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The KITTI Vision

Benchmark Suite

A project of Karlsruhe Institute of Technology
and Toyota Technological Institute at Chicago
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Welcome to the KITTI Vision Benchmark Suite!

We take advantage of our autonomous driving platform Annieway to develop novel challenging 360° Velodyne Laserscauner

real-world computer vision benchmarks. Our tasks of interest are: stereo, optical flow, visual
odometry, 3D object detection and 3D tracking. For this purpose, we equipped a standard station
wagon with two high-resolution color and grayscale video cameras. Accurate ground truth is
provided by a Velodyne laser scanner and a GPS localization system. Our datsets are captured by
driving around the mid-size city of Karlsruhe, in rural areas and on highways. Up to 15 cars and
30 pedestrians are visible per image. Besides providing all data in raw format, we extract
benchmarks for each task. For each of our benchmarks, we also provide an evaluation metric and
this evaluation website. Preliminary experiments show that methods ranking high on established
benchmarks such as Middlebury perform below average when being moved outside the laboratory
to the real world. Our goal is to reduce this bias and complement existing benchmarks by
providing real-world benchmarks with novel difficulties to the community.




Select category: City | Residential | Road | Campus | Person | Calibration

Data Category: City

Before browsing, please wait some moments until this page is fully loaded.

2011_09_26_drive_0001 (0.4 GB)

Length: 114 frames (00: 11 minutes)

Image resolution: 1392 x 512 pixels

Labels: 12 Cars, 0 Vans, 0 Trucks, 0 Pedestrians, 0 Sitters, 2 Cyclists, 1 Trams, 0 Misc
Downloads: [unsynced+unrectified data] [synced+rectified data] [calibration] [tracklets]

2011_09_26_drive_0002 (0.3 GB)

Length: 83 frames (00:08 minutes)

| Image resolution: 1392 x 512 pixels

| Labels: | Cars, 0 Vans, 0 Trucks, 0 Pedestrians, 0 Sitters, 2 Cyclists, 0 Trams, 0 Misc
Downloads: [unsynced+unrectified data] [synced+rectified data] [calibration] [tracklets]

2011_09_26_drive_0005 (0.6 GB)

Length: 160 frames (00: 16 minutes)

Image resolution: 1392 x 512 pixels

Labels: 9 Cars, 3 Vans, 0 Trucks, 2 Pedestrians, 0 Sitters, 1 Cyclists, 0 Trams, 0 Misc
Downloads: [unsynced+unrectified data] [synced+rectified data] [calibration] [tracklets]

2011_09_26_drive_0009 (1.8 GB)

Length: 453 frames (00:45 minutes)

Image resolution: 1392 x 512 pixels

Labels: 89 Cars, 3 Vans, 2 Trucks, 3 Pedestrians, 0 Sitters, 0 Cyclists, 0 Trams, 1 Misc
Downloads: [unsynced+unrectified data] [synced+rectified data] [calibration] [tracklets]
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Stereo: Method uses left and right (stereo) images

Additional information used by the methods

Laser Points: Method uses point clouds from Velodyne laser scanner
Loop Closure Detection: This method is a SLAM method that detects loop closures
Additional training data: Use of additional data sources for training (see details)

Method Setting : Code | Translation Rotation Runtime Environment Compare

1 V-LOAM u 0.68 % 0.0016 [deg/m] 0.15 2 cores @ 2.5 Ghz (C/C++) ]
J. Zhang and 5. Singh: Visual-lidar Odometry and Mapping: Low drift, Rebust, and Fast. IEEE International Conference on Robotics and Automation{|CRA) 2015.

2 LOAM e 0.70 % 0.0017 [deg/m] 0.1s ? cores @ 2.5 Ghz (C/C++) (]
J. Zhang and 5. Singh: LOAM: Lidar Odometry and Mapping in Real-time. Robotics: Science and Systems Conference (RSS) 2014,

3 SOFT2 0.81 % 0.0022 [deg/m] 0.15 2 cores @ 2.5 Ghz (C/C++) o

4 GDVO 0.86 % 0.0031 [deg/m] 0.09 s 1 core @ »3.5 Ghz (C/C++) O

4] HypERROCC 0.88 % 0.0027 [deg/m] 0.25 s 2 cores @ 2.0 Ghz [CJ’C++}| a

] SOFT 0.88 % 0.0022 [deg/m] 0.1s ? cores @ 2.5 Ghz (C/C++) (]
I. Cvigic and |. Petrovic: Stereo odometry based on careful feature selection and tracking. European Conference on Mobile Robots (ECMR) 2015.

7 RotRocc 0.88 % 0.0025 [deg/m] 0.3s 2 cores @ 2.0 Ghz (C/C++) o
M. Buczko and V. Willert: Flow-Decoupled Normalized Reprojection Errer for Visual Odometry. 19th IEEE Intelligent Transportation Systems Conference (ITC) 2016.

8 EDVO 0.89 % 0.0030 [deg/m] 0.1s 1 core @ 2.5 Ghz (C/C++) O

9 svo2 0.94 % 0.0021 [deg/m] 0.25 1 core @ 2.5 Ghz (C/C++) O
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KEY
FEATURES

-64E

HDL

64 Channels

3

120m range

3

2.2 Million Points per Second

3

Horizontal FOV

360°

]

Vertical FOV

26.9°

3

angular resolution

0.08°
(azimuth)

]

<2Cm accuracy

]

~0.4° Vertical Resolution

k

User selectable frame rate

]

» Rugged Design



verview

« Point cloud data®| E3
« Set of local 3d points
» Unspecified data
* Non sorted data
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 Feature based method

- Find matching pair
- Minimize cost

argmin (ZN:HTPik - Pi“HZ]
T i

N: num of matching pair



Proposed method

« Minimize point to plane distance
- No need matching pair




Proposed method

* |terative closest point(ICP)

e 1. Find nearest plane
| 2. Calculate point to plane distance

|

I

: : Search problem!! -> too slow

| | Non-differentiable!! -> Heuristic method
| |

| |
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Proposed method

« Proposed method

| 1. Cylindrical projection
| 2. Calculate point to plane distance

No search problem!! -> Fast
Differentiable!! -> Numerical optimization

arggﬂn(i f (T)Zj
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f : Plane to point distance
/.< ________
/! lsk—l,u _T(Pk,i:@) ~~~~~~~~ B4 Pk'i
C : Cylindrical projection G =exp(¢&)
- Rigid body transformation
Pk—l,i =T (Pk,i’G)
Pk—l,i =G- Pk,i

SRLc(RL)
G :exp(g)

S: Scale function

height




f . Plane to point distance
(ISk—l,i Sk )
/./< _________
/ If)k—l,i =T (Pk,i:C;) ~~~~~~~~ B4 Pk‘i
C: Cylindrical projection G =exp(&)
(Isk—l,i ) ,:'I

S: Scale function

height

Cylindrical projection

Iﬁk,—l,i = C(Isk—l,i)
Iﬁk'—l,i _[Xn Yn Zn]T’ ISk—l,i :[X y Z]
X, X
Yo | = y
n 2 2
Z, XYz
pk—l,i =3 ( F,\)kl—l,l )
R T A, T
pk—l,l = [U V] v Tk — [Xn yn Zn]
Xa + Yo
' —s,0+cC
0= tanl[—”j T <0<, {u}:{ 0 v
X V| |-S,z+¢,
VA
Zn

s, = width / 277

Cc, = width/2
s, = height / tan(vFov . —VFov. . )

¢, = height — OV
vFov,_  —VFov, .
vFov, . =2, vFov , =-24.9
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f : Plane to point distance

‘ lsk—l,u _T(Pk,i’G) ~~~~~~~ R Pk‘i
C : Cylindrical projection G =exp(¢) D] ; int dist
e ! ° ane 1o paolin IStance
K \ ) & =1 (Pk—l,i’§k—l,i)

SN »,,'C(Pk—l,i) i R _ T
| P.i=[x vy z] .8, =[a b c d]

lax +by +cz +d|

& =
Ja? +b? +¢?

S: Scale function

height




f : Plane to point distance

C : Cylindrical projection

F \Mé\k—l,i = Nk—l(ﬁk—l,i)

e Cost function

E (é:) = Zi:giz = Z{ f (Fsk—l,i ’ §|<—1,i )}2

/// Pewi=T (Pk,i’G) ~~~~~~~ B4 Pk‘i |

& =argmin(E(¢))

G = exp(g) Illl ¢

“\\“**‘\\____\‘I’A’ af af alf)k—l,i af aé\k—l,i
o J="—=_" +—
y 0 oR; 05 5., 0O

of OR.i0G  of B8 0y Ry OBy G
8F3k—1,i oG 8§ a§k—1,i al51<—1,i alsk’—l,i 6F3k—l,i oG 85

S: Scale function

height
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Levenberg-Marquardt method

Algorithm 5: Levenberg-Marquardt algorithm

input : f:R"” — R a function such that f(x) = >, (fi(x))?
where all the f; are differentiable functions from R" to R

x(@ an initial solution
output: x*, a local minimum of the cost function f.

1 begin

2 B0

3 | A+ maxdiag(JTJ) ;

4 | x+«x\:

5 | while sToP-cRIT and (% < kpas) do
8 Find & such that (JTJ + Adiag(JTJ))é = JTf;
7 X «x+6;

8 if f(x') < f(x) then

9 L x +x':
10 A % :
11 else
12 L A v

13 ke k+1;

14 return x

15 end

[Gradient descent 2HE]

Pia=Pi-2A: (PIr(py), k20 (16)"

Pit=Pi-Ue)0) Jer(pi), k20 ___ ()

[Levenberg YA

Pir=Pi-Uefetid) Jix(py), k20 ___ .,

[Levenberg-Marguardt SH

Pir=Pi-Ue/etdiag () Jex(py), k=0 ___



Accuracy

KITTI Benchmark ground truth Proposed method
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Problem

* Non planar area
* Moving object
* Occlusion



Flatness filtering

Plane normal
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Moving object
Problem




Moving object filtering
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Conclusion

+ Point cloudE 0|2%t M2 pose estimation €11 2|5 At
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