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Figure 1: We introduce a new spherical function, the Normalized Anisotropic Spherical Gabor (NASGabor), an anisotropic, multi-modal
kernel with a closed-form integral expression. The proposed representation is both compact and highly expressive, and is particularly well-
suited for modeling view-dependent effects in novel view synthesis, outperforming commonly used approaches such as Spherical Harmonics.

Abstract
View-dependent appearance modeling remains a challenging problem in novel-view synthesis and reconstruction. Accurately
representing complex angular effects often requires substantial memory and computational resources. For new learning-based
methods, a common approach is to rely on Spherical Harmonics (SH). However, capturing high-frequency phenomena such as
specular reflections demands high-order expansions, which increase memory usage and computational cost. Consequently, most
methods employ low-order SH, which limits the ability to model complex view-dependent effects, resulting in overly smooth or
diffuse representations. To address these limitations, we systematically evaluate a wide range of spherical functions in the con-
text of scene reconstruction. Some of them are introduced to graphics and computer vision for the first time in this paper. Based
on the insights from the experiment, we develop a novel spherical formulation, the Normalized Anisotropic Spherical Gabor
function that enables efficient modeling and learning of high-frequency appearance effects while maintaining compact repre-
sentation. Compared to existing approaches, our function achieves higher-quality reconstruction of view-dependent phenomena
such as glints, while being up to five times more memory-efficient and more efficient to evaluate. We validate its performance in
radiance-field reconstruction tasks.

CCS Concepts
• Computing methodologies → Reflectance modeling; Appearance and texture representations; Point-based models;

1. Introduction

Despite their success, existing methods exhibit fundamental limi-
tations in modeling view-dependent appearance. Most approaches

rely on low-order spherical harmonics basis (Spherical Harmon-
ics (SH)) to encode directional radiance, which inherently restricts
their expressive power. SH are frequency-limited, restricted to low
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frequency angular appearance modeling; while they are an ef�cient
basis for representing smooth, diffuse signals, they fail to capture
high-frequency effects, leading to blurred or inaccurate highlight
reconstruction. This limitation stems from both the band-limited
nature of SH and the joint modelling of geometry and appearance.

At the same time, the computer graphics literature has exten-
sively explored different spherical functions and bases to model
view-dependent appearance in many different applications, rang-
ing from path guiding [HIT� 24,XSD� 13], real-time global illumi-
nation approximations [HDHN16, KHDN22], approximating and
sampling environment map lighting [RPFGLM23,XSD� 13], point-
based global illumination [VADWG15,SKS02,GKMD06,GKD07,
HSRG07,LWDB10,RBS� 11,YZXW12,IFDN12], shadow and vis-
ibility approximations [XSD� 13, NRH03, Ram06, RWS� 06] and
BRDFs [WZT� 08, War92, AS01, CT82, TS67, NDM05, PSCS� 12]
among many others. However, they have seen limited adoption in
scene reconstruction, despite the clear limitations of SH.

In this work, we revisit the problem of view-dependent appear-
ance modeling in novel view synthesis. We systematically investi-
gate a wide range of spherical distributions, many of them new to
the graphics literature, and analyze their suitability in the task. We
further develop closed-form integrals and analytic derivatives for a
number of them. Through this analysis, we identify the key prop-
erties that govern their effectiveness in this task: multi-modality,
closed-form integration and anisotropy. Next, guided by these prop-
erties, we introduce a novel spherical function, the Normalized
Anisotropic Spherical Gabor kernel, that ful�lls them, achieving
state-of-the-art results in scene reconstruction in terms of quality, at
a fraction of the memory cost of SH, and increased rendering speed.
It enables accurate reconstruction of complex view-dependent ef-
fects such as specular highlights and is easy to integrate in any
3DGS-based pipeline.

2. Related Work

2.1. Novel View Synthesis with Radiance Fields

Light �elds have been effectively used for a long time in the con-
text of image-based rendering, abstracting light transport model-
ing and enabling interpolation between input views [LH96]. They
have seen growing interest in recent years, primarily thanks to the
introduction of neural networks [HPP� 18, SZW19]. In particular,
Neural Radiance Fields [MST� 21] and derivative works [BMT� 21,
MBRS� 21, MESK22] popularized the �eld and enabled high-
quality reconstruction, at a reasonable computational cost. Neural
methods, while �exible and capable of modeling complex signals,
do not scale well. Additionally, their lack of an explicit geometrical
structure makes them challenging to edit and integrate into dynamic
systems.

More recently, point-based methods, either rasterized or ray-
traced, have displaced implicit �elds in radiance-�eld render-
ing [KKLD23, WYF� 24, CSB� 25, MLMP� 24]. Their explicit rep-
resentation enables better scalability and generally faster render-
ing, as well as easier editability, among many other bene�ts. How-
ever, their joint modeling of geometry and appearance makes
them memory-intensive and dif�cult to scale for high-frequency

detail [KMK� 24], both spatially and in the view direction do-
main. Several hybrid approaches combining implicit �elds, voxel
grids, and Lagrangian particles have also been proposed [RPLG21,
LSS� 21, STC� 22, CMLND� 26, KLR� 22, ZNM� 26, YLT� 21]. De-
spite all their limitations, they seek a balance between run-
time speed, compression, quality, and scalability. Additionally,
primitive-based methods are particularly interesting for relight-
ing, second-order effects such as shadowing and re�ections, and
physically-based rendering, when combined with environment
maps and intrinsic decomposition networks [LHG� 25, DLDN25,
WSCH26,CSB� 25]

2.2. Appearance Modeling in Radiance Fields

There is a wide range of appearance modeling strategies for ra-
diance �elds. Implicit neural �elds typically rely on their MLPs
to encode view-dependent radiance [MST� 21]. Voxel-based repre-
sentations store learnable features on a grid and often rely on low-
degree spherical harmonics (SH) [STC� 22], but can also use im-
plicit features and neural shading [MHK� 26, CFHT23, YHR� 23].
Similarly, most point-based approaches, such as 3DGS [KKLD23],
use low-degree SH to approximate directional radiance. While this
enables fast, relatively compact rendering, the low degree of SH
limits modeling power, making the reproduction of high-frequency
view-dependent effects, such as specular highlights and re�ections,
particularly dif�cult.

To address these limitations, more expressive spherical func-
tions have been recently proposed. Beta-Splatting [LSC� 25] uti-
lizes Spherical Betas (SB) [Tre96], a function similar to isotropic
spherical Gaussians, but with controllable sharpness. Concurrent
work [DSRV� 26] has proposed using spherical Voronoi [NLC02]
(SV) models, which are learnable partitions of the sphere with
tunable smoothness. Some approaches combine explicit models,
like anisotropic spherical Gaussian mixtures, with universal func-
tion approximators (MLPs) for maximum �exibility [YGS� 24].
Alternatively, view-dependence can be introduced into the den-
sity �eld itself by enhancing opacity weights with SH ba-
sis [ZWZW25]. More recent concurrent work on Neural Harmonic
Textures [CMLND� 26] proposes using neural deferred shading
and small explicit local �elds to model view-dependent radiance
and detach appearance from geometry. While these works demon-
strate substantial quality improvements using more expressive ap-
pearance models, the methods still exhibit clear trade-offs be-
tween compactness, expressivity, computational ef�ciency, and in-
terpretability. In our work, we explore a wide variety of parametric
spherical functions to understand the techniques and properties that
make an ideal appearance model in the context of radiance �elds.

2.3. Parametric Spherical Functions as Appearance Models

In computer graphics, view-dependent appearance and re�ectance
have long been modeled using parametric spherical functions.
Classical re�ectance models, such as the Phong or Ward mod-
els [Pho98, War92], use different spherical functions to model
directional, isotropic, or anisotropic light scattering. Microfacet
BRDF models [CT82, WMLT07] rely on distributions of sur-
face normals to characterize re�ectance properties. Similar to ear-
lier methods, these normal distribution functions often take the
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form of spherical functions such as generalized cosine lobes or
Gaussian-like kernels de�ned on the sphere.

Beyond classical re�ectance models, Spherical Gaussians
(SG) [Fis53] provide a smooth, differentiable basis for repre-
senting directional signals such as illumination, BRDF lobes,
and view-dependent color in both traditional and neural render-
ing pipelines [VADWG15, SKS02, GKMD06, GKD07, HSRG07,
LWDB10, RBS� 11, YZXW12, IFDN12]. However, isotropic SG
mixtures cannot capture strongly anisotropic effects ef�ciently,
and are not very expressive [RPFGLM23]. Anisotropic Spheri-
cal Gaussians (ASGs) [XSD� 13] and recently proposed Normal-
ized ASGs [HIT� 24] extend SGs and have been used in appli-
cations such as path guiding [MGN17]. Similarly, linearly trans-
formed cosines (LTC) [HDHN16] and their anisotropic exten-
sions [KHDN22] have been employed for fast lighting approxima-
tions. More recently, log-space Spherical Harmonics basis func-
tions have also been employed in the context of environment map
regression and approximate global illumination [SSIN25].

Beyond the graphics literature, a wide range of �elds, from geol-
ogy to physics and statistics, employ families of functions de�ned
on the surface of the sphere for various purposes, such as grav-
ity [MV25] and weather system [WHM13] simulations. We explore
some of these functions [KM20,Fis53,Yua20,MG20], introducing
them to the graphics literature for the �rst time and assessing their
potential for radiance-�eld rendering and beyond.

3. Background

This section provides background on primitive-based radiance
�elds, which are the main focus of this paper, as well as on spher-
ical harmonics, the most common choice for modeling appearance
in such representations.

3.1. Primitive-based Radiance Fields

The goal of novel view synthesis is to reconstruct a 3D scene from
a set of input images and generate photorealistic images from pre-
viously unseen viewpoints.

Primitive-based methods [LSS� 21] model a scene as a col-
lection of explicit primitives rather than a continuous implicit
�eld [MST � 21, BMV� 23]. In particular, point-based approaches
like 3D Gaussian Splatting [KKLD23] represent the scene using
a set of primitives P = fpig, where each primitive encodes both
geometry and appearance. A common choice are anisotropic 3D
Gaussians, which provide a compact and differentiable representa-
tion of local scene structure. Each primitive pi is parameterized by
a mean µi 2 R 3 and a covariance matrix Si 2 R 3�3 , de�ning its
spatial extent and pose, and employing a Gaussian density function
as its kernel:

� i(x) = exp
�

�
1
2

(x � µ i)
> S�1

i (x � µ i)
�

: (1)

To ensure positive semi-de�niteness, the covariance is typically pa-
rameterized as Si = R iSiS

>
i R>

i , where Ri is a rotation matrix and
Si is a diagonal scaling matrix, following SVD decompositions.
In addition to geometry, each primitive carries an opacity si and

a view-dependent radiance function ci(d), often represented using
SH to capture directional appearance effects.

Given a camera ray r(t) = o + td, rendering is performed by
alpha-blending contributions from primitives along the ray. The re-
sulting color is computed using a discrete volume rendering formu-
lation:

C(r) = å
i2P r

Ti a i ci(d); (2)

where Pr denotes the set of primitives contributing to the ray. The
opacity of each primitive is de�ned as

a i = s i � i(r(t i)); (3)

and the transmittance is given by

Ti = Õ
j<i

(1 � a j ): (4)

This formulation can be interpreted as a discretized approxima-
tion of the classical volume rendering equation, where continuous
density �elds are replaced by a �nite set of localized primitives. In
contrast to neural implicit representations, primitive-based methods
avoid costly per-sample network evaluations and instead rely on ex-
plicit representations that can be ef�ciently rasterized and projected
in an approximate manner onto the image plane.

3.2. Spherical Harmonics

Spherical Harmonics (SH) are a classical tool for representing mag-
nitudes de�ned over the sphere, and are widely used to model view-
dependent appearance in primitive-based radiance �elds. They ex-
press a directional signal as a weighted sum of �xed, orthogonal
basis functions:

f (d;c) =
L

å
l=0

l

å
m=�l

clmYm
l (d); (5)

where Ym
l (d) are the spherical harmonic basis functions and clm are

the corresponding coef�cients.

A key advantage of SH is that appearance modeling reduces to
learning only the coef�cients clm, while the basis functions remain
�xed, making the representation computationally ef�cient, easy to
optimize, and fast to evaluate at rendering time. However, SH repre-
sentations are inherently frequency-limited by the number of basis
functions used. Low-degree SH provide a compact approximation
of smooth, low-frequency signals, making them particularly well-
suited for diffuse color and softly varying illumination. Captur-
ing high-frequency, view-dependent effects, such as sharp specular
highlights or complex directional re�ectance, requires increasing
the degree L, leading to rapid growth in the number of coef�cients
and basis evaluations and, in turn, increasing computational cost
and memory requirements. Consequently, practical systems sacri-
�ce the quality of view-dependent appearance by typically restrict-
ing SH to low orders.

4. Analyzing Spherical Functions for Radiance Fields

In this section, we describe our study of different spherical func-
tions in the context of appearance reproduction for radiance �elds.
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Figure 2: Visualization of the distributions used in the evaluation, showing the effect of varying parameters. Each row varies a single
parameter while keeping the others �xed, highlighting how the distributions behave. The peak of each distribution can be positioned anywhere
on the sphere. Isotropic functions: (a) Spherical Gaussian (SG) [Fis53], (b) Spherical Cauchy (SC) [KM20], (c) Spherical Beta (SB) [Tre96].
Ring-like and bimodal functions: (d) Spherical Logistic (SL) [MG20], (e) Fisher Bingham 4-parameter (FB4) [BM78], (f) Fisher Bingham
6-parameter (FB6) [Yua20], (g) Fisher Bingham 8-parameter (FB8) [Yua20]. Anisotropic functions: (h) Anisotropic Spherical Gaussian
(ASG) [XSD� 13] (i) Normalized Anisotropic Spherical Gaussian (NASG) [HIT� 24], (j) Linearly Transformed Cosine [HDHN16].

We describe our choice of models, the experimental setup, and dis-
cuss our �ndings.

4.1. Parametric Spherical Functions

To investigate new models of view-dependent appearance, we ex-
plored a wide range of spherical functions, where some are new
to the graphics literature. We generally chose compact parametric
functions, for which closed-form integration is possible, and that
are relatively inexpensive to evaluate, balancing expressive power
and computational ef�ciency. We group them according to their
functional properties and the types of effects they can represent.

Isotropic Functions. In Figure 2: (a-c) are symmetric around a
peak direction and unimodal. They are the most compact and ef�-
cient to evaluate.

Anisotropic Functions. In Figure 2: (h-j). They introduce shape
anisotropy and arbitrary rotations, enabling higher modeling power
at minimal increase in complexity.

Ring-like and Bimodal Functions. In Figure 2: (d-g). Ring-like
functions form high-density regions along a small circle. Bimodal
functions have two coupled lobes over an axis of symmetry, ef-
fectively allowing a single function to capture multiple directional
features. In the case of the 8-parameter Fisher-Bingham distribu-
tion, the lobes are also anisotropic. This multi-moded character-
istic enhances the expressive power of the model, enabling it to
approximate structured or repeated re�ection patterns using fewer
components.

All evaluated distributions grouped by family are shown in Fig-
ure 2. For each function, we provide the probability density func-
tion (PDF) and, if available, closed-form integral expressions in

Default + Auto LR Init

Scene d3nn SH NASG D NASG D

Indoor 0.303 31.62 32.15 +0.53 32.08 +0.46
Outdoor 0.621 24.71 24.21 -0.50 24.51 -0.20

Table 1: Effect of automatic learning rate initialization on recon-
struction quality (PSNR) for NASG [HIT� 24]. Results are reported
for indoor and outdoor scenes along with the average camera spac-
ing d3nn.

Supplementary Material A. Additionally, we derived the closed-
form integral for the Spherical Beta function [Tre96] (Supplemen-
tary Material D).

4.2. Implementation Details

We build upon the gsplat [YLK � 25] framework, in particular
using Beta Splatting [LSC� 25]'s parametric opacity kernels. We
use the same appearance model for all spherical functions:

fC(d) = c 0 +
L

å
l=1

wl Gl (d); (6)

where c0 is a diffuse RGB color, Gl the spherical function, L the
number of lobes and wl 2 R 3 a learned weight. In all of our tests, we
have a �xed budget of up to 1M primitives per scene and we train
for a �xed number of iterations, using the same hyperparameters.

Generally, more expressive appearance models can over�t un-
der sparse observations, which becomes visible when interpolating
between views [DSRV� 26]. This can be mitigated by choosing ad-
equate learning rates. Instead of following recent work and man-
ually adapting learning rates per dataset [DSRV� 26, LSC� 25], we


