A Modern View of 6D Pose Estimation of
Novel Objects

2025 ot A MO L}

Sogang University
Vision & Display Systems Lab, Dept. of Electronic Engineering

ooon
000

Presented By

A P~
&=



Contents

* Introduction

» FoundationPose: Unified 6D Pose Estimation and Tracking of Novel Objects
- CVPR 2024
- NVIDIA

* Any6D: Model-free 6D Pose Estimation of Novel Objects
- CVPR 2025
- KAIST & NVIDIA

g s TN )

SOGANG UNIVERSITY

VDS

-
=
m



1) Bowen Wen, Xiaolong Song, Jianwei Wu, Linjie Zhang, Changil Kim, Kurt Keutzer; Proceedings of the IEEE/CVF Conference on Computer Vision and Pattern Recognition (CVPR), 2024

FoundationPosel)

* 6D Pose Estimation

- 25| 2| 3D Translation (x, y, z) + 3D Orientation (roll, pitch, yaw) 3’3 S}-= task
- 27FX| Main setup
-Model-based
< 2H9 3K HWEf ME(CAD REH)E BHEStD Q= T |
-Model-free
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» FoundationPose: Unified 6D Pose Estimation and Tracking of Novel Objects
(CVPR 2024)
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» Motivation

= Instance-level
-t IO A Aot E A A instance 0| A BF A
MMSE| I8l texture 22H=El 3 DCAD REH =2 E R
o
(@)

O
-Direct Regression, 2D-3D LS A E 282t pnp 12|15 & &ESIY =T

- Category-level

-7 instance O CHORA 158 TR QIOLE OS] AFH Ol % Lj2| Z4xof A
RoE o2 SX3

- 3718 2l Pose Canonicalization ! A& BX7 2t
3D =2 A 2| &iek2 ™ot 7| FE, reference pose = 2 ot= 1Y
= Focused on instant pose estimation of arbitrary novel objects
-Model-based: ZHX| 2| texture £t 3D CAD 2 & XS

~Model-free: 24| 2| reference image X
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* Method

- A unified framework that performs both pose estimation and tracking for novel objects
in both the Model-based and Model-free setups, using RGB-D images

-LLM-aided synthetic data generation pipeline
-Novel Transformer-based Architecture
- Contrastive Learning

Model-free reference images Pose estimation

Textured CAD model
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* Method

« LLM-aided Texture Augmentation
- ChatGPTO promptE M|Sot0 e K 2] 75t A S HASIE=E 27
- 0| QF $HH| M| S &= Obj-LVIS tag2F m A|

- ChatGPT2| S &2 Diffusion =2 20| | S &|= text promptZt £|H XtS52t5H0] Lt 22|
Cretoh OO B Al -0 7tset

b

[ot

g, S S L S S S P o ., S S, S, S ., O, . S O, . L . . S e o, S e e, o . e
1 osyexure L@Nguage-aided Synthetic Data Generation at Scale (§3.1) )
I )
I - I
I Objaverse = ] ) . : - i
I Physics engine Path tracing I
: Original model Sliane i ) :
i Tag A Diffusion h
: <thermos bottle> \ \ model - :
1 | . I
: t A d model :
ugmented mode .
: He! a <thermos bottl “Th e is ‘t_ “ :
I Please desn.‘ibe iTs possible - LLM moc y with I
appearance including color and f
| g | 3 i

A unique wineglass with a
stem shaped like a

r " e )
2 K| 0f| CHSH A CFHE prompt= ‘& =l Of| A| boul made of hand-bloun
glass in a mix of swirling
red and white

An artistic wineglass
hand-painted with vibrant

strokes of brown, blue,
\ and green, creating a

striking abstract design - 6
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* Method
- Geometry Network (Q2: x - s)
-3D Bt 0| FHES YR BE0 AN EHOM HOT Ha(9)E S

- Multi-resolution Hash Encoding -850 £tHE Y E{(Z0 &

- Appearance Network (®: (fp(x),n,d) = c)

~Intermediate feature vector, FiM HIE{ A|H HofZ QIEHOZ 28610 MM S =9

EREAEEEARE TS R R EEmASTEEEoT )
i Neural Object Modeling (§3.2) :
I (Model-free setup) :
: Reference images T}Pem‘al Neural RGBD |
: object field  rendering l
l :
I I
I ’ 1
I B
| = ' :
I I
| A0 !
: Neswark &0) :
[

l LILIL :
i i e T e e e T e e e e S et B s i T S e e o "4
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* Method

- Texture Learning

-AN BH Ao F2 YIS L2 Z

2 Volume Rendering 71 3 2t

z(r)+0.54
c(r) = j w()®( fo(x), n(x), d(x))dt

FOoto] Mol F2S hde

1 1
w(x;) = 1+e ocQ(xl) 1 4 e2Q(xy)
- Geometry Learning
-Empty Space loss
1
L= oy 212G — A
XER,
-Near-surface loss
Nx)+d,—d
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* Method

- Pose Hypothesis Generation
-2D-Bbox LH £ 2| median depth 4f= MEHSIY] translation 2= 7|2}

~Icosphere & 2= AL N7H Al O A N;7H 2| in-plane rotation= &Sl rotation Z=7| 2}

'« Ng* N; 7l 2| coarse pose hypotheses 8

- Pose Refinement Network

~Coarse pose 7|2t Z N ST 7t H & & AFO|2] HEZ|E T8+ crop 2 SA 1t
372 28

-7t 2 ZrEA O At, AR BIS N2 = ALY XM S22 A"

Global pose sampling Beneird Pose Hypothesis Generation (§3.3)

COArse pose

Encoder

Transformer

| ¥ .
HxWxC D> Conv = = Linear C Refined pose
é € ResBlock encoder
Shurc:l‘wcighlh 1 Rotation update
.
A / Patches
® Transformer . | 1/ 0ar /

Position encoder Translation
embedding update

—— ———

-

T -
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» Pose Selection

-Pose Ranking Encoder
;= Cropped & = O[O X[t #HHF O|O|X| Zke| H|w -5 TIH5H0] 5+ O|0|X| Z+e)

=
alignment & &&= LTEfL]= feature embeddmg, FeRre12 =&
;- Similarity Scalar 2 £ gdt= A2 MK 0l H4E SHIEE A

-Second level of comparison

o THA 2l %I' H| X7t 7t58HH sequence M 2|80 k9| 20|17t HEtX|= A0 =
22tet Jtsg

H A
¢ Pose Selection (§3.4) I
— 1
: Rank 0 1
1 K vooth Pose conditioned Pose Ranking Encoder ' :
I L renderin
I : | |- = :
: Hypothesis 0 fFncoder | Multi-head Rank 1 |
1 e * Conv — Multi-head !
| Shared ResBlock I . !
o1 h —
: Pose conditioned e PPatches Y. =] Self attention L . i
mput crop + / e Self attention AvgPool - KES12 Kx512 . 1
: | st Px 512 e I
I Encoder || .JT 1
1 ¢ } . Rank K-1 ]
I y} iy o Position i :
I rl Hox W x 128 eibedding FeR™M? Sort 1
' v ]|
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* Method

- Pose Selection
- Contrast Validation
:': Propose a pose-conditioned triplet loss to train the pose ranking network

v 7| & sample, anchor 7 2= Ar&7d}t

o1 T

L(i*,i7) =max(SGE™) —S3GY) + «,0)

7ho| EI X & Q|

7(| L'c'>'—|— positive, negatlve =~ ol

' Positive / Negative Pose Set

vGT rotation2t 2| X} D7t A 4f 2 CF 2O ™ positive 2 7HF0FL, T pose
7t'd 25 negative &2

Vt={i:D(R,R)<d}, V- ={012 ., K—1}

Lrank = Z LG, i7) ((tevtiTeVT,it+i7)
it
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» Experiments

= Datasets
-LINEMOD, Occluded-LINEMOD, YCB-Video, T-LESS, YCBI-nEOAT

= Metric
- Area under the curve (AUC) of ADD and ADD-S
-Recall of ADD that is less than 0.1 of the object diameter, ADD-0.1d
- Average recall (AR) of VSD, MSSD and MSPD
;' Introduced in BOP challenge
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* Model-free Pose Estimation Results

= All methods are given the perturbed GT bounding box as 2D detection for fair

comparison
PREDATOR [27] LoFTR [52] FS6D-DPM [21] Ours
Ref. images 16 16 16 16
Finetune-free v v X v

Metrics ADD-S ADD | ADD-S ADD | ADD-S ADD | ADD-S ADD
002_master_chef_can 73.0 174 87.2 50.6 92.6 36.8 96.9 91.3
003_cracker_box 41.7 8.3 71.8 25.5 83.9 24.5 97.5 96.2
004_sugar_box 53.7 153 63.9 13.4 95.1 439 97.5 87.2
005_tomato_soup_can 81.2 44.4 77.1 52.9 93.0 54.2 97.6 93.3
006_mustard_bottle 355 5.0 84.5 59.0 97.0 71.1 98.4 97.3
007_tuna_fish_can 78.2 342 72.6 55.7 94.5 539 97.7 73.7
008_pudding_box 735 242 86.5 68.1 94.9 79.6 98.5 97.0
009_gelatin_box 81.4 375 71.6 452 98.3 32.1 98.5 97.3
010_potted_meat_can 62.0 20.9 67.4 45.1 87.6 54.9 96.6 82.3
011_banana 57.7 99 24.2 1.6 94.0 69.1 98.1 95.4
019_pitcher_base 83.7 18.1 58.7 22.3 91.1 40.4 97.9 96.6
021_bleach_cleanser 88.3 48.1 36.9 16.7 89.4 44.1 97.4 93.3
024_bowl 73.2 174 32.7 1.4 74.7 0.9 94.9 89.7
025_mug 84.8 29.5 473 23.6 86.5 39.2 96.2 75.8
035_power_drill 60.6 123 18.8 1.3 73.0 19.8 98.0 96.3
036_wood_block 70.5 10.0 499 1.4 94.7 279 97.4 94.7
037_scissors 75.5 250 323 14.6 74.2 279 97.8 95.5
040_large_marker 81.8 38.9 20.7 8.4 97.4 74.2 98.6 96.5
051_large_clamp 83.0 344 24.1 11.2 82.7 34.7 96.9 92.7
052_extra_large_clamp 72.9 24.1 15.0 1.8 635.7 10.1 97.6 94.1
061_foam_brick 79.2 355 594 3l4 95.7 458 98.1 93.4

MEAN 71.0 24.3 525 26.2 88.4 421 974 91.5

Table 1. Model-free pose estimation results measured by AUC of ADD
and ADD-S on YCB-Video dataset. “Finetuned” means the method was
fine-tuned with group split of object instances on the testing dataset, as
introduced by [21].
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» Model-free Pose Estimation Results
-RGB 7|8t HHHE2 depth SE7t Q7| &0 § B2 & X O|0|X| & XSS

. Finetune- Ref. Objects

Method Modality free images | ape benchwise cam can cat  driller duck eggbox glue holepuncher iron  lamp phone Avg.

Gen6D [35] RGB X 200 - 77 66.1 - 60.7 674 405 95.7 87.2 - - - - -

Gen6D" [358] RGB v 200 - 62.1 45.6 - 409 488 162 - - - - - - -
OnePose [53] RGB v 200 11.8 92.6 88.1 772 479 745 342 71.3 375 54.9 89.2 87.6 606 | 63.6
OnePose++ [18] RGB v 200 31.2 97.3 88.0 898 704 925 423 99.7 48.0 69.7 974 978 76.0 | 76.9
LatentFusion [45] | RGBD v 16 88.0 924 744 888 945 91.7  68.1 96.3 94.9 82.1 4.6 947 91.5 | 87.1
FSeD [21] RGBD X 16 74.0 86.0 885 860 985 81.0 685 1000 995 97.0 925 850 99.0 | 889
FSeD [21] + ICP RGBD X 16 78.0 88.5 91.0 895 975 920 755 99.5 99.5 96.0 875 97.0 975 | 915
Ours RGBD v 16 99.0 100.0 100.0 1000 1000 1000 994 1000 100.0 99.9 100.0 100.0 100.0 999

Table 2. Model-free pose estimation results measured by ADD-0.1d on LINEMOD dataset. Gen6D* [38] represents the variation without fine-tuning.

Input OnePose++ LatentFusion Ours
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* Model-based Pose Estimation Results

= All methods use Mask R-CNN for 2D detection

Unseen Dataset
Method objects | LM-O T-LESS YCB-v | Mean
SurfEmb [15] + ICP X 758 828 806 | 797

OSOP [50] + ICP v 48.2 - 57.2 -
(PPE, Sift) + Zephyr [45] | v 59.8 - 51.6 :

MegaPose-RGBD [31] v 583 543 633 | 586
OVES6D [2] v 496 523 i :
GCPose [70] v 652 679 i :

Ours v 788 830 880 | 833

Table 3. Model-based pose estimation results measured by AR score on
representative BOP datasets. All methods use the RGBD modality.
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 Ablation study
- Results are evaluated by AUC of ADD and ADD-S metrics on the YCB-Video dataset

ADD ADD-S
Ours (proposed) 91.52 97.40
W/o LLM texture augmentation | 90.83  97.38
W/o transformer 90.77  97.33
W/o hierarchical comparison 89.05 96.67
Ours-InfoNCE 89.39  97.29

Table 6. Ablation study of critical design choices.

- Effects of number of reference images
-F AR 25 28 §E0M 450 £t

-4H9| H= O|O|X| 2 FOME 1652 = O|0|X|E A+ETH FS6DELt LI2 d52
=l

9 " 13 15 17
Num reference images

R S THERD Figure 6. Effects of number of reference images. VDS
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Any6DV

* Motivation

» Instance-level

O x-||:|| xl
II - O

g 01|*1 B3l

_T'_
o
I ZH
Ay

LX| Ok 248 0] RGB Bl AN 7} U= CAD R 20| o| =80 st
4|0f| CHSHA Bt 20| 7ts&

&%
pS|
- Category-level
~Instance-level | A 2| OtA|E Y5 2t2}SHX| T O S| A “H 2| El 28K classOf K| 2t E
- Category-agnostic
-Model-based
s Test PO M RGB ElAX Q| 3D CcAD R & Z 3t
-Model-free
< Test 2O ChE 7| &= O|O|X|LE BT A| ALV EQ T
-Novel Model-free approach
'+ Oryon: Language-guidanceS Z-& 0} single RGB-D & X O|0|X|Tto 2 L~ =7

R A B U VDS

SOGANG UNIVERSITY 19 LAB



1) Lee, T., Wen, B., Kang, M., Kang, G., Kweon, L. S., & Yoon, K.-J."Any6D: Model-free 6D Pose Estimation of Novel Objects."Proceedings of the IEEE/CVF Conference on Computer Vision and Pattern Recognition (CVPR), 2025.

Any6DV
* Method

= Overview

- Estimate the relative pose between RGB-D Achor image and an RGB-D Query image

’ R 3 ~
’ Object Alignment \
! :
1
1
I Pose Size Axis Pose 1
: Axis Generation Generation Alignment Generation |
| c si Alignment :
oarse Size —
Image-to-3D  —p —JI—P Eetimation Pose Size Object Pose 1
1 Object Selection Selection Update Selection :
: Update 1
]
1 :
On | Om Pose & Size Refinement :
1
!

> Pose
Generation

Pose —

Om Selection TOM -0

»

»  Pose Estimation

6D Object Pose (T4_,q)
Query Image (Iy)

SOGANG UNIVERSITY 20 LAB
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* Method

- Image-to-3D reconstruction

- RGB-based Single-view Reconstrcution HA] £22 d&2 E @l InstantMesh X Ef &t
< Normalized scale B19| LHO A AHSE|T 0= AIH| B0 ChofA REket

ﬁ?ﬂ%'%'ol'—f S%EIXI HUS=S 2ojg

Input Image Generated Mesh Anchor Image (I4)
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* Method
- Coarse Object Alignment

- Estimate object size in a coarse-to-fine manner using Anchor image
;': Comparing point clouds between I, and Oy from objective center
vEE=HQ AOFLt I, Off 20| =7t BE2 outlier 50| B2 EF MUE[5H7| H{HZ

vSimple axis-aligned bounding box = 2|2 1 2{SHX| Zoff X AK| 2 ==
HH Sk F misalign & O] 2k 42 TYSHY| Ol =

;s Sample various rotation angles and calculate the IoU

v'Highest IoU is used to transform Oy into a coarsely aligned object shape

r's i
: I
|
! Axis
i - ; I ] Alignment
(a) Center of Raw Point Cloud (b) Center of Filtered Point Cloud CDEFSE 5IZE
> Estimation :
= Object
Update

Vs gl
On

(c) Center of Bounding Box (d) Center of Oriented Bounding Box

of Filtered Points of Filtered Points
P A% tudhn | VDS I
@ SOGANG UNIVERSITY 22 LAs
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* Method

- Fine Object Alignment
-Given the coarsely scaled initial shape, jointly refine both the pose and the object size

'« Pose Estimation, Size Estimation, Axis Alignment 2= 2 &

- Pose hypothesis generation THA| 0| M Ctfet 37| 0f CHSHA A HEE S T

=0 U Ase[sy =0.6,s; = 1.4] TFUOA HE

Pose Size Axis Pose
Generation Generation Alignment Generation
l Pose Size Object Pose ’
Selection Selection Update Selection
OMf Pose & Size Refinement
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* Method
» Determine the relative pose T4 = Q between an Anchor image and a Query image
Tasg = (Toy-a)"" " Topy—o
- Pose Selection

-Two level render-and-compare strategy

‘- Pose Ranking Network evaluates each hypothesis by comparing its rendered view to the
cropped observation producing an embedding to quantify alignment quality

' Apply self-attention to the concatenated embeddings of all hypotheses

— Pose
Generation
Oum

TOM—’A ¢

Pose E—

Selection TOM" 0

»  Pose Estimation

6D Object Pose (T4,q)
Query Image (Iy)

N s TN

SOGANG UNIVERSITY 24



1) Lee, T., Wen, B., Kang, M., Kang, G., Kweon, L. S., & Yoon, K.-J."Any6D: Model-free 6D Pose Estimation of Novel Objects."Proceedings of the IEEE/CVF Conference on Computer Vision and Pattern Recognition (CVPR), 2025.
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» Experiments

= Datasets

- Evaluate on five diverse real-world datasets: HO3D, YCBInEOTA, Toyota-Light, REAL275,
LINEMOD-Occlusion (LM-O)

= Metrics
- Area under the curve (AUC) of ADD and ADD-S
-Recall of ADD that is less than 0.1 of the object diameter, ADD-0.1d
- Average recall (AR) of VSD, MSSD and MSPD
;' Introduced in BOP challenge
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Any6DV
e Comparison with SOTA
Al 2010| &2 A8 Bl occlusionO| Z£2HEl M2 ME =l 452 E¢
o

-ADD-S X| B0 A §50| CHEE 100%0

|
=30 58 U5

Table 1. Model-free pose estimation results measured by AUC of ADD, and ADD-S, AR on HO3D dataset.

Oryon [11] LoFTR [59] Gedi [53] Ours

Modality ~ RGB-D & Language RGB-D Depth RGB-D

Metrics ADD-S ADD AR ADD-S ADD AR ADD-S ADD AR ADD-S ADD AR
AP10 23.8 0.0 04 22.5 0.0 1.2 94.4 1.9 3.5 100.0 16.2 222
AP11 25.6 0.0 1.3 59.4 156 14.8 100.0 55.0 323 100.0 73.8  59.0
API12 21.2 0.0 1.4 12.5 1.2 2.1 99.4 306 203 100.0 48.8 283
AP13 26.2 0.0 06 31.9 1.9 1.9 100.0 13.1 8.8 100.0 744 450
AP14 8.1 0.0 0.0 25.0 0.0 0.0 76.2 0.0 0.6 100.0 356 297
SM1 247 0.0 1.1 52.8 34 1.9 82.0 0.0 1.6 86.5 348 278
SB11 46.1 0.0 24 75.4 8.4 15.6 96.4 13.8 121 100.0 86.8 68.9
SB13 29.9 0.0 42 33.5 0.0 1.9 08.2 114 94 99.4 64.1 54.6
MPM10 8.3 0.0 02 13.4 0.0 0.3 29.9 0.0 3.1 98.7 26.8 313
MPM11 33.8 0.0 0.1 26.1 0.0 0.0 35.0 0.0 0.6 100.0 3.2 324
MPM12 17.2 0.0 0.1 5.1 0.0 0.0 42.0 0.0 0.4 100.0 1.3 235
MPM13 24.2 0.0 04 10.2 0.0 0.3 45.2 0.0 1.3 100.0 159 309
MPM14 9.6 0.0 1.4 15.9 0.0 2.0 35.7 0.0 1.5 98.7 439 440
MEAN 23.0 0.0 1.0 29.5 2.3 3.2 71.9 9.7 7.4 98.7 404 383
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Table 2. Model-free pose estimation results measured by AUC of ADD, ADD-S, and AR on YCBINEOAT dataset.

Oryon [11] LoFTR [59] Gedi [53] Ours

Modality RGB-D & Language RGB-D Depth RGB-D

Metrics ADD-S ADD AR ADD-S ADD AR ADD-S ADD AR ADD-S ADD AR
sugar_box1 44.0 0.0 1.1 47.3 0.0 0.1 95.6 0.0 1.7 96.7 143 113
sugar_box_yalehandO 349 30 52 41.6 0.0 0.1 82.2 69 215 89.1 752 444
mustard0 48.6 00 35 47.3 203 152 100 00 19.1 100 23 324
mustard_easy_00_02 36.2 00 03 23.2 0.0 1.9 78.3 0.0 202 78.3 536 392
bleach(O 104 0.0 1.5 55.2 0.0 0.9 74.6 0.0 1.7 98.5 68.7 56
bleach_hard_00_.03_chaitanya 244 6.7 6.1 60 156 187 66.7 62.2 355 73.3 51.1 377
tomato_soup_can_yalehand0 328 00 45 10.7 0.0 6.8 60.3 0.0 7.8 70.2 0 14.1
cracker_box _reorient 13.2 0.0 0 26.3 0.0 0 97.4 0.0 1.8 100 60.5 442
cracker_box_yalehandQ 15.0 0.0 1.2 22.6 0.0 0.2 89.5 00 104 97.7 639 382
MEAN 28.8 1.1 2.6 37.1 4 49 82.7 77 140 89.3 45.6 375
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Table 3. Model-free pose estimation results measured by AUC of ADD(-
S), AR, MSSD, MSPD, and VSD on the Toyota-Light (TOYL) dataset.

Method ADD(-S) AR MSSD MSPD VSD
SIFT [42] 14.1 30.3 396 44.1 7.3
Obj. Mat. [14] 54 9.8 13.0 14.0 2.4
Oryon [11] 22.9 34.1 429 45.5 13.9
Ours 32.2 43.3 558 58.4 15.8

Table 5. Model-free pose estimation results measured by AUC of AR,
MSSD, MSPD, and VSD on the Linemod Occlusion (LM-O) dataset.

. Metrics
Method Segmentation Image-to-3D AR MSPD MSSD  VSD
GigaPose [47] CNOS [45] Wonder3D [41] 17.5 35.8 9.0 7.6
Ours CNOS [45] Wonder3D [41] 28.6  36.1 32.0 17.6
Ours CNOS [45] InstantMesh [76] 25.2 29.5 27.4 18.7
6 SOGANG UNIVERSITY 28 Lo
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Table 6. Ablation Studies of Size Estimation on the HO3D dataset.

Method Object Alignment Metrics
Coarse Size Refinement Axis Align ADD-S (1) ADD(T) AR(T) CD()

Baseline X X X 28.6 0.00 0.20 1.02
(1) X X X 0.0 0.0 0.0 1.47
(2) X v v 98.0 25.5 26.8 0.53
(3) v X v 83.7 26.6 225 0.92
(4) v v X 923 23.6 249 0.66
Ours v v v 98.7 40.4 38.3 0.49
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Conclusion

* FoundationPose

- Unified foundation model for 6D pose estimation and tracking of novel objects,
supporting both model-based and model-free setups.

-Outperforms existing state-of-art methods specially designed for each task

* Any6D
» Conclusion

-Novel framework for Model-free object pose estimation that reduces dependence on 3D CAD
models and multi-view images

- Significantly outperforms state-of-the-art methods for occlusions and varying viewpoints
- Limitation

- When the initial 3D shape is inaccurate, as our approach does not incorporate shape updating
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