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Abstract: 3D Gaussian splatting (3DGS) has recently emerged as an efficient scene representation paradigm, enabling
real-time rendering of complex 3D environments. By modeling scenes using anisotropic Gaussian primitives and optimizing
them through differentiable rasterization, 3DGS achieves high rendering quality and computational efficiency compared
with neural radiance fields (NeRF). Despite these advantages, the standard 3DGS pipeline remains primarily appearance-
driven and lacks explicit semantic understanding, which limits its utility in intelligent vision tasks. To address the issue of
fragmented research in this field, this paper proposes a three-stage taxonomy of semantic information flow, categorizing rel-
evant methods into semantic perception, semantic binding, and semantic querying. This study systematically reviews over
80 representative papers published between 2023 and 2026, comparing their data types, algorithmic structures, and perfor-
mance metrics such as mloU (mean intersection over union) and rendering speeds. The first stage, semantic perception,
focuses on acquiring language-aligned semantic features. Most existing works rely on pretrained vision—language models

(VLMs) such as contrastive language-image pre-training (CLIP) , boolstrapping language-image pre-training (BLIP) ,
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OpenCLIP, and sigmoid language-image pre-training (SigLIP) to extract representations. These models provide powerful
open-vocabulary capabilities and ensure generalization across diverse scenes. Beyond direct feature extraction, advanced
methods incorporate geometric cues to enhance cross-view consistency. Depth maps, estimated surface normals, and epipo-
lar constraints are utilized to guide semantic alignment across camera viewpoints. Meanwhile, cross-view self-distillation
further reduces semantic noise by encouraging feature consistency in overlapping regions. Through contrastive learning,
multi-view fusion, and latent space alignment, semantic perception modules construct a unified embedding manifold that
ensures both visual coherence and linguistic flexibility, forming the foundation for subsequent semantic reasoning. The sec-
ond stage, semantic binding, addresses how semantic information is encoded, organized, and embedded within the con-
tinuous Gaussian representation. In contemporary literature, three dominant binding procedures have been emphasized:
feature-distillation-based binding, 2D —3D mask enhancement-based binding, and single-forward feedforward-network-
based binding. 1) Feature-distillation-based binding leverages a teacher—student paradigm in which comprehensive seman-
tic features extracted by pretrained VLMs (teacher) are distilled into the 3DGS representation (student). Typically, multi-
view image features are projected or aggregated and used to supervise Gaussian-associated semantic descriptors via distilla-
tion losses that promote cross-view consistency. This approach benefits from the generalization capabilities of large-scale
pre-trained models and reduces reliance on per-scene annotation, but it can inherit noisy or biased cues from the teacher
and requires careful scheduling to avoid semantic drift. 2) 2D—3D mask enhancement-based binding emphasizes mask-
level alignment between 2D renderings and 3D Gaussians. In this pipeline, rendered feature maps or preliminary 2D pre-
dictions are converted into semantic masks which are then lifted into 3D via visibility-aware back-projection or probabilistic
fusion; conversely, 3D-consistent priors are used to refine 2D masks in an iterative enhancement loop. This bidirectional
2D-3D mask enhancement improves localization and reduces occlusion-induced artifacts, yielding well-defined instance
boundaries and per-Gaussian semantics. The method is effective when high-precision 2D segmentations are available or can
be refined jointly, though it may depend on accurate rendering and mask alignment strategies. 3) Single-forward
feedforward-network-based binding uses a dedicated lightweight network that, in a single forward pass, predicts per-
Gaussian semantic descriptors from rendered multi-view features or geometric cues. This one-shot approach prioritizes run-
time efficiency and deterministic behavior: given current Gaussian parameters and rendered observations, the feedforward
module outputs semantic vectors that are attached to Gaussians without iterative optimization.- Such architectures are benefi-
cial for real-time or interactive applications due to their low latency and fixed memory footprint, but they require carefully
designed architectures and training procedures to generalize across scenes and maintain cross-view coherence. Collectively,
these binding procedures present different trade-offs among semantic fidelity, computational cost, and implementation com-
plexity. Feature distillation leverages extensive pretrained priors, mask-enhancement enforces explicit geometric—semantic
consistency, and one-shot feedforward binding prioritizes efficiency—each addressing different practical constraints
encountered in semantic 3DGS. The third stage, semantic querying, explores how the enriched semantic information
within 3DGS is efficiently retrieved, manipulated, or interpreted. Current research mainly differentiates between 2D-space
querying and 3D-space querying. In the 2D-space paradigm, methods such as LangSplat, LEGaussians and Feature Splat-
ting compute similarity between text embeddings and rendered semantic feature maps. Relevance heatmaps are generated
and subsequently converted into semantic masks through thresholding. Further advancements, such as those introduced. in
SLGaussian and econSG, incorporate cross-view memory banks or language feature caches, promoting querying speed and
stability in open-vocabulary segmentation. GOI proposes an optimizable semantic hyperplane that automatically adapts
similarity thresholds, making semantic querying differentiable and adaptive across scene content. In the 3D-space para-
digm, methods operate directly within the Gaussian latent space. Techniques such as OpenGaussian, Dr. Splat, and sec-
onGS compute text— Gaussian similarity volumetrically, enabling multi-scale retrieval of semantic entities in 3D space.
Some methods introduce re-ranking mechanisms or transformer-based refinement to enhance discrimination among visually
similar objects. By performing querying in 3D, these approaches avoid artifacts caused by partial occlusions and inconsis-
tent view coverage, enabling more geometry-consistent semantic reasoning. Beyond static scenes, recent work has begun
extending semantic expansion to dynamic 3D Gaussian Splatting, which incorporates temporal coherence and motion-aware

semantic propagation. Dynamic semantic representations enable the modeling of evolving object states and temporal rela-
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tionships, supporting applications such as semantic tracking, action-driven editing, and language-guided dynamic scene
interaction. Although still in an early stage, this direction is expected to drive the development of unified 4D semantic
scene understanding frameworks. In summary, this paper provides a structured review of semantic expansion methods in
3D Gaussian splatting based on the proposed semantic information flow taxonomy. By analyzing existing methods through
the three stages of semantic perception, semantic binding, and semantic querying, the review clarifies their underlying
design principles and interdependencies. Key challenges—such as multi-view semantic alignment, embedding efficiency,
dataset bias, open-vocabulary scalability, and the balance between semantic richness and real-time performance—are
examined. The paper further discusses potential future directions, including cross-modal pretraining for Gaussian fields,
lightweight semantic binding strategies for mobile applications, and hierarchical semantic querying. These analytical per-
spectives address current limitations in scene understanding and support the development of next-generation semantic-
aware 3D vision systems.

Key words: 3D Gaussian splatting; vision-language models; semantic perception; semantic binding; semantic querying;
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Fig. 5 General pipeline of 3DGS semantic binding
with 2D - 3D mask enhancement
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Fig. 6 General pipeline of 3DGS semantic binding
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via single forward feedforward network
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Fig. 7 General pipeline of 2D space semantic querying
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Fig. 8 General pipeline of 3D space semantic querying
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Table 1 Comprehensive multi-dimensional comparison of representative 3DGS semantic augmentation methods
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U441 . DCSEG (Wiedmann %5 , 2025) 45 HE 42K FF
ORI RE 3 5 70 EME 55 TR B R 5 (A A RE U
TiE L2, 1 BEAR A BRI Y SCAS 38 58 AR 3R 9
BRI E . IR EEEOR Ry HLas AU (AN GraspS-
plats (Ji %5,2025) ) . AR/VR H () ) 1A 52 T 2575 Bk
B R 025 R AR A N R AL T OB Y 2 1) 3 SO
AEJ.
3.3 BENEHEE

FHP AL A AR TE S 08 bR | SUAE SR 7R 55
Z RS X E SRl Y = 4k s i AT e O
B R AR A 0 ZR G nl i R T P S 2
S RYLL AR A2 R W (0 A S R0 1 = 4 g
(T8 Bl AL P, 55 01 SCRIAAE ™ (%) UL o
ROR o X FPEET IR A g3 0, e 20k R AU
P25 A A AR BE R A SR B B R Y 1
=W
3.4 ZEENNA - ESTRENH/AZE

H B8 6 5L NS B IR — 0 N IFE 55,
TS 3DGS 1 LY R ARRE 1 25 & B 5S mi B 46
o EEREE RS TR SCHT A B I ORI BRAR (3.1
W) A E S 20 (3. 279 ) L R UK B i e e
J3(3.375) M T — S AL g8 AR PR S
YEM W] 28 B AP 22 A B . AN, GaussianGrasper
(Zheng 45, 2024) F| FHH SC37 1) 2 20 P g o 4 4
1R PR A) T, 1] SparseGrasp (Yu 55,2024 ) |2k
G IFHORTE AR ) S R YR SR . X bR
A 3DGS Al Bl i T e A Ry i L
IR S LA AAT B A E A

4 FiLSRE

3DGS FARIELE I M i O L = 4 ot ) A% 1
SCHR A5 58 L RE ) 37 S A A R U A . AR
P T LATE M5 BN 4R 0 = B BE Ay e 28
52 2R T 5T i i R Ge R A3 Ry i SUBN 18 LB E S
W SCAT I =SB B IR R T A W B AR AR AL
5o 1 SO B PR I M 5 — S0 5 1 LGB
JE T HE A BN A A B 5 1 A IR AR T
AL S S RS AU . X — Rk B
fift 3DGS 1 SCY e F AR P A T S — 1
A -

JUE STt 2 R (AT T I AEE At e 3]
SEBR IV FH 0 4B S Bk e BEF AR SCH 1 = B BEAE
20 S MRS R A G ST T AT, AR R BRI S
J7 A4 -

4.1 REEHE BB TENEELSHEE

B X R AIE 2 B AT SR A S A7 B K TR (U Feature
3DGS (Zhou 5% , 2024) % 77 5 F AH# T 1% 4t 3DGS
(Kerbl 4, 2023) B4 N2 2 28 4%, Aok 0 R 2 8 1
fiij B9 1 Ak (quantization ) FY) B R 48 B2 A o B4,
R = 2 v 0T A LA o 2P s [A) 40 A, Bh S 20 i
ANTA) AR 2R 0 1 SCRRAIE 5 505 | A AT 22 2] YRR AR
Y2 M T RIS SCE B o HLEE A
NN 5% DF-3DGS(Dai 45 ,2025) (1 B 1%, BIF5T
BT B MR R ik B TS SRR
HEATYI R T 020 5 o R PP e B i x — 2
W i JE eI T R S, 38 0 T 2 ) R AR A AR
(codebook ) 75 37 5 J2 47 25 (0] R 2, S o o 505
HELHER 7 0078 LR .

4.2 FRREHE—HM: T XERIEREE

H A A HE S 32 T+ (mask lifting) 77 A 7E 8 3 5
o RN AR T R . Seg-Wild (Bao 55, 2025)
PR SE 48 AR Z IR, o6 BRAR A A B A5 Y
2 B R AL R T R R E . AR RIS W]
IS ARHP s 540 KOs ittt s i s gl
FRAE AR, 5 S B WE SCRFIE AL R S X5,
Fo A2 G ) B P OOCHR L, Sk s 2 40 e $E 1
S E WAL 295, $E T e i, iR P2 R fa e
Hi B AR IR AR g L) e i b, MRS VR A ZS A
PR E A D4 S il s - kKRR ALY 4DCS HE
IR AR R s R EE R R B) AS PR S B .
OFE TR AR P S5 X (i B by B AR
) MK G ORI s, SE B sh A8 Uiy — ik, 4
B30, PSS S — 80k 456 F 04
HL BT 2 BT A RS AL A B, S sh A L
R UL R R R HER O il K A5 Al B A
Pz Bl el RS S B T ST
4.3 BEEEZAL IENEELSIHTE

Z R TIFEBIR YW R 2805 A L B
B AER B VR 3k B ol A SKHLEs Al JEFH
YIS T F0 3 P AR AR AR ELYE ) B T g, BRI
—ANTE )RR - — G R i A A A B
2R P PG Tl U s 5 i SR P %) = 4 v Hr, AT
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KL 3k & 7 5 A 4K (per-scene optimization) i 2 .
GSemSplat (Wang 4§ , 2024) il SceneSplat (Li 5% ,
2025) (RN R R, X —T7 [0 FE T AR A IZ AL R 52
R HEH 7 1 A R
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