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More Results: YCB-V Dataset
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Problem

Single-view RGBD image




Proposed
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Single-view RGBD image
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Importance
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https://github.com/isaac-sim/OmnilsaacGymEnvs/blob/main/docs/examples/rl_examples.md



RAISE LAB @7}HCH

Importance
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Overview

isual-only Estimation
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Foundation Pose

Cloud Ma e Regularizatio
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- We enable Simulation-ready Physics-Aware Reconstruction for Cluttered
Scenes (SPARCS) from a single RGBD image via Joint Shape and Pose
Optimization.

- Physical constraint: force balance, penetration-free, friction

Physics Violation Simulator Blow-up
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Problem Formulation

argmin O(q,x) s.t.C(q,z) =0,

SN\

pOSses shapes  physical constraints
(globally differentiable)

objective function
- arbitrary globally differentiable function
- e.g.,image-space loss or a point cloud registration loss



Scene Representation

Shape (x)
Scene: Nrigid bodies

Rigid body(object): union of M convex hull
O|Xt= convex hull 47}, EtA = 17|

Convex hull: V vertices

- Vertex xl-jk
k-th vertex, j-th convex hull, i-th rigid body
- w.r.t. body frame (Zf 2X|2| ZtEA|)

Shape x € RN*MXVx3
M| scenel| shape= £

Pose (q)
i-th rigid body(object)2| IX|E R, t2 EH
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Initial Guess

SAM3D
Initial object shapes from the point cloud.
Result: N point clouds and N meshes.

https://openaccess.thecvf.com/content/ CVPR2026/papers/Chen SAM 3D 3Dfy Anything in Images CVPR 2026 paper.pdf

Mesh model -> convex decomposition2 £ vertex 4 4.
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Initial Guess

FoundationPose
- Initial guess of pose vector.

Model-free reference images Pose estimation
A
55 ;v {4
&— ol 1
Jy

Textured CAD model

Model-based-tracking Model-frae estimation

m— Ours

FS6D (CVPR'22)
OnePose++ (NeurlPS'22)
MegaPose (CoRL'22)
OVEG6D (CVPR'22)
GCPose (ICCV'23)

ICG (CVPR'22)
BundleSDF (CVPR'23)

XXXo

X

Model-freetracking Model-baséd estimation

https://openaccess.thecvf.com/content/CVPR2024/papers/\Wen FoundationPose Unified 6D
Pose Estimation and Tracking of Novel Objects CVPR 2024 paper.pdf

o|H| FojZl M

rr

segmented point cloud, mesh, convex hullz} initial pose
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Objective Functions  argmin| O(g,2)| s.t. C(g,z) =0,

q,

Type 1 (convex hullZl SAM3D mesh ALO])
#2l= hull vertex X;
EFZ1-2 SAM3D mesh M; & 74 72 H (X))

Hull vertexs mesh #H2 2 T Z(like ICP). hullO| mesh St =2 HO|L}= &
9= shape regularization.

Type 1 Type 11 Type 1M
Xijr >0 p(X;;) Pi X(p;) p; &—>® X(p;)
T
3 WA Vi ”Xféjk _p(Xijk)”2+ Type 1
— =" 0(¢,2) = w2 Epep, | X (pi) -pil*+  Type Il
(b)_ﬁ_ o W3 Yp.em; | X (0i) —pil? Type IIL
()
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Objective Functions  argmin| O(g,2)| s.t. C(g,z) =0,

q,

Type 2 (point cloud?} convex hull A}O])
Hels Y8 ZQIE 2212E2 ZH H p,
EFZ12 hull &gt 2l surface (Manifold3d Library 2 22)
2= HS0[ hull EHOA ZOX[X] A hullg F7
7Hg =2 weightE 713, AH| MM 25101 SExE= 0] 7] Of 2. (main cost)

Type 1 Type 11 Type I
X‘ijk & —>r0 P(Xijk) Pi X('p,z_) p; —>® X(p.i)
1 T
A w1 Yijk [ Xije — p(Xije)|?+  Type
< — O(q,z) = w2 ¥, ep, | X (0s) — pi 1%+ Type 11
b)) w3 Epier; [ X(pi) -pil* Type 1L
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Objective Functions  argmin| O(q,2)| s.t. C(g,z) =0,

q,

Type 3 (mesh vertex®} convex hull A}0])
F2|= SAM3DE &2 mesh vertex p;
EFZ12 hull &gt 2l surface (Manifold3d Library 2 22)

Type 22| H2 HO|= HE #A|, 7t T HFH2 SAM3D mesh vertex2 hullE
Z74. (regularization)

Type 1 Type 11 Type I
X‘ijk & —>r0 P(Xijk) Pi X('p,z_) p; —>® X(p.i)
1 g
A wy ¥k 1 Xijr = p(Xize) |+ Type 1
= =" 0(¢,2) = w2 Ep,ep, |X (i) -pil*+  Type Il
(b)_—_ o W3 . e M; 1 X (pi) — pi ||2 Type IIL
)
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Objective Functions  argmin| O(q,2)| s.t. C(g,z) =0,

q,

Type 22} 3= convex hull surfaceE AtE.
Convex hull surface= iteration OFC} A< HE Of Type2/3 0|27t 7} 7ts.

Type 1 Type 11 Type 1M

Xijr >0 p(X;;) Pi X(p;) p; &—>® X(p;)
| . 8]
] : , e.g., convex surface |0 EO| =
S mesh vertex2} 7}& 7472 convex hull
(b) surface 7t X| 2| A 2|7} =0 H.
[ surface| H| Q14X Hol(Yg 5)02

3l g
olol &

iteration OFC} type2, 3 2K}

A 557t S71okK| &

tEts Aot 7be 37 S7tet &= okt A

rjr ol
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Physica[ Constraints argmin O(q.z) s.t.|C(q,z) = OI..

q,z

FrictionO| 8l= 8%
= M| 2| potential energy (gravitational + collision potential) 7} 2t & Q1 A Ef,

W=y +,
= potential energy2| O|23240| 00| &| =2 constraintE &
C=v,T

08 S2|M o2 4150 Ho| 2EE 0| A}
potential2| O =&

Gravitational Potential
El2F2 hull vertex0] &
IIISEf"E" JtEE0| LA 58 LHA oL X]

q.,:l?) = —p Z U"’v g
1,9,k 17
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Physical Constraints  argmin O(q.z) st|C(g.%) =0)

q,

Collision Potential

r—log(l — an‘ji’j’ H) — planenormal 27[7}1ECH &

Wijirjr = Lx — log({nizirjr, Xijr) + dwu )\

\Zk'_log( (né_j&j’:'X ’k’ - z,j?,J YHO| M= CHE ko hullo| =Xy

2 A= n,doi| Hioll BN S0{AM BH LZHE XS

\I!ij.e-;j:(q.i') = min E-Dz'ﬁfjr(q..!.'._ ?'?-i.ji.fjf-dquifj’)-
Nyjatrsdigit 7

O|F,¥.2 AHESI0 C(q,x) dd = 0(q, x) & X225 pose(q) 2t shape(x) =8

@C = £ z-i;ti" zjjf ];[Iijg"j"q

O 8= A% Bt5

O.'.iI

HOo| Ht ™M AMl(constraint) = A < HEE
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Optimization
7|& #=4| (constrained optimization)

argmin O(q,z) s.t.C(q,x) =0,

q,T

Augmented Lagrangian Method(ALM) H-&
NHMX Ol EH O 2 Constraint X Penalty 71510 O ot N %[ X3 7Hs
Levenberg-MarquardtZ %[ X 3} 3

argmin O(q,z) + A 'C(q,z) + §|C(qg 3]
q,xr

20



argmin O(q,x)
q,r

Physical Constraints

Friction Cone

S.t.

g, ) = OI,
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2H 7} 2 50|X| 947 3t Bo| ExfsHe B,
ko /C :

mg ////
Frictional Constraint %

Y

Zt vertex= 7|2 £ normal contact force?} friction
forceZ} friction coneS BFESIEE constraintE MM

= - "1

(fﬁﬁ'kri’j”filgk,é’j’) =0 Hfz“jk,i"j" | < ”||fa'J:f,|‘k,ifj-"|

- normal contact force= collision potentialOf| M ¥ d 7t
Op&HE 2 0] X| 5= (=78 T 4)
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Physical Constraints  argmin O(q.z) st|C(g.%) =0)

q,

Frictional Constraint
w3t St HEO| FZON Fohs OIEYEL M HEgN 8. 53 FYe

2SSl OF .

OrX[Ef2 = =
0%|0OF OtF A SXO0|X| &3,

all
ol
18
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) @(xm, ijkri,j,:a] .
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frictionO| 1= B8%2| constraint friction2 2 =7}=l constraint
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Final Constrained Optimization

80| Sae x[ ™t 2H 74 ZACt

argmin  O(q, z) (14)
s -‘fi";'z'f;"

(C(q,z, f 'm’ =0

( %JFHJ fﬁjfw"j")zo

.. 4 ||fija” | <0l F30,00

s s =0,

Tijirse [Zk Erre. fu;tu + Vg Xirjrker xfi”jk’ aj]_0'|

O A =7t?
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Optimization (Final)
7|& #=4| (constrained optimization)

argmin O(q,z) s.t.C(q,x) =0,

q,T

- Augmented Lagrangian Method(ALM) HE
DHHQI Y O 2 Constraint & Penalty =7ts10] 4 eHE N %X 3} 7tHs
Levenberg-MarquardtZ %| X3} =&

argmin O(q,7) + A\"'C(q,z) + _HO(Q )|
il l frictional constraint
/

argmin O+)\TC+—|| | + Y, ®q, %y Fijirsr)

qgjf%j%j 1323’
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Optimization (Final)
Levenberg-Marquardt® Z| X3} +~H

argmin O+)\TC+—|| | + Z O(q; Ty figirir)

q,r fq,jq, r! 192179
S alo
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H=v?0+ Y v@®+vC'VvC. .
iji’ 5! -

chvc 2 el o2
|:| vZo W™ W eaarar e

2= 4 =S SEHUA M2 ZEHERE 2+ AU AT o AUE0| Ha
H2| Y2 Woodbury S22 A7+ eI EFE2 = A2,
1

o A—IU(C—]. I VA_I U)_IVA_I,,

25



Simulation Stability

. Benchmark Scenario

. MuJoCo Physics simulator &f0{A] stability =4

Scenario Max Kinetic Energy (J) |

Max Drift Distance (cm) |

Ours SAM3D Qurs SAM3D
1 7.19x10™4  4.77 x 109 1.62 59.41
2 2.24x107%  5.68 x 10° 0.83 87.56
3 1.12x1072 2.08 x 109 3.10 31.06
4 3.32x10°%  2.32x10° 0.73 172.55
5 4.36x1073  5.73 x 10° 2.28 51.69

TABLE I: We summarize the simulator stability by the amount
of kinetic energy gain (left) during the first 1 second and drift

distance (right) over the first 1 minute of simulation time.
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Benchmark Statistics

Scenario  #Hull #Vertex #ALM #LM  Wall Time (min)
| 6 299 7 2536 46.1
2 16 795 6 2322 259.7
3 10 487 9 4529 224.2
4 12 597 7 3106 202.15
5 22 1099 7 2640 539.92

TABLE III: We summarize the statistics of our benchmarking
scenarios. From left to right: the total number of convex hulls,
the total number of vertices, number of ALM outer iterations,
number of LM iterations, and the total computational time.
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Ablation (regularization: Type 1 and 3)

Fig. 15: Shape quality. for occluded part, left: w/ regularization,
right: w/o regularization, showing unnatural shape result.
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Ablation (primary visual matching: Type 2)

Metric Method Scene 1 Scene 2 Scene 3 Scene 4 Scene 5
SAM3D (init.) 2.259 1.414 1.940 1.381 1.927
Average W/ Type 11 1.978 0.967 1.201 1.046 1.651

W/o Type II  3.821 1.887 2.751 3.026 5.981

SAM3D (init.) 7.459 4.998 6.592 4.636 6.619
95% quantile W/ Type I 6.298 2.875 3.265 3.190 5.728
W/o Type I 10.923 5.695 9.323 9.490 14.563

SAM3D (init.) 8.793 7.822 9.27 7.991 9.893
99% quantile W/ Type I 10.431 5.649 4.842 5.685 9.182
W/o Type II  15.033 8.704 12.085 12.932 20.838

TABLE VI: Whole scene point cloud matching error (mm) |.
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Conclusion

CHol RGBD O|0| X[ O A O a7 BBHO| SH AT} (XS Sa|X oz
QIS (A B0 SAIFE

Contributions
(1) @& (x) a0t 2= (g % O} o %A
(Zr) ALF/;-|I|_IES;|I|aO|?O}|E:rL : 1 S|AHS 283 MY EHE X =7t =0z H| 80| Z4E
5 =1

ﬂJ|ﬂJ

SAM3D/FoundationPose &£7|3} — =2| M| 2f x| X 3}

570 24|, 227 convex hull 2 H7IX| A4S,
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Key takeaways

AMAaBo =2 OdXor M+td # Al=g oM
= 12| XN|2f(penetration-free, force, friction)=
O

k=]
.

id|
J>+
r|r

AT point cloud0j &=
A "t (Type /1S =8,
ablationO{| Al Al C} 2 @35+= =10l OI
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tset M4,
x| X 2o 21 2 0 OF simulator blow-up=

Z2f 27 =Xzt

main &(Type Il) + SAM3D | A| & prior2
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