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Accelerometer, Magnetometer,

Gyro, GPS... Radar, Camera, IR, Sonar, Lidar, ...

—

Sensor Fusion and Tracking Toolbox .
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VisiontZ /%
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o 1 H |
New Open Save  Add Add
v A N
FILE SCENARIO
| Roads | Actors
Road: 1
Name:
Width (m): 4.7

Bank Angle (deg): ©

¥ Lanes
Number of lanes: (2 2}
Lane Width (m): 36

» Marking 1:Solid

¥ Road Centers

G

tad

Add

Add

SENSORS

=

( s
| Scenario Canvas

X (m) y (m)

500
498.7820
495 1340

-489.0738

6 1710101 -469.8463

z (m)

1856
180 [
175 1
170
=165
; 160 |
185
150
145 |

140

136 =

uu

Goto Step Pause  Step
Road Actor v Camera Radar Stat Back Forward

SINMULATE

up (@ Settings E ‘i\/

™ Repeat
Default  Export
Layout v

VEW EXPORT

Ll

| Ego Centric View

11


https://www.mathworks.com/help/driving/ref/drivingscenariodesigner-app.html

Driving Scenario Designer®;& A

[ =3

=Tk T39RTA=LD ATITI SO %

EFE

4\ MathWorks

MATLABAZY 7 k/Simulink

ET DR

B, hvI HTES

FRERFDOT SV IA-L
(VAMIBWEDFHAIN A AT

VEHICLES

Car
ﬁ Add a car to the scenario

Truck

Add a truck to the scenario

L Building
Add a new building to the scenario
OTHER
c# Bicycle
O Add a bicycle to the scenario

i Pedestrian
Add a pedestrian to the scenario

- Barrier

Add a barrier to the scenario

L k=l
Add a new Ym—Jl to the scenario

CLASS SETTINGS
' New Actor Class
Create a new actor class

. Edit Actor Classes
Edit the actor class definitions
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SENSORS
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X(m): 34 Y (mk 0.01 | Height (m): 1.1
Rol: |0 Pich: |1 Yaw: 0

¥ Camera Settings

Focal Length X: 800 Y: 300
Image Width: 840 Height: 430
Principal Point X 320 Y 240

¥ Detection Parameters
Detection Type: Objects
Detection Probability: 08
False Positives Per Image: (0.1

[ Limit # of Detections:

Detection Coordinates: Ego Cartesian

TIY-T-IDEK
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Longitudinal Distanee (m)

20

= Lateral Distance (m)
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MATLAB

MATLAB Function
Generate MATLAB function for
the driving scenario and sensors

Export Sensor Data
Export sensor data from last
simulation run to base workspace

SIMULINE

Simulink Model
Generate Simulink model for
the driving scenaric and sensors

Export Sensor Simulink Model

Generate Simulink
maodel for only your sensors
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IMU imuSensor
GPS gpsSensor
Altimeter altimeterSensor
INS/GPS insSensor

Active Radar

monostaticRadarSensor

Passive Radar

radarSensor

Jammer/RF Emitter

radarEmitter

Bistatic radar

radarSensor+radarEmitter

Active Sonar

sonarEmitter+sonarSensor

Passive Sonar

sonarSensor

Jammer/Sound Emitter

sonarEmitter

Bistatic sonar

sonarEmitter+sonarSensor

EO/IR

irSensor

Scenario Plot

Chase Plot
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Measurement
MeasurementNoise

MeasurementParameters
(Optional)

ObjectClassID (optional)

ObjectAttributes (optional)

I
ApilsEal
BV EEINTAVTITA

RS R

RS ROFEN S LIERT HHERITH
TIY-DZRE., MUERFRED/TA-F
WRTEREICHR DoAY TYI R,
(FH1TE. V%)

-7 BOEEAIT VIR

Sensor Fusion & Tracking 7V U XLICEIIZEEH
HBEZCHETBTrackDF Al ZDFERZTICLIEROE B I(CHE

U -0OfEFEZXFIL, 17T -Hh1=Y1DetectionlCiRB LD (CT BT=HICwh
=

214V (BEET V) DFHE - BHFICHE
215 EEET V) DFHE - EHTICHE
FERRIZ 1S EMEET V) DFHE - EFICHERHZENHS

BEFDTrack(ZxF L. ZEH291ET 5 ADDetectionZEN Y L THWELSIC
FBRIENTEB,

FE2Class IDEFHAEDEZEEENELND,

15



4\ MathWorks

A CIEBIROEFELWT AN FYADIER

EHljDENE

A E B

HMAARRELEEIB TR YIZIELKHERETESA?

16



ATITI Y N-DIBRE G

Time
Measurement
MeasurementNoise
SensorIndex
MeasurementParameters
ObjectClassID
ObjectAttributes

New
Detections

« BGFERSVIANDEIHT
o FTRRNIVI AR

« FIWIDEIH

o FIYIDHIR

Multi-Object Tracker

Track Manager

Kalman filter

FERER B

¥ Y B TR, .
detection ! _ . !
RISV IDVER
. YL TSAE
EET? |\7‘J 7/\ detection
DetectionZ ,
FYHT 24 L TOBD T

1581k

RRESEHT

757 F3H &

5y DHIBR

}E%ﬁ?\l:‘@ 5T R

cowIUR R

4\ MathWorks

TrackID

Time

Age

State
StateCovariance
IsConfirmed
IsCoasted
ObjectClassID
ObjectAttributes

Updated
Tracks

. R

 IMM

o FIVIDIRREEEH

UnscentedDILN > J14)L%




Muiti Object TrackerDTEFE L I E

Sensor Fusion and Tracking Toolbox™

Assignment Name
Global Nearest Neighbor
(GNN)

Joint Probabilistic Data
Association
(JPDA)

Track-Oriented Multiple-
Hypothesis Tracking
(TOMHT)

Hypothesis-Oriented Multiple-
Hypothesis Tracking
(HOMHT)

Probability Hypothesis Density
(PHD)

Description

H—DRERICEDIEINHET

2TNEEEN Y %EEE L THK DetectionD L E (R MY IICEIY LT

SNZAEE IR EINS

ZIYIICH L TER DR

FMENWE TN A EEEDHZETD

DetectionZZ E. HEUIZEY L THEWR]BEM)ZIL T,

ROEFFICEERTS

K-bestMRBEMEIEICIOTEIWETEREL, bIVIEEFHTS

BRFERENY L TIITHEW, FIYF VI ORIEERINDI VY LEAT
JIIMDEEELTETIALL. DetectionlZEDWTEDOT-YavIcd

[F2MEREHTET D

‘ MathWorks

Function or Class
trackerGNN
assignmunkres
assignjv
assignauction
trackerJPDA
jpdaEvents

trackerTOMHT
assignTOMHT
trackBranchHistory
clusterTrackBranches
compatibleTrackBranches
pruneTrackBranches

Assignkbest

trackerPHD
ggiwphd
partitionDetections
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JPDA(Joint Probabilistic Data Association)

Validation gate (T-
Validation gate (T}) gate (T3)

/ L . ¥ TE DIRERICEE DWW T, FJE(Feasible Joint Event)& 4 Ak
\ Validation Matrix

1 0 0] 0 1 0] [1 0 0] (1 0 0]
1 10 Q=1(100, Q=1 00, Q=(010], Q=001
Q=111 1 1 0 0] 1 0 0 1 0 0] 1 0 0
1 0 1 0 1 0] (1 0 0] 0 1 0] 1 0 0]
Qs=1(0 0 1|, Qe=1(1 0 Of, Q;={1 0 Of, Qg=1{0 1 0
/ T 1 0 0] 0 0 1] 0 0 1 0 0 1]

TO T1 T2
FIFEICXIL T, FREREHE

2D or 3D¥EH D ZEEIER,
BEfFE TrackDFER B R OIREEHEE PH O BEHF) ICLUEE
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BENYN--BMEETIVDEZRS

. Tracker: GNN. Model: CV s Tracker: TOMHT. Model: CV . Tracker: JPDA. Model: IMM
O Tracks O Tracks O Tracks
[historﬂ [histnr)!r} — [historﬂ
ATS [ @ ﬁi::;;”s 1 TS @ ﬁz::y";”s 1 ATS [ e ﬁi::;;”s 1
Trajectory
18 1 -18 1 18
ig“,._w-.\ ey ¢;=__,“ﬁ_\ = qé.__,h__\ - 3
85t 1 485 - Y g 1851 )
g / 3 § g i
> . \ > 19 ‘B g 19 L{
195 1 195 } 195 i
19.5 w - { ’ A0
N N\ -
\\.,.v____',,_,., itpom \\_,_,___.,,__,._ it e Rty / §
20 1 20 1 20
208 . ‘ . ‘ . . ‘ . . . ‘ . . ‘ . o0 . ‘ . ‘ . . ‘
2 1.5 al 0.5 o 0.5 1 1.5 2 -2 1.5 1 0.5 o 0.5 1 1.5 2 2 -15 al 0.5 o 0.5 1 1.5 2
X (km) X (km) X (km)
tracker = trackerGNN( ... tracker = trackerTOMHT( ... tracker = trackerJPDA (
'FilterInitializationFcn',@initCVFilter, ... 'FilterInitializationFcn',@initCVFilter, ... 'FilterInitializationFcn',@initIMMFilter, ...
'MaxNumTracks', numTracks, ... 'MaxNumTracks', numTracks, ... 'MaxNumTracks', numTracks,
'MaxNumSensors', 1, ... 'MaxNumSensors', 1, ... 'MaxNumSensors', 1,
'AssignmentThreshold' ,fgate, ... 'AssignmentThreshold', [0.2, 1, 1]*gate,... 'AssignmentThreshold',6 gate,
'TrackLogic', 'Score', ... 'DetectionProbability', pd, ... 'TrackLogic', 'Integrated’', ...
'DetectionProbability', pd, ... 'FalseAlarmRate', far, ... 'DetectionProbability', pd,
'FalseAlarmRate', far, ... 'Volume', vol, 'Beta', beta, ... 'ClutterDensity', far/vol,
'Volume', vol, 'Beta',6 beta); 'MaxNumHistoryScans', 10,... 'NewTargetDensity', beta,...
'MaxNumTrackBranches', 5,... 'TimeTolerance',0.05) ;

'NScanPruning', 'Hypothesis',
'OutputRepresentation', 'Tracks');
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= trackAssignmentMetrics

1 2 3 4 5 6 7 8 9 10 1 12
TracklD  AssignedTruthiD  Surviving  Totallength — DeletionStatus =~ DeletionLength ~ DivergenceStatus  DivergenceCount  Divergencelength  RedundancyStatus  RedundancyCount = Redundancylength = FalseT

1 3 1 190 0 0 0 25 83 0 1 13 -

2 2 NaN 0 73 0 0 1 12 32 0 0 0
B 8 2 111 0 0 0 12 58 0 0 0

— FIYIOENY A TR T S M EZR DR
- Redundancy State : BIO RSV IHEIY HTOENTWVEEBCT LTRSS YINEN L TENBIREE
- Divergence State : VI HIBRESNZRBEEBA CLEOTIREE

>> trackerGNN, CV

4 Figure 1 - O X

- tra C k E rro r M et ri CS File Edit View Insert Tools Desktop Window Help ~

Ddde | @ 08| kE

1 2 3 4 5 T Position Error o Velocity Error
TracklD posRMS  velRMS  posANEES  velANEES

|
1 [ | so4s06 261189 79331 3.4950 150 ,ul

. / Emo |
2 2| 49.4732| 38.0756 5.3600 2.6999 f .-",. E |
w100 L ‘ ‘J 100
3 8 629136 28.8768 7.2004 3.0465 = | [ , 2 | “
sof | pM J T 5 b A

M ) \
Vi | I
W ' 'H"L.Av.*r 'L\.'“'tv.‘*\

- 'fﬁﬁx \LEEJE\ jJ[I;\EEE\ %%@@tt%& % s w0 mo a0 M;o\ II:;‘WH—,II;Mzog

o
(=

tracker update tracker update
. . . 3 Position Error o Velocity Error
— RMSE, ANEES(Average Normalized-Estimation Error Squared) | 41
E * I||I E 10 |H Fll
E a0 rIL E |'IJ LJ] | |
II "ILJ o N | |
. VA Y AN L P AN e
o 50 100 150 200 0 50 100 150 200
tracker update tracker update
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Legend
Track
> /\ Truth
Assignment
Distance
Divergence
Distance
Deletion Divergence Redundancy False Track
Track ID | Surviving | Total Length | Status | Length | Status | Count | Length | Status | Count | Length | Status @ Length = Swap Count
2 true 11 true 2 false 0 0 false 1 6 false 0 0
3 false 2 false 0 false 0 0 false 0 0 true 2 0
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OSPA(Optimal sub-pattern assignment) Metric

- trackAssignmentMetrics¢ trackErrorMetrics% i 5T

- FIYEITNITA-NIAMoEsS) &YV TIVIZKIR

>> trackerGNN, CV

>> trackerTOMHT, CV

trackOSPAMetric R2019b

Optimal subpattern assignment (OSPA) metric

trackGOSPAMetric R2020a

Generalized optimal subpattern assignment (GOSPA) metric

>> trackerJPDA, IMM

[ Figure 1

4 Figure 1 - O 4 Figure 1 — O X
File Edit Miew Insert Tools Desktop Window Help o File Edit View [Insert Tools Desktop Window Help File Edit View Insert Tools Desktop Window Help N
NEde |30 kE EEF IEEER NEde 30|k E
30 T T T 30 T T 30 T T
| Labeled GOSPA | Labeled GOSPA Labeled GOSPA
| GOSPA | GOSPA GOSPA
25 1 | Ill Switching Component 1 o5 1 Switching Compenent 25 Switching Companent
| Localization Component Localization Component Localization Component
Illl Missed Target Component Missed Target Component ' fla Missed Target Component
5 1 False Tracks Component 5 r False Tracks Component 5 | | I| False Tracks Component
| - | - S
| | ﬂ I ‘ }W m ||
15 H | 15 | ” 15 L||I I J ‘ , h " |
i \ Ll | | J AN
| | | V‘ | || NN ‘w A
10} " ' |||||| ' ‘ f || ‘ l1|\‘ W o | I(’|)'|”| A ‘iL |(||.'] | ||| | g I 'M 10 | |UI'J| | | | H ‘l‘" ‘ P} | ‘u' |I Hf | .
v Il |
| ‘ V [ | | " ﬂ |I | I| Jh N U l'JI I|I ﬂ |‘I| | ‘ |L| [ llq“' || Jl( |-| |‘ﬂ| N 1 |‘|II |N \ |I|| |'|I|/ |I ‘ |ﬁ|||'| | | ) |IJ"| fJ H‘ l\'J| l‘l I|/ W |
“' '% U I EWUH“ V HU oW sl WV "oy al
ﬂ |'” L{ L J. IIP{ -’"'nl’l I'ﬁ‘ |u V L I |,|
. : Iy . : . . . : . : . . . . : . | : . : . . . .
DD 20 40 60 BO 100 120 140 160 180 200 DL'! 20 40 60 B0 100 120 140 160 180 200 OD 20 40 60 BO 100 120 140 160 180 200
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>> trackerGNN, CV

@ Figure 1

Eile Edit View [nsert Tools Desktop Window Help >

() x

NEde|a|0E]kE

30
| ﬁl Labeled GOSPA
| \ GOSPA
25 * | Switching Component
\ Localization Component
| Missed Target Companent
False Tracks Companent
20 ‘ E
|
5] I

il
107 || " ‘L‘I‘" \M
5 | J fw a

| "l“

h I
‘H‘M‘IJ‘| ||‘| |
l, LA N
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l

o

0 20 40 OU——

100 120 140 160 180 200

>> trackerTOMHT

IMM

4] Figure 1

Fle Edit View Insert Tools Deskiop Window Help -

Dads|2|0E| s E

30 ] ]
| Labeled GOSPA
GOSPA
1 Switching Component

» |

Localization Component
Missed Target Companent
False Tracks Component

B0 100 120 140 160 180 200

>> trackerTOMHT, CV

4] Figure 1

File Edit View [nsert Tools Deskiop Window Help

X
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N@de|a|0E E

30
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% Figure 1

File Edit View |Insert Tools Desktop Window Help

D& de (@0

| & B

>> trackerJPDA, IMM

4] Figure 1

File Edit View Insert Tools Deskiop Window Hel

o

Ip

®

¥

Dads|2[0E| @

" LabEIlEdGOSIPA
GOSPA
® Localeaton Compenerd
" M Missed TangetCnumpnnem
i | ‘ I| ‘|‘ |Fa\sel‘r‘racksCDmpunent
M |
15 r‘ f‘l'\ M ‘[",‘lu | ‘N|| ‘" “ | Il‘
| ' v Ly ‘U |
L ,ﬂMJ' JALT I |a|V|I|’IJﬂ
| |
1 L R TR
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Time Performance Comparison

25 T
[ GNN
I PDA

. TOMHT
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@’ trackerJPDA + IMM
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Ground Truth Labeler App
RET-YER0. BROYY-T-FIIHTEIRNUYY

- BECIY-T-HCHITEIHERD

INYVJ

~ $BRIAI RO) e .

— KU1V ROI D T EPENSTETo

— EZtJL ROI (semantic segmentation) o S [ S0 i, commw ] QI i - .

— CUbOld‘Ejj—'leS (|Idar) ’L%{‘I)'lb'fﬁ:l LbAr%gm R o @OAA R
= * Verit

» car

RIS YR TEERIFELE,
SRYYS B FILTURL

. BBV IURLONAITIA RRES

. ALY RIDELE - A RDNAT AR

. SRIVEROIE

00.00000 07.50000 10.20001 10.20001 E E ‘L‘ M M %

Start Time Current End Time Max Time

Ground Truth Labeler
Automated Driving Toolbox™

Updated 202 O
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Point Object Tracker

“' Chase Camera View -Passing Vehicle -Ego Vehicle -
‘ A vision ® radar [ llane [J track o (history)l A vision @ radar [ lane [0 track o (history)l
e / L -25 r T T | ‘ T T ] 25 T T T | T T T T
WBiiir?di's:Eye Plot ‘ =30 F 0 E 20r ; i
¥ - - 15 + i
radar @ iane [0 track © (hlstory)l -35 | .
time = 0.2 sec l - E
60 T . 40 F | 10 |
S 2
40 | ‘45 “- & c'.
x 50 | » 1 X
). |
-55 - o 1
= H 10 - .
X 6ok ] -
20+ a5 | | 8|
65 ) 15
40} 70 F — = @> @[ 1
Il 1 Il 1 1 \_
N . ~ -25 ~
oL e s ELELEm R e s o BEmRG
40 20 -40 I Y (m)
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Bird's-Eye Plot

Chase Camera View

“a

‘adar - lane

O track C (history) |

60

time = 0.3 sec

40t

201

X (m)

20

<40}

-60
40

20

0 -20

-40

Passing Vehicle Ego Vehicle
A  vision @ radar [ lane [ ftrack (history)| A vision ® radar [ lane [0 track (history]|
25 — .
-25 E
20 !
-30 |
| sl
=35
10
40 -
ﬁ ® 51 l
451 A
-50
-55 | I ol |
\ -10
w0 & JIAIYIITRE i
ATITINOMROMESOEMER
“ o REDBERTYESY 1 |
o " FR¥TE (false positive) DIET ' !
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o, Y (m)
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2D Radar + 3D LiDAR ChIv* VI HEEENE
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= ysBwszzL WH|

3-D
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2D Radar + 3D LiDAR TrackLAIT1-Y3Y

Sensor Fusion and Tracking Toolbox™

YD1 VEY) XRUTAD

(LIDAR) (LIDAR) B i

ot o (i Stem 2633 o S — - Driving Scenariolc &3V FTUATEE
SHEETF-SETAIR, H525) VY
IMM-UKFUJPDARSYH-)ICKD =
BEEISATDRI9FIY
GM-PHDELARATITII M3 vhH-)
[CLBL-F-RHDNYFVT

i [ - Track-LevelJ1-Y3V

TR

- BEANIRCEBNTA-NVA
: 2 Rl
‘ Track-Level Fusion of Radar and
Lidar Data

R2020a



SFTTTiREENZSimulink70vs P

9} Library: fusionlib - Simulink prerelease use

- O

I
J
1
]

2020c¢

A @ E

Track-Criented Multi-Hypothesis Tracker

LIERARY DEBUG MODELING FORMAT APPS
3 Open =~ i)
= =[5 N = - R
Save . 1 S -
New - Library ol sEE locked! Lock | Show Annot
~ & Print ¥ | Browser o 1Ele Table 2o Library Links 1 Library Browse
FILE LIERARY PREPARE PROTECT ANNOTATION
E fusionlib
£ | @ [Palfusionip -
g
=& R2019 2019
N Detections M Detections
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