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3 Human in The Loop (HITL)
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1 Cyber Physical Systems
2 Safety Critical
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Fig. 1. Control system diagram
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2 proportional-integral-derivative (PID)
3 Model predictive control (MPC)
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Fig. 2. Performance scalability of algorithms with respect to training data set size [9]
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1 Deep Belief Network (DBN)
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Fig 3. Classic control model vs. ETE model (adapted from [11])
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5 Keras
6 MATLAB
7  Convolutional Neural Network (CNN)
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Graphics Processing Unit (GPU)

Tensor Processing Unit (TPU)

Filed Programmable Gate Arrays (FPGA)
TensorFlow
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Fig. 4. Deep neural network structure utilized in our proposed method
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Table 1. Parameters of training phase
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Fig. 5. Training and validation loss
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Fig. 6. Proposed model for both training and inference phases of ETE control system

& aigad e Ll )3 5 955 0 ()0 paigal odaliusy olis ||
solie jlogai gl o 030 A slayielly Ll polie Glsie
03,91 & JSi ;o T i lzel dl> e g Gajeel (gl Tane &b
al> o 50 0yt sl yial bl ol plasl 5l e Caslons

0,550 5158 oolail 5590 1>l 5 0 wlgs o Livj9e]

PRPAR A
o ypmis Lazme 13 omdbgel Gree aSLd al> el o
asly 5 95550 Jlosl G & Loy (5250 23 5 95550 5,15k
bee 4 5o 9 5 Iy JLaS Oliee (iren 5 oudodjiedS
5 w9ly ol el p Gilwans T 05d 0 Lol (5loas
P L ohess oedle Jole 00isS 7S lawgd oadfpmsd Sy
bl g slesl glls e oy .0)3]‘54 BRRUA B TR R G OO SO
Ll Sglaie Gl L ool> yizen g alixe
Al o ol 53 i)l (oBly yiw (55, p a5t (612 0550 0
S92 bl s Ll cem Ghilon s a e el Sl

sl 1S5 o lhees ile dyxl 518 j0 008 co Jaie o28lg e

1 Loss Function
2 Validation

yegy

S5y 2 Ao YV (b il by S8 le o055 eble
@ byye osly g oo colos N IS 50 sadosld yioled e
Bed s 0 (Al S aladle (59 n Ll Colas g 0
Qsly 5 Eard abii al> e ol szl by o cul S5 a3y
Sy abbl> (59) » oadbo 35 sla bl wl> o ol plasl I ey
Ol s oo 00ls Jl (ajsal 56 izl sl pioeeels a4 (5510
g oo o (23 5 e (Bi90] Sl atd a4y o fyl8
O bools S Cad @) Guipmands (pl gl a8 3 Ll ca
Ooy9al w63l T 5l e oy Ve g YoVl s e S
slayio)ly 9 iy g dyzl ddyouis JIpl o Gree onae aSb
ol a3l (i Sy sl S5 4y p3¥ g oo et 45
slasully (uizmed g Gooe (oras &S0 slaaY g4 g ol
Cloads 48,5 s 0 F i slailesl asile (bjgel piu,s5!
5 0y A8 (ojsel s a o8 Ve (bl e B0l oS!
Sy duo ) A b cds
Silwosly A Jgor Slasin b jssls g9y » Gbisel 58
Sl U"‘ U’"’)?"J 4.1},0 S)ge 4O 4.‘>9.1 JJ[S S5 Cawloals ‘).‘>‘ 9
atia Sloj sloosly o wilie sloabais ;o al> e oyl 4o S



VEOA B YFFA docio VF -+ Jlo oF ofng 0yled OF 093 cSuilSin pubinee &y yui

Syen a3l (Shly (ol (SKeSs

e oy 5 oS S YT
ol 4y IS Slabsy 3 S 45 euiiS S ol
8y St $lp S5 Cod e (Seolind (2oL, Jos
4 a5 slaissg)s sl sl 5 a8 e ealiul (T eas]
WSS Ak 1) eadosls slacugase a5 wles oo dwlre (slasgS
Sl Joe 591 Sy 1y L5 5550 dinge S e g
A0 (V ddal) (yloj S alasl) &jg0 4 ST oo piacns

YW 4..3)5

xk+l :f(xk’uk) (Y)

5 Canl b flo; 10 placws Comsg Sl X, €RT T o &S

oaitS S S bl 5 Sy el IS g5 U, € R"
55 (b3t Slaptns 4 o Jleel Ll MPC
Comd a4y Sglite (JyuS by pizmen 5 (IS lacusgase
ol sl 'Bus alais saisS Jlis ST J S slapiins
oS el ol Joe pmions JysS sbodisS iS5l oolico e
245 glwatg alis sy o G aiels T (g5lueoly

] (_5)‘.)).)4.»9.0.: ULA) BLIP o OQ)BT (\”) c\.IaJ‘)

N-1
min D J(xu,)
B k=0

subjectto x,,, = f(x,,u,),x, =X )

g(xkbuk)go

Condy X g S Glacysgamme oanSaog  alal, )

Sl il o Gl 4 el oo CoeS () a5 el pin 28
055 035 (et b 398 (655 ol b (IS s 035l
Sl oo QL,.;JL; oS culanie b ples cda> o oIS Lae

A JS Alos 5l al e e 0 el i oz N g

1 Set Point Tracking

B e E8 > g9yh gl g e AliSe LI o il
ol 4 o8 haly S8l e &b 5l gy lop g 2gd o0 esl
ras b (Ghiloy 0p 2de ol Wawlodd alde el
Jole s (555 2 00dbicaai gld y5is Il By 51 0000 b5 0a
Jlosl 6 a1 (98 5 (5399 nolas Lanly Jl33le 5 5 1,2l 09>
Lly )l8le 5 sled oo Jlo)l loygige jlasely ar | aSieds (295
My olsem Gedtle J5S Wlgiee &5 Cunlonds (b (590 &
2 opdle amd e el Colan 5 s cls 4 Sogs s
S8 o sl 5 Alise glacis (28 > £9 50 dygl; g Al s

Ao lie -V-Y
s 3 S eanS 7S 90 5l alie al> e o
e mrin J 5059 pSiee - JI S50 - (ol loonisS' J S
9 oS S cpl aslilou] )l cawloads soliiuwl o laskew!
585 Sl ooliinl gl a2 al> e )5 wiies (S0l <ol
solatul looasS J ;S o] 5l cBans 05,50l cmas oS S g
a8 gl Il g beauS J S ol G i a dalol jocaslons

Dgds oo AN 5l 3g2g oyl 5l eolatul

i - 1Kl - paslis oS J S <) ¥

Sozse 993k eaS S gyl gl IS
DS S ol el pSite — 1S5 - pilis oaiiS S
Pl 4 g WS (o0 dlne S ol Sy dagn D90 @
b b oS oo Jlo)l (ol slagle 8 slaisS 4 owigd ] s
Aoz av mazs ululp S5 ol (V) abaly Golul oy JBlas
e ol 0 aSspd e &yge (D) e o () J,50lc P) conlis
el 008 JJST (o295 U 5 e Sk

de(t)

u(t) =K ,e(t)+ K, j e(r)dr +K, )
0

Gy 00l s Jlade 45 00isS S cpl L) canl S3 w03y
b Jidu jo dalsl o 0)ls MP,KI,KD oo, b ol

YEEA



VEOA B YFFA dscio 0+ e Jlo oF oy oyl DY 093 cSuilSio wbies &y yui

53995 Jua ¥ S
Fig. 7. Vehicle’s model
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Fig. 8. Statistical distribution functions of output angles (PID, MPC, ETE, and human)
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Table 2. Characteristics of output angles (in terms of degree)
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Table 3. Statistical parameters of speed control (in terms of kph)
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Table 4. Utilization of brake system
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Table 5. Decision making errors
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Table 6. Traveling distance of the controllers (in terms of meters)
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Table 7. Experimental setup configuration
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Fig 9. Small scale unmanned vehicle used in this research (different perspectives)
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Fig 10. Our real testbed and the defined route for Small scale unmanned vehicle
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