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Object Pose Estimation

2D
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2D

RANSAC

RANSAC can fail without notice

Keypoints can be arbitrarily wrong No provably correct pose uncertainty

Solution: certifiable estimation [YC22TPAMI]

This paper

: three challenges
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Object Pose Estimation with Statistical Guarantees

Probabilistic Coverage of true keypoints Probabilistic Coverage of ground truth pose
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Conformal Keypoint Detection

2D

x ∈ ℝH×W×3 f y = (y1, …, yk, …, yK) ∈ (ℝ2)K

Nonconformity function

q⋆

p⋆
k = max{fk(x)}

q⋆
k = arg max

q∈x
{fk(x)}

ϕ = p⋆
k ∥yk − q⋆

k ∥

∥yk − q⋆
k ∥

Calibration

Scores

{απ(i)}n
i=1 User:  ϵαπ(⌊(n+1)ϵ⌋)

Prediction

New sample:  xl+1

Fϵ(xl+1) = {y ∈ (ℝ2)K ∣ ∥yk − q⋆
l+1,k∥ ≤

απ(⌊(n+1)ϵ⌋)

p⋆
l+1,k

, ∀k}
Quantile Center Radius

r(y, f(x)) = max{ϕ(yk, fk(x))}K
k=1

fk(x)

max{ϕ1, …, ϕK} ≤ α ⇔ ϕk ≤ α, ∀k
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Geometric Uncertainty Propagation

With  probability:(1 − ϵ)
(yk − q⋆

k )TΛk(yk − q⋆
k ) ≤ 1,∀k

sT Aks ≤ 0


yk = Π(RYk + t)
s := [vec(R)T, tT]T

With  probability:
(1 − ϵ)
s ∈ Sϵ := {s ∈ SE(3) ∣ sT Aks ≤ 0, bT

k s > 0,∀k}

Pose UnceRtainty SEt (PURSE)

Fϵ(xl+1) = {y ∈ (ℝ2)K ∣ ∥yk − q⋆
l+1,k∥ ≤ rk, ∀k}

bT
k s > 0
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Characterizing Pose Uncertainty Set
Pose UnceRtainty SEt (PURSE)

•  Check membership


• Generate samples and average


•Error bound

Nonconvex set !!

1. Random choose 3 (out of ) prediction sets (ball or ellipse) 

2. Random sample 2D keypoints  inside the prediction sets


3. 


4. If : return success; else: go back to step 1

K
{ ̂yki

}3
i=1

{(Rj, tj)}4
j=1 = SolveP3P ({ ̂yki

↔ Yki
}3

i=1)
{(Rj, tj)}4

j=1 ∩ Sϵ ≠ ∅

Algorithm: Random Sample Averaging (RANSAG)

With  probability:
(1 − ϵ)
s ∈ Sϵ := {s ∈ SE(3) ∣ sT Aks ≤ 0, bT

k s > 0,∀k}

max
(R,t)∈Sϵ

λ∥R − Ravg∥2
F + (1 − λ)∥t − tavg∥2

Average pose
Semidefinite relaxation (sum of squares)


Exact global optimizer at order two
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Experiments

⋮

LineMOD Occluded (LM-O) Objects (8)

Bounding

Boxes

Keypoint

Prediction

⋮

Keypoint Heatmaps (76)

Conformal 
Keypoint 
Detection

Keypoint Sets

⋮

Calibration set size: 200 images; Test set size: 1214 images;  and ϵ = 0.1 ϵ = 0.4

[Schmeckpeper22JFR]

Geometric 
Uncertainty 
Propagation

PURSE
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My PURSE contains your Pose
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Worst-case pose errors
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Rotation error b/t avg pose and PURSE
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Reasonable bounds

Conservative
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Worst-case pose errors
ϵ = 0.4

0 50 100 150
Rotation error b/t avg pose and PURSE
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Pretty tight!
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Average pose is accurate
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Conclusions
•  Object Pose Estimation with Statistical Guarantees


• Conformal keypoint detection: simple circular or elliptical prediction sets

• Geometric uncertainty propagation: Pose Uncertainty Set (PURSE)


Poster: WED-AM-069


