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Complete Workflow for Lidar Processing in Automated Driving
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Why is lidar an essential sensor for automated driving ?

1. Accurate depth measurement (currently a function of radar)
2. 360-degrees of visibility (require multiple calibrated sensors to achieve)

3. Dense data to detect and classify objects (currently function of camera)

*Automated driving use camera, radar and lidar as complementary sensors
* Robotics application use lidar alone

MATLAB EXPO 2019
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Reading Lidar Data from File or Sensor

Read Data from File Live Stream from Sensor

pcread velodyneFileReader velodynelidar
PCD and PLY files Velodyne PCAP files Live stream from Velodyne LiDAR®
rosbag
ROS bag files

MATLAB EXPO 2019



’ &\ MathWorks:

Read Input Sequence from PCAP File

i

% Read PCAP file recorded from HDL32E model sensor

File Edit View |Inset Tools Desktop Window Help ~

veloReader = Nede 80 NEE

&5

velodyneFileReader ('lidarData.pcap’, "HDL32E") ;

o

$ Read from file and display
player = pecplayer (xlimits,ylimits,zlimits);
while (hasFrame (veloReader))

ptCloudOb] = readFrame (veloReader) ;

view (player,ptCloudObj.Location,ptCloudObj.Intensity
) ;

end

MATLAB EXPO 2019
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Live Acquisition from Velodyne LIDAR® Sensors 2019

= Supported models:
— Ultra Puck (VLP-32C)

— Puck (VLP-16)
= Puck Hi-Res
= Puck LITE
= Puck

— HDL-32E

= Stream point clouds to data buffer and
read into MATLAB on demand

MATLAB EXPO 2019
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pointCloud Object: Lidar Data Container

pointCloud Object: Primary container for Lidar data

ptCloudOb]j =

pointCloud with properties:

Location: [32x1084x3 single] <« [X,y,X] coordinates
Color: []
Normal: []
Intensity: [32x1084 single]
Count: 34688
XLimits: [-80.0677 93.4626]
YLimits: [-82.5912 84.3181]
ZLimits: [-8.7008 10.6333]

Intensity of return

S

findNearestNeighbors Find nearest neighbors of a point in point cloud

Methods of pointCloud object findNeighborsInRadius Find neighbors within a radius of a point in the point cloud

findPointsInROI Find points within a region of interest in the point cloud
removeInvalidPoints Remove invalid points from point cloud
MATLAB EXPO 2019 select Select points in point cloud
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https://localhost:31515/static/help/vision/ref/pointcloud.findnearestneighbors.html
https://localhost:31515/static/help/vision/ref/pointcloud.findneighborsinradius.html
https://localhost:31515/static/help/vision/ref/pointcloud.findpointsinroi.html
https://localhost:31515/static/help/vision/ref/pointcloud.removeinvalidpoints.html
https://localhost:31515/static/help/vision/ref/pointcloud.select.html

Point Cloud Preprocessing

pcdenoise
Denoise point cloud

pcdownsample
Down sample point cloud

@\ MathWorks
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File Edit View Insert Tools Desktop Window Help | File Edit View Insert Tools Desktop Window Help
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Original Point Cloud | Denoised Point Cloud

Original: ~ 34,000 points Denoised: ~ 21,000 points

& Figures - o X
File Edit View Inset Tools Desktop Window Help | File Edit View Inset Tools Desktop Window Help
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Original Point Cloud Downsampled Point Cloud

Reduce # of points without compromising
structure of scene

Original: ~ 34,000 points Down sampled: ~ 14,000 points

MATLAB EXPO 2019
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Point Cloud Registration and Stitching

File Edit View Insert Tools Desktop Window Help

Ddde (@ 0B | R E

Point Cloud Map - recorded data

Create 3D maps with series of Lidar point clouds

Registration techniques supported:

o @) X

. ]
=aney X

= [terative closest point (ICP)
= Coherent point drift (CPD)
= Normal distributions transform (NDT)

— Popular for automated driving applications

ile Edit View Inset Tools Desktop Window Help
DEEHLS N RRAODLEL-|B|0E nD
Nt a2 tEv 9 OO0 LS
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Segmenting Ground Plane in Point Cloud Data

pcfitplane segmentGroundFromLidarData

General Geometric Model Fitting Specialized Ground Plane Segmentation
" Fit model of plane to points =  Specialized for organized point clouds
= More general - designed for ALL point = Fgster execution

clouds (Lidar and RGB-D)

MATLAB EXPO 2019
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Ground Plane Segmentation

;i . i ? 4. Figure 8: Point Cloud Player - O X
% Find the ground poilnts.

File Edit View Insert Tools Desktop Window Help N

Ngde | @ 08| & [E

groundPtsIdx = segmentGroundFromLidarData (ptCloud) ;

o

% Map color ground points to green.

colorLabels (groundPtsIdx (:)) = greenldx;

Segmented Ground Plane of Lidar Point Cloud

o

% Map color nonground points to red.
colorLabels (~groundPtsIdx (:)) = redIdx;

MATLAB EXPO 2019
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Why is it important to detect the ground plane ?

Helps estimate drivable path:
— Objects that are NOT ground are obstacles

Segmented Ground Plane of Lidar Point Cloud

Improve processing time

—  Fewer points for downstream processing

Y (m)

MATLAB EXPO 2019
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Lidar Segmentation

Point Cloud Clusters

Clustering

= Assigns labels to co-
located points

= Uses distance metric to
cluster points

= No object classification

= Fast execution

MATLAB EXPO 2019
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Semantic Segmentation

(Deep Learning)

= Deep learning to classify
each point
= |Longer execution time

19
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Point Cloud Segmentation with Clustering

pcsegdist

Segments point cloud using
Euclidean distance (generic)

segmentLidar

= Specialized for Lidar
(organized point cloud)
= Real-time execution

distThreshold = 0.5;

[labels, numClusters] =
pcsegdist (ptCloudWithoutGround, distThreshold) ;

Point Cloud Clusters

MATLAB EXPO 2019

distThreshold = 0.5;

[labels, numClusters] =
pcsegdist (ptCloudWithoutGround, distThreshold) ;

20
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Lidar Segmentation with Clustering

pcsegdist segmentLidar
Segments point cloud using = Specialized for Lidar (organized)
Euclidean distance (generic) = Real-time execution
distThreshold = 0.5; distThreshold = 0.5;
[labels, numClusters] = [labels, numClusters] =
pcsegdist (ptCloud,distThreshold) ; segmentLidarData (ptCloud,distThreshold) ;

Point Cloud Clusters Point Cloud Clusters

21



Semantic Segmentation of Lidar using Deep Learning

CEEIEECE

4

MATLAB EXPO 2019

Label Data

Train

=

Trained
DNN

4\ MathWorks
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Ground Truth Labeling of Lidar Data

2
S /1\‘
\'\L.—- D

4

MATLAB EXPO 2019
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Organize Data for Training

Raw Point Cloud Data
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Ground Truth Labels Transformed to Label Mask
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Create Network Architecture

Create Network with

App

l— PointNet
v

g
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car?

Classification Part Segmentation ~ Semantic Segmentation

MATLAB EXPO 2019

4\ MathWorks

4\ Deep Network Designer - [ul X
DESIGNER
% 2 k| Y
) Ed qoomn £ ¥
New import Ft  { ZoomOuwt Ao  Anaize Export
s foView Amange v
E BUILD NAVIGATE LAYOUT |ANALYSIS EXFOR' o=
*.2 o
= i
N mag
D batchnom_ type fas:
D rolu_7
D dropout_
k k3
out
classoutp
[

Citation
PointNet: Deep Learning on Point Sets for 3D Classification and Segmentation
Charles R. Qi, Hao Su, Kaichun Mo, Leonidas J. Guibas 25



https://arxiv.org/search/cs?searchtype=author&query=Qi,+C+R
https://arxiv.org/search/cs?searchtype=author&query=Su,+H
https://arxiv.org/search/cs?searchtype=author&query=Mo,+K
https://arxiv.org/search/cs?searchtype=author&query=Guibas,+L+J
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Veoneer (Autoliv)
Lidar Based Sensor Verification

Results — Complex scenario = MATLAB use in project:

— Ground truth labeling of Lidar

— Deep learning for Lidar object detection
B ——

Workflow benefits

Total analysis time in minutes Ratio of automation
for 25 events

Labeling of Lidar for verification of Radar- ~ :
based automated driving system Significantly reduce time to ncrease automation of data
analyze Lidar data analysis over 90%
Autoliv

Link to video »l

LiDAR Based Sensor Verification
MQTLQB Ex PO 2019 Nathan Kurtz (Autoliv), Balakumar Ragunathan (Autoliv) , Arvind Jayaraman (MathWorks)

Video: Automated LiDAR Point-Cloud Annotation for Sensor Verification 26



https://www.mathworks.com/videos/automated-lidar-point-cloud-annotation-for-sensor-verification-1527491006097.html?s_tid=srchtitle
https://www.mathworks.com/videos/automated-lidar-point-cloud-annotation-for-sensor-verification-1527491006097.html?s_tid=srchtitle
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Code

Point Cloud Ground Plane

File and Live I/O Processing Detection

Segmentation Object Tracking

Generation

MATLAB EXPO 2019
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Detect Objects in Lidar

4\ MATLAB R2019a - X
HOME PLOTS APPS EDITOR PUBLISH VIEW &l 3 [ =0 ®] Search Documentation e
i i = 5| = 5, =1l [ = L
lilj E ﬁ E? i ¢ G;T CorrI:l:: % ﬁ‘ Q % Ki :s::lzt:e t ,?3" B Ly LL'L_J . z:ep I: t Function Call Stack: D
New Open Save i) Compare o GoTo o, 48 4d S Insert S e System Breakpoints Continue Step Ly Step O HelperBoundingBoxDe... ¥ Quit
- P v Bl'mt o L4 Find ¥ Indent i |Fg Property » Method v > Analyze Block v v v (31 | Run to Cursor Debugging
= S Hica— | NAViGATE | EDIT SYSTEM OBJECT BREAKPOINTS DEBUG | =
<EP EHHA » C: » work » userpath » Examples » R2019a » driving_fusion_vision » TrackVehiclesUsinglidarExample » v P
H | TrackVehiclesUsingLidarExample.m | HelperBoundingBoxDetectorm 3¢ | + | [ 7Fiigure1 x|
a7 ‘ 'A-D
48 L"},':‘ methods (Access = protected)
49 [=] function [bboxDets, obstacle
50 $ Crop point cloud
51@ [pcSurvived, survivedIn:
52 % Remove ground plane -
53 — [pcObstacles,obstaclell
54 % Form clusters and ge’
55 = detBBoxed = getBoundin
56 % AssembligetBBoxes: 6x10 single matrix = T~
57 — % kaboxDets
20 e end Columns 1 through 4 X-Center
& [ e Y-Center
60 -end = = = 14148
0 12.8921 22.6758 46.8280 21.1414 Z_Center
k< -3.9148 =37233 —3.5892 0.0260 Lenath
Command Window 0.7299 0.6966 -0.6705 0.7558 p g
K>> pcshow (pcObstacles) 2.8747 2.6390 0.0816 2.2517 Width
fx k>> 1.7510 1.7391 0.8562 1.6446 Height
< 1.0838 0.5916 0.0068 0.5503
"'“‘t 2 usages of "bboxDets" found : HelperBoundingBoxDetector / steplmpl Ln 57 Col 13

MATLAB EXPO 2019
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Detect Objects in Lidar

4\ MATLAB R2019a - X
HOME PLOTS APPS EDITOR PUBLISH VIEW &l 3 [ =0 ®] Search Documentation e
i i = 5| = 5, =1l [ = L
lilj E ﬁ E? i ¢ G;T CorrI:l:: % ﬁ‘ Q % Ki :s::lzt:e t ,?3" B Ly LL'L_J . z:ep I: t Function Call Stack: D
New Open Save i) Compare o GoTo o, 48 4d S Insert S e System Breakpoints Continue Step Ly Step O HelperBoundingBoxDe... ¥ Quit
- P v Bl'mt o L4 Find ¥ Indent i |Fg Property » Method v > Analyze Block v v v (31 | Run to Cursor Debugging
= S Hica— | NAViGATE | EDIT SYSTEM OBJECT BREAKPOINTS DEBUG | =
<EP EHHA » C: » work » userpath » Examples » R2019a » driving_fusion_vision » TrackVehiclesUsinglidarExample » v P
H | TrackVehiclesUsingLidarExample.m | HelperBoundingBoxDetectorm 3¢ | + | [ 7Fiigure1 x|
a7 ‘ 'A-D
48 L"},':‘ methods (Access = protected)
49 [=] function [bboxDets, obstacle
50 $ Crop point cloud
51@ [pcSurvived, survivedIn:
52 % Remove ground plane -
53 — [pcObstacles,obstaclell
54 % Form clusters and ge’
55 = detBBoxed = getBoundin
56 % AssembligetBBoxes: 6x10 single matrix = T~
57 — % kaboxDets
20 e end Columns 1 through 4 X-Center
& [ e Y-Center
60 -end = = = 14148
0 12.8921 22.6758 46.8280 21.1414 Z_Center
k< -3.9148 =37233 —3.5892 0.0260 Lenath
Command Window 0.7299 0.6966 -0.6705 0.7558 p g
K>> pcshow (pcObstacles) 2.8747 2.6390 0.0816 2.2517 Width
fx k>> 1.7510 1.7391 0.8562 1.6446 Height
< 1.0838 0.5916 0.0068 0.5503
"'“‘t 2 usages of "bboxDets" found : HelperBoundingBoxDetector / steplmpl Ln 57 Col 13

MATLAB EXPO 2019
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Design Tracker for Lidar Point Cloud

Bounding Box
pointtloud Detector

MATLAB EXPO 2019

Segmentation Details

trackerJFDA Confirmed Tracks

ebjectbetection || Lol i

Probatility
of detection

Calculate
Detectability

Visualization

4\ MathWorks
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Design Tracker for Lidar Point Cloud

4\ MATLAB R2019a

- X

HOME PLOTS APPS FIGURE VIEEW

= f—{? @ ® I Search Documentation pel & Signin

EP HaH » C: » work » userpath » Examples » R201%9a » driving_fusion_vision » TrackVehiclesUsinglLidarExample »
Figures - Figure 1
Figure 1
Lidar Preprocessing and Tracking Ego Vehicle Display

Raw point cloud Segmented ground
Obstacles Vision field of view
1 _IBounding box detections | Bounding box tracks

Visualze |
detections and
tracks

v P
® /| x

Reference Image

| +| Busy

MATLAB EXPO 2019
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Talk Outline

Point Cloud Ground Plane : : : Code
Processing Detection SEEMEEITeN OISffECt MRl Generation

File and Live I/O

* C++ code generation for lidar detection and tracking
* CUDA code generation for deep learning

MATLAB EXPO 2019
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Generate C/C++ Code for Lidar Detector and Tracker

4\ MATLAB Coder Report Viewer - C:\work\userpath\Examples\R2019a\driving_fusion_vision\TrackVehiclesUsingLidarExample\codegen\lib\mexLidarTracker\htm\report.mldatx

v MATLAB SOURCE

Function List Call Tree
[ #) mexLidarTracker.m

]meandarTrad(erm [10—17]—b medearTrack{ v | I‘u‘|.

4 pEIrSLdLEIIL UETLE

// % measurement noise in detectior+

5 .
fx mexLidarTracker 6 1/ :mexL?darTr‘acker:le: detectorModel =
= B HelperBoundingBoxDetectorrl| 7 if isempty(detectorModel) || isempty(tracker) || isempty(dete /7 .mexL:.LdarTr‘ackerfil'
fx HelperBoundingBoxDetect ; ; ."‘ext}ga"?‘acte" g
fx assembleDetections % A bounding box detector model. i % 'x:L;d::T::zk:::M'
fx cropPointCloud 'detectorModel = HelperBoundingBoxDetector(. .. L 17 'mexLidar-Tr‘acker‘::ls'
5 ‘XLimits®,[-5@ 75],... % min et e ]
fx getBoundingBoxes "yLimits®,[-5 5], .- o o // 'mexLidarTracker:16
fx removeGroundPlane ‘ZLimits',[-2 51,... % min // 'mexLidarTracker:17°
fx steplmpl ‘SegmentationMinDistance',1.6,... % min ‘ detectorModell.GroundReferenceVector[p] - ¢
= . helperCalcDetectability. m 'MinDetectionsPerCluster',1,... % min ][getector'f’lodeli -GroundReferenceVector[f1] =| k
i £ halnarCalrDotactohility 'MeasurementNoise',eye(6), ... % mea detectorModell.GroundReferencevector(2]] -/t
4 |'GroundMaxDistance”,@.3)k % nax [ detectorModel.GroundMaxAngularDistance| = ¢

¥ GENERATED CODE detectortodel .MaxZDistanceCluster| =| 3.0}

detectorModel.MinZDistanceCluster| =||-3.0;

ﬁSource Files | assignmentGate = [10 10@]; % Assignment threshold; e O S R e e = 7
. Ass,gnmenmswa,m,m.‘ confThreshold = [7 18]; % Confirmation threshold for h gi'ﬂi‘ﬂ"_'%e%%g°"?h}°i?“aglus| EIB-"L
delThreshold = [8 18]; % Deletion threshold for hij M.{lslmtla ized| = 0
[ AssignmentCostCalculator ¢ 5 ?{g
r = 1e8-§ % Falca-alarm rate ner uni

“ B E

endedKalmanFi
4 HeIperBoundmgBoxDetecl @
repesonangiocec | @ Code generation successful
K y
x Generated on:  24-Mar-2019 14:59:22

Build type:  Static Library

Toolchain:  Microsoft Visual C++ 2017 v15.0 | nmake (64-bit Windows)
Build Configuration:  Faster Builds v
] »

. KalmanLikel
+ ObjectTrack cpp 52

ihood.h

MATLAB EXPO 2019
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Deep Learning Model Deployment

Point Cloud Semantic Segmentation

MATLAB EXPO 2019

Standalone
Deployment

Code
Generation

¥

S

C++/CUDA
+ TensorRT

>

C++/CUDA
+ cuDNN

4\ MathWorks
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Customer Success Using MATLAB for Lidar Processing

« Bl1) #BELDARDRE

- BFADRCLIAREIER 7 T ;L oo

= Lidar sensor design

= Radar verification with Lidar
Automated 90% of data analysis

= Perception with Lidar

“We’ve used both Python and MATLAB to work with ... N
lidar sensor data, and | estimate that analysis and / ------------- -
development was one-and-a-half to two times : ‘

faster in MATLAB,” \ .
Clearpath Robotics

MATLAB EXPO 2019
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Reference

MATLAB EXPO 2019

Examples on Lidar Processing

Lidar Processing

Vi

aeda|a 08|k E

Ko X

Ground Plane and Track Vehicles Using Lidar:
Obstacle Detection Using From Point Cloud to Track
Lidar List

Detect the ground plane and find Track vehicles from lidar data using
nearby obstacles in 3-D lidar data. a joint probabilistic data association

(JPDA) tracker and an interacting
multiple model (IMM) approach.

https://www.mathworks.com/help/driving/examples.html

&\ MathWorks
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https://www.mathworks.com/help/driving/examples.html

| 4\ MathWorks
Summary: Lidar Processing for Automated Driving

File and Live 1/O Point CI(.JUd Ground I?Iane Segmentation Object Tracking Code.
Processing Detection Generation

Why use MATLAB for Lidar processing ?

= Library of algorithms for complete workflow
= High-performance visualization tools

= C/C++ and CUDA code generation support

MATLAB EXPO 2019
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