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Abstract: As an interdisciplinary field that integrates computer vision, graphics, artificial intelligence (Al), and optical
imaging, three-dimensional (3D) vision serves as the foundational cornerstone for building embodied general intelligence
and the metaverse ecosystem. In 2024, differentiable representation technologies, exemplified by neural raddiance field
(NeRF) and Gaussian splatting, continued to evolve and refine, gradually transcending the boundaries of traditional 3D
reconstruction. From microscopic cellular structures to macroscopic physical celestial bodies, and from static scenes to
dynamic human bodies, significant improvements in accuracy have been achieved across a spectrum. Propelled by
advancements in generative Al technologies and the scaling laws of large models, the field of 3D vision has witnessed a
paradigm shift from optimization to generalizable feedforward generation, marking important progress and breakthroughs in
the direction of controllable digital content generation. Embodied intelligence remains a focal point of interest, with
researchers increasingly recognizing the capture and generation of 3D virtual simulation data and 3D human motion data as
central elements of training embodied intelligence. As the concepts of world models and spatial intelligence become hot top-
ics among technology researchers, modeling the physical world, understanding spatial relationships, and predicting future
states have emerged as crucial research directions, all of which rely on the support of 3D vision technologies. Furthermore,
through nontraditional visual sensors and novel reconstruction algorithms, innovations in computational imaging technology
have exceeded the physical limitations and performance bottlenecks of traditional 3D reconstruction. These technological
breakthroughs are propelling 3D vision into a new era characterized by an intelligent, large-scale learning process that
encompasses the processes of perception, modeling, generation, and interaction. Specifically, the development trends in
3D vision primarily manifested in the following aspects: 1) Controllable and physics-aware generation of the visual elements
of Al-generated content (AIGC). With the rapid development of AIGC technology, visual content generation has evolved
from simple two-dimensional (2D) image creation toward more controllable and physics-aware approaches. This trend
requires the combination of physical prior knowledge and multidimensional control parameters, such as 3D viewpoints,
lighting conditions, and 3D character motion, to achieve higher-quality content generation. 3D vision technology plays a
pivotal role in this process, providing essential spatial-temporal and physical constraints for AIGC. 2) 4D spatial intelli-
gence: bridging virtual and physical worlds. 4D (3D space + time dimension) spatial intelligence has emerged as a core
technology connecting virtual worlds (e. g. , the metaverse) and physical realities (e. g. , embodied intelligent robots ).
This technology focuses on establishing a digital mapping of dynamic physical environments. By leveraging 3D vision and
multimodal large model technologies, Al systems can construct 4D spatial models to understand spatial relationships, pre-
dict motion trajectories, and simulate future evolutions. In turn, intelligent agents can interactively learn within physical or
virtual 4D environments to acquire intelligence. 3) Data-driven embodied intelligence: 3D virtual simulation and human
motion capture. The advancement of embodied intelligence relies heavily on high-quality 3D virtual simulation data and the
capture/generation of human 3D motion data. These datasets fuel the training of embodied intelligent robots to achieve
sophisticated behavioral control. Through high-precision 3D vision technologies, robots can better understand and simulate
human actions, resulting in their enhanced intelligence in complex tasks. 4) Differentiable 3D representation and integra-
tion with large model technologies. From microscopic cellular structures to indoor environments, human/animal modeling,

autonomous driving/city modeling, and even astronomical black hole reconstruction, novel 3D representations, such as
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NeRF and 3D Gaussian splatting (3DGS) , drive performance improvements in scene generation and reconstruction across
scales. Their efficiency and flexibility have opened up new possibilities for 3D vision applications. Furthermore, by inte-
grating large-scale 3D data with transformer-based architectures and advanced generative methods, such as diffusion mod-
els, fundamental 3D vision tasks are being unified into efficient end-to-end frameworks, resulting in the scaled-up learning
of core 3D vision paradigms. The breakthroughs in 3D vision in 2024 have injected new momentum into technological devel-
opment, with future trends focused on several key directions. Spatiotemporal-consistent world models that integrate 4D spa-
cetime and physical laws provide dynamic prediction and interaction support for complex scenarios, such as autonomous
driving and embodied intelligence. It is expected that the deep integration of generative Al and 3D content generation tech-
nologies will overcome data bottlenecks, enabling the automated creation of high-fidelity and controllable 3D content.
Enhanced cross-modal generalization capabilities will also strengthen the fusion of vision, language, and motion modali-
ties, thus improving the adaptability and robustness of robotic strategies. Physics-driven dynamic reconstruction, com-
bined with physical engines, will achieve high-precision modeling and interactive editing of dynamic scenes, thus advanc-
ing digital twins and virtual reality. Meanwhile, 3D imaging technologies will accelerate scientific exploration in astrophys-
ics and cell biology. Efficient real-time processing and lightweight solutions will also boost the reconstruction and rendering
efficiency of large-scale dynamic scenes, promoting edge device applications. Furthermore, ethical and privacy protection
will emerge as critical concerns, balancing innovation and security through encryption technologies and regulatory frame-
works that govern 3D data acquisition and generation. In summary, this article reveals that, in the future, 3D vision will
evolve toward an era of more intelligent and universal “spatial intelligence” in which technological breakthroughs will
reshape human-computer interaction, scientific exploration, and industrial ecosystems. Therefore, to foster academic
exchange, this article analyzed cutting-edge trends in 3D vision and highlights the top ten research breakthroughs of the
year, thus offering insights and references for both academia and industry.
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Fig. 12 Annual representative works on learning robot strategies from human action videos
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Fig. 14 Annual representative works on simulation data synthesis
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Fig. 16 Learning humanoid robot motion generation from human motion data
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1.10 =#HERE SR E N TURF 2T R W
T GE AN e A% [ SR A 1 BB A A B S M FL
ISP ] 3 B3R 1 3% B2 T T A R IC g Bt
FEH A BR A — 855 B 4 T = 4k i PERE
SR — BRI 2. 2024 A FETR L T — 2L A F Ak
1B G LB A% R I BIF I A, 38 3 R JH #h 2 T8 25 A0
AL O T AH LA IR S G AN B A A S, 12 3 3
Pl LIS )R S A 2 1 s T AN AR B AR B 1
SPERE, R TG =R AR RIR. E 18R T
SRR AR AT X A Bk Y = 4 A
RV, b 78 ERFI AL, 72T RO
TARBL, A7 ELE AR AL .

db 5t K 2% A BA B9 W 58 T AE EventPS (Yu 55,
2024a) 4 i —Fh i BUESOGI T BY 225306 B AR K
PGAEIY 3: Ze Ak Tz Ak Ry 28255 () ) dt SRk 14 22
[i) R, TC 5 v L 2 RN ARAIL , S B T 30 M/ frg 55
BRENAL EE . b T IR E BRI s S5 2
% AL 58 )5 105 RO Rl & 2 WA [F] B R B —
R 1 3h A VG L R, SR 4R R A () 5 1] 22 4k
1816 R PG N 5 AR I 5T (9 Al 5 22 R BTG
PAG—Iw A AIEE USR5 5,10 TRFER 505),
FFH A AL 7 R R AR (0. 03 ) AR GEAHMIL
P BT A %0 RO R ST AR T AR At TR
T, SRR R S = G Y A i oy



X, w8, B, KA, T8, BRFE, BHE, BRIE, #5R, BX, KEE, £8F, LY, Ak,

BIRS, %, ik, BRX%, SA
$30% /E 68 /2025 £6 A

BT, KIS, A=, FEBREE, EEE, SRt BEB, BREN
2024 FE-HNRIITER S+ RER

~ & Sman 1, @ ;
g8 Fast Capture Data Stream
R :
~0.33s =/ B ¥ 2 Reduce to 31% g y
‘ = t [¢]

Translucent Object Input Thermal Videos  Distance Error w.r.t. SFM GT
fi

from a textured object

utput:
Estimated Surface Normal

w2
=]
<
]
2
M =
Event Camera Sparse Input:
& Continuous Light Event Stream Null Space Vectors
Low-Cost Proximity Sensor Captured Scene Neural SDF Rendered Transients Scene Reconstruction
A R A\
| - )
. . > ’\“
i X (V‘\\/‘\,‘
o A EMinimizes,
W = |
£ *"",g ) % ’\V\V
- 5 s | e
mm At
i BreakoutEori Captured Transients

'
| .
| Heat capacity C
' (scaled)  361e-3
=
T

—»

K18 =T G SN 0 A Bk Y = 4 s st AR P i

Fig. 18 Representative advances in 3D computational imaging: tackling challenging 3D reconstructed scenes
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