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Abstract. Extracting structured, parametric 3D representations from
raw images remains a fundamental challenge in computer vision and
graphics. While recent advancements in the 3D Gaussian Splatting (3DGS)
pipeline integrate planar primitives to yield compact and editable geom-
etry, these approaches typically treat planes as isolated, discrete sets.
This lack of topological connectivity hinders robust geometric reasoning,
leading to fragmented reconstructions and misaligned boundaries that
fall short of the precision for rigorous spatial analysis and professional
design workflows. To address this, we introduce TopoGS, the first 3DGS
framework to explicitly integrate both planar and topological constraints
for coherent 3D reconstruction. Specifically, we extract global 2D topo-
logical relationships from multi-view image segmentations and anchor
Gaussian primitives to these structural elements. This formulation en-
ables the joint optimization of plane parameters, rendering fidelity, and
topological adjacency. By enforcing strict multi-view consistency along-
side these topological constraints, our method significantly mitigates ge-
ometric misalignments and produces connected, structured 3D models.
Extensive evaluations on the ScanNet++ dataset demonstrate that To-
poGS achieves state-of-the-art performance, providing a highly robust
solution for generating accurate, topologically sound, and visually faith-
ful scene representations.

Keywords: Scene reconstruction · planar reconstruction · 3D Gaussian
Splatting · topological constraints

1 Introduction

The creation of high-fidelity, editable 3D representations from raw multi-view
images is a cornerstone problem in computer vision and computer graphics.
For man-made environments and architectural spaces, the ideal abstraction is
a structured planar model, a mathematically compact and interconnected rep-
resentation explicitly defined by a set of parametric planes, alongside their in-
tersecting lines and corner vertices. However, extracting this pristine structural
information directly from unstructured image collections remains exceptionally
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Fig. 1: Motivation of TopoGS. Existing methods show noticeable artifacts in plane
intersection projections and depth error maps. In contrast, our TopoGS recovers precise
plane boundaries and lower depth errors. This demonstrates that introducing topology
constraints acts as a crucial regularizer, providing vital guidance for refining geometric
accuracy and effectively suppressing noise in complex scenes. (In the error maps, blue
indicates lower error while red signifies higher error.)

challenging. Traditional reconstruction pipelines typically recover scene geome-
try as unorganized point sets or isolated surface fragments, treating scene ele-
ments as discrete entities. Consequently, the critical topological connectivity, de-
noting the explicit awareness of how these planes intersect, abut, or share bound-
aries, is frequently lost in the reconstruction process. This fundamental lack of
structural awareness hinders robust geometric reasoning, inevitably producing
fragmented models and misaligned boundaries that fall short of the precision
required for downstream applications such as animation production, robotics,
physical simulation, 3D printing, and AR/VR.

Historically, efforts to bridge this structural gap and recover coherent planar
models have predominantly relied on a decoupled, two-stage Multi-View Stereo
(MVS) pipeline [14] [29] [16] [1] [7]. In the first stage, these methods process
multi-view source images to obtain a dense intermediate point cloud. In the sec-
ond stage, they detect primitive planes from this point cloud and employ complex
spatial partitioning to construct a cohesive structural representation. However,
the efficacy of this algorithm is fundamentally bottlenecked by the quality of
the intermediate geometry. This vulnerability is especially pronounced in indoor
scenes, where textureless walls, reflective surfaces, and varying illumination fre-
quently cause both traditional and learning-based MVS techniques to produce
noisy, outlier-ridden, or incomplete point clouds. Consequently, the subsequent
plane detection becomes highly inaccurate, leading to the omission of critical
structural details. Because the final structuring phase relies entirely on this
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flawed intermediate representation, it fails to explicitly leverage the rich pho-
tometric cues and multi-view consistency present in the raw images, inevitably
accumulating severe errors.

To bypass the limitations of intermediate point clouds, recent frameworks
increasingly optimize scene representations directly from multi-view images [26]
[30] [32] [3] [9] [15]. Notably, 3D Gaussian Splatting (3DGS) [10] has emerged as
a highly efficient rendering paradigm. By integrating 3DGS with foundation vi-
sion models, recent approaches [21] [6] [32] leverage data-driven monocular priors
(e.g., depth, normals, and semantics) to directly recover planar primitives during
the optimization. While these 2D cues significantly improve geometric perception
in challenging regions, current 3DGS-based methods still fail to achieve the req-
uisite structural awareness. By continuing to treat recovered planes as isolated,
independent entities, they remain completely devoid of topological connectivity.
However, physical environments are governed by strict structural dependencies,
such as the intersecting corners of adjacent walls or the contact boundaries be-
tween furniture and floors. We contend that explicitly integrating these topo-
logical relationships as vital geometric constraints, rather than relegating them
to optional post-processing, can effectively guide the 3DGS optimization land-
scape, enforce global structural coherence, and dramatically enhance robustness
against noise (see Fig. 1).

To this end, we introduce TopoGS, a novel 3DGS framework designed to re-
construct explicitly connected, structured planar models. Our pipeline begins at
the image level, extracting 2D region segmentations and constructing their corre-
sponding adjacency graphs directly from the multi-view source images. However,
naively lifting these 2D relationships into 3D is fraught with error. Because of
perspective occlusions and depth discontinuities, regions that appear adjacent
or overlapping in a 2D projection are often mistakenly identified as physically
intersecting in 3D. To systematically distill these ambiguous 2D observations
into verified 3D topology, we anchor our Gaussian primitives to the segmented
regions. By embedding these anchored primitives within the 3DGS optimization
loop, we enforce a tri-consistency constraint, integrating photometric, geometric,
and topological facets, to jointly refine appearance, scene geometry and plane
parameters. This optimization acts as a natural filter, disambiguating genuine
physical connections from spurious, view-dependent adjacencies. Finally, we ac-
tively enforce these verified 3D adjacencies to assemble the optimized primitives
into a globally consistent, structured 3D representation.

Our main contributions are summarized as follows:

– We introduce a novel 3DGS-based framework that integrates geometry and
topology constraints to recover consistent plane geometry and topology.

– We propose a method to extract connected structured planar models by
leveraging optimized, reliable 3D adjacent relationships.

– Our approach achieves state-of-the-art performance on high-fidelity planar
reconstruction tasks within the ScanNet++ dataset.
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2 Related Work

2.1 Two-Stage Plane Reconstruction

Traditional approaches for recovering structured planar models typically rely on
a decoupled, two-stage paradigm: i) front-end geometry reconstruction to obtain
a dense representation (e.g., a point cloud or mesh), followed by ii) back-end
plane detection and spatial partitioning to assemble the final structured model.

The primary target of the first stage is to extract raw, dense scene geome-
try from multi-view source images. Early methods relied on Multi-View Stereo
(MVS) [2] [14] [29] [16] [18], which achieves high precision in textured areas but
often fails in featureless indoor environments. To mitigate this, neural representa-
tions like NeRF and 3DGS incorporate geometric constraints, such as normal reg-
ularization and planar priors to enhance surface quality. For instance, PGSR [3]
introduces multi-view consistency, while IndoorGS [15] incorporates line and
plane priors to bolster indoor reconstruction capabilities. PlanarGS [9] further
leverages language-prompt planar priors to provide more reliable geometric guid-
ance. However, these per-scene optimization methods entail heavy computational
overhead. Consequently, recent feed-forward approaches [27] [28] [12] [23] [24]
leverage Transformer-based attention for cross-view alignment, providing robust
geometric priors without iterative optimization.

In the second stage, the target shifts to extracting and structuring semantic
primitives from this intermediate geometry. This process typically begins with
plane detection via point clustering (e.g., RANSAC [17] or region growing [22])
followed by spatial partitioning (e.g., kinetic or binary partitioning [1] [4] [7]).
Despite improvements in front-end geometry, this two-stage workflow suffers
from unidirectional error propagation: front-end noise directly misleads back-
end plane fitting. Moreover, the plane assembly process cannot back-propagate
to refine the front-end geometry, and the rich information in raw images is largely
ignored during the second stage, limiting the fidelity of the final planar model.

2.2 Plane Reconstruction from Images

Distinct from two-stage methods, end-to-end planar reconstruction aims to gen-
erate plane geometry directly from multiple views. Early research [26] [19] fo-
cused on using deep networks to predict planar parameters in voxel space or
at the pixel level. With the rise of neural rendering, focus has shifted toward
integrating planar primitives into the rendering pipelines of NeRF or 3DGS. For
example, NeuralPlane [30] jointly optimizes plane geometry and NeRF represen-
tations. PlanarSplatting [21] mimics the alpha-blending capability of 3DGS by
proposing plane primitives to replace traditional Gaussian primitives. Similarly,
PGS [32] leverages 3D Gaussian primitives for scene modeling but introduces
a hierarchical, tree-structured Gaussian Mixture Model (GMM) to group adja-
cent Gaussian primitives into cohesive planar instances, thereby mitigating the
issue of plane over-segmentation. Moreover, GSPlane [6] and GSFlats [20] repre-
sent scenes as a hybrid of planes and triangles, categorizing Gaussian primitives
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Fig. 2: Overview of TopoGS. (1) Initialization: 2D plane regions are extracted
from input images and back-projected into 3D space. (2) Joint optimization: Plane
parameters are re�ned within the 3DGS-based framework, supervised by our proposed
geometry and topology losses. (3) Structural assembly: The optimized primitives are
integrated into a structured planar model, characterized by topologically consistent and
accurate intersection boundaries between adjacent planes.

into planar and non-planar types to adaptively model scenes with both �at and
curved surfaces.

While these end-to-end methods successfully enhance local surface smooth-
ness through geometric regularization, they fundamentally treat each plane as
an isolated geometric entity. Lacking a global topological graph to explicitly con-
strain spatial intersections, these approaches often produce misaligned bound-
aries and fragmented planar shapes, especially under severe occlusion or high
noise. Consequently, collaboratively optimizing low-level geometric priors with
high-level topological constraints within a uni�ed neural rendering framework
remains a critical, unresolved challenge.

3 Method

Given a set of images with camera poses, our goal is to recover the underlying
scene structure represented by a connected plane model. We propose TopoGS, a
3DGS-based framework designed to reconstruct a structured model consisting of
a set of vertices V � R 3, a set of intersection edges E = f(vi ; vj ) j v i ; vj 2 Vg, and
a set of bounded planes P = f(� k ; Ek ) j E k � Eg, where � k = (n k ; dk ) 2 R 4 rep-
resents the plane parameters and Ek denotes the index of the bounding edges.
As illustrated in Fig. 2, our method comprises three primary stages: (1) Ini-
tialization, which extracts plane primitives and their corresponding image-space
adjacencies; (2) Joint optimization, which simultaneously re�nes appearance,
scene geometry and plane parameters; and (3) Structural assembly, which con-
verts the optimized primitives into a globally consistent, structured planar model
by �ltering out false-positive adjacencies.
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