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Real-world Images (2D)
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Automatic 3D Spatial Data Generation Paradigm for SpatialVLM
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4 8 Structured 3D Representation

3D Spatial VQA Data
(Massive & Structured)
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Q 1.2 meters. i

Q The couch is closer to the TV. B

What is the distance 1
between the car and the bus?

Q 2.0 meters. 69
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(©) Which object is farther away,
the tree or the building?

Y
@ How high is the lamp
from the ground?

y.

@ Is the couch closer to the TV
or the table?

s Massive 3D Spatial
= Q&A Dataset
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(1) 2D + Depth INPUT (2) SPATIALRGPT PLUGIN (3) 3D SPATIAL REASONING OUTPUT

2D RGB Image (Indoor Scene) Natural Language Output (Example)

SpatialRGPT
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| to the right of Object B.
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3D Spatial Scene & Coordinates

Depth Map

(right)
Y (forward)
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@ Relative Position (A w.r.t B)
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Spatial-MLLM: Pure 2D Input for 3D Reasoning

Direct 2D to 3D Reasoning Without Depth Input

2D Input Spatial-MLLM
Single RGB Image

No Depth, No Point Cloud @

Just a Plain 2D Image Spatial Geometric
Understanding Reasoning

=

Spatial Multimodal Large Language Model

3D Reasoning Results
Structured Spatial Understanding

@ Reasoning Outputs (Examples)

@ The mug is 0.45m in front of the book. @ The table length is about 1.50m.
;:;2":3; @ The plant is 0.25m tall. @ The book is to the right of the mug.
@ The mug is 0.60m from the front edge. @ The plant is to the left and behind the mug.

Breakthrough: Achieving 3D Spatial Reasoning Directly from 2D Images

® No Depth Sensor No Point Cloud @ No 3D Supervision
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3D Structure
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Semantics
2D Semantic Features
Building  Road Tree Car Pedestrian
BA®a &
Color  Texture  Material Brightness  Depth
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Geometry-Semantic
Joint Representation
» Rich 3D understanding with
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O geometric structure and semantic meaning
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SpatialGeo
Fusion Module
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Geometry ‘ﬁ Semantics Fusion :
Spatial Structure &7~ Meaning & Attributes Stronger Representation
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SpatialThinker: Reinforcement Learning + Spatial Reward

Large Language

% / ' @ Model / Agent l \
Actions / Spatial Reward

GeI:z::te @ Inference @ Signal
Results

Explorations (1,-1,3D
Alignment)

Environment /
Spatial Evaluator
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Unstructured Scene Structured Scene Representation
(Raw 2D Image) (Scene Graph)

contains contains

Structured Scene
Reasoning
(SSR) Module i l

Potted
Plant S NI

@ Object Instance

i
9 Furniture / Category !
Oblectsaspandlonmbrpglacediety - 0000 L s J

no explicit structure. Objects are organized into a structured
graph with explicit relationships.
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Answer: 100 4 97.2

[, Q UL Gl A. East B. West C. North D. South ()
from the door in Image 3, facing X
south, in which direction is the Reasoning: In Image 3, entering |
book located relative to the bed? the room while facing south, the book 80 -
lies ahead and the bed to the front
(Motion) Q: The images were right, indicating that the book is
taken continuously. In which post Aol esct of dhe el —_
direction does the camera rotate 9\1 L
from Image 2 to Image 3? Error AnalyS|s with MLLM 5
. o RECONStryC,. o 41.0 40.3
(Attribute) Q: Which is wider: & e 1% © 3 40
the nightstand in Image 1 or the o o 2 @ 30.7 30.3 28.5
desk in Image 3? o i - _ | - _Random
g f,.~ Choice
(Multi-Step Reasoning) Q: 3 o N a0
Upon entering the room through s 3 % & 5
the door in Image 3, one faces e %‘ o P N
south. In which direction is the "’e,. 13.59 ©
. . ‘o, 3.5% 0 T T T T T T
lamp located relative to the chair? Grounding Human 03 GPT- Qwen2.5- GPT- InternVL
Level 4.5 VL-72B 40 3-78B

Fully Human Annotated 1K Data Diverse Scenarios Reasoning Provided  Automated Error Analysis
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a) Comparison of Existing Benchmarks

Existing Spatial Bench
CV-Bench

Extrinsic  Static

BLINK

w
1S

Extrinsic  Static

What'sUp

Extrinsic  Static

Spatial-DISE

< 1?: Q: Work out which of
the cube can be made
—‘1 -5 TG, from the net.

Q: Work out which 3D
figure in the grey box
has been rotated to

Intrinsic

Dynamic

make the new 3D figure.

b) Framework of Spatial-DISE

Intrinsic-Dynamic: Extrinsic-Dynamic:

- 2D Combination
- 3D Combination

- 2D/3D Folding
- 2D/3D Rotation
- Fold and Punch

& . w @
-

Q H

@ Spatial-DISE 5

16% 12%

Intrinsic-Static: Extrinsic-Static:

- 2D Shape Finding - 3D Projection
- 3D Shape Finding
80% Human Level  accuracy

Extrinsic-Static

60%

Intrinsic-Static

40%

N ‘ | | | I | | I
0%

204+ 82C %6
5 S 5§ 8 8 3
$ §5 48}

Extrinsic-Dynamic

Intrinsic-Dynamic

d) Synthetic Data Generation Pipeline

;@blender'
", Verifiable
Generation

Distraction
Generation

Initialization _ Core Asset
& Seeding f Generation

_ Y
Distraction Strategy

Question and
Correct Answer Geometric Pattern/Orient. Incorrect  Component
Rendering Variation Errors Views Replacement
L} Controlled ‘L—//
Rendering & .
Formatting Quality Control
* J‘)
Large-scale Raw Duplication Malti Missing
Synthetic Data Answers
Synthetic
Data
2D Folding
14%
3D Shape
Finding
- Fold and 19%
Punch
Q 14%
3D Shape
Finding ~ OPatial-DISE 3D Rotation 30 Foldi
12% Bench : 20% ot
3D Projection 12K 21%
12%
3D Folding 35
12% 3D Rotation i
13% Projection
20%

e) Statistics of Spatial-DISE Bench and Dataset



M= aZTNEE SFI-Bench5VSI-Bench

SFI-Bench——== 8- I15EE ¢ VSI-Bench——EIR (L&A & &E
%ﬂ;mﬁﬁﬁ’ﬂgﬁ, HBid 1,500 M ERmE E%%M-Yﬁ'%ﬁ\ EXIAME. BT
| 75
KBS RIS — ATRZE RIS MR AEEE EHITIIEE
AN BEMERE : WMATLER
@ ZEFES EETE SpatialDreamer~Z13/H262.2%

@ IheeHEHE SHWITEMBGE

KA : BIIMLLMEESZENEIZS
DIREHEE S EXERE

61




SFI-Bench

See avideo of an apartment a laboratotz

EE

a factory

) Gﬁ“

Remember? le‘%%’ % @ j é @il &8 &=

First Aid Trash

i TRS

Milling Plastic Rolllng stool Wooden workhench
Stand Brush

: ” Light  Celli
Multimodal 11 M’ “cognitive map” of the space | Cabinet Door Chair Sink il "0t Box g 80 LY Printer Basket Keyboard TV Blanket Fridge Table Pan . I8 "

=5 ) @)
. 1\" T! ; . ¢ @ @

= Av- (=]

Recall

What is the distance between the How many cabinet(s) are in this room?
keyboard and the TV, in meters?

HR e RR
Cg =]
fod B
E E

What is the height of the stool, in cm?




VSI-Bench

Object Count

How many chairs are there in this room?
Answer: 4

Relative Distance

Measuring from the closest point of each object, which of these
objects (refrigerator, sofa, ceiling light, cutting board) is
the closest to the printer?

A. refrigerator B. sofa C. ceiling light D. cutting board

Appearance Order

What will be the first-time appearance order of the following
categories in the video: basket, printer, refrigerator, kettle?

A. kettle, basket, printer, refrigerator
B. refrigerator, printer, basket, kettle
C. basket, printer, refrigerator, kettle
D. basket, refrigerator, kettle, printer

Relative Direction

If I am standing by the refrigerator and facing the sofa,
is the kettle to my left, right, or back?

A. left B. right C. back

\

L L L L R L R A AR RN ANy

Q Video Starting Position

[O Camera Trajectory

F Video Ending Position

—- Camera Perspective

BORRRRRARRRRRRRARRRRRRRR RRRRRRRRRRRRRAARRRRANDY BORARRARRRRARAARRRRARAINS

L L L L R L R R A A A N A AR A R RN AR

Object Size

What is the length of the longest dimension (length, width, or
height) of the refrigerator in centimeters?

Answer: 119

Absolute Distance

Measuring from the closest point of each object, what is the
distance between the bed and the sofa in meters?

Answer: 3.2

Room Size
What is the size of this room (in square meters)? If multiple
rooms are shown, estimate the size of the combined space.

Answer: 57.6

Route Plan

You are a robot beginning at the toilet and facing the washer.
Navigate to the pan. Fill in this route: 1. Go forward until
the washing machine 2. [?] 3. Go forward until the sofa 4. [?]
5. Go forward until the pan.

A. Turn Left, Turn Left B. Turn Left, Turn Right
C. Turn Back, Turn Right D. Turn Right, Turn Right
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Collective term applied to immersive experiences
incorporating varying degrees of digital and real information

User views static digital User interacts with User is immersed in
information or visual responsive virtual an interactive._
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