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KinectFusion: Real-Time Dense Surface Mapping
and Tracking
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Outline

Introduction and Motivation

KinectFusion Algorithm
— Surface measurement
— Pose estimation
— Surface reconstruction update
— Surface prediction

Experiment and Result

Conclusion and Outlook
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Introduction and Motivation

« SLAM

— Simultaneous localization and mapping

e Kinect

— RGB-D Camera
— depth through either structured light or time of flight

« GPU

— computation power
— real time localization and mapping
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KinectFusion Algorithm Pipeline

R, |

Measurement |V, Pose Update Sk Surface
R, N, Estimation Tg,k Reconstruction Tg. el Prediction
Input 5 Compute d|—> ICP of Predicted [ Integrate Surface [ Ray-cast
Surface Nertex an and Measured Measurement TSDF to Compute
Normal Maps Surface into Global TSDF Surface Prediction

Losr Vier Nes

» |ICP (Iterative Closest Point), an algorithm for pose estimation

« TSDF (truncated signed distance function), a surface representation based on voxels
* Not Nertex, but Vertex (Misspelled word)
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Surface measurement

R, v
T - P S Surf:
[ ] R e d u Ctl O n Of n O I S e Measurement ;‘: Estin:;:ion T, Rec;i::ti::ection T;k-] Pr:l;i:tzoeﬂ

Input -  Compute  —f|Cp of Predicted =P Integrate Surface [=— Ray-cast

. B i I a te ral fi I te r mgifn Ijlerr\tdea); Snd and Measured Measurement TSDF to Compute

Surface into Global TSDF Surface Prediction
Iy

A A
Lokt Vier Nees

Dy (u) = A Z{f Ao, ([[w—ql2) A5, (|[Re(w) —Re(q)][2) Re(q)
qc«

a:=u' 1)’

point p; € R? in the camera frame
No(t) = exp(—12672)

Wp 1s a normalizing constant

q = 7(p)
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Surface measurement

R, v
I 1 Measurement V, Pose Update Sk Surface
[ ] R ed u Ctl O n Of n O I S e N'z Estimation [T ;| Recons truction Tg,k-i Prediction
Input -]  Compute  =p{|CP of Predicted == Integrate Surface [==t> Ray-cast
Surface Nertex and| and Measured Measurement TSDF to Compute
Normal Maps Surface into Global TSDF Surface Prediction
r'y N
* Vertex map V T Vit N
- 1 hd g . PR —|_ 1 —I_
Vi(u) =Di(u)K™'u u:=(u
vIx] = x/|[x[2
[

Normal map N (u)

Ni(u) = v [(Vi(u+1,v) = Vi(u,v)) X (Vi (u,v+1) :ve}’k(uav))]

vertex and normal map pyramid

Blur
— L = 3 level multi-scale representation e
Blur and
le l.L le l_L subsample
yiell.) Niell..L
rigina

image
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Pose estimation

« |CP (Iterative Closest Point)
 the global point-plane ICP

Mopt=argminMZ:((M-si—d!-)"n_,_-)2 /\/—

destination

«—_ tangent destination
surface

source
point

f

source
surface

Wenliang Peng (TUM) | KinectFusion | Pose estimation



Pose estimation

v

TUT

Measurement

Compute
Surface Nertex and|
Normal Maps

Vi

—

Pose
Estimation
ICP of Predicted

and Measured
Surface

—

Update
Reconstruction

Integrate Surface

Measurement

into Global TSDF

Sk Surface
Tg,k-i Prediction
— Ray-cast

TSDF to Compute
Surface Prediction

 the global point-plane ICP R,
Input
Tg,k = [ I:)g,k tgl,k ] c SE?,

M, =argminy, Z((M'Si _dz').n.i)z

!

E(Tg,k) —
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Pose estimation

 The iterative solution of ICP

Y| (v - v @) 8 @)

E(Tg,k) =
2

ue%

T 2
Re tgek]eS]Eg, ) Tg Tch
?

TS, = [ﬁz| f] =

—1

—a 1 B g
Yy b 1 ¢

Small-angle approximation

nc

[layrx

T2 Vi(u) = BV (u) + € = G(u)x + V§ (u)
x=(B,%,Q,tx,ty,1;) " €RC G(u) = va u)] ’13><3:|
10
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Pose estimation

 The iterative solution of ICP

- 2
min ) [E[

. Fa T C:
E(Tg,k) — Z || (Tg,kvk(u) o Vi—l (ﬁ)) N(]i_l (@) 5 xcR6 Qi (u)#null

uevY

E=N,(0) (Gx+Viw-V{ ()

‘ First-order optimality condition

Z (ATA) x = ZATb A" = G'(uN{ (),
g b = N @) (VE,0)- Vi)
X = (B,7, 0 tx,ty,1;) " € RO

Zmax = [4,5,10]  levels [3,2,1]
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Pose estimation

* Image pyramid
— problem is highly non-convex
— algorithm might be trapped in a bad local minimum

— a good initialization is needed for the optimization Burand A& eeoution
subsample $ Level 3
— coarse to fine scheme Blurand /78 1/8 resolution
subsample o, N Cavela
B 4 ' 1/4 resolution
uran !
subsample
Level 1
Blur and 1/2 resolution
subsample
Level 0
_ \ Original
55 g image
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Surface reconstruction update

« TSDF (truncated signed distance function)

Sk(p) — [Fr(p), Wi(p)]
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Surface reconstruction update

R, v
1 1 Measurement |V, Pose Update Sk Surface
k .
* The point p in the global frame g | M| imion |1 | Recomisacion 1, tredcion
Input { Compute  =b|CP of Predicted = Integrate Surface == Ray-cast
burface Nertex and| and Measured Measurement TSDF to Compute
S k (p) > [Fk (p) ] W k (p)] Normal Maps Surface into Global TSDF Surface Prediction

r 3 " A
Toter Vier Nees

pY | / =

N-07{ 00|01 {-02-05]-07]09)/
%2[03]05 [01]-03]-04 |0

\o.s 10[05 |01 00/

08| 1.0]1.0 08 |0f
N\ 10(10[10)/

W0 [10[14

\ 1.0 / surface Sensor

\__/ viewing ray 2
A - ) E

range

+1
i
Frop) = ¥ (27"t —pll2—Re() . " ‘
A= KK, \
- -1 . distance function ‘
= L” (KTg-kp)Jnearest neighbour lookup |. | -1 5 5|
¥(n) = min(]:g) sgn(n) iffn=—p HH
null otherwise !
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Surface reconstruction update

« The global fusion of all depth maps in the volume

min Wg, F
[min ZH R FrR, —F) |2

 real-time sensor tracking and surface reconstruction

Fp) = t(P)Fii(p)+ Wi (p)FR, (p)
apr= Wi—1(p)+ Wg,(p)

)
Wi(p) = Wi_1(p)+Wg,(p)
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Surface Prediction

TUT

R, v
(Y g Measurement |V, Pose Update S Surface
|) k L P k .
¢ Ve rteX I I Iap k _ 1 N, Estimation Tg,k Reconstruction Tg»k-i Prediction
Input -] Compute  =bf|CP of Predicted F=P{ Integrate Surface [~ Ray-cast

Each pixel’s corresponding ray

Surface Nertex and|
Normal Maps

and Measured
Surface

Measurement
into Global TSDF

TSDF to Compute
Surface Prediction

starting from the minimum depth
stopping when a zero crossing

- Normal vectors N/,

JF JF OF
dx’ dy’ dz

Rg,ka = N‘;’; (ll) =V [VF(p)} ., VF = [
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e.g. blue one is the new vertex map, red one is ray-casting of the global model
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Experiment and Result

« Experiment setup

— N =560 frames over = 19 seconds, Kinect sensor is fixed, turntable
— reconstruction resolution of 2563 voxels

« Experiment

(a) Frame to frame tracking (b) Partial loop (d) M times duplicated loop
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Experiment and Result

« Experiment

L
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(b) Frame to model tracking

g

every 8th frame every 6th sensor frame, 643 voxels
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Experiment and Result

« Experiment

25 4

20 +

-
w
1

Time (ms)
5

3

3

1288 192 256 = 320 384 = 448 = 512
Voxel Resolution

» 3 cubic meters, cumulative timing results (from bottom to top) :
— pre-processing raw data
— multi-scale data-associations

— multi-scale pose optimizations
— ray-casting the surface prediction
— surface measurement integration
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Experiment and Result

 Failure
— the sensor is faced by a large planar scene
— the translation is free to take any vector in the direction of the plane, and it will not change
the cost
— infinitely many possible minimum for the cost

- tarllfsgt destination
p surface

f

source
surface

* Possible solution \
— add photometric cost

different translation!

destination

source
point

same cost!
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Conclusion and Outlook

« Conclusion
— up-to-date surface representation fusing all registered data from previous scans.
— accurate and robust tracking of the camera pose by aligning all depth points with the
complete scene model.
— parallel algorithms for both tracking and mapping, taking full advantage of commodity GPU
processing hardware.

 Qutlook

— reconstruction of largescale models
— automatic semantic segmentation
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Thank you !
Any guestion?
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