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Autonomous Vehicle Tracking Using Two TDNN Neural Networks

Heeman Lee'

ABSTRACT

In this paper, the parallel model for stereo camera is cmployed to find the heading angle and the distance
between a leading vehicle and the following vehicle, BART(Binocular Autonomous Research Team vehicle). Two
TDNNs(Time Declay Neural Network) such as S-TDNN and A-TDNN are introduced to control BART.
S-TDNN controls the speed of the following vehicle while A-TDNN controls the steering angle of BART. A
human drives BART to collect data which are used for training the said neural networks. The trained networks
performed the vehicle tracking lunction satisfactorily under the samec driving conditions performed by the human
driver. The neural network approach has good portability which decreases costs and saves development- time for

the different types of vehicles.
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2. BART A|A%] 7Y

2 aA7s 9% 2w =9 BART (Binocular
Autonomous Research Team vehicle )A] 22 (¥
el 29 eH2l. BART=A 2452 v]Z Dodges] 4] A
25 Al AHExle] vlY) e FHEH Panasonic PK959)

Stereo Camera

< Camera
DT986"'LC Controller
o 2867 . oll
Display - “(On Board)
k]
Terminal « 486 Dx/66Mhz High Level

Control System

MC68000

Processor
Y Mobility
Pover DC Servo Motor Control System

System

Y
v Throttle

Break Steering

. X
Transmission v

(32 1) BARTAIAE 2
(Fig. 1) BART SYSTEM OVERVIEW
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TEANEZ 3 =R Ul’:iFaL ddgoely, =
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2E)E 918 Exe 4V idel g F&st PCH
4 FHE 9H 19y 7123 A ol B (Kawasaki
GAI400A A. C. Generaton)Z 239 th. T g v
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g5 A E Fgate 7ol 4 ol gdrh 3y
AFHAME 1de FpujEveze 44§ 457t
glonz BEfre FiveE ol &gt

2dd 2 HAANE 2719 vt FHelgelA Z
2 olulA S AAE FAY S HN=Z fgH
= AT 2o 27) 342 HA-H =] (Pixel Shif)S
ol g3te] FlulEt= e i AFde EA7AS
A2 E A3 ol Fiulztel 715 EH v
wet AR Adg Al el 44 gz
o 22 2ujolite] FtdEtE Adste Aee At
Az 2ol AL A av e Filete] kg
2 WA oed ods AR 2y glok. #3
g zde oz mdd v AA L] SR
ob-gd olmA HH 4 A= el Fol 22 o
oz B2 st A7] WEo WEH A
9ol AEY R2EZ} Arke FAHol A7 BEoITh
g3} A & 8a]5(Depth Resolution)e] T2 = oo
Hla] ohi GojAlE B = A4l

2o Amende Afgd ¥ FIHEE
(Perspective Transform)o] disis 93] 71&st712
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3.1 S£gz

=) ¥l 8HPerspective Transform) & ¥]4 3 Hgo
2 (39 D9 B A} o] 339 ¥ 4=EFE
(x, 3, 2)Z 4™ f Dol 2314 HH (u, VI F
Jate 2SS Pzt iA) SAFs P2 (Left Handed
Convention)-$ o] 881, o[nx] Hwig Adwct A
wro] S ol SAG4L B8 Agelth 2
AE Azt st o8 4=HE(r, v, ) B4
o] g HAE (e, )Zte] FA 7 I ZLE A
T84 et

fx fy]

(&, )= [ G.1)

(x.v.z)

(O8 2) FHHs
(Fig. 2) Perspective Transform
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aje] FhoE A& (2] 39} 2ol WAH BA).
Z 94 000, 0, 0)el4 A AF 0,0/, 0, 0)7
0/(=b/2, 0, 0] $YRES 71EHL AN} =
23 00,0, )4 EAR AN AA 0,(0/2, 0,0)
3 0(=b/2, 0, 0)0] BZe) NFES WA F% 0,
Z,3 0,2,°1 A= Fhe] HxZd, 0,5 0 1A-
7} 2202 f w2 HolA §ix o] F&3} $70]
HEE o|vlx] ¥H 17 ¢ 4Ae 52 28E o
oe] GERE(r, 5, 2 AT BAE FIAD
S olvlA) FRAA HE (o 23 G0, v B
Ae o3 2k

J&+8/2)
o z (3.2)
v - Ly |
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B —E’:FV -
-
- ’/ Zr
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7 o

(O3 3) "o Fiofzte gl
(Fig. 3) Parallel Camera Model
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0,2 717 B9 HaA e s T o) Bk

7b
th} |z (3.4)
D,

0
= +2 QaddEe $4 A2 F ojulA 3
wAs Bed 2 o il Be FAFA A
Sal ATl YAl HBE £A&E T
) gobx Slm2 WA 2717k gelsich A7) D,
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33 AKX =
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= 02 gz 9=8F P, y, 294 ZAeh=
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2] P1(—b/2, 0, 0)sk P2(8/2, 0, 0)9] Zkz} o]v] =] W
9 94 1,0, 07 1,0, 0F A3 m B% 0,P3 0,
Pl $2o] HES olujx] WHEL wjA s o]u]A]
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FAAA fF BoA A Ty NEHE
Aok 478 NEAY AR AL B
wat AAE FolA whie] 2 HX o LA olfE
ot HEE A8 A s} o] FArBAE
A} 9o A)sheE WA 2 FH olrx| Hay
o AE (g, 022 G4, v,)59] FAE FEAB 5
oHE3t Zhe] "k

A

Flxcost—zsin0 -+ (5/2)cos ()

[u,}: xsin0 +zcos 0 + (b/2)sin 0+ f 3.6)
i fy '
xsind 4+ zcos0 4 (5/2)sin0+f
flxcos0 + zsin0—(b/2) cos )
“r}= —xsinf +zcos0+ (5/2)sind + 1 (3.7
?r Iy

—xsin 0+ zcos0+ (b/2)sin0 + f

AL 2o Mo} 2ol AR Dysh D,F 4
&z 7% ohe 2ok

—2f[x?sinfcos 0 4+ A(zsin 0 —(5/2) cos 0)]

[Dh} _ A’—x%sin? 0
Dy —2xfysinl
A2 —x2s5in?0
A=zcos0 +(B/2sind+f 3.8

Pix.v.z)

(227! 4) x| FHEtEY
(Fig. 4) Converge Camera Madel



A3 vdsaes g3 D 84 AR HH gk=
% & M2 dggo] oluA] HEAY P2 FHE
o AXstA] ¥oom gigFdSs Fd oo FHY
A2E7 54 Bk (2d 9 £AF gad e
olulA) BR A4 o B Wakertel s

then e shebiE(Bart AxWel M o] muE
AL AE AHG e mAE A &, 0=30, b=
838.2mm, f=1lmm, z=10m, —10 meter<y <10
meter, —15 meter < x =< 15 meler. ¥ o] FHe
41 5 B 8] 5(Depth Resolution)e] H2d vy} &
S8k, S8 A7) F2 o ®mdol uoh o g,

Disparity
0.66

0.04
0.0z

—15, -
y 5—0.02

-0.04

-0.06
unit :'meter

(38 5) £=Z= Az g
(Fig. 5) Vertical Disparities

22 v S8 Ao 28 Alge sz}
2 ]88t AHE S slejo} o2, ALE A
®o| AABHHE sejok gt = X9 €A
AAE 2o A Az dH7t H=rrs Fs

<o gt} Bart FRAZEA e Hd 2dg A}
S3RE soel FHo] M2 £ HrE =
Rol W4 F 23} o8 sl Fiolele] ] o] 2ol
7 BHAlo] MR £ A HAIEE 2, el
AAE A5t FFHA Q3 FlvetE 9
A YA ok 71 glo] DAFA F= AL F=
Fivigte] MAxE A5 2Yste FEo] A2 43
o] Hx = 2FF.

4. AZIX Y FEUWEI(TDNN)

&AL 2 A 9] "olH, o
Eojs g w3l d4egoly 2 aﬂ 15-1-4 7“&
e Fo] 4% Witk & A9 vlolH ) Fg
2 wbol HAtgte] @A 717Es £33 stojof Foh
AR Y FEUEYA(Time Delay Neural Network)
=z dAT FIVELDAZ Y olE]4] A3t
Adg diold (x(@), x@¢-1), x¢—1), x(¢—2), x (¢ —m)]
E A4EY T2 54044 o8 gHs, ol ¥
AFdiae AZAD FEINENZ (o] 3] TDNNo]
2 AP E ol &5t AR AdAFA FAHR
Z3lo] A g HPGFHEHE 4P o2 ALY
ogA EARFA o e ALHADG B A7 712
AdL 44 Ul EYIE v|dE A& a3
715 Zenz P&zt W PTAE ZAEEA
7le] Aoe ol&3e Aoty FERUEANZY =
o832 99 9% =EF AR F
weht Aest £89 AHEE Hld ol =29 F
= 49803 755l BARTAEEZS 918 271 ¢
Z3® TDNNE AHg 3ty & 9= AEES
2% S-TDNN=} ~E]ojq] AEEE 1§ A-TDNN
ojzl @Hd FEYESZE o] &Yt

5
m[n
Jhw
|
3
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4.1 S-TONN

49 dolElE (2F 6)9] B vips} o] AA
239 dolee QA FA AZedANE AF
HlolEg 2 A4 dth S TDNNE BARTS A9= A

+1 mp O mph —1 mph-2 mp
A i o i

Backpropagation Neural Network

erro

N N N
Zl Zl Zl Zl Zl

Speed——

(32! 6) S-TDNNS| 74
{Fig. B) Structure of the S-TDNN
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=29 Agsls FEWEYIE, Ak 43
3} 7] 2](Following Distance) 2 & 3t7] §18] A2i7t
FRAR 22 F ZFolA A A7 A, A HF
ol £2F 741718 988 g9 S-TNNN
9] 29 e WA AFgEE & TE AAEHH
o]g] A Aj«] w}el 486/DX66E HA A=l A A
= 252 AL ol E 68000 thelAR E 2 A A
RS-232CE B8 AH 2 B cle|a2X2 4%
o A2l g o] El 8} BEo]AR MEEHE Alojste] &
o] £ AolPo £x AolE A Age

obal o} 7ro] A .

Current Distance-Following Distance
Rl'"ﬂr = S' F-

1. Muax. Distance~ Following Distance
SF.= if current distance = following Distance
2. Following Distance— Min. Distance

Otherwise
(4.1)
Max. Distance’ Htl & F37bsA 7, Min
Distancet> $E3HE AT M4 o g 7ol
o} =392 9 deelE tha) o] A3 Azt

_ Current Speed

*"  Max. Speed “.2)

Max. Speeds H 5§ &xo|th STDNNg &9
e £x9o WaE v vepich & 29 gL -2
mph, —1mph, 0, +1mphz 33 AU 2go|
A5 o]4E BARTA2H(68000 clo]lA= T2 A
Aol £% AHL AFEHE 22 7] Aotk
e 88 —2mphE &8s olfE AdAFe]
FAA 8% T 39 ) AFeld. §9 BART
=052 Bt w27 &g gt gle =g 05
= uvh o £xEs 87 AdEE A29E £
AstA B8 FE stoof gt

4.2 A-TDNN

A-TDNNE (2@ 7)ol B9 wpe} o] Fdt &
Bae] P dEH A AHE dHLE she
AgAEe 2337 A% AR 2EgEL A
=gtk & AA9 SFA 29 Wstetk DA A

Wyl Wit 2uolg ¥ AEF FIH7A A
A A R B 2ol Awse.

__ Current Dislan ce

R.=
¢~ Max. Dis tan ce @3

A-TDNNE 15712 23 =g 740 23 24 &
N m=vgre] Fojz Qoo HEHeld HE
2 & 7Y, dEdxse 28 FA= W
gol82 ol &gtk EYREE zZH7 45, -29, -20,
-15, -10. -6, -3. 0, 3, 6, 10, 15, 20, 29, 4522 ©]3
(binary) Z3& ZEth A-TDNNe| zhiie) &3
7 XA FBE R 486/DX66 HFEE A i
Aste e S A4St 68000 who| L E iz A Ao
NP2 A vlolaZ T M= 2EolEH A
ol§ MEREE FFE

5. MEAD

Zolxteke] Hojo] Al&H S-TDNNZ A-TDNN
dAY MEAAY dFoz wAgEe] F84
2 o]z UEHYaE S549]7] dslde 44 &
FHolHE S 3ol gt o] & Asl Atgo] ¥
2%31¢] BARTE 883 o|ofAd o]zl AR
o AgarFae HEAE 2 2HAE AE day
g 228 AP HEYZE ST ded
ENIE ol &ete FARFAE AolF oz d

L

-45 20 0 _ 420 45
O U S N N SR

Backpropagation Neural Network
Heading | |

Angle |

(32 7) A-TDNNE| 24
(Fig. 7) Structure of the A-TDNN
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71A 8] gt=te] Hlzdes F At FEE 29
&7 =d g

e shiEdz xag 444 512X 512 =44
©F DT286ILCEE=E ALgstad JPA AT +4
o4t HE A a8 g FAdight source)
& y3aio], 2v) 9] W EellA] 0] &I ofd]
R BWAstols] Zrzte] ARE FEE, JF ) B2
2 Azg A4S FEE o] L&F 2HH LY
A(Active Stereo Vision)Z AHEE o]-F= H$dL
A= =2 A4 AL 9F AF S5 X 29 d
A Z717F v Folditie APl 7] Aot
B8 94 ded d2EY, AEs il 9%
FY EAZ BEHE e 222 ARNZE 2 99
BZABL AT FURFL At AR
9y 229 gae= #93e 4o, =% &
A G 922 S5 g A At AR
BFAEL A3 wAsA He 357 At old o
#FHAYEe =, B8 9= ¢AY, oA F
HAate] YESS HPstd A= Pl &
AL e Rolth. B8 94549 2718 Al A (Field-
of-View)7} A 3A H =g Azl gzt vheivie] st
A 288 Aol o Ao\t kst AAE
o] 2T AL AR A== HYA o] e

Fo] A g Aoz o ¥uf A7 AUAA
FAHS YT S AESE v § FHE] HE
olth. 9x$E AAFo M dojA & E 3rta 9l
Fe zazAAe £xE g A ke Aol
(F 1) Mo e e Zrzte] gt H
E A g Zolh. TDNNE A o] $2% A
& 7z gl e mEselrh YHEESFE 2 A
2% o) N7 g Ex P ALE R net stE s e]ok
51 F7+2 ke AFE Recall AN R Al
ol A] Al471%58 MSE(Mean Square Error)gt 51
e, 2YEEE A Aol A x| ot Etd
©2 BART Al&dd 2= W ESZY 715i8a 7
Ze= d¥F oz Il S-TDNNE 72147209
A-TDNN& 4121572 AdA=EgGed Huyk
2T 600031 40w, MSEZte] 0.1 ol&=2 eistu
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7} e Ao s FE(jteration)ol| vt} 7P R
n=1x,(0.5) Iteration{N
N is some large Mumber (5.1)
N & fmin if 1 2 Hin-

s o

o7]1x N gelel ez B A= 30008 A
43t en A& dE5E 5 0.2, H2 FFE s
0.1¢ A3t $7/1¢) TDNNE S3t7] 9
Bed ~E6]EY g5 T A& dolEE A7) 94
M g e HE S AfE Y. & BARTE A
Zol £APEs} Heola R ddeolHE A4

- R

& 1)y FauE A T2l
{Table 1> Neural Network Parameters

S-TDNN A-TDNN
A= 4 7 4
ZYncs 4 15
F7hd| oo 1 1
EeTs 21 12
HzHd 02 0.2
a4 0.1 0.1
87 MSEZ 0.1 0.1
Hojutg e 6000 6000
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3R 43 olxgeoz AFHE Fol AosA 3
At} ZolAHe AFd wake A shg =
Zriro] BEE &3 ZolAde] Fbge 2o
2zt o) {ElEke Aojdy olm AxkaFe] A
st g2 AL} g 58 wolHE t]aId
AAgc, FEUENIY =275 =0l F
g 84 3A AT 7 U2 A% Mg
g ~glojgle] 7R s s FAEs) Hojo fith 2
Hu® zo|2YE A4E AddaE REEL=
9 28 »TFd LHHHTE FAF AL F
Az 1, 0, -1, 2% AME-SY, gL
45, 29, -20, -15, -10, -6, -3, 0, 3, 6, 10, 15, 20, 29, 45
e g4 dolEE 30007] A= o 258 B¢
AAEAL vhEEe, =% AL S TPl 53
sttt T2z oo ARE diolHe HESH A
S A8 AAE FF L otn] 9 HolHe £
£ VgaA wA ot g5 486/DX66 PCE
o]g 24x]7+ o]ide]A 8 = SUA T RecallrZHE 342ms
Azl

(E D& FYA g AT A} EE 2953 20|
o}, Auratk 2 AT (Following Distance) 2 68 feat
20.73m), Ao 512 A2 128 Feet 39m), H4A HAF
7] 38 feat (11.58m), AtNAE 2% 20 mph (30.19
bm/h)2 47 4t TYVEYAE o] 2% BART
2 AEEL ulA ARRle] A% B8 12 By

(E 2y FEHof g2t e

{Table 2) Driving Control Parameters

g & e g
A4 oA AT 38 feet{11.58m)
AN F=H AL 68 feet(20.73m)
Hj s &A e 128 feet(39m)
H 2HojgzZe 45 degree
A A4 EZ37) 150 pixel
H2: 94 Z 37 6 pixel
A ez 50 pixel
AL 4% ol 5 pixel
AN AEFYPEE 15mph (24.24km/h)
Ho A4 20mph (30.19km/h)
2% 7y imph (1.61km/h)

‘_A;_
4tz

N,
ri

Y
b
o
fr
ol¢
an
il
B
>
—OILI‘
£

E (3.22km/B)7A] &g NP o2A Auatagto] =)
g AedE S$F4e] FE3] HAAE ¢ AV A
AF AzdAdes dd =d %L 8g9E o ole
25 Z217} 1 mph (1.61km/AE AFEUT = FAx)
MR 7Fe] tha Algke] Wty dfFolnt

26 ou AL o] g5t ALAFY Ay B 3§

25 2335 o dolHE REYEHAY o
shed 29] EEgLo R ARE AT A
¢l A A28 THNUCT Held =7y
HHle vlRA2YE 68 feet(20.73m) AHYE &
A& FR3e B Aadd A g g
AR A Ak AF8ro] A Al(Field of View ol A &
ot EA|F o] YUtk SSTDNNE £58 AH Ao
e dEKaE Addx 20 mph(30.19km/n)Z A
atg e ol gAY Al3e] s)Rlgith. A-TDNN
£ 2oy 3 x3g Agste FEUEHIE A
BAGME AHL fA 5 AnaFE FH4E 5
AR 26 P 8 7S M 4SE7HAT e
= stgod, ol Hd WY Agsto AEA
32 udd B FHYd. s&eeEE =38 4
A zolaHL ol 4awliEd, U 2EoHYA
HAAME F s SHAEL o1 &35ld tlolHE
s@sg0d o R58E el s
Hoeg Azreictt FIAWNEYIF o & A2y A
EE 2z A2 delife g @A £
gl e - Al 2ele] @A dEA7E Aevt stE
o2 g2 FAAME 4A AEE + 3l (portable)
AT Ego] FR7ZHE GF AR s EF7 Ao
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