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I =i tiEE — MPC

t+T
min JEE(L), U)= Z C(xjit, W) (Zk) BB ( liBsiess A )

Uz{u¢|t,Ut+1|t)- }

HHTE : t e+ THNETER)FFY A=
St xj+1|t — f(X”t, u]'|t), (8 S_] <t+T-—-1 ZF#HENHFLS
Xmin S Xj+1|t = Xmax t<j<t+T-—-1 TR
Wi 15 Wy 5 U t<j<t+T—1 TrEaesy
9(xjew1e) <0, tsjst+T =1 szpemnsmy (S8 w
h(xjje ujc) = 0, t<j<t+T-—1 #A 5EITFEX)

o EANRMMAAIBEE NI ELEMERR , FEREUELEKEF
+ ORI (SRMEIER) . FRIRIAN (FELMELTER )
- BRETRE. SLURREERIE (RPN )
- SHBIE (AIRIEL ) . PIATE (JOTEIRE )



I iZEnATaE (RHC )

o JEREERTIEIKE ( Horizon , iC{EH)
o XWTFHmIBYEE ¢t — 1 :
o M ue—y , xe—1 SEWNAFIEE , FUN— MRS ZFIRE x,
O ﬁﬁjﬁ'ﬁ':
o (Movetoxe ) HFUT ueq, (FEBMIAE x¢—1 IEENEPRT X,

o (Computeu; ) $13F x, , ALMETIE ¢ B ¢ + H BREIRVIEHEIS up, .., uern , BIHE—Tu

At x, , apply u,, At x, apply u,

Compute ut
Move loix
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Reference F. Throttling '
Trajecto it Brakin |
#P fosie] Foeloie Low Level Controller e —
Controller | =
Fy ,  Steering 1| NGl
- VRl
Reference velocity Lateral
Forces

Road curvature

Heading angle States (measured or estimated)

FRINSRIR



B MPCiEHI R —REZEE

Distance Y (m)

fEMzs] (V& )

lf_l —
2 vs.3ChR
Ref
Achieved
200 400 600 800 1000

Distance X (m)

Velocity (m/s)

Velocity (m/s)

1
=

N
o

-
o

o

—_

o

ENEE] (IRE )
S%vs SR
Ref et
Achieved
0 10 20 30 40 50 60 70 80
&) (EE )
i Ref I
Achieved
0 10 20 30 40 50 60 70 80

Time (s)



MPC #EEFEEF




l Model Predictive Path Integral Control (MPPI)

® MPPIREFEREHIMPCE:X
® (HFRZBAGARNAHEISE] (RHC ) 1228

o WEEEATIEIKE ( Horizon , 1C/EH)
o XWTFZmIBYEE ¢t — 1 :
o M ue—y , xe—1 SEWRNAFIEE , FEN— MRS ZFIRTE x
O ﬁﬁjﬁ'ﬁ':
o ( Movetox; ) HUT vy, BEEBMNIRTE x—1 IEZRIEPRTS x,

o (Compute u; ) £%J x, , UILMBSE ¢t Bl ¢t + H BRBAUIESIRSY ue, ..., ey , BIHFE—u

At x, , apply u,, At x, apply u,

Compute u,
I\/Iove oz




l Model Predictive Path Integral Control (MPPI)

o ( Compute u; ) MPPI
o BE NI :
o NSERFERE D FRBETIREE K MEFIFFA: uk = (uf, ufy, .. ufn)  BF ul~ N Y)
o WFE— 1 FF :
o FUFMREY x¢y1 = F(xg, up) FRUARFRAVIRSHUE: T = {xf, x5, ) xEn)
o THEBEIITA cost : S(r¥) = T C(xf,uf)
o HHE cost BINIINNY , EFESHi D fENME (i, Tert, - Hevn) -
o ¥t ue = s {Hewt oo Herm) R N—ERISSIE S EFD 10




l Model Predictive Path Integral Control (MPPI)

PHESEFTALN ;%Bﬁ%ﬁﬂ’ﬂ%ﬂﬂ&i’gﬁtﬁ’ﬂ?%ﬂﬂsT's% }
=27

C oy 2k W Sug
u=1u Y w BMNREEFFIRT—MUE , TE
k "k goodness
WETE RS B S A AN
) cost EFRIEEIXAR
Wk = e_)_LSk
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| MPPIchfgSE ?

@ EE@'H(IU\ ( g B |%"§&H& )
x = (q,9)

@ ZEMENNFRE ( SEETIERR )

+ q; At
Xty1 = F(x¢,uz) = [ oV ]

qt + f(Xt, ut)At

5 £(x, u) QIATERE 2
. FERSAER ?
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@ DAgger R4 IIHELR

New Data

Collect Data
Input: Task, N: Iterations, M: Trials per iteration

D < CollectBootstrapData();

Current
for i< 1to N do
F < Train(D);

Policy Exploration
eg Policy l
k ‘» for j < 0 to M do
L D; + MPPI(F, Task) ;

\ / reduction to + B DUD
<— U j

online learning
[Ross & Bagnell, 2012]

Attempt the Task .
With MPPI Retrain Model



[ MPC + NN E175 40
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Williams, Grady, Nolan Wagener, Brian Goldfain, Paul Drews, James M. Rehg, Byron Boots, and Evangelos A. Theodorou. "Information theoretic mpc for model-
based reinforcement learning." In IEEE international conference on robotics and automation (ICRA), 2017.
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o SERBEIIE1200MHFF)
o IR A0HZ

¢ RV BERA ST IREN R

input layer

hidden layer 1 hidden layer 2
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Front Camera Segmentation Rear Camera Segmentation

Costmap & Planning




- ERwmicte

)
KON

LTS

- BITEERE (e, B, ROASER)

)
Ty
Ry
""w e/

[ )

WREN I
NERADZFRIC ¢ 51FITFE->NEINEE

EEINFAT | BRI ->EEERE.

s
FIAETH, AN EIRE

« [ : PID
« f#[A : Pure Pursuit, Stanley

- Z : MPC. MPPI
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® BITHEARR : "Chapter 2, Lateral Vehicle Dynamics", R. Rajamani, Vehicle Dynamics and Control, Mechanical Engineering
Series, https://www.springer.com/cda/content/document/cda_downloaddocument/9781461414322-c1.pdf?SGWID=0-0-
45-1265143-p174267791. (2012)

P

® PIDZAMJIEH] : R. Rajamani, "Introduction to Longitudinal Control " In: Vehicle Dynamics and Control, Mechanical
Engineering Series, https://link.springer.com/chapter/10.1007%2F0-387-28823-6_5 (2006).

P

® Pure Pursuitizfl : Snider, J. M., “Automatic Steering Methods for Autonomous Automobile Path Tracking”, Robotics
Institute, Carnegie Mellon University, Pittsburg (February 2009).
https://www.ri.cmu.edu/pub_files/2009/2/Automatic_Steering_Methods_for_Autonomous_Automobile_Path_Tracking.p
df

Stanleyf=Hl : Hoffmann, G. et al., “Autonomous Automobile Trajectory Tracking for Off-Road Driving: Controller Design,
Experimental Validation and Racing”, Stanford University, (2007).
http://ai.stanford.edu/~gabeh/papers/hoffmann_stanley_control07.pdf

MPCI=H : Falcone, P. et al., "Predictive Active Steering Control for Autonomous Vehicle Systems", IEEE (2007).
https://ieeexplore.ieee.org/document/4162483



https://www.springer.com/cda/content/document/cda_downloaddocument/9781461414322-c1.pdf?SGWID=0-0-45-1265143-p174267791
https://www.springer.com/cda/content/document/cda_downloaddocument/9781461414322-c1.pdf?SGWID=0-0-45-1265143-p174267791
https://www.ri.cmu.edu/pub_files/2009/2/Automatic_Steering_Methods_for_Autonomous_Automobile_Path_Tracking.pdf
https://www.ri.cmu.edu/pub_files/2009/2/Automatic_Steering_Methods_for_Autonomous_Automobile_Path_Tracking.pdf
https://www.ri.cmu.edu/pub_files/2009/2/Automatic_Steering_Methods_for_Autonomous_Automobile_Path_Tracking.pdf
http://ai.stanford.edu/~gabeh/papers/hoffmann_stanley_control07.pdf
https://ieeexplore.ieee.org/document/4162483
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MPPHEHI : G. Williams, P. Drews, B. Goldfain, J. M. Rehg, and E. A. Theodorou, “Aggressive driving with model predictive

path integral control,” in 2016 IEEE International Conference on Robotics and Automation (ICRA), May 2016, pp. 1433-
1440.

MPPI+NNZf173% : Williams, Grady, Nolan Wagener, Brian Goldfain, Paul Drews, James M. Rehg, Byron Boots, and
Evangelos A. Theodorou. "Information theoretic mpc for model-based reinforcement learning." In IEEE international
conference on robotics and automation (ICRA), 2017.

MPPI+Q-Learning : Bhardwaj, Mohak, Ankur Handa, Dieter Fox, and Byron Boots. "Information theoretic model
predictive g-learning." In Learning for Dynamics and Control, pp. 840-850. PMLR, 2020.

Differentiable MPC: Amos, Brandon, Ivan Jimenez, Jacob Sacks, Byron Boots, and J. Zico Kolter. "Differentiable mpc for
end-to-end planning and control." Advances in neural information processing systems 31 (2018).
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"—EﬁEﬂJ SIS NS UHAIEE] ?

What is your mission?

 What is the scenario?

 What are the allowed behaviors?

« How do interact with others?
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B EiRin= (Scenario)
W FEMEE SR AR E S EEa SN
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End-to-End jlliz{iz=— ( NuScene )




l End-to-End jlif{ia=— ( NuScene )
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End-to-End jlif{ia== ( NuScene )
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ZlimSOTATEE R EARIHER ?

Ego Status L2 (m)| Collisio Intersection (%) |

D | Method in BEV  in Planer Is 2s 3s Avg. Is 2s Avg. Is 2s 3s Avg. CXpL: Sdrce
0 | ST-P3 X X 1.59" 2.64" 3737 265" | 0.697 3.62f 423" | 2537 8.171 144" 8371 Official

1 | UniAD X X 059 101 148 1.03 | 0.16 0.51 077 | 035 146 399 193 | Reproduce
2 | UniAD v X 035 063 099 066 | 0.16 043 062 | 0.21 132 363 1.72 Official
3 | UniAD v v 020 042 075 046 | 0.02 0.25 037 | 0.20 133 324 1.59 | Reproduce
4 | VAD-Base X X 069 122 183 125 | 0.06 0.68 1.09 | 1.02 344 7.00 3.82 | Reproduce
5 | VAD-Base v X 041 070 1.06 072 | 0.04 043 054 | 0.60 238 5.18 2.72 Official
6 | VAD-Base v v 0.17 034 060 037 | 0.04 0.27 033 | 021 213 506 247 Official
7 | GoStright - v 038 079 133 083 | 0.15 0.60 1.08 | 207 809 157 8.62 -

8 | Ego-MLP - v 015 032 059 035 | 0.00 0.27 037 | 027 252 660 293

9 | BEV-Planner* X X 027 054 09 057 | 0.04 035 073 | 0.63 338 7.93 398 -

10 | BEV-Planner X X 030 052 083 055 | 0.10 0.37 059 | 0.78 3.79 822 4.26 -

11 | BEV-Planner+ v X 028 042 068 046 | 0.04 0.37 049 | 0.70 3.77 8.15 421 -

12 | BEV-Planner++ v v 0.16 032 057 035 | 0.00 0.29 034 | 035 262 6.51 3.16 -

BF75RIRETIR
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RN R A B

ZEIGPSTENL
: > {EEHK ( Mission Planning )
SfnitbE
54 (Route )

SENENEEES > {T9#%! ( Behavior Planning )

T iRratRENL 7779/7%l ( Behavior Sequence )
NASTEIS Y IRAR > =EI% ( Motion Planning )
FR RS RN BS/ZHKI ( Path Planning ) |iEEE437R ( Velocity Profile )

=SZ410 ( Reference Trajectory )

v

‘=504 ( Motion Control )

Tz, T FE

-

it o ¥ 2 EE &5 > &
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42K ( Path Planning )

BRE 570 ( Velocity Profile )

I m 4 55 O i

(< 1 Hz) B5=x#1k! ( Episodic Planning )
EESFER. E5EREZERN. NEE
Z R T

(1-10 Hz) TE&REE ( Online Decision Making )
SRR TN - AT -“ B0 A

(=10 Hz) SEAIHIEY ( Real-Time Planning )
BENEZHAT IR - HA T - R0 AER

(> 30 Hz) ScA34E#l ( Real-Time Control )
BNEZHIT N - AT - IR AR
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1-10 Hz

S

Behavior Planning

<1 Hz >10 Hz
1779 EaIAL

Behavior Planning

\ 4

Motion Planning

A

A

>50 Hz

L=

>50 Hz



l ii%I-#1788E ( Alternating Planning and Execution )

-I-E%){*Ij&iyg xt -Iﬁ%){k\_%%% .xt+1
THE m(x,) HAT m(xp)
| maE o T o T
Perception Behavior Planning Behavior Execution
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o B TR AT F s



l $%1-#173268 ( Interleaving Planning and Execution )

1779

Behavior Planning

'Iﬁ%){kitjg Xt
T %141
& 1(&e41)
‘ REA h
| Perception
T n(%)

1TRRT

Behavior Execution

:

b4k - Yara s MR
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- R —EAER
- EIsZR , SEIRRET LS H
JEE ERRAITTN
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* AUKIRT AN YT

Schaller, Christoph, Vincent Aravantinos, Florian Lay, and Alois Knoll. "What the constant velocity model can teach us about pedestrian motion prediction." IEEE
Robotics and Automation Letters 5, no. 2 (2020): 1696-1703.
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{E55#% ( Mission Planning )

17 98%1 ( Behavior Planning )

=X ( Motion Planning )

E&12H%N ( Path Planning ) |1EES R ( Velocity Profile )

4

1=shizdl ( Motion Control )
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l {E3H% ( Mission Planning )

BN
-« IXMIE ( road network graph )
. #BYAR ( start position )

« #8253 ( goal position )
i

- B2 —ERIINEETR
LB -

-+ HIRIEEREE
. EAERTIKIRR

1l




l I=MIEl ( road network graph )

® B (Edge)
. JEER
® TR ( Vertex)
- JBERAvEERN. B
F%4 ( Cost )
- EBERIHKE
- (TIETIEREAIRTIE

o PR -
. EREEEHE
. BB, AT (BRI

B F3EE UC Berkeley €5188
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J Dijkstra #iHEZREX

o BRSNS
- T R BRA RENTR

o R MR EEZ TS SERAUREA ( Cost-to-come )

® I
o {HBAF! ( Priority queue )

- 5—1THIEES ;. <& : cost-to-come>

- MERISHF
. IKITERRINERRIEREY B

®o
@ 3 £9 @1
Q) 4 @11 (@ 5 W17 HMn (@ 16

@6 a WB®7 p q f
A~ | Y
q

I
p q @8 c €
| N :
g 11(© @10 a
a

B F3EE UC Berkeley €5188



J Dijkstra #iHEZREX

« (RIFREIBIRMEEE

9 R
- BERASSHISMINTE , FREAIEE]
¢ HEHERET

Goal

B F3EE UC Berkeley €5188
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551

| BREE S =g +he)

<n: f(n) > g(n): Cost-to-come
nFTUSRESRAIRA
h(n): Heuristic cost-to-go
@ B [RYETHRE
|
q
- )

h(n)=0 = Djikstra

h(n) #+ 0 —/ A*
\ J

B F3EE UC Berkeley €5188



P A+ EAMER

o A ERTEEK h gL TIEMRT , ATLMRIERMUE -

* Admissibility: heuristic cost-to-goal < actual cost-to-goal

h(A) < actual cost from Ato G
* Consistency: heuristic “edge” cost < actual edge cost

h(A) — h(C) < cost(A to C)

@ SCFHMR— : Relaxed problem BYfE—TER admissible heuristic , XiffZREconsistent heuristic

® SCAMREZ : B9 admissible heuristics BISRA{BAASAE admissible heuristic




B A* 5Dijkstra¥dtt

B B ¥kB8 zhm-real

Dijkstra's At
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I (£53#1%) ( Mission Planning ) -> A*

BN
- &ME ( road network graph )
. #BYAR ( start position )

« #2553 ( goal position )
i

- B2 —ERIINEETR
L BR -

- RISIEEKRER
- BRIERHKIRRR
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l {E3H% ( Mission Planning )

BN
« B&MIE ( road network graph )
. BI4R ( start position )

« 223 ( goal position )
i

« B2 —RINIRETR
EEA=E

- ERARIEEIKE

1l




B A+ B2 HE)

11k

4-Connected Graph

A

\

y

Manhattan Distance
= Ax + Ay



A+ BEEEHE

8-Connected Graph

max(Ax, Ay)
(with unit edge weights)
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[ #0183 (Incremental Search )
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[ Lifelong Planning A* (LPA¥)
@ HWFEMS
- SEBETRIIES

- T s UEMT A (successors ) : succ(s) € S

* TR s RUBIEKT A ( predecessor) : pred(s) C S
- BRI (s,sHHIRA © 0 < c(s,s') <0
« M : Sstart € S

o B Sgoal €S



[ LPA* — SCRF/ibitREGRE D

® SCRRAY cost-to-come : EEREIT R s RN
g% (s) = D . . P s = S‘.S'm”’
S Miny/ cpred(s) (& (s') +c(s’,5)) otherwise.

® {&118Y cost-to-come:
g(s) = g*(s)



l LPA* - Right Hand Side Value

o | o . [2]3
& HFDIE rhs-value EETFILIHY g-value BIE—SZBRYE . © B"’l
|' ) ini A
) e o —a
Bl 0 i Mg Sstarts ( 1 ) gevalue : }ﬂtﬂ;{le
RIS — MINy/ epred(s) (g(s") +c(s",s)) otherwise. Bh 45 S ’5+1
® XJH8 cost-to-come EiE :
0 18 =N
B start,
BRI :Inins’epred(s)(g*(S,) +c(s’,s)) otherwise. e

@ RhsITREATC (1) B&IIESEMY (2) BFNEH



l RBEl—EE rhs(s) =

n‘linS’E})l‘e(i(S‘) (g(S/) + C(S/- s))

it s = Sgtars,
otherwise.

® g-value = rhs-value: T RR2RBEF—EAY ( locally consistent )

® g-value # rhs-value: TR E2RERA—EHY ( locally inconsistent )

© RBERA—EAY : BIBEREAY rhs-value BEELL g-value EINEILE(E g*

113+1

minimum / EA-\
%\4‘/’

g-value 5 1 rhs-value
‘ 78 S-Va




J LpAx kirEE

@ fEFPAFY ( priority queue ) RBERBERA—EAITA
® fliiFe{E ( priority value , key ) 1R¥E rhs-value, g-value. h-value it&

@ flE5EPATIS g-value SEFRFANY -
« if g(s) < rhs(s) , then:

* g(s) =
« & s #'s ABARY successor SNSRI
* If g(s) > rhs(s) , then:

* g(s) = rhs(s)
« ¥4 s BTBRY successor IIALIBAS!

« BIXMKHILBAT B BRI ET R
- UABNIIRZ IR | BREFAKIFTEH



J LpAx kirEE

SR IEER
* Sgoal REIEE—E , HE
* Sgoa FYEITTEEIREA (L5EE ) <= MIBAFIFFIEERERNGTTRA ( L5EE )
« ZFMHHER = sgoa BT R

SR

-
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D* Lite %553‘&% https://youtu.be/FglIM-QPk-Y
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D* Lite Path Planning

itHub/dstarlite_pygame/

Nehas-MacBook-Pro-2:dstarlite_pygame neha$
python3 main.py

Click to choose goal location

1
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l Hybrid A* Heuristics

@[5 & A% <- relaxed problem
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B B3B8 Karl’s master thesis



https://kth.diva-portal.org/smash/get/diva2:1057261/FULLTEXT01.pdf

l Dubins Curves / Reeds-Shepp Curves

o TIASRT | ERREAE— R FA MR — -

https://lavalle.pl/planning/node821.html
https://lavalle.pl/planning/node822.htm|

https://github.com/nathanlct/reeds-shepp-curves



l Hybrid A* Heuristics

® &AL <- relaxed problem
® [5422 : Holonomic with obstacles h,(q) ) ’,—ﬁ
« EFRIEEEFPRE -> A*, D* Lite
« {REBFERSHD

/w}
'

@ (z,9,0)

B B3B8 Karl’s master thesis



https://kth.diva-portal.org/smash/get/diva2:1057261/FULLTEXT01.pdf
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l Hybrid A* Heuristics

21,515 nodes
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Nonholonomic without obstacles + Holonomic with obstacles



Hybrid A* 35 ( DARPA Urban Challenge 2007 )
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Developed by Dmitri
Dolgov, who currently
serves as the co-chief
executive officer of
Waymo

Free-form path planner used by Junior from Standford: https://youtu.be/gXZt-B7iUyw
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