3D Scanning & Motion Capture
Rigid Surface Tracking & Reconstruction

Prof. Matthias Nieldner
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Last Lecture: Surface Representations
A Point Clouds

A Parametric Surfaces A Implicit Surfaces
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Last Lecture: Surface Representations

A Important Algorithms
I Marching Cubes
i Ray cast
I Nearest neighbor lookups
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Last Lecture: Correspondence Finding / Matching
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Last Lecture: Bundle Adjustme@f
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Last Lecture: RGB & . dzy Rf Ay 3§
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Last Lecture: How do we solve these objectives
A Bundle Adjustment or RGB Bundling
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Last Lecture: Nehinear Least Squares

A Find solution that minimizes the sum of squared residuals
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i 1 non linear with respect too 15
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Last Lecture: NNLS Gauss\ewton and LM

AbSoi2yQa aSiK2RY
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A GaussNewton (GN):
W W cWw)uvw) "Qw
Solve linear system (again, inverting a matrix is unstable):
¢(0 (w) U (w ))\(cb Yo‘o )} Qw
Solve for delta vector

A LevenbergMarquardt (LM)
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Today: Rigid Surface Tracking & Reconstructic




How do we solve these ndmear terms?

A Frameto-frame alignment (RGB case)

AO Y Bin "™l

A How to align two RGB frames?
| Iterative Closest Points (ICP)!

3D Scanning & Motion Capture

l

Prof.Niel3ner ™ N



Problem Statement: RGB Tracking

A Given RGB camera, move it over time and we want to align it

A Analog statement: given two point clouds, find rigid
transformation between them

A Think about minimizing the distance between two implicit
functions; ICP approximates functions

frameO framel
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HighLevel ICP Overview

A Data association (Correspondence Search)
A Outlier removal / pruning
A Optimization

A lterate

3D Scanning & Motion Capture
Prof.Niel3ner ~



Aligning 3D Data

A Known (correct) correspondences can find correct rotation,

translation

I E.g., Procrustes
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Aligning 3D Data

A Known (correct) correspondences can find correct rotation,
translation

I E.g., Procrustes

»/\\f

A How to find correspondences?
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lterative Closest Points (ICBEesland McKay 92]

A Assume closest points are corresponding
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lterative Closest Points (ICBEesland McKay 92]

A Iterate to find alignment
Al 2y SNBSS AT LJ12asSa INBE aOf 2aS
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Basic ICP
A Select(e.g., 1000) random points

A Match each point to closest point on other scan

I using efficient search structure, e.gd-tree
I various libraries: ANN, FLAN#noflann

A Rejectoutlier pairs with distance 'Q median
A Error Function

Oh B(Yl o 1)
A Minimize (closed form solution if )

3D Scanning & Motion Capture
Prof.Niel3ner — s = 1

:



Variants of Basic ICP
]

A Selectingsource points

A Matchingto points in other scan

A Weightingthe correspondences

A Rejectingoutlier point pairs

A Assigning aerror metricto the current transform
A Minimizingthe error metric w.r.t transformation
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Performance of ICP Variants

A Analyze:
I Speed
I Stabllity
| Tolerance to noise and/or outliers
I Maximum initial misalignment

A Comparison of many ICP variants:

:
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Variants of Basic ICP

A Selectingsource points
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Selecting Source Points
A Use all points

A Uniform subsampling

A Random sampling

A Stable samplingGelfandet al. 2003]

I Select samples that constrain all degrees of freedom of the-bgdy
transformation
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Stable Sampling

Uniform Sampling

Stable Sampling
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Variants of Basic ICP

A Matchingto points in other scan
A Weightingthe correspondences
A Rejectingoutlier point pairs
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Closest Compatible Point
A Closest points are often bad as corresponding points

A Improve matching effectiveness by restrictingclmmpatible
points
I Color compatibility
I Normal compatibility
I Other possibilities: curvature, higherder derivatives, other local
features
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|ICP: Data Association
A Nearest neighbor (use ANN, FLANa&hoflanr)

A Projective (often much better and faster!!)
I Only works with structured data; e.g., depth images (not on raw point clouc

A Rejection based on outliers
I Distance between depth values > threshold (e.g.,
I Variation betweemormals

A Pruning
I Prune correspondences to borders W
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Variants of Basic ICP

A Assigning aerror metricto the current transform
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Pointto-Plane Error Metric

A Allows flat regions to slide along each other, in contrast to point
to-point distance

~
~
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Pointto-Plane Error Metric

W W

Pointto-Point Pointto-Plane
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Variants of Basic ICP

A Minimizingthe error metric w.r.t transformation
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Pointto-Plane Error Metrie Optimization
A Error function:

oh  (CYI o 1)fti)

where'Yis a rotation matrixpis a translation vector

A Linearize (i.e., assun@E+ —bAT-O p): i
O B(1 1)ttt 1) K where” (n)

l
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Pointto-Plane Error Metrie Optimization

A Overconstrainedinear system

A Solve using least squares
ABD A G
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Pointto-Plane Error Metrie Optimization
A Linearized Pointo-Plane OptimizationLjow 04]
I Only valid for small rotations (linear approximation of the rotation!)

ALT @2dz R2y QU 1 VY 2 glLeerbergVarjuardtR 2
i 2"dorder methodA quadratic convergences> rules them all

O Y [V n)te]
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Coarseto-fine Alignment

A Start on lowresolution depth map
A Then go to finer levels

» &

Downsampling ICP
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Coarseto-fine Alignment
A Start on lowresolution depth map

A Then go to finer levels

FAP NP AL

Propagate solution
to finer level
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Coarseto-fine Alignment

A Start on lowresolution depth map
A Then go to finer levels

U Faster convergence
U Avoids local minima (dowsamplingA smoothing)
U Allows faster motions
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|ICP: Conclusion

A Because the correspondence finding is not differentiable, there

IS the hack of alternating

A Ideally, you would want to directly align a continuous surface,

and differentiate it

A Many ICP variants (e.g., adding a color term)
I Can also do similar algorithm for RGHEly alignment

A Recently: symmetric ICR{isinkiewicet al 2019]
rn Mte &

// symmetric \\

Lo it
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K point-to-plane /
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3D Reconstruction

1. Compute poses between all frames
e.g., frameto-frame ICP, or fram&o-model ICP

2. Integrate data into a shared model
e.g., accumulate in a distance field

3. Extract Mesh from implicit representation
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Signed Distance Field (SDF)
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Truncated Signed Distance Field (TSDF)
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Volumetric Fusion: Surface Integration
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Volumetric Fusion: Surface Integration

/

ST TV
- 2|1 1] 2]3
3ol -
\ AR >.>
|
/
pd

3D Scanning & Motion Capture I m

Prof.Niel3ner ™ N



Volumetric Fusion: Surface Integration
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Obviously SDF calculation is in floats
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Truncated Signed Distance Field (TSDF)
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Volumetric Fusion: Surface Integration
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Volumetric Fusion: Surface Integration
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\K)I{ etric Fusion: Surface Integration
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Volumetric Fusion

A Weighted average of signed distance values

Awn( BU ®
A Depth valuéQ @ at pointw
A Weight functions)

I E.g., deptkbased-> further away-> lower weight
iEgV (@ | A@ p QQnROQOQME U £ Q
AlsosurfacéD(w) T
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Volumetric Fusion
A Running average of signed distance values

: \ () () ()
AO (&) ()

A (@ w@ 0

Aw ® andO () are cumulative signed distanced and weight
functions after integrating theth range image

3D Scanning & Motion Capture m 3 D

Prof.Niel3ner ™ SN



Volumetric Fusion

A Surface IntegratiofiCurlessand Levoy96]

VOXG'{ O B 0O (U)Q U
distance; BUO v
color;
weight;

—
8..
CA
c~
C4

:
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Volumetric Fusion

A Surface IntegratiofiCurlessand Levoy96]

Voxel { 0 w(LOWn) 0 (VA U
distance; w(®) 0 U
color;
weight;

J w@®@) w®) 0L v
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Volumetric Fusion

vold integrate{const mat4f& intrinsic, const matd4f& cameraToWorld, const DepthImage3l& depthImage) {

const matdf worldToCamera = cameraToWorld.getInverse();
BoundingBox3<int>» wvoxelBounds = computeFrustumBounds (intrinsic, cameraToWorld, depthImage.getWidth(), depthImage.getHeight()):

fpragma omp parallel for
for {(int k = wvoxelBounds.getMinZ(); k <= wvoxelBounds.getMaxz () ; k++) {
for (int j = voxelBounds.getMin¥Y(); Jj <= wvoxelBounds.getMax¥ () ; Jj++) {
for (int i = voxelBounds.getMinX(); i <= voxelBounds.getMaxxX(); i++) {

//transform to current frams
vec3f p = worldToCamera * voxelToWorld(vec3i(i, 3j, k)):

//project into depth image
r = skeletonToDepth(intrinsic, p):

vec3i pl = math::round(p) ;
if (pi.x >= U && pl.v >= [ && pl.x < (int)depthImage.getWidth() && pi.yv < (int)depthImage.getHeight()) {
float d = depthImage(pi.x, pi.vy):

//check for a wvalid depth range
if (d > m depthMin && d <= m depthMax) {

//update free space counter if wvoxel is in front of cbservation
if (p.z < d) {
(*this) (1, J, k) .freeCtr++;

//compute signed distance; positive in front of the cbservation
float sdf = d - p.z;
float truncation = getTruncation(d) ;

//1if (std::abs(sdf) < truncation)
if (sdf >» -truncaticon) {
Voxel& v = (*this) (i, jJ, k):
v.sdf = (v.sdf * (float)v.weight + sdf * (float)m weightUpdate) / (float) (v.weight + m weightUpdate);
v.welght = (uchar)std::min((int)v.weight + (int)m weightUpdate, (int)std::numeric limits<unsigned char>::max())



Surface Rendering: Ray Casting

TSDF volume grid

o] | =1 | =] [=0.8 [=0.4 -*a,\j 0.2 05|09 1 | 1
Cast ray through focal point of each p|x&l =1 |-0.8 |-0.6 |-0.4 -H-H.\-w 0.2 1071 | 1
Traverse voxels along the ray A | -1 [-0.8|0.5|-0.3]-0.2 08 f0.2 [0.4 [0.6
(truncathn Step Slze) _1 _1 _-'| _-'| =} 5 |=0.4 [=0_1 ﬁ] I:L.J"' 5 -|
Find surface by checking for sign change T4 52|02 ] Dﬁ_a 0| 1
Compute Intersection
- w] | =] | =] | =] =07 [=0.5|=0.2 _;&J.*I 0.3 10.7 | 1
e.g., bilinear search -
computer normal by VYOO «] [=0.8|=0.7 |=0.6 |=0.6 [=0.3 (g2 (0.3 |06 | 1 | 1
0.2 |=0.3 |-pyilal Al 2] 0405|061 |1
surface
w0 EERENERERERERERE
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Surface Extraction: Marching Cubes
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TSDF volume grid
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Volumetric Fusion

At N22SOU0AGCS AYUSANY GAZ2Y Aa y2
| Less accurate the further away from the surface
I More accurate with more different views
I Could apply distance transform but misses data

2 Spot the error!

A\

W
J
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. . =1 =1 | =1 |-0.8[-0.4 -‘uQ 0205091 |1
Volumetric Fusion oo fes[orfes P loaer [ 3
=1 | =1 |-0.8|-0.5 [-0.3 [-0.2 n.L\ 0.2 (04 |06 | 1

A Interesting property though: 7Y P PR o b o P P O
| W Hﬂurface w] | =] [ =] | =] [=0.2 [=0.2 |=0.2 ;1 03|08 ([ 1
LA w] (=] | =] | =] |=0.7 |=0.5 -ﬂ.i:.‘.' 1]0.3 (0.7 ]| 1

| Y y S 3 I'>thmm w] (0.8 |=0,7 |=0.6 |=0,6 [=0.3 |0{2 (0.3 |06 | 1 | 1
W W X A 0,2 (0,3 FEINE] 0.4 |05 (061 |1

| LJzaklﬁ‘geQﬁ@ o0 1 1T 11 111111110101

A Free space carving is important!
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Volumetric Fusion

Stanford Bunny \(;?
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Online 3D Reconstruction

Input Depth

Model Data

Depth Map Camera Pose Depth Map X

Preprocessing Estimation Fusion

Local Surface Reconstruction ‘
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Online 3D Reconstruction

4[E~Elpture depth map]

|r l Bilateral filter

Filter & convert to
vertex & normal map

TSDFs V.N. llcp

[Tra-:.k camera FIDEEJ

. TI_ i I -." I
YQ( .. :
7 / —b[ Violumetric integrating J

tsdf |z ) lHay—castmg

[ Render 3D surface ]

Volume cube
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Online 3D Reconstruction

A Often frameto-model tracking rather than fram#-frame

Input normal map Raycasted normal map from SDF
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Prominent Literature

Al @2t dzYSUGNRA O Y S 1GuRsandLavypo6d dzA f
I TSDF integration

A SzymorRusinkiewicz
I Efficient Variants of ICP
I Realtime Model Acquisition <Siggrap002!

A KinectFusiofiNewcombélzadi et al. 11]
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Reailtime 3D Model Acquisition

Real-Time 3D Model Acquisition

Szymon Rusinkiewicz
Olaf Hall-Holt
Marc Levoy
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Kinect Fusion




Kinect Fusion

Raw Depth

ICP Outliers Raycasted Vertex &

Normal Map
N’

6DOF Pose & Raw Data

a) Depth Map Conversion b) Camera ¢) Volumetric d) Raycasting
(Raw Vertex & Normal Map) Tracking (ICP) Integration (3D Rendering)
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A Extended Kinect Fusion
I [Roth etal. 12; Whelanetal. 1 _

A Hierarchical Fusion

I [Stuecklert al. 12; Chen et al. 13]

A Voxel Hashing
I [Niessner et al. 13]
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Extended Kinect Fusion
A Moving Volume
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(iv)

+ very easy to implement
+ unlimited spatial volumes
- cannot integrate into previously regions

Marching Cubes

Rolling Volume
Current Input 9 on boundary
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Hierarchical Fusion

32

etc.

+ efficient storage: large spatial extent, high local res
e.g., insertion,

+ fast lookups
- costly updates during integration (need tree update)
removal

i X anamum.a
%‘N&“MWM!WIIWWWWM
W7
o hil l!!l\i\
,%mﬂﬂwll“lmw

Spatial subdivision with tree
SDF values live only on finest level
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Voxel Hashing
+ efficient storage: large spatial extent, high local

Spatial Hash Function: o + extremely fast updates:
Aahudy)  (otn & oth & atn )1 T A e.g., insertion, removal, etc. is O(1)
struct HashEntry { i Cheap Streammg

short position[3]; - ray cast is not as fast (need to check voxel by vc
short offset; \
int  pointer; R ol
}; LlJ voxelblock F - 0

R B Misc ® Render m Update M Track
Y P

struct Voxel ({ (ray cast) (fusion) (ICP)

float sdf;
uchar colorRGB[3]; 'bucl:ket
uchar weight; I

}i

s/ &
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Voxel Hashing

Input Depth and RGB Final Reconstruction
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Other Representations: PoHased Fusmn

A Surfelrepresentation
I Point + normal + radius

A Rendering through splatting
I Use graphics pipeline

-

+ unstructured storage> large extent and highes
+ in a way easier for dynamics (although not quite thel
- surface quality slightly less than volumetric SDF

|
3D Scannmg & Motion Capture [Keller et al. 13] Redime 3D Reconstruction in Dynamic Scenes using #aised Fusion t QT! 3
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Other Representatlons PoHiiased Fusion

- 4
RERRE 4 ¢

Surfetbased Representation TSDF Implicit Surface
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Drift and Loop Closure Problems

S~
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Elastic FusiorBurfelbased + Loop Closure

1set (16x)

A Pointbased representation
A Frameto-model tracking

A Explicitly detect loop closures
through localization

A Nonrigidly warp representatio
to close loops
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Elastic FusiorBSurfetbased + Loop Closure

Lab dataset
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Bundle Fusion

RGB-D Correspondence Global Pose Dynamic Scene
| Optimization Update

o (Y I'vh v |

JW

]
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Bundle Fusion: Dense Terms

o (y v ©O (Y 0

¢
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Bundle Fusion: Dense Terms

O (Y o ©O (y 0o © "Yl
I I
o Y | o ®O)y O (Y ™) |

¢

3D Scanning & Motion Capture I

Prof.Niel3ner




