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Geometric perception



已知测量值

l Geometric perception：Estimating unknown geometric models (e.g., poses, 
rotations, 3D structure) from sensor data (e.g., camera images, lidar scans, 
inertial data, wheel odometry).

l  Measurement models：

目标未知值 测量得到的噪声

1.1  The concept of geometric perception

向量值 x的域，比如3D姿态集



l *The perception frontend感知前端: �� are the result of a pre-processing of 
the raw sensor data, from raw image pixels (typically using a 
neuralnetwork).  prone to errors.

l The perception back-end感知后端: the estimation algorithms that compute 
x from the ��, computes the object pose given the yi’s.

1.1  The concept of geometric perception



1.2  Outlier-robust estimation

l Consensus Maximization(MC): searches for the largest set of inliers such 
that the measurements selected as inliers have a low error with respect to 
some estimate

The value of �� when the 
formula reaches the maximum 
value

the maximum error for a 
measurement to be considered 
an inlier



l The Least Trimmed Squares (LTS): statistical technique for estimation of 
unknown parameters of a linear regression model 

1.2  Outlier-robust estimation



l Lasserre proposed a global optimization algorithm全局优化算法 for solving POP, 
which is based on semidefinite programming (SDP半定规划) relaxation and can 
infinitely approximate the global optimal value of the problem.

l Relaxation Method松弛算法: Gradually approach the solution of the problem 
through repeated iterative calculations. 1:determining initial values. 2:apply 
update rules repeatedly. 3:setting conditions to a certain threshold

l polynomial optimization problem (POP)多项式优化问题

1.3  Moment Relaxations



l Lasserre method: (i) rewrite (POP) using the moment matrix X, (ii) relax the 
(non-convex) rank-1 constraint on X (and only enforce X>0), which is a convex 
constraint), (iii) add redundant constraints that are trivially satisfied in (POP) 
but still contribute to improving the quality of the relaxation. 

1.3  Moment Relaxations



Variables in geometric perception



l Rotation search:  Estimate the rotation R ϵ SO(3) that aligns pairs of 3D points (��, ��), 
i=1,2,.....,n. The measurement model for the (inlier) measurements is given by:

where ϵ is the measurement noise. we used the vectorization operator vec(·) to transform
a 3D matrix into a vector and manipulated the expression using standard vectorization 
properties. Rotation search arises, for instance, in satellite attitude estimation and image 
stitching.



l  3D point cloud registration:



Algorithm 



Estimation Contracts for (LTS)



Estimation Contract for (MC)



Numerical Experiments



Image stitching图像拼接

Feature matches between two images using the moment relaxation approach,  the matches 
include many outliers, shown in red (inliers are shown in green).



l We use the PASSTA dataset to test rotation search problems arising in image stitching 
applications. In order to generate the vector pairs ��, �� ϵ�3, i=1,2,....,n,  we first use 
SURF to detect and match point features between the two images. 

l From the SURF feature points, we apply the inverse of the known camera intrinsic matrix 
K to obtain unit-norm bearing vectors                  observed in each camera frame.

l Estimate the rotation R between the two camera frames, using the outlier-corrupted 
pairs                  .Finally, using the estimated R, we can compute the homography matrix as 
H = KR�−1 to stitch the pair of images together.

4.1  Datasets and steps 



4.1  Datasets and steps 

l  PASSTA dataset: a public dataset for evaluating image alignment

l SURF: Speeded Up Robust Features(加速稳健特征).  It is a robust image 
recognition and description algorithm, first published at the ECCV 
Conference in 2006. This algorithm can be used for computer vision 
tasks such as object recognition and 3D reconstruction.

l SURF feature points: 兴趣点检测及描述子算法。其通过Hessian矩阵的行列式
来确定兴趣点位置，再根据兴趣点邻域点的Haar小波响应来确定描述子，其描
述子大小只有64维，是一种非常优秀的兴趣点检测算法。



4.2  Algorithms and implementation details 

l We use the sparse moment relaxation to solve the (TLS) formulation of the 
rotation search problem, and use  an SDP solver for the resulting 
semidefinite relaxation. 

l In all results below we observe the sparse moment relaxation of (TLS) to be 
tight. Hence we do not differentiate between the two algorithms.

l The numerical results are obtained on a MacBook Pro with 2.8 GHz Quad-
Core Intel Core i7 processor. T



l The figure compares the actual estimation error with 
the bounds from Proposition 6. 

l The estimation error is computed as                    , where x 
and �° are the vectorized representations of the 
estimated and the ground-truth rotation, respectively.

l Actual error of the (TLS) estimator compared to the a 
posteriori bounds from Proposition 6 and the trivial 
bound 2Mx = 2 3 , with n = 50 and increasing outlier 
rates β. We report a posteriori bounds for dJ = 5 
(“bound-5”) and for the set J chosen as the correctly 
selected inliers (“bound-J”).

4.3  Outlier rates and estimation error 





l Several comments are in order:
l First, the actual error increases with the outlier rate 

(the trend is slightly more difficult to see due to the 
log scale): this is expected since with increasing 
outlier rates the number of “useful” measurements 
decreases; 

l However, the error remains very small (i.e., less than 
1 degree) for all outlier rates. 

l Second, bound-5 is unfortunately too loose and 
uninformative, since—while it improves for larger 
outlier �����24 — it remains larger than the trivial 
bound. 

4.3  Outlier rates and estimation error 
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