effects can be
captured within a hero wavelength framework, demonstrating the power of spectral pipelines.

Spectral rendering also improves perceptual color accuracy because it inherently avoids the limitations RGB color
space have. Yamaguchi et al. [3] explain that RGB representations are fundamentally underdetermined, as multiple
distinct spectral distributions can map to identical RGB values, a phenomenon known as metamerism?®. Peercy [14]
and Croisant [35] similarly emphasize that RGB pipelines cannot guarantee consistent color reproduction under
different lighting sources. Lastly, Peters [27] demonstrates that spectral renderers produce more stable and
physically correct color responses, especially in scenes involving narrowband light sources or complex materials.

Another advantage of spectral rendering is its ability to model interactions between different materials and light
sources more accurately. Material reflectance and transmittance properties differ across wavelengths, and
spectral rendering preserves this variation throughout the light transport simulation. Peters [25] highlights that
operating directly on spectral power distributions enables correct handling of wavelength-dependent absorption
and scattering. These are aspects which are typically approximated or ignored in RGB-based systems. For example,
in the rendering equation scattering gets handled as a local approximation. It assumes that the light ray hits the
surface and immediately reflects from the exact same point. It ignores subsurface scattering® and volumetric
scattering’ [6]. Compact spectral representations, such as moment-based approaches [12, 24], allow for these
interactions to be captured efficiently without storing full spectra.

Spectral rendering also provides greater robustness under changing lighting conditions. Because spectral pipelines
operate independently of specific color primaries, they generalize better across different light sources. lehl and
Péroche [1] demonstrate that perceptually controlled spectral rendering can adapt more effectively to varying
lighting scenarios. Perez et al. [28] similarly argue that spectral approaches offer improved consistency compared
to RGB renderers that are often tuned for specific light sources.

5 In spectral rendering, narrowband refers to representing or sampling light over a small wavelength interval rather
than over the entire visible spectrum as in RGB rendering. This technique is commonly used in full spectral path
tracing [2] but also in hero wavelength sampling [12].

6 Subsurface scattering refers to the mechanism of light transport where light that penetrates the surface of a
translucent object is being scattered. The light enters the material and exits the surface of the material from a
point different than the original enter point. [34]

7 Volume scattering refers to light scattering in volumetric phenomena like clouds, smoke and translucent
materials like wax and human skin. [6]
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Lastly, spectral rendering forms a strong foundation for predictive rendering systems. Murray et al. [8] show that
GPU-oriented spectral rendering can support predictive rendering tasks, while Peters [26] and Perez et al. [28]
highlight recent advances that make real-time spectral rendering increasingly feasible.

2.4. CHALLENGES & PERFORMANCE CONSIDERATIONS

Despite its advantages in physical accurate rendering, spectral rendering also introduces several challenges that
have limited its widespread adoption in a lot of real-time applications.

The most significant challenge is performance overhead. Working in the spectral domain increases memory usage,
sampling complexity, and computation per shading evaluation. Spectral rendering requires sampling and
transporting light across many wavelengths. This increases the dimensionality of the rendering problem and leads
to higher computational costs. Radziszewski et al. [2] shows that full spectral path tracing significantly increases
render times due to the need to evaluate wavelength-dependent material responses, light sources and scattering
events at each interaction.

From a sampling perspective, spectral rendering also complicates the Monte Carlo integration. Each additional
wavelength dimension increases variation, often requiring more samples to achieve noise levels comparable to
RGB renderers. Wilkie et al. [12] highlights that sampling the spectral domain can lead to inefficient convergence,
motivating techniques such as hero wavelength sampling to reduce variance while still preserving spectral effects.
However, these approaches increase extra complexity in reconstruction and demand carefully designed
importance sampling strategies. Additionally, Murray et al. [8] discusses GPU-oriented rendering techniques and
emphasizes that naively extending RGB pipelines to spectral representations often results in harsh performance
penalties.

Another major challenge lies in data representation and memory usage. Spectral rendering requires storing
spectral reflectance curves, emission spectra, and wavelength-dependent indices of refraction. Peters [25][26]
emphasizes that higher spectral resolution directly increases memory bandwidth usage, which is problematic on
GPUs. Memory access patterns are critical for performance on these systems. Moment-based representations
[171[32] do address this issue by compressing spectra into a small set of coefficients, but this however causes
reconstruction errors and an increased implementation complexity.

Integration into existing rendering pipelines also poses difficulties. Most modern graphics APIs, shading languages
like GLSL, and asset pipelines are designed around RGB color spaces. Murray et al. [8] note that extending an RGB-
based pipeline to support spectral data requires lots of architectural changes. This includes BRDF evaluations,
spectral texture formats, and wavelength aware lighting models. This limits the implementation of spectral
rendering in existing production engines that heavily rely on RGB-based tooling and artist workflows.

In real-time context, spectral effects are often not used in scenes. Effects such as dispersion, fluorescence, or
polarization are only noticeable under specific conditions. Perez et al. [28] provides a recent overview of
techniques aimed at real-time spectral rendering including reduced spectral sampling, hybrid representations and
selective evaluation of spectral effects. These approaches suggest that spectral rendering does not need to be
applied uniformly across an entire scene to provide perceptual benefits. These selective or hybrid approaches offer
a more practical compromise. Similar conclusions are drawn by Peters [27], who demonstrates that many scenes
show minimal visual difference between RGB and spectral rendering. When string wavelength-dependent effects
are present, visual differences are apparent in the scene.
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Finally, validation and perceptual evaluation present additional challenges. Because spectral rendering aims for
physical accuracy, evaluating its benefits requires careful comparison against ground truth spectral data or
perceptual studies [1][3]. This complicates both development and benchmarking, especially in real-time
simulations where performance constrains decide design choices.

3. HYBRID RENDERING METHODS

Hybrid rendering methods seek to balance visual accuracy and computational performance by combining multiple
rendering techniques or hardware architectures within a single pipeline. Rather than relying on a single approach
such as rasterization rendering techniques, hybrid systems exploit the complementary strengths of different
methods to achieve high quality results at important performance critical levels [1][5]. This design philosophy has
become increasingly relevant with the emergence of real-time ray tracing hardware and heterogeneous computing
platforms.

3.1. HYBRID ALGORITHMIC ARCHITECTURES

One prominent class of hybrid architectures combines rasterization and ray tracing. One the one hand,
rasterization is typically used for primary visibility and base shading due to its high output and predictable
performance characteristics. On the other hand, ray tracing is applied selectively to compute effects that benefit
from physically accurate light transport simulation. For example, shadows, reflections or global illumination.

Heuristic-based hybrid approaches have been explored to determine which parts of a scene should be processed
using rasterization versus ray tracing. Walewski et al. [13] investigates hybrid rendering strategies in which
heuristics dynamically guide the choice of rendering technique based on scene complexity and expected visual
impact. Their results demonstrate that hybrid rasterization/ray tracing pipelines can significantly reduce
computational cost while preserving much of the visual accuracy of fully ray traced solutions.

3.2. HYBRID HARDWARE ARCHITECTURES

Hybridization also occurs at the hardware level, where rendering workloads are distributed across heterogeneous
computing resources such as CPUs and GPUs. Traditionally, rasterization and simpler shading tasks have been
handled on the GPU, whereas the CPUs handle control flow, scheduling, and data preparation. Modern hybrid
rendering systems increasingly leverage both processor types concurrently to maximize overall output and
resource utilization. [13] Research into CPU/GPU hybrid rendering architectures has shown that distributing tasks
according to their computational characteristics improves scalability, particularly for Monte Carlo based rendering
algorithms [4].

A concrete example of a hybrid hardware renderer is LuxCoreRender, which supports heterogeneous execution
using OpenCL and/or CUDE. This allows for rendering workloads to be distributed across any number of
CPUs/GPUs available [15]. LuxCoreRender operates as a full spectral path tracer and demonstrates how hybrid
hardware architectures can be used to offset the high computational cost associated with spectral rendering.
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3.3. HYBRID SPECTRAL RENDERING IN PRACTICE

Commercial renderers further illustrate the feasibility of hybrid rendering paradigms. OctaneRender is a GPU-
accelerated, physically based renderer that employs a hybrid architecture combining spectral light transport with
optimized GPU execution [19]. OctaneRender supports spectral rendering for improved physical accuracy while
maintaining interactive performance through efficient sampling strategies and hardware acceleration.

Although OctaneRender is primarily targeted at offline and interactive rendering rather than real-time
applications, it demonstrates that hybrid spectral approaches are viable when carefully integrated into modern
rendering pipelines. These systems provide valuable insight into spectral accuracy and performance constraints
can be balanced. [2][8]
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CASE STUDY

1. INTRODUCTION

While spectral rendering provides a physically accurate model of light transport and simulates its interactions
accurately in a scene, it also enables effects like wavelength-dependent refraction and dispersion.

This case study investigates a hybrid rendering approach that combines RGB and spectral rendering within a single
real-time renderer. The goal is to selectively apply spectral light transport only where it provides a perceptual or
physical benefit, while maintaining interactive performance comparable to traditional RGB rendering.

In this section, | am trying to answer this research question with the following hypothesis:

“How can a hybrid spectral-RGB rendering pipeline be designed to optimize the trade-off between perceptual
color accuracy and real-time rendering performance in modern game engines?”

> HO: Implementing selective spectral sampling in a hybrid spectral-RGB pipeline results in a mean color
deviation (AE) below 5% compared to full spectral rendering, while sustaining a frame rate of at least 60
FPS on modern GPUs.

» H1: Limiting spectral computations to reflective and refractive materials yields a higher ratio of visual
accuracy to performance cost compared to applying spectral rendering uniformly across all materials.

» H2: A post-process spectral-to-RGB conversion stage can reproduce dispersion and fluorescence effects
with less than 10% deviation from physically based spectral references, introducing no more than 5 ms
per frame on average.

2. SCOPE AND ASSUMPTIONS

2.1. TARGET RENDERING PIPELINES

The primary goal of this study is the implementation and evaluation of a hybrid rendering technique in which both
spectral and RGB based light transport are combined within a single real-time renderer. Instead of relying on a
single global color representation, the renderer supports multiple pipelines that are different in their
representation and evaluation of radiometric quantities during shading. This enables a controlled comparison
between traditional RGB rendering, spectral rendering, and a selective hybrid approach.

2.1.1. FULL RGB PIPELINE

The first pipeline is a conventional RGB-based renderer that operates on sRGB radiance values. Material
reflectance, emission, and illumination are represented as three-component color vectors, and the rendering
equation is evaluated using component-wise operations. This approach closely follows already established
real-time rendering practices. While it is highly optimized, it fundamentally lacks the ability to simulate
wavelength-dependent phenomena, because all spectral information is collapsed into three fixed color
channels.
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2.1.2. FULL SPECTRAL PIPELINE

The second pipeline is a spectral renderer that models light transport as a function of wavelengths. In this
pipeline, illumination is represented using densely sampled illuminant spectra, while material reflectance is
estimated using spectral representations.

Radiance is estimated using a Monte Carlo path tracing method that goes over a discrete set of sampled
wavelengths along each light path. Then the radiometric quantities are evaluated separately per wavelength
before they are gathered into a RGB response. These calculations enable physically accurate simulation of
effects such as dispersion, fluorescence, ...

To reduce variance and improve convergence, the estimator also uses importance sampling on both the
material BRDF and light sources.

However, the increased dimensionality of the light transport computation increases the computational cost,
which limits the feasibility of achieving real-time performance when applied across an entire scene.

2.1.3. HYBRID SPECTRAL-RGB PIPELINE

The third pipeline, which is the focus of this case study, implements a hybrid spectral-RGB renderer that
combines both discussed approaches within a single frame. In this pipeline, spectral light transport is
evaluated only for scene assets that are expected to produce significant wavelength-dependent effects, while
the rest of the scene content is rendered using the RGB pipeline.

By allowing both representations to contribute to a shared radiance buffer, the hybrid pipeline aims to
preserve the advantages of spectral rendering for selected materials while retaining the performance
characteristics of an RGB-based system for the majority of the scene.

2.2. DEFINITION OF REAL-TIME CONSTRAINTS

For the purpose of this work, real-time performance is defined as maintaining an average frame rate of 60 FPS on
modern GPUs. This performance target includes the complete rendering workload, including geometry processing,
material evaluation, spectral or RGB shading, accumulation of radiance, tone mapping and post-processing. The
performance budget therefore reflects the full cost of the hybrid pipeline rather than isolating individual shader
stages.

In addition to frame rate requirements, memory usage is constrained to remain within the limits of available GPU
resources without relying on excessive intermediate buffers or off-chip transfers. In particular, the additional data
structures required for spectral rendering such as wavelength-sampled illuminant textures and spectral material
parameters, must be seamlessly integrated into existing resource layout of the renderer.

To make spectral rendering suitable for interactive applications, the extra computation time it requires is limited.
In this study, the spectral part of shading workload is restricted to no more than 5ms per frame, and only for the
materials rendered in the spectral domain. This limit ensures that hybrid rendering could be practical in
applications such as games, virtual environments, and interactive visualization tools, where responsiveness and
smooth frame timings are critical.
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2.3. DEFINITION OF HYBRID RENDERING IN THIS WORK

The term hybrid rendering is used in the literature study to describe a wide range of techniques that combine
different rendering methods (see header 3). In the context of this case study, hybrid rendering has a more specific
meaning: it refers to the integration of a spectral rendering pipeline and an RGB rendering pipeline within a single
renderer.

Under this definition, the choice of which pipeline is made at the level of material evaluation rather than at the
level of the entire frame. Materials that are expected to exhibit strong wavelength-dependent behavior, such as
dispersive glass, prism, or fluorescent surfaces, are calculated using spectral light transport. For these materials,
radiance is computed by sampling and integrating across the wavelength domain. The resulting spectral
contribution is then converted into a three-value representation only at the point of display.

All remaining materials are shaded using the conventional RGB pipeline. For these surfaces, light transport is
evaluated directly in RGB space, avoiding the overhead associated with spectral sampling while still contributing
consistently to the final image. The two pipelines don’t run separately. Instead, they work together, adding their
radiance values into the same shared high-dynamic-range buffer and go through to the same tone mapping and
post-processing stages.

This selective approach allows the renderer to allocate computational effort where it has the greatest perceptual
impact. By restricting spectral evaluation to a small subset of materials, the hybrid pipeline aims to maximize visual
accuracy for wavelength-sensitive effects while preserving interactive frame rates on current hardware. The case
study presented in this paper evaluates whether this balance can be achieved in practice.

3. RENDERER OVERVIEW

For this paper, several existing spectral renderers and rendering frameworks were looked into to assess their
suitability as a foundation for implementing selective spectral evaluation. This section outlines the most relevant
frameworks that were explored, discusses their limitations in the context of this paper, and motivates the final
choice of the base renderer used for the hybrid implementation. The frameworks that will be discussed are the
Malia Rendering Framework, Simple Spectral renderer, Epsilon renderer and finally the Path_Tracer renderer.

The evaluation criteria were guided by the goals defined earlier in this work: support for both RGB and spectral
rendering, the ability to integrate both approaches within a single pipeline, and a design that is compatible with
interactive, GPU-based rendering. While many existing spectral renderers demonstrate impressive physical
accuracy, they often target offline use cases or lack the architectural flexibility required for per-material hybrid
rendering.
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3.1. THE MALIA RENDERING FRAMEWORK [29]

The Malia Rendering Framework (MRF) is an open-source library that includes both an RGB and spectral pipeline.
Its design emphasizes physical correctness and extensibility, offering a wide range of spectral representations and
material models. From a research perspective, MRF is a highly capable platform and serves as an important
reference during the conceptual phase of this project, particularly in its treatment of spectra and its clean
separation between color representations.

While this framework is very flexible, its architecture prioritizes offline, high-quality spectral rendering and it is not
optimized for real-time interactive scenarios. Its architecture prioritizes flexibility and accuracy over performance,
relying on computationally expensive spectral evaluations that are not constrained by strict time budgets. As a
result, the framework does not support real-time execution on the GPU.

Furthermore, integrating a selective hybrid approach into MRF would require big architectural changes. The
renderer assumes a global color representation per render configuration, making it difficult to switch between RGB
and spectral evaluation at shading events. While MRF inspired the conceptual idea of selective spectral evaluation,
its offline-oriented design ultimately made it unsuitable as a practical foundation for this project.

3.2. SIMPLE SPECTRAL [10]

Simple spectral, developed by Agatha Mallett and Anders Langlands, was designed as a research platform for
evaluating and comparing different spectral rendering techniques. It includes multiple spectral rendering
algorithms, including spectral primary decomposition, which is based on their paper “Spectral Primary
Decomposition for Rendering with sRGB Reflectance”. The two other algorithms that are included in the rendered
are from the papers [Meng et al. 2015] and [Jakob and Hanika 2019]. From a methodological standpoint, Simple
Spectral offers a clear implementation of multiple spectral approaches within a single codebase.

Despite these strengths, Simple Spectral was not designed with real-time performance as a target. Its focus lies in
algorithmic clarity and correctness rather than GPU efficiency or interactive rendering. The renderer operates in an
offline context, with spectral sampling strategies and material evaluations that are too costly to be executed within
a tight frame time budget.

3.3. EPSILON [31]

The Epsilon renderer was also considered during the initial exploration phase. Epsilon is a small, C++/OopenCl-
based ray tracer and is described as a physically based spectral renderer on its GitHub repository [30]. The
renderer uses a fixed wavelength-sampled representation of light and converts spectral radiance to CIE XYZ
tristimulus values by using precomputed color matching functions. This design enables physically accurate spectral
effects, but the renderer assumes a globally spectral pipeline with a fixed spectral resolution.

Because of the lack of documentation, a code architecture that did not fit the space to implement a selective
hybrid renderer and no optional RGB rendering in the framework, Epsilon is less suitable for experimentation in
this context and therefore unsuitable for this project.
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3.4. PATH_TRACER [18]

The renderer ultimately selected as the basis for this project is the Path_Tracer framework by by Christoph Peters.
This renderer is a modern spectral path tracer designed with GPU acceleration in mind. Its modularity and both
RGB and spectral pipeline calculation included, made it the ideal starting point for this project.

One of the most significant advantages of Path_Tracer is its explicit support for multiple color models within a
rendering framework. The renderer already includes both RGB-based and spectral light transport implementations,
allowing direct integration without duplicating the entire pipeline. This made it possible to introduce a hybrid
mode by extending existing data structures and shader logic rather than rewriting the renderer from scratch.

The framework’s GPU-centric design, implemented using Vulkan and GLSL, provides control over memory layout,
resource binding, and synchronization. This level of control is essential for managing the additional data required
for spectral rendering, such as illuminant spectra and wavelength sampling, while still meeting real-time
performance constraints.

Another key factor in the choice of Path_Tracer is its emphasis on practical performance. The renderer is explicitly
designed to balance physical accuracy with computational efficiency, making it well suited for experiments that
aim to trade off spectral accuracy against frame time. For these reasons, Path_Tracer was chosen as the base
renderer for this paper.

Figure 6: A screenshot, spectral rendered scene, inside the Path_tracer project
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4. HYBRID RENDERER DESIGN

The hybrid renderer is designed around the central idea that spectral rendering should only be applied selectively
rather than across an entire scene. The motivation for this design came to light (pun intended) from the
observation that only a limited subset of materials exhibits perceptually significant wavelength-dependent
behavior, while the majority can be rendered adequately using RGB-based light transport. The renderer aims to
combine the physical accuracy of spectral rendering with the efficiency of RGB rendering within a single pipeline.

4.1. DESIGN GOALS

A primary design goal is perceptual accuracy. For materials whose appearance is dominated by wavelength-
dependent phenomena, such as dispersion in glass or prisms, the renderer seeks to preserve the visual
characteristics that are lost in RGB-based approaches.

At the same time, the renderer is limited with strict performance requirements. To remain suitable for interactive
applications, the system is designed to sustain frame rates around 60 frames per second by restricting spectral
computation to a small subset of materials. RGB shading remains the default path and is used wherever spectral
accuracy does not provide a noticeable perceptual benefit. This selective application of spectral rendering is
essential for keeping computational cost within real-time bounds.

Flexibility is another central design objective. The renderer supports RGB-only, spectral-only, and hybrid pipelines
with a single set of scene assets and shaders. Switching between these modes does not require modification of
geometry, textures, or material definitions, but is instead controlled through renderer setting and per-material
metadata. This allows direct visual and performance comparisons between different pipelines under identical
conditions.

Finally, the hybrid approach is designed to integrate into a modern GPU-based path tracing framework. The
renderer is implemented using Vulkan for explicit resource and synchronization control, and GLSL shaders for
shading and light transport evaluation. The hybrid logic is embedded directly into the path tracing stage to avoid
separate rendering passes or costly pipeline switches.

4.2. HYBRID RENDERING STRATEGY

The hybrid rendering strategy operates by selecting the color evaluation model at the level of individual materials
rather than globally. During scene loading, each material is either flagged as either RGB or spectral based on its
intended physical behavior. In the current implementation, this classification is derived from material metadata
such as naming conventions, where materials associated with dispersive behavior are automatically flagged for
spectral evaluation. When the renderer is switched to hybrid mode, this classification determines how each
surface interaction is shaded.

The selected color mode for each material is stored in a dedicated GPU buffer that maps material indices to color
evaluation modes. This buffer is accessed directly by the path tracing shaders, enabling a branch-free decision at
shading time as to whether a surface interaction should follow the RGB or spectral code path. Because the decision
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is made by material rather than per object or per pass. This makes it so RGB and spectral surfaces can be within
the same scene.

During path tracing rays that intersect RGB-classified materials are shaded using standard RGB light transport.
Radiance is represented as a three-component vector, and material evaluation follows conventional physically
based shading models. For spectral-classified materials, light transport is evaluated by sampling in discrete set of
wavelengths-dependent radiance contributions along the path, accounting for spectral emission and reflectance as
defined by the illuminant and material models.

Both RGB and spectral contributions are accumulated into the same radiance buffer. Spectral contributions are
converted to three-value representations before accumulation, ensuring compatibility with the shared tone
mapping and display pipeline. This strategy allows the renderer to leverage spectral accuracy where it matters
most, while preserving the performance efficiency of RGB rendering elsewhere.

5. IMPLEMENTATION DETAILS

The hybrid renderer is implemented as an extension of an existing Vulkan-based path tracing framework made by
Christoph Peters [18]. The key implementation challenge was enabling per-material selection of the color
evaluation model without introducing additional rendering passes or duplicating shader logic.

MATERIAL METADATA UPLOAD

Material classification is performed during scene loading. Once the scene geometry and materials are parsed, an
additional buffer is allocated to store per-material metadata indicating the selected color mode. This buffer,
referred as the material metadata buffer, contains one integer value per material. It encodes whether the material
should be evaluated using RGB or spectral shading. In hybrid mode, this assignment is determined dynamically
based on material properties, while in RGB-only or spectral-only modes, all entries are initialized uniformly.

The material metadata buffer is uploaded to the GPU as a storage buffer and bound to the descriptor set used by
the path tracing shaders. This ensures that the color mode corresponding to the intersected material is accessible
during shading without requiring CPU-side intervention or shader recompilation. The buffer is indexed using the
material index provided by the intersection data, allowing constant-time lookup of the shading mode.

SHADER EVALUATION & WAVELENGTH SAMPLING

Within the shader, the material color mode is queried at each surface interaction. If the material is marked as RGB,
the shader follows the conventional RGB path tracing logic, evaluating reflectance and illumination using three-
component color vectors. If the material is marked with a tag, like “glass” or “prism” for example, the shader
switches to a wavelength-sampled evaluation.

In this case, the Monte Carlo tracing is performed across a fixed number of wavelength samples. Each wavelength
sample contributes to the accumulated radiance based on the illuminant spectrum and the material’s spectral
response.
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Spectral contributions are converted to RGB using precomputed illuminant data and an efficient reconstruction
method based on compact spectral representation [17]. This conversion is performed entirely on the GPU and is
designed to minimize overhead, ensuring that the cost of spectral evaluation remains bounded even in hybrid
scenes.

PERFORMANCE OPTIMIZATION

From a performance perspective, the most important optimization is the complete avoidance of spectral
computation for RGB materials. Rays interacting with RGB surfaces bypass wavelength sampling, spectral texture
lookups, and reconstruction steps entirely. As a result, the additional cost of supporting spectral rendering is pain
only for the subset of materials that require it. Post-processing remains unchanged, as both RGB and spectral
paths ultimately produce radiance values in a shared buffer that is tone mapped using the same operators.

SCENE PREPARATION AND ASSET CONVERSION PIPELINE

For scene creation and material setup, Blender was used as the main content creation tool. Blender provides an
accessible workflow for modeling, lighting, and material authoring, which makes it well suited for creating test
scenes. However, the data formats that Blender exports by default are not directly compatible with the data layout
and metadata requirements of the Path_Tracer framework. Blender does not export explicit material indices, per-
material rendering modes, or GPU-oriented buffer layouts that are required for the hybrid rendering pipeline.

To address this mismatch, the Path_Tracer framework provides a Python-based preprocessing tool that integrates
with Blender. This tool is part of the original project and was used as-is in this work. It converts Blender scenes into
a set of files that can be loaded directly by the renderer, allowing the authored scenes to be used without manual

data conversion.

By relying on the existing Blender-Python export pipeline provided with Path_Tracer, this project could focus on
implementing and evaluating the hybrid spectral-RGB renderer itself. The preprocessing tool ensures that scenes
created in Blender are imported in a consistent and efficient manner, while still providing the necessary control
over material metadata required for selective spectral evaluation.

6. TEST SCENE AND EVALUATION

6.1. VISUALS

The visual results shown in Figure 7 compare the output of the RGB, spectral, and hybrid rendering pipelines under
identical scene and lighting conditions. In the RGB configuration, the scene is rendered entirely using a
conventional tristimulus color model, resulting in a visually plausible image but lacking wavelength-dependent
variation. The fully spectral configuration exhibits subtle but noticeable differences in light distribution and color
response, particularly in indirect illumination and high-frequency light interactions, reflecting the influence of
wavelength sampling on light transport. The hybrid result closely matches the spectral rendering in regions where
spectral evaluation is enabled, while remaining visually consistent with the RGB pipeline elsewhere. This
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demonstrates that the hybrid renderer successfully preserves perceptually relevant spectral effects without
globally applying the more expensive spectral computation.

To validate the correctness of the selective evaluation mechanism, an additional diagnostic experiment was
conducted in which RGB-shaded materials were assigned a red debug texture and spectrally shaded materials were
assigned a blue debug texture (see Figure 6). In the hybrid configuration, this visualization confirms that spectral
evaluation is applied exclusively to the intended materials: the horse statue in the center of the scene, flagged as a
dispersive glass material, is rendered using the spectral path, while all surrounding geometry remains on the RGB
path. This result verifies that per-material color mode classification is respected during path tracing and that RGB
and spectral shading coexist correctly within a single render pass.

Spectral

Figure 7: An additional diagnostic experiment to check if the material flags were being recognized

Spectral

Figure 8: Three identical scenes rendered in RGB, spectral and hybrid pipeline
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The grayscale difference images visualize per-pixel color differences relative to the fully spectral reference. Pixel
intensity corresponds to the magnitude of the color difference, with darker regions indicating smaller deviations
and brighter regions indicating larger differences. These grayscales were visualized using screenshots taken from
the renderer, each after a sample period of 2000 frames (See figure 7).

In the RGB-spectral comparison (See Figure 8), slightly elevated color differences are visible across multiple regions
of the scene, indicating broad deviations between the RGB pipeline and the spectral reference. These differences
are not limited to a specific object and appear in both directly and indirectly lit areas.

In contrast, the hybrid-spectral color differences (See Figure 9) are little more visible than the RGB-spectral color
differences. The walls, which are rendered in RGB, have a slightly more elevated color difference while the floor
color differences are relatively almost the same. A small but consistent area of increased difference is visible on
the spectrally rendered object in the hybrid-spectral color difference photo. This artifact is present in the spectral
reference image itself and is therefore passed onto the visualizations.
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Figure 9: Color difference between RGB and spectral rendered pictures
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Figure 10: Color difference between Hybrid and spectral rendered pictures

6.2. PERFORMANCE

The performance measurements compare the RGB, spectral and hybrid rendering pipelines using median, mean
and percentile-based frame time metrics. Each pipeline was executed ten times, with 300 consecutive frames
recorded per run, while the camera moved through the scene from back to front to better approximate a real-time
interactive scenario. In the tested scene, the fully spectral pipeline exhibits the highest mean shading time,
reflecting the additional computations introduced by wavelengths sampling and spectral material evaluation. The
RGB pipeline shows the lowest shading cost (See Figure 9), while the hybrid pipeline falls between the two, with
shading times closer to the RGB configuration.

Total frame times across all three pipelines remain similar, with small differences in both mean and median values
(See Figures 8 & 9). Post processing times (See Figure 10) are nearly identical across all pipelines, indicating that
differences in performance are primarily in the shading stage rather than later stages of the rendering pipeline.

Frame time variability was analyzed using the standard deviation and the 95 percentile® (P95) of the total frame
time. All three pipelines show low standard deviation values (See Figure 12), suggesting relatively stable frame
times during execution. The spectral pipeline exhibits the lowest standard deviation, while RGB and hybrid
pipelines show more variation. The measured P95 values (See Figure 11) for all pipelines remain close to their

8 The standard deviation determines the spread of individual frame times around the mean and provides an
indication of frame time stability.

% The 95 percentile frame time represents the value below 95% of the recorded frame times fall. It is used to
capture occasional performance spikes.
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respective mean frame times, indicating that none of the configurations exhibit significant frame time outliers in
the tested scene.

MEDIAN OF TOTAL FRAME TIME
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Figure 11: The median of the total frame time in ms per pipeline
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Figure 12: The mean of the total frame time in ms per pipeline
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Figure 13: The mean of the total shading and post-processing time in ms per pipeline
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Figure 14: The 95t percentile of the total frame in time in ms per pipeline
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Figure 15: The standard deviation of the total frame time in ms per pipeline
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DISCUSSION

This work sets out to investigate whether a hybrid spectral-RGB rendering pipeline could achieve improved
perceptual accuracy while remaining compatible with real-time performance constraints. The result obtained in
this case study demonstrate that this goal is achievable in practice. By extending an existing GPU-based spectral
path tracer and introducing per-material control over color representation, the renderer successfully combines
spectral and RGB light transport within a single pipeline.

VISUAL RESULTS

The visual evaluation indicates that the object is rendered spectrally in the hybrid pipeline. In the grayscale,
differences in color value between RGB and spectral rendered scenes are clearly visible. The most noticeable
differences occur in the glass and prism elements, as well as in shadows and indirect lighting. These observations
are consistent with the theoretical claims from the literature review that RGB pipelines struggle to accurately
model wavelength-dependent interactions and that spectral renderers can better simulate such effects (Section
1.4 and Section 2.3). Although dispersion and fluorescence were not tested, the observed differences are expected
to be even more pronounced in those scenarios.

PERFORMANCE RESULTS

The performance measurements indicate that the hybrid spectral-RGB pipeline achieves lower shading (see Figure
9) costs than the fully spectral pipeline while remaining close to the performance of the RGB configuration. In the
tested scene, the fully spectral renderer exhibits the highest average shading time, reflecting the additional cost
introduced by wavelength sampling and spectral material evaluation. In contrast, the hybrid pipeline reduces this
overhead by restricting spectral computation to a single object, while all other materials follow the RGB path.

Although the difference in total frame time (see Figure 8) between the spectral and hybrid pipelines is relatively
small, the mean shading time of the hybrid pipeline is noticeably lower than that of the fully spectral pipeline and
closely matches the RGB pipeline. This suggests that selective spectral evaluation can effectively reduce the
computational cost of spectral rendering when applied sparingly. Post-processing times remain nearly identical
across all three configurations, indicating that the performance differences are primarily attributable to shading
rather than to the later stages of the pipeline.

It should be emphasized that these conclusions are based on a limited experimental setup involving a single scene
and a single spectrally shaded object in the hybrid configuration. While the results demonstrate that hybrid
rendering can reduce spectral overhead in such cases, additional experiments with more complex scenes and a
higher proportion of spectral materials are required to generalize these findings.
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CONCLUSION

This study set out to answer the research question: How can a hybrid spectral-RGB rendering pipeline be
designed to optimize the trade-off between perceptual color accuracy and real-time rendering performance in
modern game engines? The results support the proposed hypothesis that integrating a selective spectral sampling
strategy within a hybrid rendering framework is feasible.

The implementation demonstrates that combining spectral and RGB rendering in a single pipeline can reduce
computational overhead while still maintaining visual accuracy in the areas were spectral effects matter most. In
the tested scene, selectively applying spectral sampling produced visually more accurate results for those objects
without compromising real-time performance. Compared to a fully spectral rendering approach, the hybrid
method reduces shading costs and maintained frame rates close to those of the RGB configurations.

Due to the time constraints of this project, the sample amount of this experiment is limited. These results have
been tested in only one scene with only one asset marked with a spectral tag and the number of runs was also
limited to ten for each pipeline. Thus, the conclusion of this experiment can still change depending on scene
complexity, the amount of spectral rendered assets in the hybrid pipeline and more complex wavelength-
dependent effects.
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FUTURE WORK

These results, however, provide a foundation for future work, in which a broader range of reflective and refractive
materials, as well as more complex scenes, could be explored to further validate the scalability and advantages of a
hybrid approach. This framework presented in this paper provides a structured basis for extending the current
findings and also supports further research into hybrid spectral-RGB rendering techniques. Moreover, this work
serves as a suitable foundation for future research at the master’s level.

While the hybrid renderer presented in this study demonstrates the viability of selective spectral evaluation,
several directions remain open for further research and improvement. One natural extension would be to
implement and compare additional spectral rendering algorithms, such as hero wavelength sampling or moment-
based spectral representations and evaluate how they perform within the same hybrid framework. This would
provide deeper insight into the trade-offs between different spectral models in real-time contexts.

Another promising direction lies in expanding the scope of physically accurate simulation. The current
implementation focuses on material-level spectral effects, but future work could explore more extreme
wavelength-dependent phenomena, such as relativistic or astrophysical effects. Although these fall outside the
constraints of real-time rendering, they could serve as valuable test cases for evaluating the expressive power of
spectral pipelines.

The current renderer converts spectral results to RGB before accumulation, effectively treating spectral evaluation
as an intermediate step. A more comprehensive approach would involve maintaining fully spectral radiance
throughout the pipeline and performing RGB conversion only at the final display stage. While more costly, this
would eliminate residual approximations introduced by early conversion and provide a clearer comparison with
fully spectral renderers.

Another idea is to improve the control when spectral evaluation is enabled to a heuristic-based control. In the
present implementation, materials are classified statically, but future systems could make this decision
dynamically. For example, spectral evaluation could be activated only after the first dispersive or refractive bounce
or based on estimated perceptual impact. Such heuristics could further reduce the cost of spectral rendering while
preserving visual quality, bringing hybrid rendering closer to practical deployment in real-time engines.

Finally, the last additional area for future work | will talk about concerns noise reduction. Due to the random
distribution that happens during Monte Carlo path tracing, both RGB and spectral pipelines have visible noise at
low sample counts and especially when the camera moves around the scene. In the current implementation, noise
reduction is achieved only through increasing the sample counts, but this directly impacts performance and limits
real-time applicability. Future work could explore the integration of denoising techniques tailored to hybrid
rendering, such as spatial filtering or machine learning based denoisers. Reducing perceptual noise at runtime
would improve visual stability and user experience, further strengthening the case for hybrid spectral-RGB
rendering in interactive applications.
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CRITICAL REFLECTION

This project originated from my passion in graphics programming aspiration to explore specialized domains within
graphics programming. Upon discovering spectral rendering, | recognized it as a challenging topic that aligned with
my ambition to produce high level technical work.

One of the primary challenges | encountered was the vastness of the field. As a person who likes to read a lot, |
initially found myself diving deep into active research areas that, while very interesting, were not always central to
my specific research goals. This process, however, taught me a valuable academic lesson. | learned to distinguish
between interesting supplementary information and core information necessary for my paper.

By eventually setting strict boundaries on the scope of my reading, | managed to balance my curiosity with the
practical constraints of this course. This experience has not only deepened my understanding of spectral rendering
but also refined my ability to manage more complex research projects. | would like to hopefully continue this
paper by applying to the master’s degree in Breda and using this paper as a reference for my topic.

Even though | developed a complete project roadmap, adhering to it didn’t go as planned. The planning consisted
of the bi-weekly deadlines and my own internal deadlines. | sometimes underestimated the amount of time that
would go into tasks like writing my theoretical framework or finding an appropriate framework to implement my
hybrid pipeline and conduct the experiments in. Because of this experience, | did improve this semester time
management wise and know how to better approach plannings for academic research.

One of the key decisions that helped me achieve the results in this paper was choosing the right framework for the
hybrid implementation. Selecting an appropriate framework is crucial to my work because it affects the feasibility
of the experiments, the clarity of the pipeline and the over quality of the results. By choosing a framework that
supported both hybrid rendering and efficient experimentation, | was able to focus on the core research question.
The search for a suitable framework also had a negative impact on my planning. | didn’t expect to go over so many
frameworks, and | also didn’t consider the testing and research that goes into selecting a fitting framework for a
paper. Because of the extra time | spend researching different frameworks, | got behind on my planning.
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APPENDICES

ABBREVIATIONS

AE: Color Deviation

API: Application Programming Interface
BRDF: Bidirectional Reflectance Distribution Function
CPU: Central Processing Unit

FPS: Frames Per Second

GLSL: OpenGL Shading Language

GPU: Graphics Processing Unit

Ms: Milliseconds

Nm: Nanometers

P95: 95t percentile

PBR: Physically Based Rendering

RGB: Red-Green-Blue

APPENDIX | — SOURCE CODE

Underneath is the link to the GitHub page with the forked project. It has the build and run instructions listed in the

ReadMe. The hybrid renderer is situated in the branch called hybrid, not the main.

https://github.com/BobsIsHere/HybridSpectralRenderer
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APPENDIX Il — PERFORMANCE SHEETS

Run

1
2
3
4
5
6
7
8
9

10

Mean Total

0,02846334

0,02925449
0,029271127
0,029637457
0,029896787

0,02972904
0,029698417
0,029713473
0,029595233
0,029256247

Mean Shading

2,24101362
2,287638153
2,312068203
2,403113253

2,41333071
2,456289987
2,421311497

2,40580715
2,408463113

2,37051859

Mean Post

0,039126947
0,039682747
0,039789413
0,040391973
0,040864947
0,040493293
0,040558893
0,040493093

0,04044528

0,04027672

P95 Total

0,0311711
0,0311649
0,03136025
0,0315688
0,0317861
0,03179135
0,0316854
0,0313847
0,03142215
0,0315742

Figure 16: All measurements taken in the RGB pipeline, which consists of 10 runs with each run capturing 300 frames.
Each run has its calculated total frame time mean, total shading time mean, total post-processing mean and its P95

Run

Mean Total

0,029835157
0,02998429
0,02995635

0,029934867

0,030057117

0,029828877

0,029861197

0,030012443

0,029999477

0,029833153

Mean Shading

2,52584575
2,520394747
2,511691933

2,54165119
2,524492397
2,510158977
2,530246787
2,537391003

2,50426964
2,482833073

Mean Post

0,040760147
0,040692587
0,040896187
0,040589853
0,040619413

0,04052128

0,04062168
0,040707467
0,040617933
0,040624787

P95 Total

0,03179765
0,03168525
0,03184135
0,0320115
0,0320681
0,03193665
0,0317971
0,0319404
0,03186265
0,031662

Figure 17: All measurements taken in the Spectral pipeline, which consists of 10 runs with each run capturing 300 frames.
Each run has its calculated total frame time mean, total shading time mean, total post-processing mean and its P95
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Run Mean Total Mean Shading Mean Post P95 Total
1 0,029612723 2,387903387 0,040176293 0,0315288
2 0,029551573 2,363812843 0,040139893 0,03171535
3 0,0295311 2,361685143 0,04034608 0,03124995
4 0,02950513 2,328545797 0,039996147 0,03121255
5 0,029401307 2,351797883 0,04009052 0,03122845
6 0,029555923 2,365781387 0,040225 0,0313281
i 0,029189563 2,390244073 0,040324893 0,0317413
8 0,029467293 2,36551339 0,040216907 0,0313855
9 0,029508813 2,33028232 0,039942093 0,03129715
10 0,029661923 2,35038767 0,0406302 0,03152975

Figure 18: All measurements taken in the Hybrid pipeline, which consists of 10 runs with each run capturing 300 frames.
Each run has its calculated total frame time mean, total shading time mean, total post-processing mean and its P95

Pipeline Median Mean Total Mean Shadin Mean Post P95 Total StdDev Total

RGB 0,029616345 0,029451561 2,37195543 0,0402123 0,029821301 0,000414471
Spectral 0,029945608 0,029930293 2,51889755 0,0406651 0,030037014 8,48407E-05
Hybrid 0,029519957 0,029498535 2,35959535 0,0402088 0,029635783 0,00013036

Figure 19: For each pipeline, the calculated median, total frame time mean, total shading time mean, total post-
processing mean, its P95 and standard deviation
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