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{E55#% ( Mission Planning )

17 98%1 ( Behavior Planning )

=X ( Motion Planning )

I%12H%! ( Path Planning ) |1ZEE%fh ( Velocity Profile )
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1=shizdl ( Motion Control )
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[ s5EPROIEEHE : Dijkstra 5 A*

B B ¥kB8 zhm-real

Dijkstra's At
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l SIFSERRIEREINE] - Incremental Search
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B EhZSERRISEIE) - LPA

procedure CalculateKey(s)

{01} return [min(g(s), rhs(s)) + h(s, 8g041); min(g(s),rhs(s))]; NSEEHT T 2IRED: (1)U A* [ (2) 281U Dijkstra
procedure Initialize() 2LaE ot -

{02} U = 0,

{03} foralls € S rhs(s) = g(s) = oo; Bt AR EATEA (IS )

{04} rhs(sstart) = O;

{05} U.Insert(s st qrt , CalculateKey(sstart )); HEY M SR B

procedure UpdateVertex (v ) LTI P FYGT -

{06} if (v # sstart) rhs(u) = minslep»ped(u) (g(s") +e(s',u)); 17 & rhs-value
{07} if (v € U) U.Remove(u);

{08} if (g(w) # rhs(u)) Ulnsert(w, CalculateKey(u)); BBGH—E, EF—E, TS it B e
procedure ComputeShortestPath() IR -

{09} while (U.TopKey () < CalculateKey (s 4041) ORT7hS(Sgoa1) # 9(Sgoal)) 2151
{10} w = U.Pop();

{11} if(g(u) > rhs(u)) 1511 HICost-to-come T FZEX]

{12} g(u) = rhs(u);

{13} forall s € Swcc(w) UpdateVertex(s); FFTA. TR AT A S

E }g els; ()= s 1511 Cost-to-come T FARIY

{16} foralls € Succ(w) U {w} UpdateVertex(s); EEiE. EHE-SEHITAEIING EUZ)
procedure Main () ETEALT :

{17} Initialize();

{18} forever

{19} ComputeShortestPath(); LPA* it 1 &

{20} Wait for changes in edge costs;

{21} for all directed edges (u, v) with changed edge costs
22 Update the edge cost c(u, v); -

{{: 23 % UpdateVertex (v ); ( ) Z5E



procedure CalculateKey(s)
{01’} return [min(g(s), 7hs(s)) + h(8start,8) + km;min(g(s), rhs(s))]; HsEEITE (5 h Z7~ heuristic cost-to-come )

* - r re Initializ Me &5 ShrdT L .
l D* Lite sy L~ SAIE

(057] ko =0: K.m AFCEETOELE (0)
{04’} foralls € S rhs(s) = g(s) = oo; BrBE1GiT R E TR ( TIES )
{05’} hs(sgoal) = 0; ”
{06’} G.Izsesrtg(s glo al> CalculateKey (s 5041)); AUEY TRASIRFERT
procedure UpdateVertex(u ) LT IAY A SYAT -
{07’} if (u # Sgoql) Ths(u) = min eSweelar) (c(u,s’) + g(s")); S ths-value (SEEF g S cost-to-go )
{08’} if (v € U) U.Remove(w); R o . .
{09’} if (g (u) # rhs(u)) Ulnsert(u, CalculateKey(u)); MBS —EHE , EF—E , TINRSIFFitEstE
procedure ComputeShortestPath() R ZERT -
{10’} while (U.TopKey () < CalculateKey(Sstgrt) OR *hs(Sstart) # 9(Sstart)) w2
{1I'}  ko1qa = U.TopKey(); s
{12’} w = U.Pop();
{13’} if (ko1q <CalculateKey(u)) T EEE TS, EFTIEN TS
{14’} U.Insert(w, CalculateKey(u));
{15°} elseif (g(u) > rhs(u)) 151749 cost-to-go ITTFZEN
{16} g(u) = rhs(u); e s
{17’} forall s € Pred(uw) UpdateVertex(s); EFTI. FIRTREA NG T Y
Eg;fr else( ; 1511H9 cost-to-go 1TFARXY
u) = 00; = ey
{20’} fg‘or alls € Pred(uw) U {u} UpdateVertex(s); BB, H5SEHITRRIENAY ’BMZY
procedure Main() EFHJZHANO -

{21’} 8105t = Sstart;

{22’} Initialize();

{23’} ComputeShortestPath(); . . .
{24’} while (sstart 7 Sgoal) F—XHEE (FEAY)
{25’} /*if (g(8start) = 00) then there is no known path */ , /

{26’} Sstart = arg mins’eSucc(sstaM)(C(Sstart’ 8" )+ g(s)); BN, B
{27’} Moveto Sstqrt; : o
{28’} Scan graph for changed edge costs;

{29’} if any edge costs changed

{30’} km = km + h(Siast,Sstart); T ETHIEEE
E:;l’} Slast = Sstart; ( )
32’} for all directed edges (u, v) with changed edge costs -
{33’} Update the edge cost c(u, v); &
{34’} UpdateVertex (1 );

{35’} ComputeShortestPath(); D* Hi#zl# % (%5 LPA* )
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- Beamibaly <=
@ §haiE ( trajectory )
« 7(t) : LARTIE ¢t ISEAVIASHZ
« 1(t) : LARTIE t ISHHEREZ
® B&fE (path)
- 1(s) : LUK s ASERPIRSHIZ
« I (arclength ) : BEETHRZKE
. SEEEBMRE s = [ [+(0)]dt
- 1(s) BY&HRNRAmE
- (s) BREKEAHENERREZ
@ MR -
- FUEERE ( trajectory planning ) BEIHENIE (¢)
« BBEEHRY ( path planning ) REZHIHIEEE 1(s)
- BEI#EREI ( motion planning ) BTLUEREHITNL. BEEMRL. SGEERSINERRLZ v(s)
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{EEH%I ( Mission Planning )

17 98%1 ( Behavior Planning )

=X ( Motion Planning )

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

4

1=shizdl ( Motion Control )

A R i i SR & EE 8 > 8
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I B A* 5% D* Lite SCIIZERIREME ?

8-Connected Graph

max(Ax, Ay)
(with unit edge weights)



B EFiEE ISR A* 55 D* Lite !

® EHHaRFEA nonholonomic constraint , TG (=S MR
® Occupancy grid BIEBEMHRIFESESR

1
ik
=l




l Hybrid A* &%

WSS | KB (x, v, 6, dir) TR B B

$9 4D 1
& Hybrid: S5NERRAOIS T RIBHRAE T — NELRY
RS

. BFPRORMERZERRNA
- B FPIMEFEELLASEE R LARIARY
 "Hybrid" BYE3E

(x,y,6,1)



l Hybrid A* &%

TRRE:
o HEIEF ¢ BERIESEIRS q
+ SETREE u TSRS ¢ = F(qw) R
© ¢ BAB ¢, BTG
- AR (¢, ¢j) FNEIRHHE -
< EF ¢
« & ¢ KA
. WEq
N
- & ¢ BEWIAN
c ¢ FEETE T
C HRS(@) 5 F() , TSRS




] Hybrid A* Hii R

EEER (@) = g(q) + h(q)
RIRBERMNA q

2 3
n+1 Sn+1 S p+1

&\?/@

S

Dl
0|®

ALY
Sn 4(3"!1, ) \$/ Q\Eﬁ/




i BT ¢’ = F(q,u)

¢ BRI BT HREE;

ICR

Xp = Xp—1+ Vp—1 COS(Hn—l) At

Vi = Xp—q ¥ Vp—15in(0;_1) At

X = v cos(0)

) y = vsin(0)
0, = 8,y + ntBMOn) L)
7 ~ B

Vmin SV < Unax



l Hybrid A* Heuristics

© KXECEERS AT A | (BAFA
® [ EREL <- relaxed problem

® 3421 : Nonholonomic without obstacles h,
 (RIFIFERRLUR
- KiERTEIEEYD

B B3B8 Karl’s master thesis

(z,y,0)


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

l Dubins Car {4 =8

® Dubins Car: SRXAEEREIRAERA
B , BEFERE J_JL)\@{UB.
Xy = Vg cCos b
Yy = Vg Sin 0

: u
0 = ,u € {vg,0,—vp}
"min

® Dubins Curve: Dubins car MR AIRSE
FRZINSHSRRIEEAR




l Dubins Curves mfEIRR

ON CURVES OF MINIMAL LENGTH WITH A CONSTRAINT ON
AVERAGE CURVATURE, AND WITH PRESCRIBED INITIAL
AND TERMINAL POSITIONS AND TANGENTS.*!*

By L. E. DuBiINs.

6. Principal result. We wish to show that a planar R-geodesic is
necessarily a very special curve, i.e. a continuously differentiable curve which
consists of at most three pieces, each of which is either a straight line seg-
ment or an arc of a circle of radius B. Errett Bishop pointe
author that in view of Proposition 13 it is sufficient to show t
which consists of four such pieces can be an R-geodesic.

Let us designate a continuously differentiable curve by CC\
that it consists of precisely four arcs of circles of radius B. Sin
designate by CLCL a continuously differentiable curve which




Dubins Curves Motion Primitives
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l Dubins Curves 24 fnJgE 14

{{S, S, S}, {S, S, L}, {S, S, R}, {S,L, S}, {S,L, L},
{S,L, R}, {S,R, S}, {S,R, L}, {S, R, R},{L, S, S},
{L, S, L}, {L,S,R}, {L, L, S}, {L,L,L}, {L,L, R},
{L,R, S}, {L, R, L}, {L, R, R}, {R, S, S}, {R, S, L},
{R, S, R}, {R, L, S}, {R,L,L}, {R,L, R}, {R, R, S},

{R,R,L}, {R,R, R} }



l Dubins Curves 12 ¥0JgE1% |

{{®}, {®}, {®<}, (S, L. S, {%i, o 3 |
¥
3 |

R

{S,L,R}, {S,R, S}, {S,R, L}, { },
| S
j

{
(L, R, 8}, {L, R, L}, ((RR}, (IR}, (R, S, L}, 1l
(R,S,R}, R, L, S}, (NQL, (R, L R}, {®S}, o

@ o 2

0
5
5
10
5
5



l Dubins Curves 12 Fna]gElE

TS

{L9 S’ L}’

{L,S,R} > {S,L,R}

{L9 R’ S}9




l Dubins Curves 6 FaJgE

{L,S,L}, {L, S, R},
(L, R, L}, (R, S, L},

(R, S, R}, {R,L, R}



l Dubins Curves &7~

path  LRL RLR LSL LSR RSL RSR

1Y
min 0.001

https://youtu.be/tjUVE3jto98

10

-15 -10 -5 ‘ 1.0 - 1’5

-10



l Reeds-Shepp Curves

® 24 Dubins

car ZRFMOIFRIZERT |

H48 (46) MHT :

Base word

Sequences of motion primitives

ciciC TR L)L RL)R'LRV)WR LR
cClC LTRL )L R LYY R'LTR ) (R L R")
clcc LR L )L R L)WR'L R )R LR
CSC LYSTLYWL S L) (R"STR) R S R
RS-

i
L*STRY) (LS~ R )(R*STLY)(R-S™L™)

(. (,.A:'{j‘ | (,.A:'{j' (r

FRIL.R) L R LR RLRL)RLEL)

C|Cs C5|C

C|Crp2SC

L*R_,S"R™)(L"R ﬂ*R*(R*L ,S L )R™L,STLY)
L+R—,'— )L R},STL*) (R*L;,ﬂ R ) (R Lf,%+B+

CSCIC

LTS LT, R (LS i .R+fR+s+R+,L (RS R_,L7)
R+S+Lj, )(RS™L,,,R*)(L*S*R ,L™)(L"S" Rﬂ,L+

C | (,3" J2 SC?;’: J2 | C

TR, ,S Lﬂ,R*ﬂL R ,STLT,R)

(

(

(

(

(

( R~
(L"R, L, R+ WL~ R+L+R WRYL; R, L*}(R LIRIL™)
(

(

(

(

(

(R*L".,‘w R ZLTNR™ L+ %+R‘f‘,L )

https://lavalle.pl/planning/node822.html

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



l Hybrid A* Heuristics

® &AL <- relaxed problem

- (REFHERBLR
- KiEFhEIESY)

Dubins curve / Reeds-Shepp Curve }

B B3B8 Karl’s master thesis

(z,y,0)


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

l Hybrid A* Heuristics

® &AL <- relaxed problem

® 3422 : Holonomic with obstacles h, > ,./,ﬁ
.« KiRIEIF IR
- (REBRETSH

« -> A*, D* Lite

/l‘.!
'

@ (z,y,0)

B B3B8 Karl’s master thesis



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

l Hybrid A* Heuristics

@[5 &ER%Y <- relaxed problem:

® [34z1 : Nonholonomic without obstacles h{(q)
« (RIFIEEEEZUR
- RIRFTEEEYD
® [5422 : Holonomic with obstacles h,(q)
« HRIEEIFREI -> A*, D* Lite
- {REBEREH
5 SHEE ;

* h(q) = max{h,(q), hy(q)}
* h(q) —7ELL hy(q) F hy(q) BHF

(z,y,0)



l Hybrid A* Heuristics

21,515 nodes T X Lo 1,465 nodes T . Lo
T PR
it . by
‘ B .
-ud
&
-
e :
- \I’ {“ %3 )
é! LY N LY .

Nonholonomic without obstacles
R S " e

Nonholonomic without obstacles + Holonomic with obstacles



Hybrid A* 35 ( DARPA Urban Challenge 2007 )

2

&

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



https://en.wikipedia.org/wiki/Dmitri_Dolgov

- EINEISE

& BRI\ BaiZ R
- {EZHR : EmitE I EAMAZB”
o TR SR, AIRTHEHITIRE. TE. BE. M.
o BHIAK ;L2 HITTE. BE, .., FE. 57, .
o« ERIZHLL
- EERNZAER
o IEpgtEEH  AEEEIT A, H]). ANELSEIRERSE T
BREE (1F50K. Bk )
- FEE A
« ZHZSE : LPA* , D* Lite
- BEZEWER : Hybrid A*




[ 55\l BT

A* : Hart, Peter E., Nils J. Nilsson, and Bertram Raphael. "A formal basis for the heuristic determination of minimum cost
paths." IEEE transactions on Systems Science and Cybernetics 4, no. 2 (1968): 100-107.

Lifelong Planning A* : Koenig, Sven, Maxim Likhachev, and David Furcy. "Lifelong planning A«." Artificial Intelligence 155,
no. 1-2 (2004): 93-146.

D* Lite : Koenig, Sven, and Maxim Likhachev. "Fast replanning for navigation in unknown terrain." IEEE transactions on
robotics 21, no. 3 (2005): 354-363.

Hybrid A* : Montemerlo, Michael, Jan Becker, Suhrid Bhat, Hendrik Dahlkamp, Dmitri Dolgov, Scott Ettinger, Dirk
Haehnel et al. "Junior: The stanford entry in the urban challenge." Journal of field Robotics 25, no. 9 (2008): 569-597.

Hybrid A* : Dolgov, Dmitri, Sebastian Thrun, Michael Montemerlo, and James Diebel. "Path planning for autonomous

vehicles in unknown semi-structured environments." The international journal of robotics research 29, no. 5 (2010): 485-
501.

Parking Planner based on Hybrid A*: Li, Bai, Tankut Acarman, Youmin Zhang, Yakun Ouyang, Cagdas Yaman, Qi Kong,
Xiang Zhong, and Xiaoyan Peng. "Optimization-based trajectory planning for autonomous parking with irregularly placed
obstacles: A lightweight iterative framework." IEEE Transactions on Intelligent Transportation Systems 23, no. 8 (2021):
11970-11981.



) shik : EEEEN

iRl  Fles AL, VIsEAFS. BaiEE
BB%§ : Cai_panpan@sjtu.edu.cn
Pig : https://cindycia.github.io/

=Inkn B2u%

M= CNE ST




B EhSinSIREMmE 2

& BE&1 : Hybrid D* Lite?
. ERITR—RIEE
- B RINEER
.« FUEHEE L)

5 [RE : R BIRH TIRBIR AL
. RN EEMEE T R T
. FATUARIET , AR




B ahSiESIEE ?

® BBiR2 . BLAEIRESEIE (joint state space )

* q = (qegor Gexor Toxor Qoxor Aoxo)
* Qego = f(Qego )

* Qexo = M(Gexo)

« H1T hybrid A* %

T AT |
- BREBIEHESE (worst-case ) ()




- Bty

@ B3

IREE ?

ATZ83825 ( Space-time search )

+ 5D BI=EHHHE | REIRSSIAPSE IR ELEE
*HRB:<q,t+1>=<F(qu),t>

- filf

SRS

o FEl (¢t + 1) EEERAMA/FRINE
- Bt A/ESBFEHTIHEIS

L))

RN ERERANE | T2 R

q1




l 1IZE)FNa)Ee ( Motion Prediction Problem )

@ N
 FISRERSYPREY. JUEMFIE
 FISPESI SRS
« FIBERSHI M SEHN I
(Fik ) =istE
( Al ) SRIRAIEUE

L] .

I

* TIRSPERSHIAR KA

+ BHHIE < x(0),y(0),0(t) > HISEL, Bk

° %%&I‘f_\:{}%ﬁu {< xl; Y1; 91 >l < xZ) )’2; 82 >; ey < xT; yT; GT >}



) iEEhFRIE NS

4 $8%5— : Final Displacement Error

o ~ L pred Tprg'd 2 ~ 4L pred
Z \/(xi = e (3 =

FDE = £!
I

8% : Average Displacement Error

1 Tprcd ) ” . "
> Y |@-x+6 -y

=1 t=T0b.\' + 1
ADE—=

Pedestrian : (’{\00 k:
; \
id: 0 Q(ed
e 2 g
-
-

‘ . Ground truth

\ /
Pedestrian 0" 3 k..

’1( Tpred - (T()I)S + l ))

« D ~
id: 0 Q(eé\
' ” ‘ N
T L i
‘ Ground truth O
\ /4

ADE>0



I iZENFTEERY ( Motion Prediction Models )

® BEREEY Const-vel, const-speed
® fEATTEEY Social forces, ORCA, .
® SWEZFSI L CNN, LSTM, GNN, Transformer, ..



I SiE;EE01E8Y ( Constant Velocity Model )

X = : et
53| h=es Algorithm Constant Velocity Prediction(x,y, ;)
=il
X Xo = Xobj
2 while t *dt < T do
t=t+1

X¢.POS ¢ Xp_q1.p0OS + dt * x4_4.Vel
X¢.vel « x;_q.vel

end while

return x,.r

QUSRI SSIEDI IS 1=




I SiE;EE01E8Y ( Constant Velocity Model )

history
®— ground truth
prediction
@ timestept

10 1

% 34> A S=7=h - N =i
@ Fm{T Aizs : Const-vel vs. JREFS . , ,
> . ;'l
6 *S S
Metric | Dataset | ConstAcc | Lin | FF | LSTM | RED | SR-LSTM || OUR || SoPhie | S-GAN | OUR-S F
ETH-Uni 1.35 0.58 [ 0.67 [ 0.54 [ 0.60 0.63 0.58 0.70 0.59 0.43 " .
Hotel 0.95 039 | 1.59 | 291 [ 047 0.37 0.27 0.76 0.38 0.19 e 555700
ADE Zaral 0.59 044 [ 039 | 034 [ 034 0.41 0.34 0.30 0.18 0.24 o B e
Zara2 0.50 041 [ 038 [ 043 [ 031 0.32 0.31 0.38 0.18 0.21 5z 4 & 8 1 2 u
UCY-Uni 0.79 0.60 | 0.69 | 072 [ 047 0.51 0.46 0.54 0.26 0.34 X
AVG 0.84 048 | 074 | 099 [ 044 0.45 0.39 0.54 0.32 0.28 "
ETH-Uni 3.29 111 [ 132 | 1.04 [ 1.14 1.25 1.15 1.43 1.04 0.80 - i
Hotel 241 0.81 [ 312 | 6.07 [ 094 0.74 0.51 1.67 0.79 0.35 :
FDE Zaral 1.50 093 | 081 | 074 | 0.76 0.90 0.76 0.63 0.32 0.48 i -
Zara2 1.30 0.83 [ 077 | 095 [ 0.70 0.70 0.69 0.78 0.34 0.45 61 &
UCY-Uni 2.03 1.19 | 138 | 1.60 [ 1.00 1.10 1.02 1.24 0.49 0.71 >
AVG 2.11 097 | 148 | 2.08 | 091 0.94 0.83 1.15 0.60 0.56 )
e—— e—— 2
o_
=2

Scholler, Christoph, Vincent Aravantinos, Florian Lay, and Alois Knoll. "What the constant )
velocity model can teach us about pedestrian motion prediction." /[EEE Robotics and
Automation Letters 5, no. 2 (2020): 1696-1703.



l SERiEntEE + EHSE ( Constant Speed Model )

\
\
\
\
\
\
\
\
\
\
\
\

- RREZH
-« RIS ZRITS




— et MRTR
Eﬂiﬁiﬂ“*ﬂﬂ ( 2023 Waymo Open Dataset 15t place )

and Lingting Ge. "MGTR: Multi-

v - . . - ............ ! - ! . : .
acgogog il ooy f ................................................... . \ o . K :] ! granular transformer for motion
- ~ 4

R smrme=e? NMmimim i e prediction with lidar." arXiv preprint
Auxiliary Future Predictions Intention Goal Set Intention Features arXiv:2312.02409 (2023).

Agents HD Map
. - e N S
Position Content
' Update Update
5 /'/ e .\’\
e - [ GMM Prediction ]47 -
........... - s | !
il Encoder ! |’ Multi-Granular Encoder\; |' Multi-Granular Encoder : g : [ FEN ] :
: @ ! - 0 - ! .
| O . . I . | - 1
i & ;| o— 2 o°! i ﬁ | 4 :
\ . ! . & 5 | [ Cross-Attention ] i
p R [V
& Ak v G
! I ] o'
I Trajectory-aware Motion-aware 3!
! Context Search Context Search g
2 ! -
. e
1 ’ (o} 1
: ; 5 Q,
, ! [ Self-Attention ] (<] :
I
3 | Q, K Vv !
! [ i !
! [ Self-Attention ] ms ' ! !
, 33 ) ' MLP + PE :
I + = 3= i \ = /
i ER P Positon _ _ _ _ _ _._. |Content _ - &
: ( FFN B 0 | e ™ e -
\ g & \ r N
e | - x6 . e * 1 N U
e 7 Y & ! : L2 ! an, viqgian, Hao Alao, Yizhe £Znhao,
s Refined Tokens : ' e { JH } _ ! Ethan Zhang, Zhe Huang, Xin Ye,
: 1 I : g !
1 1 \ I



Method Name = E.va'” = Soit v minADE minFDE Miss rate Lot Date (Pacific Daylight Time) M RTR

— b ( 2023 Waymo Open
Dataset 15t place )

Avg Vv Show v

Avg 0.4764 0.4658 0.5825 L 0.1258 0.1270 9/16/2023, 10:06:08 AM

G REE  HIEEEORE |, TSR

® o588 - 18 | MELISZIESCRT LK
« 0.1s NEESTAFT + k!
o HEEERREBFEITHANCATITNEN , EERES M T REFEB XS !




B fzimEahisEny
GAMMA [RAL22]

/

v = argmin ||v—v©®|?

veG(O)NK(O)
R H k= IBEIZEE ThREE

AiE24: S8, I8H. 8=

BT X A RS EOAITHEERIERT |, 124
R

SEERR SRS
Distributional Models
SGAN SoPhie REFIJERS SGCN GAMMA -«
0.81/1.52 0.70/1.43 1.01/1.75 0.39/0.64 0.63/1.03 0.30/0.65
0.72/1.61 0.76/1.67 0.43/0.80 0.39/0.66 0.32/0.55 0.18/0.40
0.60/1.26 0.54/1.24 0.44/0.91 0.55/1.31 0.37/0.70 0.32/0.79
0.34/0.69 0.30/0.63 0.26/0.45 0.44/0.64 0.29/0.53 0.24/0.57
0.42/0.84 0.38/0.78 0.26/0.57 0.51/0.92 0.25/0.45 0.19/0.46
i=1{TA3ME 0.392ms
SGAN ST\/I SRLSTM  GAN.

(bs = 1) ulﬁ’gﬁ'_ﬁ (bs = 4) GAMMA

Time 3.15 1.80 232 2.19 0.392

Speed-up 1x 1.75x 1.36x 1.44x 8.04x

Luo, Yuanfu, Panpan Cai, Yiyuan Lee, and David Hsu. "Gamma: A general
agent motion model for autonomous driving." IEEE Robotics and
Automation Letters 7, no. 2 (2022): 3499-3506.



| ztmiEEhiEE
GAMMA [RAL'22] i . R, LSS ESCAT AR P A E A
S . TEEENEEZREE

v = argmin ||v—v©®|?
vEGONK(©)

XEEE  mEiFEl [TAEE

AiE24: S8, I8H. 8=

Eﬁiﬁﬂﬁ%%ﬁﬁﬁ?ﬂﬂ%?&&lﬁﬁ / EI:E'E{;:E Luo, Yuanfu, Panpan Cai, Yiyuan Lee, and David Hsu. "Gamma: A general
ﬁ%z'&ﬁﬁﬂﬂ agent motion model for autonomous driving." IEEE Robotics and
== );

Automation Letters 7, no. 2 (2022): 3499-3506.
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@ B3

IREE ?

ATZ83825 ( Space-time search )

+ 5D BI=EHHHE | REIRSSIAPSE IR ELEE
*HRB:<q,t+1>=<F(qu),t>

- filf

SRS

o FEl (¢t + 1) EEERAMA/FRINE
- Bt A/ES BRI TSI

L))

RN ERERANE | T2 R

q1




l SEREFEN ( Discrete Collision Checking )

o YEEREELY,
& TR AR AR VERAR | B TREE )
& TP

AHRE
e

(0.0,0.0,0.0) (0.0,0.0,0.0)

(1.0,—1.0,—%) (1'05_1~07_g)



B HREREEIE T — BEIEHEM
& BERFRRA=A

- CC

— x4 + |y — < |rq + 1y)?

Al
il

2RSS , ARTA—ME

yall]




RRlEE N — B

D BERRTA=TRZEES
BEESIA/EREEERT , IC1FlHE

ij = \/(xj —x) +(y-w), ntn2dy

\\\\\

_ (xi*73) + (x; % 17) (yi*1;) + (y; * 1)

Cy=

(r; + 1) (r; +1)




[ Gits=ta T — RYEE RS S

- ) - d'

& (Ha]JLATAZIRER BT LA RIEM &AL ( GPUFAT )
o BB RS S FERNE T TSR
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F— P AREIEEZER— S RS

https://www.mathworks.com/help/nav/ug/motion-planning-in-urban-environments-using-dynamics-occupancy-grid-map.html
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B Ground

8 Permanent §
B Movable |IB
B Dynamic N

R e 3

eRE=
- EERAREY I
SR S P

MRS ER YT

© 5% 18, MELSHTECR s
A

- |

B "3 |

B - |

I e B |

k % % Prop . Prop :

. | = = Block Block |

o gl : REAURHS | T A - {
: : |

3 4 1

KPConv

MLP-Sigm MLP-Sigm

SOGM

Thomas, Hugues, Matthieu Gallet de Saint Aurin, Jian Zhang, and Timothy D. Barfoot.
"Learning spatiotemporal occupancy grid maps for lifelong navigation in dynamic
scenes." In 2022 International Conference on Robotics and Automation (ICRA), pp.
484-490. IEEE, 2022.




) &F Hybrid A* fEhZSIH IR EME

q1

1))

® B . [I=SH’ZE ( Space-time search )
» 5D BIZEHHE : MIASZIAIFS I NR%EE
TR :<qt+1>=<f(qu),t>
o WEHSEET : BN+ BHEL or BYES 5 RS
- EFEEE : Hybrid A* "

@ AR
- FRNAREIAGER | KMkl A5
- BRI R ESSE LRI AT E
¢ FREGHREDR
- B, RiTEREL. (KRR SERSY)




SRIEERY

® EiERS | AR FALKIZE ( Conformal lattice planner )

Junior from Stanford, 2007 DARPA Urban Challenge



l Conformal lattice planner

Goal State Selection

& EEFmERP UL ERNBRA

5 BENK :
- BErRIGERRZEEAER
5L
I% 0
-5l
-10}
6 5 ]:0 115 26

x Position

25



l Conformal lattice planner

Goal State Selection

& EEFRIAERS O FRIB RS

@ BEENKX : 10}
- BErRIGERRZEEAER
- BIFLFEE , ERRERIRER BiRRRTEYIE 5|

——

=10}

y Position
o

0 5 10 15
x Position



l Conformal lattice planner

Occupancy Grid Example

& EEFRIAERS O FRIB RS

BENX 10
- BEfrRGER RS EEREE
- BYBOFERE  ERSRINESE B RSB TERD 5|

© SHZH SR ER N

y Position
o

———

=10}

0 5 10 15
x Position



l Conformal lattice planner

® iEFERITERP UL ERIEIRR

QAT ?
LnTEEwE

® BENIRX :
- BHiIrR

© SHZH SR ER N
9 IEERMANTCRHERR

e BiR ?

. BTROFEE | ERMERSE B AT E T

y Position

10 +

[

-10}

Path Selection Example

0 5 10

x Position

15

20

i



P ih R EDTERR
® IR FRE B -

- BRE : BEEA BROAEREERE
- HBFRH

- BRIRWIREE

+ ERRWIH BT E) RS

(zf,y5,05, K1)

| K | S Kmax

8| = Knaa
(z0, Yo, 6o, Ko) K] < Kmaz



J ih R R R

2L ( Parametric Curve) r(u) = (x(uw),y(u))
. EISHEAFARIL u € [0,1]
- S2HBEREIMIK (arc length ) 33—t Z2/ERYMI<

] : =/R¥ES& ( Cubic Splines )

(;l‘,f.yf.efefff)

ME—f

x(u) = azu’ + au’ + aqu + g
y(W) = B3’ + Bou’ + fru + Bo

(;1:0. Yo, 6o, "\‘-0)




[ ih R EEERAT B R

Bl . TIRFESE ( Quintic Splines )

min f (r(u)) SR

c(rw) <a  Vvue(01]
r(0) = B
r(ur) = By

x(u) = asu® + a,u* + asud + au? + au + ag

y(u) = Bsu® + Byu* + Baud + Bru® + Biu+ By

u € [0,1]

(x0, Yo, B0, ko)

S s

-0.2
k 0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6

0.8/

(xf,yf,0f,Kf)




I 0 B DAL R

Sl - =[iEkEZE ( Cubic Spirals ) IR y
- BRNEEE  RFHRERRIATISTIKAY RS 1

+ B (curvature) : High FEASRIESEA | T 1

X 1EP8 I g N

g I 11 7
// \\‘ . Xy —yx
| ) ) kR (x'2 + y'2)3/2
. — / /) k(s)=as+b, a>0
/)




P ih REEEERAR

@ 5l : = HRNEZL ( Cubic Spirals )
« BEIZER ( curvature ) FRANIIKAI=IRZINT AL
- AILARIARfRSITE 0(s),x(s),y(s) (xf, 95,07, Kf)

k(s) = azs® +a,s® +ays + qg

S
0(s) =0, +f ass'3 + a,s'? + ays' + agds’
0

st s3 s?

= 00 +a3_+a2_+a1_+a05
4 2 2 (z0, yo. 0o, Ko)

x(s) = xy + ]SCOS(H(S’))dS'
0

S lﬁﬁ%*ﬁﬁﬁj%ﬁﬁi
sl D/\ N
0




P ih REEEERAR

@ B9 : Simpson’s Rule
o XJEREL f(x) T IRSZINTEE
- W RIEEMSZHITIRS

j F(s)ds' = i(f(O) +af (2) +2f (§> TR f(5)>
5 n n

x(s) =xo +

y(s) =y +

S

—

[
0
f'S
0

Cos(B(s'))ds’

sin(6(s"))ds’

3n
Simpson’s Rule
5(5) = 50 + 55 cos(6(0) + #cos( 0 5) ) + 2cos (9 (%)) e (9 %)) +2cos(0 ()
+ 4cos (9 (%)) 2 cos (9 (%)) + 4 cos <9 (%)) + cos(e(s))]
ys(s) = yo + 25—4 (6(0)) + 4sin <9 (%)) + 25sin (9 (%)) + 4si (9 (%)) + 25sin (9 (%))
+ 4sin (9 <%>) 2 sin (9 <%>> + 4sin (9 (%)) + sin(e(s))]




l mﬁ{al‘ﬂ%ﬂiﬁ k(s) = azs® + a,s® + a;s +aq

b LRI
o Ur{ABERLTER -

. QEEAMISNTIE 0L, EL s

P3 = Ky

|p2| < Kmaz P4 = Sf

3’ 3 1] < ®ias
« REINFYEBRE - Po = kg
- EIBFRECEERSVIRETRER
« BRONFUERLIRFEM

- (it Bix : &ML Bending Energy

S
i
K (g)‘ = Kmax

%:(0) = %5; xs(sf) = Xf
ys(0) =vo,  ¥s(sr) =y
0(0) =6y,  O(sf) =06
k(0) = K, K(Sf) = Ky

fbe(ao: a, Az, a3»5f)

af
= f (azs® + a,s? + a;s + ag)?ds
0




Goal State Selection

l h R B RAR

lig Y he Ay Ly R AL il
- Lagrangian J3i% : BfE%29%R ( hard constraints ) : ol é
EEHRIERIEZTER (soft constraints) , MTTER/IMELY ]
RIERE |

 Lagrangian multiplier (a, 8,y) 2IFE ABVEUE 5]

0 5 10 15 20

min fy (Qo, a1, @z, a3, 5) + a(xs(sy) — x¢) + B(vs(sr) —vr) +v(6s(sy) — 6)
o
(3 )‘ < Kmax

2S

i
—u 1l =
K<3>_

? K(Sf) = Kr

( AL

S0 Kooy

25



l Conformal lattice planner

Path Selection Example

® iEFERITERP UL ERIEIRR

EE . 10 }
- BEIrRIGERRPEERERS
- BEFLBFERE , ERSERPASEI BIiRRRTEND 5|

© SHZH SR ER N %

& YRR RIER

L8R ? _s|

=10}

y Position
o

0 5 10 15
x Position
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10}
o
| e(s) = xres )]s
0 5t
= xT'ef(S)
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” x(s)
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x Position






e bal |t = g

FHBE : T jerk

Aggressive Jerk
Sf - g9 J
1%(s)I*ds
o\ £ )
>
Jerk g
Q
> 5]
0 T v T -
0 4 6 10
5 Time (s)
~
£
-3
c
°
© 21
]
g 11
<
0 4 - - -
0 4 6 10
Time (s)
20 1
’f’? 10
<
o
£ o
¥
2‘ -10 4
=20
0 4 6 10
Time (s)

Jerk (m/s™3)

Velocity (m/s)

-
(=3 w (=]

w

Acceleration (m/s™2)

20

10

~N
o

-
w

Comfortable Jerk
0 4 6 10
Time (s)
0 a 6 10
Time (s)
0 a 6 10

Time (s)
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l o2 HY Conformal lattice planner L e

10 +

@ 1EFERI DB ERIBERR

® BENKX : é
- BEirAEAREEEAIES 2 7

o BIIROFER , ERHEINSE BinmaTERIT Sl

o XNZENDMSRTE
o YEIRRAITCREISE - S

* minyrCr +y, 0L+ VsCs - ] __ 5 Ccron i i

O EFESREERE (M) | - " it

. €y BSEKE (T

. Cg: BIENEHE (TH)

y Position

=10}




J Bzh SR L)

Z£1394{kim= -> Conformal Lattice Planner

{EZ#H%) ( Mission Planning )

\ 4

17 88%1 ( Behavior Planning )

\ 4

=X ( Motion Planning )

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

v

1=zshizdl ( Motion Control )




- SRt =R g 377

{ESH%I ( Mission Planning )

17 88%1 ( Behavior Planning )

\ 4

=X ( Motion Planning )

RZHMKY ( Path Planning ) |RE%%0 ( Velocity Profile )

4

1=shizHl ( Motion Control )




B B S EEE SR

{E5530%) ( Mission Planning )

17 88%1 ( Behavior Planning )

=X ( Motion Planning )

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

\ 4

1=zshizdl ( Motion Control )

JEEIEInR

|

=5
- —>
=17)]
il >
IRE, TENSHIEFERE




I EtaibiA SR EITER - SNEE

SBEREE vy f
- BRAF1ERE : “IEAZ/80 km/h”
« ZEEERPRIEAIPRE
- KEIRBEFERERIZIR

Vrer = 0 km/h Vrer = 0 ( $55522s )




I EiaimS R EITERE - EMEE |

@ gy t:ﬁlg Viead

- EEEFRIARIFERESZAT , BEERELPEER
RIEEREEZ T

£ = = fillAE(E ( collision point )




l fill¥E =3 ( Collision Point ) 5if#&ERd[a) ( Time-To-Collision )

| ]

/! . e
A/ ¢l
\'IF / \jﬁ /#\ / J
fe oA // E fiEsE : //.:l 3. 24 sec TTC
7 S B
/  BESEHD .ﬁ/ffi.
J , . . :
/ : s B
! | | :
p— I —_— I
! : !
I I
1 1



l fill¥E 3 ( Collision Point ) 5tif#&ERd[a) ( Time-To-Collision )

BEWREIRSINEE | ZRSE STHIERBIEEIUFRIRFRE
O EE—TES | #ITHHERN

_(xi*Tj)+(xj*Ti) _(yi*r,-)+(y,-*ri)
B (rp+7) ' B (ri +77)

RS R | ICRREERIE. RS




J cianmEhnEIREE

E"Ut:\ﬂgg Viead

- EEIARZR LAMEER (45) 281, BFE
EOEERIFEEEZ T




B Eaiim SR BiRERE - S2ImEEE 1

S RS EIRSAORE v,
- EROHEE  FRINEEEHREAASEEETE
- EMEEEHZ | FIIERETEREFA | REREETIE
- EEILMEERT -> NEEERE

- FifERIIRESIRE. BEFRHIXKRAK !

2

a Sz

1%
Alat = T; Arat < alatmax

. HRIEEREN : « =;

a

= . lat

L a:/_\E ) vZ S max
K




[l AR RITEE S

BRI SN L REINR AR v,
s FIELESE—IN=  ASNAHRE «,;,
AR

alat
Ki

UkS

- FEEREIEEIEIE | MEEURE  KITHE

V < Vg,




J cianmEhnEIREE

HEELNE=IRREE , JAEHAR S
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]\Eg Uf .
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Vg = min(vref» Viead» vk)

VUre i

Viead




I Eiaikim SR R R

PELBIRRZERM , SREEM v, THLE v,

i1 ERBEZE ( Linear Ramp Profile )
- B vy 3 v iBEMKEEZHEE
- BEAINEESLUTES

vE-vh

2S

= a

. EISEIBANERIRS) , WA —EHAR] vy

2as + v§ = vy

25

20 +

Speed (m/s)

[
o

=
wm
T

0 2 4 6 8 10

/ )
Vego

Linear Ramp Profile

Arc Length (m)



B Siain S rh AR R

SRR | KEEM vy ZHE vy
Fik2 : 5z HEZE ( Trapezoidal Profile )
o SIN0/IRIE-SIE- SN0/ HIE
- EERNER

25

Speed (m/s)

Trapezoidal Profile

4 6
Arc Length (m)

10



I iaikim SRR R R

ESRIRERA |, FEREM vo ZUR vy

Fik2 : 5z HEZE ( Trapezoidal Profile )
o B—ER  PUTHINEE s, KEIGEEE v,

vi — Vg

=
2 ¢

Speed (m/s)

25

20
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w
T

=
o
T

Trapezoidal Profile Segment 1

a 4 6
Arc Length (m)
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I Eiaikim SR R R

ESRIRERA |, FEREM vo ZUR vy

Fik2 : 5z HEZE ( Trapezoidal Profile )
o B—ER  PUTHINEE s, KEIGEEE v,
« B=ER  PUTHINEE s) KREIRZEE 0

0—vf
2a0

= Sf — Sp

25

Speed (m/s)

Trapezoidal Profile Segment 3
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4 6
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Trapezoidal Profile

ELBIIRRERR | GHEEM v TUE v, =

Fik2 : 5z HEZE ( Trapezoidal Profile )
o B—ER  PUTHINEE s, KEIGEEE v,
« B  TEREED
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- BZ=E  TIINEE s REIRZEE O = iy
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& 10l
.
2
\/Zaosi =V, S; < S, |
Vr, =14 Vb Sa = Si < Sp
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{E5530%) ( Mission Planning )

17 88%1 ( Behavior Planning )

=X ( Motion Planning )

RZHMKY ( Path Planning ) |RE%%0 ( Velocity Profile )

\ 4

1=zshizdl ( Motion Control )
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I Recap : Hybrid A* B15S18%s

q

© 5D RIZSHilE - < x,y,0,dir,t >

CEENEHR: <q.t+1>=<f(qu),t>
o« MEA/EHIETRA < gexort + 1 >= m(hexo, b, C, 1)
- BUUATFEMHRENGE
* <@ t+1>5 < qoo t +1> JUAIREES
- BYEirEI— ( HTEE )




[ Hybrid A* BIZSISE + EREEEE

© 5D RIZSHilE - < x,y,0,dir,t >

CBHEMTH R : <q.t+1>=<f(qu),t>
« MEA/ZEHUBFTN © < gexo,t + 1 >= m(hexo, by C, t)
« GBLATEMHENRE
© < g t+1>5<quo t+1>JUTREESE
- WErEI—H (&S )
© SRR u=< v, >
+ ¢ = HAIRAE & ¢ = HREAIZHE
« vy = BRIRE
- v BHREZEIZHHEAIRES :
.« ZBPRIE (<=60) . £I43)T (=0)
- HEIRE ( 5SAREREEX)




B SR SR -

~

{FEEFKI ( Mission Planning )

=141

__J D
7 98%1 ( Behavior Planning ) /
| A%, FERSHERE
/]
E&%! ( Motion Planning ) gipiz= — - —> - —>
E&12H%N ( Path Planning ) |1EES R ( Velocity Profile )
HtS53icH
55251"’3“5%%

1=zshizdl ( Motion Control )




