


































































































B.5. Directions in 3D 139

orientation with respect to gravity, such as measured by an accelerome-
ter for instance. Another use case is visual odometry using a monocular
camera only, in which case absolute scale is unobservable between two
frames, but translation direction is.

A direction in space is conveniently represented by a unit 3-vector,
i.e., p =

[
x y z

]>
with the nonlinear constraint x2 + y2 + z2 = 1.

In other words, the manifold of directions in 3D space is the Sphere
in 3D, typically denoted S2. It is a two-dimensional manifold, as the
nonlinear constraint takes away one degree of freedom, and indeed, the
sphere is intuitively familiar to us as a two-dimensional surface.

Full text available at: http://dx.doi.org/10.1561/1400000039


	Introduction
	Inference Problems in Robotics
	Probabilistic Modeling
	Bayesian Networks for Generative Modeling
	Specifying Probability Densities
	Simulating from a Bayes Net Model
	Maximum a Posteriori Inference
	Factor Graphs for Inference
	Computations Supported by Factor Graphs
	Roadmap
	Bibliographic Remarks

	Smoothing and Mapping
	Factor Graphs in SLAM
	MAP Inference for Nonlinear Factor Graphs
	Linearization
	Direct Methods for Least-Squares
	Nonlinear Optimization for MAP Inference
	Steepest Descent
	Gauss-Newton
	Levenberg-Marquardt
	Dogleg Minimization

	Bibliographic Remarks

	Exploiting Sparsity
	On Sparsity
	Motivating Example
	The Sparse Jacobian and its Factor Graph
	The Sparse Information Matrix and its Graph

	The Elimination Algorithm
	Sparse Matrix Factorization as Variable Elimination
	Sparse Gaussian Factors
	Forming the Product Factor
	Eliminating a Variable using Partial QR
	Multifrontal QR Factorization

	The Sparse Cholesky Factor as a Bayes Net
	Linear-Gaussian Conditionals
	Solving a Bayes Net is Back-substitution

	Discussion
	Bibliographic Remarks

	Elimination Ordering
	Complexity of Elimination
	Variable Ordering Matters
	The Concept of Fill-in
	Ordering Heuristics
	Minimum Degree Orderings
	Nested Dissection Orderings

	Ordering Heuristics in Robotics
	Nested Dissection and SLAM
	Bibliographic Remarks

	Incremental Smoothing and Mapping
	Incremental Inference
	Updating a Matrix Factorization
	Kalman Filtering and Smoothing
	Marginalization
	Fixed-lag Smoothing and Filtering

	Nonlinear Filtering and Smoothing
	The Bayes Tree
	Updating the Bayes Tree
	Incremental Smoothing and Mapping

	Bibliographic Remarks

	Optimization on Manifolds
	Attitude and Heading Estimation
	Incremental Rotations
	The Exponential Map
	Local Coordinates
	Incorporating Heading Information
	Planar Rotations

	PoseSLAM
	Representing Poses
	Local Pose Coordinates
	Optimizing over Poses
	PoseSLAM

	Optimization over Lie Groups and Arbitrary Manifolds
	Matrix Lie Groups
	General Manifolds and Retractions
	Retractions and Lie Groups

	Bibliographic Remarks

	Applications
	Inertial Navigation
	Dense 3D Mapping
	Field Robotics
	Robust Estimation and Non-Gaussian Inference
	Long-term Operation and Sparsification
	Large-scale and Distributed SLAM
	Summary

	Bibliography
	Appendices
	Multifrontal Cholesky Factorization
	Lie Groups and other Manifolds
	2D Rotations
	2D Rigid Transformations
	3D Rotations
	3D Rigid Transformations
	Directions in 3D






