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Highway congestion
Highway congestion is imposing an intolerable

Safety Analysis of Vehicle Platoon burden on rban residents

Congestion occurs when vehicle’s velocity

under VZVZI Communicatlon variation propagates to following vehicles
It is difficult for human drivers to recognize
tiny changing of the precede vehicle’s velocity

m Approaches
There are various approaches to improve congestion
. They can be classified as
Takuto Takagl macro perspective and micro perspective
FL11-1 5- 1 Macro perspective: On-ramp control, Transportation Network
th Micro perspective: Vehicle Platoon Control
11t October, 2011

P. Varaiya, “Smart Cars on Smart Roads: Problems of Control”,

Introduction Purpose of Research
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Intelligent road transportation system|[1] Middle perspective

Vehiclej—t.o—Vehi(fle inter-action(V2V) ) Optimal vehicle control of platoon under V2V2I communication ;
Organizing the interaction among vehicles —need to consider collision avoidance constraints i
Information is interchanged and decisions are made on a “local” basis o ) e e e
Micro perspective: [2],[3] Lack of safety analysis

Micro perspective
Analysis of String Stability is usually interpreted in frequency domain
It is difficult to consider safety which belongs to time domain
Macro perspective
Don’t consider a vehicle unit, but a platoon unit or traffic flow
Vehicle-to-Vehicle-Infrastructure(V2V2I) interaction Making an assumption of collision avoidance
Th;h]ybrld system ﬁf the \{?V ar;d YZI = Objective
Vehic ei are contrF) ed by “Local” and W, - Safety analysis of vehicle platoon under V2V2I communication
“global” information \

Vehicle-to-Infrastructure interaction(V2I)
The infrastructure plays a coordination role by gathering “global”
information and then suggesting certain behaviors on platoon
Macro perspective: [4],[5],[6]

+Simulation (Analysis of String Stability)

Middle perspective? *(Optimal Control of vehicle platoon)

Technology

Problem Description Modeling
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Intelligent vehicle(IV)[4] Vehicle platoon model %
A vehicle equipped with control systems that can sense the environment i Xeo d "
around the vehicles and that result in a more efficient vehicle operation it e e e
by ass1st1?1g t%le driver or by takmg complete contro} of the Vel?lfle (k) =[x, (k). x, ()]
E> Considering autonomous vehicle with communication facility x(k+1)] _[1 o x(k) N 0 ‘ v(k)=[v,(k), v, (k)]
Situation v(k+1) o 1 v(k) 1 u(k) u(k) =[u,(k), u, (k)]
*Platoon of n Homogeneous IV in an one lane highway :
*Infrastructure that controls vehicle platoon A Input t:Sampling time
e e e e e ith vehicle’s input X4 :Constant desired spacing
+Each vehicles can communicate any others in platoon u, (k) =k te, (k) +kte, (k) Weighted communication state
to reference their information n 0<a; <1 Referencex,,v;
-1t doesn’t matter whether communicating or not e (k)= Z a; (x; (k) = x, (k) + x, @,=0  Nocommunication
*Communication is time invariant i a4, =-1
e, (k)= Y a, (v, (k) —v, (k) S S -1 a0
Elrdie Sl ite it = A A b
Lol e e e i ASSUNPLON @ =a, = =g o |
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h Modeling iy Safety Analysis
There exists some L, such that -1 0 1 Collision avoidance constraints )
- e (k) -1 x(k) D= 1 -1
e, (k)= Lx(k)+x, &) 2,((1;)):;:(,]((1;)_;?]({1;) 12 172 -1 Dx(k)>0 k=12,
= k) =1/2(x,k) = x; (k) + 1/ 2(x, (k) = x, (k . .
e,(k)=L,v(k) € (k)= 1/205,(k) =, () +1/ 205, (k) -, (k) Respecting step & Assuming Dx(k) > 0
u(k)=k',e (k)+k', e, (k) T I PR wk+0] [ 1 d T, [0 x(k)+ (k)
K o=kt K =kt L =] % G2 G O -1, vk +1) ||k, L, KL+ | v(k) M dL,J ||k, Lx(k)+k', Ly(k)+k', dL,J
rer v ¢ B B Yk+2) (k) +200(k) (', Lx(k) + K, Ly(k) + k' tdLJ
a, a, - a,| |a, a, - -1 L(k+2)} K, L (k) + vk )+ K, L (K Lx(k)+ k', LK)+ &, dLJ)+ k', dLJ

Reference relative position

Time-invariant constant inter-vehicular distance E> Dx(k +1) depend on x(k),v(k) - ISr:?etf-\t/zrlililcular

x,=dL,J J=[123T {LEJ}‘:Z,:'W‘/ Dx(k +2)depend on x(k),v(k),d —  distance term
. d d_  d Assuming Dx(k +1) > 0, infrastructure can control

= s - -
State equation VYD D D

x(e+D)] [ 1 d x| 0
v+ | | K, L, T+K L | vk)| 7| LT

infrastructure Need to check a condition of L, that satisfy

ﬂ For some i, {DL,J}, =0 n

collision performance of Dx(k+2) if DL,J #0
:| Reference from| —
d

Safety Analysis Safety Analysis
Tokgo nsttateof Technology Tokgo nsttateof Tchnology
Ex) Theorem 1
00 0 0f1 RE If L, satisfies the following condition:
1 -1 2 0 . .
prJ=" 22 PP S S . {here exists some i such that ] [ ]
Lo-1j4 0 Pty = Wity Kiia) ~ vy 7" 1T Ky ~ i) K-ty ~ Finyins) (*)
with o, =0,;j<0.
00 0 o 0TI 0] [o Th EL J] _ i+Ith  ith i—1th
12 -1 12 2 0 e N e N en{ Ji= ol e D el e i
DLJ=|1/4 1/4 ~1 1/4 1/4)3|=0 0 |=|oy il P i > Sketch ofPrOOf
1/2 -1 1/2||4 0 1
1 -1]s - 0 {L J} 7210“1 z/% ’Z“u 4((21(‘ n ,(,+1)) 2( Qi) ~ ,(,+2))"'
{DL,J}, =0 occurs when - DL, J}; lelj(ay Aiy;) = Zza —(z+l)a(ﬁ,”¢ -1 a, - a,
. . L 1o Corollary 1 ™ L= Lo
srelatively equivalent communication graph [ . . . .
PN A If L, satisfies the following conditions: a a, - -1
+bidirectional communication graph s 2 . o
Va1 There exists some i such that
2 -1 12 s =0 with i<j P - - - -
iy PR - SUENE SN SN S
e GG 5Oy = Ay =
Then {DL,J}, =0.
Teshuolesy w 1 Tl w

Safety Analysis Safety Analysis
——— ‘Tokyo Institute of Technology, ——— ‘Tokyo Institute of Technology,
Assume DL,J #0, Theorem 2

If L, satisfies the following conditions:
There exists some i such that

Dx(k +2) = D(x(k)+2tv(k) +t(k', L x(k)+ k', Lv(k)+ k', dL,J)) >0 - al/ =0 ﬁ
210‘ __! - e e o
=

D : ) L E - o
& dpL,J > 7]('—”()«(1() +200(k) + ' L x(k)+ &', L v(k)) o> "ol >0 >60

infrastructure can make the platoon safe if d satisfies

2
I:> {DL,J},>0 dhas an upper bound Then DL,J <0 .
{DL,J},<0 dhasalower bound Sketch of proof
Lemma 1

If the upper bound exists, d is likely not to exist effective range L . he followi dition:
It is recommended to satisfy the condition DL,J <0 If L, satisfies the following condition.

n n
0 1 Zjalj >'“>Zj%
=1 =1

Ex)Jo o o o o

1
1 -1 2 -1 1/2
DLJ=|1/2 1/2 -1 3|=p|-3/2|=|1/2 Then DL,J <0 .
1/2 /2 -1 4 -2 1/2 Proof Z’;ilja” 27711'((11,,(12,)
1/2 172 —1]5

~s/2] | o ﬁ DLJ= : - : >0
SR SSRGS = N S a,
Lechnology Lemma 1 |:.'> Theorem 2 w
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E Safety Analysis
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Collision avoidance constraints
Dx(k)>0 k=12,
Assumption Dx(k)>0 ,Dx(k+1)>0
Infrastructure can control platoon safety by state and ¢

Communication structure
If {DL,J}, =0,
infrastructure can’t make safe between ith and (i+17)th vehicles
E> Theorem 1, Corollary 1
If DL,J#0,
There exists L, that d has an only lower bound
E> Theorem 2

mmmﬂ
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Simulation

Parameter

Technology

Comparative Verification

Precede following

e e b e i

Simulation Settings

Speed profile
k, =2,k =2 .
d =25[m] —Time head way »_80[km/h] = 22.2[m/s]
80[km/h]: 1.13[s] - ~
30[knvh]: 3.00[s] —0.8(G] & ~0.4[CG]
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Leader and Precede following

172 -1 0
0 1/2 -1

O

P oA SRR SO S S

172 0 -
“l2 0 -

* 30[knvh] = 8.3[m/s]
% £ w0 0 ) 00

3rd 2nd Ist

Simulation Result (-0.4[G])
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Precede following Leader and Precede following
Velocity Velgcity
3 — leader N
a — | followings

velocitylkm/h]
velocitylkm/h]

% £ 0 a® & 100 % % w e & 00
B P B
Rglative distance Rglative distarice
g e
w w©

i ms«dfe /_\Safe
R\ O

] %

W 5
timels)

Simulation Result (-0.8[G])

Precede following
Velocity

velocitylkm/h]

R
. " s
Re]ative distance

Collision
3 5w
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Leader and Precede following

Velocity
o
— leader o
— tfollowings ."
= 20
S
So
©
»
0
L S m k% w w

Relative distance

70

di slan:c [m]
w2
g
(¢]

E
timels]

° "”mﬂ

Simulation Result
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Leader and Precede following
D ' '
dDLJ >~ = (k) +20v(k) + k', 1L x(K) + K, (L v(K))
»
D
£ d,,DLJ = = (k) + 200(k) + K £ x(K) + K L v(K))
I P

dmin -0.4[G] dmin -0.8[G]

~2050, ~1800;

2100 1o

2150

2000

2200
0 a0
£ £
E’ZJDD E’ZZDD
2350, * _z300)

~2400

2100

2150

~2500- ’ -2500 r

2550y 50 W 200 250 2600y 50 o %0 250

dmin has much luxury

Simulation Result(-0.8[G])

d =25[m] - 5[m]
Relative distance
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dmin -0.8[G]

0
19

10 ki

/N 100

z - -
H (] g

é §-300
i e -

) Collision 1

- w1

B % 0 [ % 0 o i a0 20

time[s] time[s]

dmin feedback vehicle control

x(e+D)] [ 1
vk+1) | K, L,

{dm
d', =
d

Technology

dy, >d
d, <d

il x(k) o 0 "
I+K, L, | v(k) M LJ| ™

w
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Constant d vehicle control

Relative distance
P

E Simulation Result(-0.8[G]) 4 =5[m]
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dmin feedback vehicle control

§elative distance

m Summary

Summa ry

*Introduction of the concept “V2V2I”

- Safety analysis of vehicle platoon under communication
-Communication graph that lacks of safety
-Communication graph

that certainly exists safe inter-vehicular distance

Future works

+Relationship between string stability and safety
= Considering vehicle dynamics
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0 ~ 0 Safe
[ %T \ )
-1 Collision 0
" s
® e e, e w e e W
dmin -0.8[G] dmin -0.8[G]
2 w0
o |
o -100
oo ~200/
E'ZDB £ -300,
£ £
-

—soo—E
o a0

* Weighted communication structure
*Optimal platoon control with safety inter-vehicular distance
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Appendix

String Stability

Definition[1]
Consider a string of N dynamic systems .the error signals e(t) depends on the
disturbances d (t) in the following manner:

e(ty=H,,(s)d(t) edeR" H,(s):R">R" (*)
The system (*) is L, string stable if given any ¢ > 0 there exista § > 0 such that
ldO), <& = leC, <&

Tokyo Instituteof Technology

Assumption

* LTI SISO plant/controller AT
=Each loop has relative degree
*Homogeneous loop Ti

String Stability

Tokyo Instituteof Technology

From [3],
e (s)
e, (s)

HHe,d (s)

sufficient condition:
ICN (
ei—1(s)

Jy>0

1
If . 7, then such that

. <V,YN

‘ 0o

T

The perturbation doesn’t propagate )
to following vehicles

/|

Technology

d
Deformation X ”' al
ldO)l, <6 = feC), <& = =]
" N e, , x; : ith vehicle’s position
G, =sup [, [2] ;i : input
HH“{ (S)H,J <y y :‘% » i disturbance

— - 24
Lechnology w
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Precede following

String Stability of Precede Following
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L= 1 -1
57, = ks (i = ) k(= x = x,)
k‘,s+kﬁ ( )
D x=5—(x, -,
! sz+kvs+kp o

Cxi

ks+k,
2
s +ks+k,

<1

Cxin|l, "

Technology

Sufficiently Condition of String Stability
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kys+k,

X =L (x,, - X
—1 di
! S2+k,‘s+kp ! @

m String Stability of Precede Following
Analysis of String Stability &, =2,k,=2
ZZ 2[dB] ‘
,’ZU
-4 String Instability
605 - o g 2
1 0 5[rad/s]® 2[rad/8] 0
0
— -50
g-100
CLLW =150/
o 1 10 10' 10°
Frequency [rad/s]

il = I k=100

kp: small
— Neglecting position control
— Increasing dangerousness of collision|

The largest range of

achieving Sting Stability
kv:Large  ks+, K

D kp: Small ¥iks+k, stk

)

String Stability of Leader and Precede Following

Leader and Precede following
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A

,,
(=}
(=}
—_
|
%
=

K

1 1
55, = k(=) k(3 -x)

1 1
+—kos(x —x)+ =k, (x —x, )=k, x, oy B
A gk )k HE
1 ks+k, 1 ks+k, ks+k,
@ x=0s Bt X3 %
25 +ks+k, 25 +ks+k, ST +ks+k,

ks+k,

o <[ S(1 kst (1 ksek, )T
A28t ek, 25 +ks+k,

Technology

ks+k,
2 XT3 Xai
s +ks+k, s +ks+k,

w

Constant d vehicle control

Velocity Velocity
100 100
90| 90
807 80
70 70
Tw Tw
::‘ 50| g 50
< 40 < 40

40 60
time(s]

Technology

Simulation Result(-0.8[G]) d =5[m]

dmin feedback vehicle control
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time[s]

String Stability from leader vehicle

Precede followingk, =2,k, =2

‘:/ 0!01‘[rad/s] ID”2[rad/sjﬂl o o’ 0%5[rad/s]" 2rad/s]’ o
R i
E"‘UU
~600"— = 5 5 ,
10 10 10 10 10°

Frequency [rad/s]

Technology

® 3[dB]
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Leader following k, =2,k, =2

Stijing Instability

Frequency [rad/s]

— 2™ vehicle

— 10t vehicle

w




