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Motivation 1: Scene Interaction

Scene interaction vs. Obstacle avoidance/navigation

Building and keeping up to a date a model of the world enables robot
interaction. A similar goal is enabling Human-Computer interaction.
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Motivation 2: Physically constrained vision

How many chairs are in this scene?

[I. Bülthoff and H. Bülthoff. ”Image-based recognition of biological motion,
scenes, and objects”, 2003]
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Motivation 2: Physically constrained vision

We can usefully recognize an object by utilising physical model properties
– for example when we ask:
”Where is (the) chair?” (Visual recognition/search problem),
Do we really mean
”Where can I sit?” (Physically constrained embodied problem).

[Grabner, Ga, Van Gool”What makes a chair a chair?”, CVPR 2011]
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Motivation 3: More information for SLAM

One important benefit of a Dense Model is to enable oclussion reasoning
and dense prediction for camera tracking.

Moving up in abstraction, dense semantic reconstruction will enable
even more robust SLAM by enabling richer interpretation of the data.
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Real time, commodity SLAM system evolution

2003 Davison’s Monoslam: importance of a cheap comodity sensor.
Modelled and propagated joint uncertainty in real-time.

[Real-Time Simultaneous Localisation and Mapping with a Single Camera,

Davison, ICCV 2003]
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Real time, commodity SLAM system evolution

2007,2008 Klein and Murray’s PTAM, also passive, optimised software
using features of the CPU. Maps are much denser than monoSLAM, but
still not surfaces.

[Parallel Tracking and Mapping, Klein and Murray, ISMAR 2007]
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Real time, commodity SLAM system evolution

2010 Newcombe and Davison, augmenting the sparse tracking and
mapping with dense surface estimation method. Utilising GPU power,
live but not real-time and no way to correct grossly wrong geometry.

J. Stuehmer et al also augment the real-time SFM system but obtain
real-time depth maps (without stiching/fusion). Also early work by
Pollefeys et al 2007, on real-time reconstruction of Urban scenes.
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Real time, commodity SLAM system evolution

2011 Newcombe, Lovegrove and Davison, Dense Tracking and Mapping:
Tracking and mapping using all the pixels in an image. We track the
camera pose using the current dense surface prediction moving away
from sparse features and point clouds altogether.

(a) (b) (c) (d)

(e)

[DTAM: Dense Tracking and Mapping in Real-time, Newcombe, Lovegrove,

Davison, ICCV 2011]
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KinectFusion: Real-Time Dense Surface Mapping and
Tracking

ISMAR 2011 work at MSRC. We exploit the massive redundancy in
30fps depth maps from the structured light based kinect device by fusing
the data into a global implicit surface.

Tracking from the dense fused model

For the first time, we then track the current frame against the complete
fused model massivley improving tracking ability with surprising results for
global consistency. We use only depth data and the implementation is
designed to exploit GPGPU.
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What’s changed?

Depth cameras have become commodity along with the massive parallel
processing capabilities now available.

Amazing commodity hardware capabilities

This pairing of New technology changes what makes a solution scalable
or elegant for SLAM.
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Real time, commodity SLAM system evolution

Now, KinectFusion: Dense real-time surface geometry and robust
tracking even in complete darkness.
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Dense Mapping as Surface Reconstruction

There are many techniques from computer vision and graphics for
taking a noisy point cloud and turning it into a complete surface
estimate.

Representation is important, we don’t want to be restricted in
surface topology or precision.

Use all data

We want to integrate over 640× 480× 30 ≈ 9.2 Million depth
measurements per second on commodity hardware.

Point clouds are not surfaces and meshes or parametric patches have
problems with merging different topologies.
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Signed Distance Function surface representations

We use a truncated signed distance function representation,
F(~x) : R3 7→ R for the estimated surface where F(~x) = 0.

Figure: A cross section through a 3D Signed Distance Function of the surface
shown.
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Surface reconstruction via depth map fusion

Curless and Levoy (1996) introduced very simple method for fusing depth
maps into a global surface using the signed distance function
representation.
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SDF Fusion

Similar to volumetric denoising of the SDF under an L2 norm data-cost
with no regularisation: Can be computed online as data comes in using
weighted average.
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Rendering a surface represented in SDF

A regular grid holds a discretistion of the SDF. Ray-casting of iso-surfaces
(S. Parker et al. 1998) is an established technique in graphics.
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Rendering a surface represented in SDF

A regular grid holds a discretistion of the SDF. Ray-casting of iso-surfaces
S. (Parker et al. 1998) is an established technique in graphics.
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Rendering a surface represented in SDF

Interpolation reduces quantisation artefacts, and we can use the SDF
value in a given voxel to skip along the ray if we are far from a surface.
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Rendering a surface represented in SDF

Near the level sets near the zero crossing are parallel. The SDF field
implicitly represents the surface normal.
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Tracking as Depth Map to Dense surface alignment

Use all available depth data.

Using only depth data, we can use Iterated Closest Point (ICP) based
surface alignment introduced by P. Besl and N. McKay (1992).

Surface Alignment Outline

1 Obtain correspondences between a surface measurement and the
surface model. We use projective data-association (G. Blais and M.
D. Levine. 1995) to obtain fast dense correspondences.

2 Find the transform for the surface measurement that minimises the
surface-model correspondence distance (we use the point-plane
metric by Y. Chen and G. Medioni, 1992).
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Point Plane Metric
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Minimising the point plane error
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Using the Dense Prediction

Dense inliers/outerliers

ICP compatibility testing on the current surface model for tracking
robustness

Can use SDF distance check for interaction between moving
unmapping objects in the scene.
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Useful properties

We performed a number of experiments to investigate useful properties of
the system.

Drift free tracking

Scalable dense tracking and mapping

Joint tracking/mapping convergence
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Frame-Frame vs. Frame-Model Tracking

Frame-Frame tracking results in drift as pose errors are continuous
integrated into the next frame.
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Frame-Frame vs. Frame-Model Tracking

Low Drift Tracking with KinectFusion

Frame-Model tracking provides drift free, higher accuracy tracking than
Frame-Frame (Scan matching).
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Scalability

Scalability and Robustness

System scales elegantly for limited hardware: frame dropping and
reduction in voxel resolution: example 1/64th memory and keeping every
6th frame.
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Alternating Joint optimisation

Geometry/Tracking Convergence

Joint Convergence without explicit joint optimisation. To a minimum of
point plane and joint reconstruction error (although the point of
convergence may not be the global minimum).
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Real-time Surface Fusion using a Single RGB Camera

The KinectFusion work allowed us to investigate a simple surface
representation, and given we have abstracted the data coming from the
camera as depth images in DTAM, we can apply the same technique to
obtain excellent near real-time results using a single passive camera.

Using the SDF with passive MVS data

We are now investigating whether work by Pock and Zach (2008) on Glob-
ally optimal range fusion using a TV-L1 based energy with a raw stereo
data based SDF can be improved by first optimising the depth maps in
the inverse depth formulation prior to fusion using the simple weighted L2

norm based reconstruction.
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Discusions on LDR and Dense VSLAM Approaches

Storing the non-parametric surface efficiently – exploiting sparsity
and redundancy of SDF surfaces.

Loop closure and drift correcton for Dense Surface SLAM systems is
a novel issue.

Inferring more of the physical scene using a single moving camera.

Extracting higher level representation from the SDF
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Thankyou, Questions?

I thank my supervisor Andrew Davison and colleagues Steven Lovegrove,
Ankur Handa and Renato Salas Moreno and the Robot Vision lab for
collaborations and useful discussions, and many of the speakers here
today for their guidence in this interesting topic!
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