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Abstract—3D Gaussian Splatting (3DGS) is an emerging technique for training
and representing photorealistic real-world 3D scenes. Due to its high rendering
speed (e.g., over 100 frames-per-second on a CUDA-enabled GPU), it has been
viewed as a game-changing representation for immersive media. One popular
application of 3DGS is streaming and rendering 3D Gaussians directly in modern
browsers via WebGL. The large number of Gaussians in a trained 3DGS scene
and their attributes, particularly the spherical harmonics for view-dependent color,
make optimizing WebGL rendering efficiency a significant challenge. This paper
describes a WebGL-based web viewer that supports rendering 3DGS scenes with
different spherical harmonics (SH) levels. We systematically evaluate the impact
of SH levels and Gaussian count on rendering performance, in terms of visual
quality and frame rates. Our framework provides researchers with a platform to
explore optimization techniques for efficient web-based 3DGS rendering.

I mmersive technologies have experienced substan-
tial growth in recent years, along with the emer-
gence of advanced VR/AR hardware like Apple

Vision Pro and Meta Quest devices. This market ex-
pansion has increased the demand for immersive ap-
plications, particularly for free-world virtual navigation
of reconstructed real-world scenes in 6-degrees-of-
freedom (6-DoF). Although point clouds and triangular
meshes are traditional 6-DoF representations, they
often suffer from low reconstruction quality for real-
world scenes. Point cloud acquisition, typically through
LiDAR or photogrammetry techniques, faces signifi-
cant challenges including sensor-introduced noise and
inconsistent point distribution problems that result in
geometric inaccuracies and visible “holes” in rendered
views.1 Similarly, mesh-based representations – usu-
ally derived from point data through complex surface
reconstruction algorithms – struggle to achieve pho-
torealistic quality, especially when representing real-
world geometries and material properties.2

Recently, learning-based approaches for 3D re-
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construction and novel view synthesis have emerged,
with Neural Radiance Field3(NeRF) and 3D Gaussian
Splatting4 (3DGS) being the two leading methods,
alongside their follow-up works. NeRF represents 3D
scenes as neural networks, transforming 2D images
into immersive 3D representations. While NeRF can
generate renderings of photorealistic visual quality,
its primary limitation is the computationally intensive
neural network inference required for rendering, re-
sulting in very low frame rates. Compared to NeRF,
3DGS enables real-time rendering, often achieving
over 100 frames-per-second rendering speed on a
CUDA-enabled GPU, while delivering higher or similar
visual quality.

3DGS represents the scene using a set of
anisotropic 3D Gaussians. Thus, it is a point-based
representation. However, different from traditional point
clouds, each 3D Gaussian contains more attributes,
including its position, scale and quaternion for the co-
variance matrix, opacity, and color attributes. Thresh-
olding the underlying Gaussian distribution, e.g., at
3σ, defines the volume and surface of a 3D ellipsoid.
Using a point cloud generated from Structure-from-
Motion5(SfM) as input, these Gaussian attributes are
treated as learnable parameters and fine-tuned via
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gradient descent, as shown in Figure 1. During ren-
dering, each 3D Gaussian is projected to a 2D splat
and thus occupies several pixels. The color of each
pixel is ultimately calculated from the contributing 2D
splats through alpha blending.

Although 3DGS achieves photorealistic novel views
at high rendering speeds, its large file size con-
strains practical implementation in immersive appli-
cations. A significant factor contributing to this size
issue is the spherical harmonic coefficients used for
view-dependent color calculations for each Gaussian.
The current 3DGS training pipeline supports spherical
harmonics (SH) up to level 3. At SH level 3, SH
coefficients include 3 sets of 16 float32 values (one
set per color channel), consuming 192 bytes out of
the total 236 bytes of attributes per Gaussian. As a
result, the trained garden scene with over 5.8 million
Gaussians has a large storage size of 1.4 GBytes. On
one hand, this creates challenges for transmitting 3D
Gaussian scenes over real-world networks. Current so-
lutions such as SGSS6 and L3GS7 focus on optimizing
the downloading process for streaming 3D Gaussian
content. On the other hand, while 3DGS achieves
extremely high rendering frame rates through its fast
differentiable rasterizer on CUDA, the complexity of 3D
Gaussian rendering – especially the view-dependent
color calculation and Gaussian depth sorting – creates
a significant bottleneck in environments without CUDA
acceleration, such as web browsers. To address this
challenge, existing solutions either assign different SH
levels to 3D Gaussians in the scene adaptively8 or sim-
ply discard higher-order SH coefficients beyond level
0,9 known as diffuse color. None of these solutions
systematically evaluates how different SH levels affect
the 3DGS rendering performance in web browsers.

In this paper, we describe a web viewer that sup-
ports rendering 3D Gaussians with varying SH levels
(0 through 3), using WebGL2. We then conduct ex-
periments measuring both visual quality and rendering
speed in browser environments. Our implementation
aims to offer researchers a flexible platform for de-
veloping and evaluating optimization strategies that
balance visual quality and computational efficiency in
web-based 3D Gaussian Splatting.

Background and Related Work
The 3DGS Representation. A 3DGS scene consists
of numerous 3D Gaussians whose parameters are
optimized through backpropagation. Each Gaussian
is defined by its position µ ∈ R3, covariance matrix
Σ ∈ R3×3 (parameterized as scale s ∈ R3 and
rotation quaternion q ∈ R4), opacity o ∈ R, and view-

Input point cloud Gaussian ellipsoid Rendered 3DGS

FIGURE 1. Visualized generation of 3D Gaussians for scene
kitchen,10 from input point cloud to ellipsoid to rendered 3D
Gaussians.

dependent color. For efficient storage and optimization,
the covariance matrix follows Σ = RSST RT , where
S = diag(s), and R is the rotation matrix derived from
q.

View-dependent color is encoded using spherical
harmonics (SH), requiring (k + 1)2 coefficients per
color channel at SH level k . Spherical harmonics
are incrementally progressive. That is, higher-level SH
representations are super-sets of lower-level ones,
and SH level k contains 2k + 1 additional coefficients
compared to SH level k − 1. Spherical harmonics are
basis functions defined on the surface of a sphere,
enabling efficient representation of how appearance
varies with viewing direction. Higher SH levels capture
increasingly detailed directional variations by repre-
senting higher frequency signals in the spherical do-
main. SH0 represents diffuse (non-directional) color
which is calculated as

RGB = SH0 × C0 + 0.5 (1)

where C0 = 0.28209479177387814, and SH0 includes
one coefficient for each of the RGB color channels.

For higher SH levels, color computation incorpo-
rates view direction vectors combined with additional
SH coefficients through a series of mathematical oper-
ations. A direct consequence of using higher SH levels
is the significant increase in storage requirements. At
SH level 3, this amounts to 48 coefficients across
RGB channels. In total, each Gaussian requires 59
floating-point values (236 bytes), with SH coefficients
constituting the majority (192 bytes).

Rendering Process. During rendering, 3D Gaussians
project to 2D splats via the transformation Σ′ =
JWΣW T JT , where Σ′ is the resulting 2D covariance
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matrix, W is the view transformation matrix, and J
approximates perspective projection. For a pixel i ,
overlapping Gaussians are depth-sorted and blended
according to the following equation:

Ci =
∑
n≤N

(
cn · αn ·

∏
m<n

(1 − αm)
)

(2)

where N is the number of Gaussians that overlap pixel
i , and αn is derived from the 2D covariance matrix and
opacity, determining each Gaussian’s contribution to
the final pixel color.

Web-Based Gaussian Splat Viewer. To date, several
web-based Gaussian Splat viewers are available with-
out relying on CUDA acceleration. Early implementa-
tions such as gsplat11 and splat9 render 3D Gaussian
scenes using WebGL but omit spherical harmonics
calculations, computing only diffuse colors (i.e., SH
level 0) for each Gaussian and storing attributes in
binary format. GaussianSplat3D12 utilizes three.js

for rendering and introduces a customized ksplat for-
mat that applies codebook quantization to raw 3DGS
scenes. Similarly, reducing 3DGS8 provides an inter-
active WebGL viewer employing codebook quantiza-
tion, but additionally reduces the total Gaussian count
and adaptively assigns varying SH levels to different
Gaussians based on their visual importance. SGSS6

focuses on optimizing the network transmission of
3DGS scenes rather than introducing novel rendering
techniques. It uses the similar WebGL-based rendering
approach as splat9 without significant modifications to
how Gaussians are rendered in the browser.

However, none of these implementations systemat-
ically investigate how scene characteristics affect web-
based rendering performance. Specifically, prior work
has not thoroughly examined the relationship between
rendering efficiency and scene parameters such as the
total number of Gaussians and the impact of varying
spherical harmonics levels. Our analysis in this paper
addresses this gap by quantifying how these factors
directly influence achievable frame rates in browser-
based environments, providing important insights for
optimizing web-based 3D Gaussian rendering sys-
tems.

Supporting Higher SH Levels for
View-Dependent Color in Web
Viewers

Figure 2 illustrates the workflow of rendering 3DGS
scenes using WebGL2 in the web browser, as imple-
mented in the splat framework. Raw 3DGS scenes,
as they are trained, are in the .ply format. The raw

representation first undergoes a preprocessing step to
a binary data array. During this step, Gaussians may
be sorted based on an importance metric,9 raw opacity
values are transformed using the sigmoid function, and
raw scale values are transformed using the exponential
function.

A web worker then generates a WebGL-compatible
texture from the preprocessed array. In this texture,
attributes of each Gaussian are stored as a texel,
which can be fetched using WebGL’s texelFetch()

function. The web worker returns the generated texture
to the main thread, which subsequently uploads the
texture data to the GPU for rendering. Concurrently,
the web worker receives continuous viewport updates
from the main thread and performs depth-based sort-
ing of 3D Gaussians. It returns the sorted indices to
the main thread, which then transfers them to the
GPU. The GPU fetches Gaussian attributes from the
texture according to these depth-sorted indices using
the defined vertex shader program.13 This shader rep-
resents each projected 3D Gaussian (2D splat) as a
quad primitive in WebGL, calculating vertex positions
and passing this information along with color data to
the fragment shader program. The fragment shader
program then computes the opacity for each frag-
ment. This is achieved by multiplying the per-Gaussian
opacity with the projected 2D Gaussian evaluated at
the point, thereby generating the final color values
in the RGBA (four channels). Through this pipeline,
3D Gaussians are efficiently rendered and blended in
the web browser, with careful coordination between
JavaScript threads and GPU processing.

While the splat web viewer can only support SH
level 0, we extended this framework to support higher
SH levels. The primary modifications occur in texture
generation and vertex shader implementation. The in-
creased number of attributes introduced by higher SH
coefficients necessitates appropriately sized textures
to accommodate this additional data. At different SH
levels, each Gaussian requires varying numbers of
floating-point attributes (with all Gaussian attributes,
position, scale, quaternion, opacity, and SH coeffi-
cients, included): 59 for SH3, 38 for SH2, and 23
for SH1, all stored in float32 format. The splat
implementation employs bit-shifting operations in tex-
ture lookup calculations to enhance computational
efficiency. This introduces a constraint that storage
allocation for each Gaussian must be a power-of-2
integer. Therefore, we allocate 64 float32 values for
both SH3 and SH2, and 32 float32 values for SH1.
This memory alignment requirement results in some
storage inefficiency but ensures compatibility with We-
bGL’s texture addressing mechanisms. Additionally, we

Month 2025 Publication Title 3



THEME

FIGURE 2. Workflow of rendering 3D Gaussian scenes in a web browser using WebGL2. The example raw 3DGS scene is
garden.10

implement the view-dependent color calculation from
SH coefficients in the vertex shader, following the code
of the original 3DGS work. This ensures consistency
with the reference implementation while enabling real-
time computation of directional appearance effects dur-
ing rendering.

Performance Impacts of Spherical
Harmonics and Gaussian Count

In our experiments, we use 13 pre-trained 3D Gaus-
sian Splatting scenes from the original 3DGS work,
comprising 6 indoor scenes and 7 outdoor environ-
ments. We augment this dataset with two additional
indoor scenes (nyc and berlin) from the Zip-NeRF
dataset,14 which we trained for our evaluation. We
excluded other Zip-NeRF scenes that contain mixed
indoor and outdoor environments to maintain environ-
mental consistency within our analysis. Throughout our
evaluation, we leverage the SGSS codebase which
stores all data in float32 format, ensuring fair com-
parisons across different SH level configurations.

Impact of SH Level on Visual Quality
Experiment Setup. To evaluate the effects of different
SH levels on visual quality, we first generate camera

traces following the orbital trace methodology from
SGSS’s evaluation. The orbital trace simulates user
navigation through the scene over an 80-second pe-
riod, traversing 40 camera poses from each scene’s
training dataset at intervals of 2 seconds. For each
scene, we preprocess and save individual binary for-
mats at four distinct SH level configurations (recall that
spherical harmonics are incrementally progressive):
SH0 only, SH1, SH2, and SH3 (the complete model).
This preprocessing approach enables direct evaluation
of the incremental visual and performance impacts
as SH complexity increases. For each configuration
(scene+SH level), we first ensure complete loading of
the binary file and initialization of all WebGL render-
ing texture before navigation starts. We then explore
the scene using the orbital trace, capturing rendered
frames in lossless PNG format when the camera is
located at one of the poses used to generate orbital
trace. Ground truth image is available for visual quality
evaluation at these poses.

Results. We evaluate visual quality by calculating Peak
Signal-to-Noise Ratio (PSNR) between rendered views
and ground truth for each SH configuration. Figure 3
illustrates the PSNR improvement from SH0 to SH3
across all scenes. From the result, we can observe
that higher SH levels generally enhance visual qual-
ity, though the contribution of each successive level
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FIGURE 3. Visual quality improvement from SH0 to SH3 in
indoor and outdoor scenes.

varies significantly between scenes. For instance, the
counter scene shows the most improvement from
SH2 to SH3, while treehill exhibits the minimal.

From the result, we can see indoor scenes (repre-
sented by purple bars) demonstrate significantly higher
sensitivity to SH level changes, with six of the top
seven PSNR improvements occurring in indoor en-
vironments. This difference indicates indoor scenes
containing more complex light interactions across dif-
ferent view directions, requiring higher-order SH coef-
ficients to accurately represent view-dependent colors.
This finding suggests a potential optimization strategy:
higher SH levels (SH2 or SH3) should be prioritized for
indoor environments to maintain rendering accuracy,
while outdoor scenes can utilize lower SH levels (SH0
or SH1) with limited quality degradation, as some of
their PSNR improvement from SH0 to SH3 typically
remains below 1 dB.

Impact of SH Level on Rendering Speed
Measuring accurate rendering speed in web-based
viewers presents several technical challenges. The
rendering performance is primarily controlled by
two key factors: the monitor’s refresh rate and
the JavaScript requestAnimationFrame()15 API.
Due to vertical synchronization (VSync), a moni-
tor with a 60Hz refresh rate imposes an upper
limit of 60 frames-per-second (FPS), even when the
frame processing time is less than 16.67 ms. The
requestAnimationFrame() API optimizes render-
ing performance by balancing multiple factors, includ-
ing the GPU frame processing time, and dynamically
adjusts the rendering frequency of 3DGS scenes. For
instance, while the actual frame latency might be
29 ms (theoretically corresponding to 34.4 FPS), the
requestAnimationFrame() scheduling may regu-

TABLE 1. Rendering Performance (FPS) with Different SH
Levels and Gaussian Counts

# Gaussians SH3 SH2 SH1 SH0
>3.5M <15 <20 <60 <60

3M-3.5M 15 30 60 60

2.5M-3M 30 60 60 60

<2.5M 60 60 60 60

late the effective frame rate to 30 FPS. Considering
these challenges, our experimental results only re-
ported four discrete refresh rates: 15 FPS, 20 FPS,
30 FPS, and 60 FPS, because we are using a display
with a 60Hz refresh rate.

In our evaluation of various scenes with different
SH levels, we observed significant performance vari-
ations. Some scenes maintained 60 FPS regardless
of SH levels, while others exhibited substantial perfor-
mance degradation, dropping from 60 FPS at SH0 to
as low as 15 FPS at SH3. A primary factor contributing
to this performance difference is the number of Gaus-
sians rendered in each scene. Higher SH levels re-
quire more complex view-dependent color calculations,
increasing the computational load. This performance
impact is particularly noticeable in scenes with a large
number of Gaussians. The rendering speed is thus
affected by both the SH level complexity and the total
number of Gaussians requiring processing.

To understand the impact of SH level and the
number of Gaussians on the rendering performance,
we first conducted the following experiments. We se-
lect the garden scene, which contains nearly 5.8
million Gaussians, and use the Importance Sorting
from SGSS to rank the Gaussians over the full scene.
For each SH level, we extracted the first 2.5 million,
2.75 million, 3 million, 3.25 million, and 3.5 million
Gaussians in the scene for rendering. In the web
viewer, for each configuration, we moved the camera
far away from the center of the scene to ensure all the
Gaussians are visible in the viewport and record the
frame rate.

We ran the experiment on Alienware Aurora Ryzen
Edition R14 with Nvidia RTX 3090. Note that although
the GPU on our experiment setup supports CUDA, our
rendering was WebGL-based and did not use CUDA.

Table 1 shows the relationship between Gaussian
count, SH level, and the rendering performance. When
rendering between 3 million and 3.5 million Gaussians,
using SH levels higher than 2 causes a significant
performance degradation. This demonstrates that com-
plex view-dependent color calculations in WebGL sub-
stantially impact the rendering efficiency. Additionally,
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maintaining a fixed SH level while increasing the Gaus-
sian count leads to notable performance reductions.
Our results also indicate that at SH levels below 2,
rendering performance remains relatively resilient to
the increases in Gaussian count. During our experi-
ments, scenes with fewer Gaussians than the garden

scene consistently maintained 60 FPS performance.
We however acknowledge that the rendering speed
may degrade when the Gaussian count significantly
increases. We therefore present the FPS as “< 60” in
Table 1 when total rendered Gaussian count is larger
than 3.5 million.

Impact of Gaussian Count and Visible
Gaussians on Rendering Speed
During our evaluation, we also observed an interesting
finding. Even when rendering approximately the same
number of visible Gaussians at SH3 level within com-
parable viewports, different scenes exhibited markedly
different rendering speeds. For example, when ren-
dering approximately 1.3 million Gaussians in both
the garden and truck scenes, the garden scene
achieved only 20 FPS while the truck scene main-
tained 60 FPS.

The key difference between these two scenes is
the total number of Gaussians in the complete scene:
garden contains over 5.8 million Gaussians while
truck contains only 2.5 million Gaussians. We dupli-
cated all Gaussians in the truck scene while preserv-
ing their individual attributes, effectively doubling the
number of Gaussians in the scene to 5 million. When
rendering approximately 1.3 million visible Gaussians
in the duplicated truck scene, the rendering speed
decreased significantly from 60 FPS to 20 FPS, match-
ing the performance observed in the garden scene.

Therefore, we evaluate how the number of visi-
ble Gaussians impacts rendering speed when the full
scene contains over 5 million Gaussians. Since this
effect is most significant when rendering at SH level 3,
we present results exclusively for this configuration. We
initialized the camera position to view an empty region,
then gradually adjusted the viewport to incrementally
increase the number of visible Gaussians while record-
ing the corresponding changes in frame rate.

Figure 4 shows the change of frame rate when ren-
dering increasing number of Gaussians in the scene
with over 5 million Gaussians. We observed that the
frame rate drops to a lower performance tier with
each additional increment of approximately 0.5 million
visible Gaussians. Determining the precise threshold
boundaries proved challenging, as even minor viewport
adjustments can significantly alter the number of visible

0.5 1.0 1.5 2.0
Visible Gaussians (millions)
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10
20
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40
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70

FP
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60 FPS
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15 FPS

FPS vs. Number of Visible Gaussians

FIGURE 4. Rendering speed relationship with visible Gaus-
sian count for scenes containing over 5 million total Gaussians
at SH level 3.

Gaussians in the scene. This result indicates that
rendering performance is tightly coupled with the total
number of Gaussians in the scene, not just those visi-
ble in the viewport. Considering the WebGL rendering
pipeline, the depth sorting indices must be transmitted
to the vertex shader to enable proper fetching and
blending of Gaussians in the correct order. Conse-
quently, retrieving 1.3 million Gaussians from a scene
containing 5 million Gaussians is significantly more
time-consuming than retrieving the same number from
a scene with only 2 million Gaussians.

Discussion
Our systematic performance evaluation revealed that
indoor scenes exhibit more sensitivity to spherical har-
monic (SH) levels than outdoor scenes. This is likely
due to the complex lighting interactions and varied sur-
face materials typically present in indoor environments,
where accurate directional appearance effects are es-
sential for achieving photorealistic rendering quality.

Furthermore, our evaluation results indicate that
WebGL-based rendering speed is influenced by multi-
ple factors beyond just the SH level, but also includes
the number of visible Gaussians in the viewport and the
total Gaussian count in the full scene. When rendering
scenes containing millions of Gaussians, higher SH
levels lead to significant frame rate reductions due
to increased computational complexity. Notably, even
when rendering an identical number of visible Gaus-
sians, scenes with larger total Gaussian counts can
exhibit significantly lower frame rates, due to more
complex and time-consuming GPU operations to ac-
cess the data.

Based on our findings, there are several potential
optimization directions for web-based 3DGS rendering.
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Intuitively, our experiments demonstrate that web view-
ers can effectively render a few million Gaussians at
high frame rates under optimal conditions. However, as
the total scene complexity increases, even Gaussians
not contributing to the current view can negatively
impact performance. This observation motivates the
development of specialized optimization schemes and
algorithms to reduce the complexity of GPU operations
for scenes with an extremely large number of Gaus-
sians. Recently, EyeNavGS16 proposed a user naviga-
tion dataset for 3DGS scenes, which can significantly
benefit research in this direction.

Additionally, the current strict constraint that stor-
age allocation for each Gaussian in GPU textures must
be a power-of-2 integer, enforced by the bit-shifting op-
erations used for efficient texture lookups, introduces
significant memory inefficiency in texture storage. For
example, SH2 representation requires 38 floating-point
values but must allocate 64 slots, resulting in nearly
40% unused memory across potentially millions of
Gaussians. Therefore, developing more efficient data
structures or storage methods for GPU textures is also
a valuable research direction.

Conclusion
In this paper, we extended existing 3D Gaussian Splat-
ting web viewers to support rendering with higher
spherical harmonics levels, enabling more accurate
view-dependent color calculation in browser-based en-
vironments. Through comprehensive evaluations, we
characterized the impacts of varying SH levels and
Gaussian counts on rendering performance. We hope
our framework and experimental findings will help re-
searchers in developing more efficient approaches to
web-based 3D Gaussian rendering, ultimately enabling
more complex and visually enriching immersive expe-
riences within browser environments.
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