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ABSTRACT

In recent years, with the growing demand for urban planning, engineers and planners
have started adopting advanced computer graphics technologies. Among these, Digital
Twin is a technology that creates a virtual counterpart” of real-world objects on an in-
formational platform. By using 3D reconstruction techniques, corresponding city models
can be generated. Combined with the Internet of Things (IoT) and artificial intelligence,
it allows real-time reflection of the status and changes of physical objects. Specifically,
in road planning, traffic signals can be simulated and observed to manage traffic flow and

design movement paths, thereby integrating intelligent transportation into road planning.

To achieve this, model reconstruction is necessary to visually simulate and present
various road scenarios, providing designers and engineers with a reference. However,
this reconstruction process also faces challenges. Since it relies entirely on image data,
while the overall number of photos may be sufficient to reconstruct a scene, individual
objects often appear in only a few images. This makes it difficult to extract enough fea-
tures for matching across images, leading to incomplete models of reconstructed objects.
Specific road objects, such as traffic light poles and streetlight poles, are particularly prone
to fragmentation during reconstruction due to their slender, pole-like shapes and lack of
distinctive features. This makes it difficult to provide engineers with accurate visual ref-

€rences.

Additionally, information on components like signs or markings attached to traffic
infrastructure is equally important in intelligent transportation systems. However, simple
3D reconstruction cannot capture such details, often requiring the integration of additional
image recognition technologies. In intelligent transportation, it is crucial to accurately
associate each component with its corresponding traffic infrastructure to avoid misjudg-

ments caused by incorrect relationships between signals and signs during simulations.

Considering these challenges, this thesis aims to simultaneously obtain the shape of
traffic infrastructure objects, the parameters of poles, and the details of their components.
By defining traffic infrastructure on roads using parameters, the system can generate mod-

els of poles that closely resemble the actual ones.

In the proposed system, the first step involves identifying specific objects, such as

traffic signs and traffic lights, from images. These relatively easy-to-recognize objects
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serve as the foundation for estimating the overall shape of the pole. Subsequently, the
system incorporates Reinforcement Learning (RL) as an inference framework. Using a
designed reward function, the system learns a strategy to incrementally estimate the pa-
rameters of poles and components based on features extracted from images. These pa-
rameters are then used to generate models of the traffic infrastructure and their associated

components.

Finally, this thesis evaluates the system by reconstructing both real-world and virtual
traffic infrastructure. The former includes actual existing traffic infrastructure, while the
latter consists of non-existent but realistic and more complex designs. Through manual
annotation, the positions, orientations, sizes, and types of poles and components are la-
beled. These labels are then compared with the poles and components generated by the
system to demonstrate that the proposed system can procedurally generate reasonable traf-
fic pole models and accurately parameterized components with only a limited number of

image perspectives.

Key word : 3D Reconstruction ~ Reinforcement Learning
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(Component) AaiEHE694FF o B TAS (Vertex) ~ #% (Edge) $27L#F (Component) #9 4 3%
KA L 4 B (Layout) 2 s,k #9)E 5 o

=
!

# (Component) A7 K & #9ALF o 42 E AT » KA %38 B (Graph) 4 4% i 42T 89 % By
(Layout) > it BA§ L% &5 :
G=(,¢0) o

HABMARET > AOig (BEdge) KAk » £F > pP A FAEE > dF ATl
ACRNEI Sy SRl
E = {p”,d" 1%} (3-2)

LA AE A B (Layout) 89382 & > T8 A FFl 694 s0R 5 - A BB.2ARH - S8
THRFATEARGET  SEFTARLALNITT  LHRWBH 0 ER > £HT
HreAF TR EGESITT  LH > BeFTHRZEFTOLEGZIREF TN
Bo kT L KRBT HFiE (Edge) BB o ik % i% (Parent Edge) A& 7% (Child Edge)
2 % 5L i% (Parent Edge) 1% %4 s 69:% (Edge) o 4% > A TEE (Vertex) R tékAnit a)
# (Edge) ¥ » B{BTEZ (Vertex) §itsk L =445 8 > p¥ » #»—1{B% % (Parent Edge) °

10



E"» A —{83% % 8% (Child Edge) » B > % FHiF
— —P
V={p"E  &°
{_C } 33
={E"}
"t > #Hh & B (Component) » RhL etk Lz E - pP - 24848 > T9 > WA
%% {8 (Component) A7 B #42F » B » Bp:

O0={p°,1T° E} (3-4)

A T B (Graph) » AT EATTH > ARAT T TR R 8 B AR AR S9480h 2 e it »
inf o ML FARLT > FREMBALGAAL  FINF  EEAIEGH S
(Layout) #4582 4, A B (Graph) B ag15 & Xadtt - AZ T AEL RSG5 X > &K
AR L B ARATR A s A0 T A9 AR o

33 A&AR

AR —F TR > KB/ A B (Graph) Ak i@ 3546469 4 & (Layout) - & B - 374
GEBRET —EAL - AARTIMAEARERTHBGBR - URBRBREHETE
SRR A A ARME SR > B AR AT HHA R AR AR A i — S g FRAEA
it B > B EE A4 & (Layout) #2704 (Component) 288 | AT 23,69 Z 40§84 o

AAGERT Ay MRAENS > A EALE B B (Layout) £ RSB - £%
HB.AY > HRBIZABHMAA — LR > A > B E ST AL @AM A 4
HEIE S ARZEA RIS 3 UM (Component) » H 3k > 7UH (Component) 6945 & F 3R E 744
184 B (Layout) 89 & 4R 45 T — B 69 5% o bIl > — BB HEAF ER K F 6945
WHERK > ALEHEGERBBIEILT > AFRIELE KRR R FHHEI] TG LAR
o MARIEREGEHERE T > LEHEABEFT AR > T8 5 2 H (Segmentor)
BHEARAFTR > G H AR AR T FOFE > = H RS 3] (Segmentation) T

THEHI o KA LRG> e BEMARAAFT A Y > AR % (Component) # F
#ﬁﬁ%#}r% 475 B (Layout) § 484t % % o /U#F (Component) A & £ U1 SEAE 4o 6y LT

BT ELAS BN > M AEIEHEGHFILT > L (Component) il F £ 4 5 °A 28
B B HERBR PHARBR o Bk > EARNE—EMRE > & 2HFG AL
(Component) # = 4 jEAZ o
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¢
R )
t
‘ A

33: TEAALRE - Bh - () AR THEBE K F 65T (Component) > 3t H > 5%
B4, A 8 #% F74E (Bounding Box) 43+ F A8 L4 (Component) #9 = 4 JE 42 - [ 1% > (b)
PeiZ — 1B LA (Component) B B Ae B > F| B 4 ZHEfT FH4E A (SAM) &4 B AR A4
2% B (Heat Map) o 4% > AUt (Component) &AeZs > & #24E (Heat Map) 2047

Ao A REAR A 7 R B IREk rd - 244 > RIEA (Agent) §&F 4 BAFT > 1%
LAtz ol AT 2R LRE o &k > (c) AR B (Layout) B AFE JE 69 4L

Fl o

I

BTHEERBAEY » AL H UM (Component) 8 =4 A2 » & 0 F ZHERE KA
2135 % ¥ 49 704 (Component) o A - stiF 8t KR K ¥4 % @1 (Component) #9
ZHe AR > A0k Fe BN IR BB R 090K (B4R R 269 LR (Component) A& #HE 235 % F
# Fl — 8L (Component) o At > AsaX % &2 > Fl—{ELH (Component) £ 7 Bl 4L
AT > #ARHEE (Segmentor) ARG A MR L > RLABRDARGTH—BERK
B G R > Bk o AR R AR 2] 89 U4 (Component) > 7 AB#KAL & 4% 4T 4142
(Ray) » # @ 3% 7 ik 4& B 5B UM (Component) #9 K 5 4% E - F B AL 48 59 5E 25 B L
# (Component) /£ 8 | F 4 JE 854 2] (Segmentation) & 3R, o

A T /UM (Component) 69 Z 4 F 3R, > £ A &89 % =& > & 2L (Component)
BoReBs > A AEAET 694 £ (Layout) o & % > T ABER UM (Component) $2A%T £ 355 5% F
ARy > Bk ARAFLGE ALY  RFEUALRR > AAKL I FLERF
A (Kirillov et al.) 32 it 89 5 ZHEAT F A (SAM) [[14] » %L & RA & AL T 519 %
(Instance Segmentation) f£75 £ &9 44 92| > f R h T HAF BT MR A o
HB FMETF YA (SAM) > ZHEARBRITR A FHRM G H > &5 e FHIE
A (SAM) ##3% ik /U (Component) B > #8874 H % > S AR 6947 TG A K 56912
< (Confidence) § #%& 4% 5 2 704 (Component) & Fl —E4788 o E b o =T L A4S LA
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(Component) JE B 694%F 44 o

Mg > R ATATIR B > — AR AR £ IEAEIAWMERAT > REEL—ERLAF
MAEMILE > Hk > AT AT RR A A (Layout) 89 AR EITHR—9RT > K&
BTGB R EEAFTHORETE - K> —RAFETLTRAESERETESE
R AE—ERATZEREE > At KAKE— TR TR T AL 7 X o 4
— BB FE— AT @B AEAY o Bk > KA LEFEARILEY (RL) - 212 F (RL)
RBET — AR IR ARR TR F AT 89 F REATHAE (Action) 89 TAR] > 1a4F8 &
EATART 6970 £y (Layout) 45 o K > {E4€4% A E — o940 A S IK R R 098 A4 4 R
TRk BTHRAESZAA LB ARAKETFECHHRLT T RREL RN
2% (RL) #4731 > AAKAFERpFEOERY » AFZARGZLEE AR AR
AR MK BERRELS AESHEBAATORBE R REL— WAL BILE
E (RL) BURE > hosb—R > KARGAZA A AT =408 - R R E R ARG E
o0 EBALE Y (RL) BATAET £ R 944 o

w % BAF AR A TAET A B (Layout) 89 B (Graph) # - AHL#E—FEAL A
#. (L System) K& o L A% (L System) 48 59 £ A b #5318 33 48 G R A% 69 A AR
A S FACE 7 NAZ &350 Bt > Blde : AFT 69K E ~ LM (Component) Z R 49
= M A% B B4 AT T A8 8 0% (Grammar) EATHEAE R KA Al 0 B H o AT A R
BRELAE SR EEATIEN > 4 AL HEBIEF G5 XN& R A BT AL AH
(Component) » FZ4FPAL B BALEE (RL) #9lskAott T E R T LB LA L4 o
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M—FF AR TARIHSEA AR AEGAR > 2 H > #ETAE (Graph) £ #
U G z’@é’ﬂﬁ/% (Layout) o A fp g & 3t sh A LT T AFtm fp > A
(Component) #F 424 > 3% > VLB (Graph) &X# > #E—F 1L L &% (L System) &
> A B (Layout) » 2.4 » A4 $ ¥ (RL) 4+ & Uk (Grammar) » 5% > ARAE L%
(Grammar) & 4 $L B 7 A8 /89 183756 o

4.1 7t# (Component) 4 5

FEEBABFEH T > AR LA Y Lo T Pl Ae € AL — A& T 3 % F 69 A R AT
¥ 0 AR B AT 69U (Component) o w7438 %% E AT 2038 3R 5675 28 R &1
#9747 &y (Layout) » 2 B 448 B 8B iR 355k - 7T RS G 38 213F £ BIIMag M50 o sk > 2L
SEARFAIAT T T > KRR AN MG > Bl E— AR A THIRB T E A%
#0387 A B (Layout) 5 AT 893 % o Fsk » Rh LR E EHHAAT L) BTt
(Component) > 3k A8l & 5e4 4 > B > A AR K F 44 (Component) B 9%
o B B IR 660 A By (Layout) o

B RALEH—@BREBLAEHMEET ZAE (SIM) 2 248 A 24 (Multi-
View Stereo » MVS) AT 6g R 12 > /38| T AR89 B 1 404 JE 69 ARk 5 80
MEAE o M ARk S B H R 6G FR HVF% AELEIIN o E > BT BT ob B0y ARG ot
FE > AARGAFGNEZATELSZTTREL—ERZTB ¢ RALTRET AT T
A C o B APTAHE 5’175 A% B q 04k g & B %% 4844 (Candidate Camera) >
w1232 484 (Candidate Camera) #8945 C1 > 4 T

={C; € C|qgisvisible in C;}. 4-1)

4.1.1 %% (Distortion)

mARE PR AGRZEE > §LAGAREROTE > BAXERE LR E > Lt
A& PT3R 6w 4 (Distortion) » i MR % 4 £ 445 T4 (Component) 8 =445 B 0 € & 4 3%
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£ Hb o ZHB K FaB0H (Component) Z AT % %50k 2w & (Distortion) 89 B 22 o

HE—KFRAT > FEE B MR E (Camera Calibration) &9 F 5 > #| A % {82 4a
B =M AR s B L AR B “P%ﬁﬁéﬁﬂéﬁﬁﬁ%‘%%ﬁt%%ﬁa#&éﬁéﬁ%’: o FT¥E > S

EE BT AR (SIM) TR A BB E R PR HE > FIRERF £% (Bundle
Adjustment) [15] 2% Fl o s A AL A5 B 6 = 4 J2 AR 2 ARt 0 19 21 5 3 > 3R 0kAR E ARtk S
o Ak TERBAIPRISHGITE -

135 F- A Aaik e datk S Btk o AL ARBA T AKXHE K #4754 (Distortion) 49
150E o $A R R F IR E 1(u, v) AREAT RSB GRE I'(W, ) ¥ K~ Ky 2
K3 AAarkeg & &4 (Radial Distortion) 4%k - Py $1 P, AAai% e @& w4 (Tangential
Distortion) 4# o

r?=u®+0°

(14 Kir* + Kor* + Ksr®)u 4 2Pyuv + Py (r? 4 2u?) (4-2)

(14 K17 + Kor' + K5r®)v + 2Piuv + Po(r? + 20%)

4.1.2 7H (Component) E 4%

S

Ii/

B 4.1 AT EE o MURE AAMRALE B AR > SAK AR B dc )BTy &) B A — 1R
A4k (Ray) » FIBF - a4k EVABI R SE#E & A AR B & P o Mtk > B8 L Aatk b (a8
)89 7L4 (Component) » 4% %% 14 69 % 42 25 p©
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BAFS E R 69 B K% 0 1258 S #B B OT A (Component) #9488 o Ak F| R B 4
5-%|#8%% (Mask R-CNN) [16] #£ & 181% 3% 484 (Candidate Camera) 49 # JER& | F > {22
# 7L (Component) # % F4E (Bounding Box) > B > #=#a 3| (Category) » TP » & & 4o
AKXBF T £ F > 2B K% RAE (Bounding Box) #9 v B TA S P 3% s x AL > P ARk
Ay JEAZ > wP Fo BB 55 B % FAE (Bounding Box) 8950 B3Rk & B

B ={2",y" w" h¥ 7"} (4-3)

By T AR PT A 69 4% 3% 4a4% (Candidate Camera) 416, 4 A 20 09 il 356 - AAL G
— ¥ i@ E 44 A AR BIEAT LA (Component) #4844 » 3% > HASER K P10 26
UM (Component) » A A& G H AR K ATHEG 4tk B P° > #1% L4 (Component) 49
#% S+4E (Bounding Box) ¥ & 2% -F @ Eagis & B4 — 15K E B 17> @ B rc 6944
(Ray) > it B > 2444 (Ray) LAQ@IEH d" 24 —ERERE > HBR—EREBGES
P B

l’l"
Pr={p+i-di|ieZ|0<i< 2} (4-4)

MK > HABBRBES P ARG IR EFES AL ik > REAMABE R AR
b9 LA (Component) 3B BB AEOR %R A 4R R B 6G AR BEAE A% U (Component)
Wy =4 JpA2 8 50 0 e BRIPT T 0 FeF > R BR B2 A28 50 B
J+4E (Bounding Box) & A ik #knegAatk > # HL€ & & KB4tk (Related Camera) &4 >

"o e N KB-GFT T 0 L C BT A %% 484 (Candidate Camera) M 89 & o %
P AR PB4tk C PRI A AR R AAZHA TO — 569704 (Component) i F1E
(Bounding Box) ¥ > &% # £ —18:1% 4E (Bounding Box) > B » &4 T JEAZE p 69 — 4t
BB A RETAF o £ F > B TI(P,C) A2 BRI PR Y B akk O 8
M JEAR 0 Z 4% > HANZ B B Aa Ak (Related Camera) > 2% 18 2] 2] 69 L4 (Component)

CAERITE > R G RBMELTHE -

1, if3B, T® =19,
F"(p,C,T°) = (2B,9P) <1I(p, O) < (2P +w?,y? + hP), (4-5)

0, otherwise.

-0 n O
= F"(p,C, T
p” = argmax (P, )

Ceca (4-6)
¢ ={Cec| F"(p°,C,T°) = 1}
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4.1.3 u# (Component) G HLR FHE

42: AMAXETER o AAT—AF B AR 0 BF o ARABL T MEE
NAEA B > i H o RIE M 4% (Related Camera) R 3R 2] 68 69 BUAR T > & »
H B B 4% & (Fitting) A& — 18 A %1% - 4E (Oriented Bounding Box) » # — ¥ ix & ;LA
(Component) 87 &3 K /| o

BAF ARG AR pO 4 > TR > & i —F 3 F U (Component) 8 $116) 32 R
Ttk ARGLEUABAT S 2 REE R EIE X Y #0317 $hb9E R @) >
WRA P Iy MR AN R & EEAPARD > MR—ELH MM RR I E
&P B

[* [*
Pcs:{230+(x,y,z) -d’ | x,y,z €Z | ) <uz,y,z< 5} (4-7)

Xt ARG HBARBES P 418228 > ARIEFTH (Component) &9 BT

A W Aa#k (Related Camera) > C™ > 3% 4 BT A B 7 #a#% (Related Camera) 47 18] &9
B > P Bp o

:{2_7‘]_767305 | ZFin(]_?,C,TO): |CT’} ws)

cecr

Tt BB EES P @RS A (Zhouetal) I8y =BT RP R X R
(Open3D) [[17] #t4- (Fitting) £ # & % F4E (Oriented Bounding Box) » B3 H @ i F
1E (Orlented Bounding Box) #9 7 &1 A & K - & F % U4 (Component) 89 4 SR < > 4w
BU.2PT T o & &g A o S R IRA M B4 (Related Camera) #9748 4 4 3 3989
2 > w IRARE A ARG T 7 @ > de b AR 5935 BB B A AOR & 3 U (Component)
SN B KRB0 > seoh > AR U G A @M ST 69 A @i F4E (Oriented Bounding Box)
&% = & 18 Wl i Aa % (Related Camera) # > #] 8 P74 $F & 69 3% 5+4E (Bounding Box) 3t
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ok T 3569 A &) 1% S4E (Oriented Bounding Box) #9 R.<F > # %, A %) % S 4E (Oriented
Bounding Box) #) R <% 2| — e A 3] 48 R 85 £ 69 3% F4E (Bounding Box) # 4 o ¥4 4
# (Component) > 4= : Bl B4R > wM P AWAERCHRT > Bk TEREA
%] 1% S+ 4E (Oriented Bounding Box) A% L X /v > M iE g H BB RGEE T
Fl» FEALLTLE > wbF > KA ARG AFAREN G 7 X - R4 ZaTrebg it
(Component) R~ > #RIE A @ 1% F4E (Oriented Bounding Box) #£ ¥ F Kk il &89 R -
% %, 1 i 4844 (Related Camera) 977 7398 5 R ~F il B K eh 1 £ o

4.2 T4 & (Layout) % &

EEH AL F > AR TEHRA T Tk 424 (Component) » £ H - FHELF &
R e BT —AMBE > AAaXERER—ERLEY RL) HERRARERTH A
(Layout) & m 89842 o e Bl F & 1.1 A3t B2 E RL) AR AZBHT R ARER
(Markov Decision Process * MDP) it » 3t H > HAFRLE & 2K (State) ~ F1F
(Action) ~ ##4% 4% % % # (Transition Probabilities) 32 4% &% 3t (Reward) > A TAF4+H 5 %
ALK BEARR L B RRILEATH @Y > HillhefTE B d 8L S E (RL) BRAGK
A (Agent) 4 i3 E 89 AFT 70 £ (Layout) °

4.2.1 PRAeLETH (Component)

BRGLF o BT HATEATTARA M TR > L/ARERGE R PRI A - K>
I IFEEIRE RATE A BEIATTH R > Bk > & BA — A s ey BARRE AR K ey aE]
Bk o R G P — B 46 U (Component) #9458 45 B i fd 6 Ae 46 2 A28 o« B % »
#3874 (Component) TAL 61 X 1% > © &K &40 (Component) 5 274357 F o
BT el E R 0 AR LG R AIGE G F P 6 st )E ~ 305 UM (Component) 15 A e
# 704 (Component) > B & > i3 #5044 (Component) 38 &€ i JLAAFT 7 5 (Layout) 84
Rt aef—F A EAFHE > Ry —HEEZRE G T ORE o UGB /B
BIERARE ARG e it L > Bt > TAE BRI EE IR K @ o
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<
A -a N

A

[
\)

4.3: %ALY RL) ©&E o B Pt ZREETHMAN Y ZMHA2E o HEaria
BZFE LB RE > HB S ZEMEYEA (SAM) BAFHJE 9 24 E (Heat Map) [
% > EEALE BB E &7 oA o)A B > & AR E (Heat Map) 3+ A B BUAR 25
& F 3425 (Confidence) % o &k #% » KIZA (Agent) AFiz AL B9 HAF B Atk -
RT 69 FAE (Action) AR > kiR AR BT E o REHATA EF A BIRIZA
(Agent) #1875 BI4A 69 B9 1F (Action) FAE o

4.2.2 %E¥ (RL) #k & (State)

L g E (RL) B2 > JRAE (State) 48 59 F B RILA (Agent) A& AT 89 I &L >
P iR FE A8 69 B 4E (Action) o F db A 3 85 & R 3 o FT AT AR A8 (State) 1F B R EA
(Agent) #93\ ©

bk RIEF P2 P4 7 K o 435 % P k% — B LH (Component) 1f &z ks
LA (Component) # » A & 4G vAAe 4504 (Component) 89 = 4 AR 25 BAe B > #E33
#181% % 48 4% (Candidate Camera) 698 K F > % B4R % B B2 EAAFT 9 E R o w3kt
o HAF | E1EE 4a% (Candidate Camera) > CF - L# RSB R > [1 > KA GMAS
UM (Component) 89 =4 EAZTERH BB AT > & RAHEERTBA D > 2B > A D)
B I Bn—tkik kA w 9B K I A REIFT R - ¥ Fr R T Aa
IR B K AT R -

If = F*(C, 50, w') (4-9)

#F > wA LM (Component) § $24% T 4Rk > H b > AL FE BRIE K F AH
(Component) J& B 694F 60 3R > RIEAFAT TR o Bk > AU &8 R IS
AW E2E& K FA (Kirillov et al.) $2 1 89 5 FUEAT F P E A (SAM) T & [14] K ME—
WRI o AT AL HIRILE R a9 > B > 464 % 8% E (Bounding Box) # &
A B3R (Prompt) » G659 F| B WA 6 5 B3k o B8 LT FMEA (SAM) T
BAR & U (Component) Bl B 6945 8 & 2 - Am AL 5943 2Bl R [F 6941 JE 28 B (Heat
Map) » ! > %8 R a8k = 2 p) BB 1814 % T 48 BAF-F 89423 (Confidence) 9%
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b ARELOF 7 » % 0 AFRAD ZULTEHEA (SAM) #i% F4E (Bounding Box)
&7 (Prompt) > @ F*" &7 F| A4 ZHEATEMEA (SAM) BATE K 694558 R o

I = F(1°, 5" (4-10)

shiF o 2o XE-9U-10/% > T35 #Hib—BIEEL T =4 A28 75
% % 2| 518 4% % 48 4% (Candidate Camera) % > 13 2] 894% 713 & (Confidence) A R34 B
(Heat Map) A 0 B i 4 T 4o RE-TIFT 7 » o » =4 BABEE J0 Bt 2 69 = 4 AR
BEILR B R 0 (R ARMEG EALES o

I = {I!| I = F(Fr (9, 70, w0 i € 1,2, ..., |C9)} (4-11)

AT E# a7k > ARLARMATE R T > ThBIET 69454 (Confidence) 27 o
At > K344 04 (Component) £ - B T BEs3AT T o9 e i fE 7 &) > Ak UG faAL
%70 (Component) #) =4 4225 p° BB > 4% 5B &4 — B £ #-57 EiE X-Y F
@ BB EES > Pl B KRB UTRE S EIZiE 4% (Candidate Camera) ¥ /&
#2% 18 (Heat Map) » 3t & BB 2 pf 8915 (Confidence) o # 4 AeF35 > £ H > #%
AR RA P o177 > £ > 77 A RIS 2B (Heat Map) #) =4 &
1% o [ 1% > 4L P K FMZ 0 (Confidence) 4348 Fe T3k 5469 L F — 18 EAR B AE AR T
KT IE AR G RAE > BB ERRE > 0 A RB-13FTF o

_ 1 oy
F'(pf) = WZI{Z@?),Z €1,2,...,[cY| (4-12)
i = argmax F*(p) — p° (4-13)
pePd

s AE A gy &) B A AR AR R ARG Z b o MR KA OV R F ARG
AL AT R G RA 76 0 B ul x 0V o 4 B ey ZEe AR L E B R
% Bt FB|TATT AR T @) o

B TR A A EHE 0912:E M (Candidate Camera) T #R %102 H (RL) #9314k
WAL KIEA (Agent) A5 KRG (State) HRA N EE L > §B A4 B P
Bt A AR 6924 B (Heat Map) H3MCES > Rt RehU A0 - FIARE S Z 4 BUR S
By 7r R R B0 =4 BATE p° BT S RAILEATAT T AT L6 @ > &0 d ATt
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NP nln.nnnn:ai*nnll.llnn

AR

44 EFZ My HBREBFEE ZBRRBESTHBI R —IRE R A NP 92 H
(Heat Map) » [ % - #ERIZA (Agent) ##A

FeyRAE G ER GG 0 e EAEEE M P 0 LA BH GBS NP Ba— AR
B NP x NP g EF M= B S > wBRIF = o Mtk > S ERAEDS p? ARE L
Y EL I0 FHEAE (Heat Map) ¥ 69 =4 JE 4% > 48 ARIEA XB-1251 B4 A= T 3545
B S B 0 9 8 o

iR R EPTH > HAME RS T A B BAREE D AR UIF L B B A A 69 E 7 AL
HEE S B R —ikiE kA NP #9324 B (Heat Map) & BB 690 % > £ H > WL
SLAE Bk fE (State) AR RIEA (Agent) EAFAET 09K 3R > BRIFT = o

4.2.3 %4k (Action) &3t

%2 E (RL) ¥ - KIEA (Agent) & BRI 1E (Action) SLIRIF T § > Esba &
B IEAT T — R 69K A8 (State) o A fm £33 #1E (Action) B » FZEFH L REA
(Agent) 7% 594% F 69 39 1% (Action) HEBARA > F R 5 T B ARIZA (Agent) %%
B — £ A3 R % (Policy) o #H#A—BALTF oA MR > & EH BB KT AR
BRoF— FRA—MMLEAFA/ERNRE  F= > T2 A EALE RGO &
= FR—EARERAATHARGEIER - ERARGT > "AF—RAFTHREL
w1 LM (Component) PTikE > ffk 6 6947 T ORARIE AT — AT T 09 4 B8 B AR R R 8 > A
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o RIZA (Agent) RFE ZIZEFAT T oYL RAKALE o B BT AEARTOFEZ AR
/1 (Layout) & ATiR T » B > AR URFEH AT F 69 A FEAF T R > BT
T 0T Re A K7 &) AR AE L ARE A 69K T s é) L R — BB AT 7 dhAa F] 69 & A 4
®) 0 ARG edheg g5 e) 0 oSBT e 0 Bt A H ZEREA (Agent) RIEH]
A 0 RIEA (Agent) RERAZHTARNGEKE °

R MM TAFOREAREARY > B > HARFEFTHORLA > EAFTA
TG AR PHS > At KA R A AHEERIEA (Agent) &2 EEF TR
%o A BRIy X > AL E B4 0 RIZA (Agent) RIZE AT B 4947 T
o R BAMATT AT R A AV 6 R E o Asa A RIZA (Agent) TR R E 693 fb &
JEE A—1AE3E (Action) £ H > A> A& X4 :

mr: =

A={a|laceR|0<a<1} (4-14)
Ak LG A RIZA (Agent) 3y i 69 By 4F (Action) $AE o W FA BRI B —
fo > Flebd b — 85 85 f Ak itk oML > B > B EAEA 0.1 > BIEAE

RIZA (Agent) iR EAFLIEAY > JbbF - TAFE AL E L E B B ATAF T o944 B2 8 - BB >
T EGALE EHRE LM T L EH AT o

4.2.4 %&B% ¥ (Reward) &3k

l

Target Length

| p—  Reward

A Agent
Heat Map Noised Heat Map

4.5: AL FIRAFE - R AL G IS — 8B AZKJEL (Target Length) > mAKEA
(Agent) sSe/A AT T B A TRFATT RENHEMSE > SRALEBT T HATR > Bl&TE
Ry

WA ARk L8 B 82 A% E 4 6 & (Layout) 78 982 B 424 & (Layout) A& 4% %
AT A > %GR E (RL) 8914882 F g 013 18 B AR R LT KA (Agent) 49
R o RA S IRBER I - AR B Y > F &A= HEHE KM (Blender
3D-Modeling Software) M 4% MM —BAIET 4 & (Layout) > 3 H > K% Z 4 494

22



AL 7w 1B 6 Faiktk o SERIZA (Agent) & A 2B (Heat Map) % H i f& 89 77 % o
Ao BT 3 mdlkeg s E > RS T Ik F X o Bk £EHE2ITARE
RIZA (Agent) ATAT 569K & (State) & 3L b BB A0 %A A T 8915 % (Confidence) & 3R,
#—F o4 69 B (Heat Map) PTAaR > Bk > ZIEREF > KA T HEEA —TRILE
(Heat Map) » 19 > i B > #| Fi3 7k B R AL oy BUER B 45 R 09 4k A8 (State) o AL 25K
B4 % B (Heat Map) Bf - G RitkR T — BB AR REOFT > £ B> KL e 7
KR Z B F > 1R > R — LR BERAEZE R - 2% > BBENREA (Agent) 3/
%34 B (Heat Map) » & € Z3EAPAT T SAFILIEM o 3 > ARLFTHT—EH #%5—7}%%
&k E o EEKRIZA (Agent) A {E= & (Episode) ¥ & B4 fF ek E o FBITENRIEA
(Agent) R By 1 (Action) & PT ik € 09 & L S4B 24 [ (Heat Map) PT45€ 69 B AZATT &
JE o AL S B AEIRILEG By 4E (Action) 8945 R o E A £ A —EBAR T RIEA
(Agent) E@EE > B > ZAL AT H1E (Action) K # A A4 (Episode) » 4% 395
A3 A0 E 38 By o Ak AR 69 4R R 98 B 4T 2 % A (Schulman et al.) 32 i 89 2T 5% 5%
w44t (Proximal Policy Optimization > PPO) [18] » B &7 3% F %1% 1ti% (PPO) IR 4l
#%- (Policy) 894&4L » WAFrik 74 B K 6935k % (Policy) £ #7m & 869 RALE ek >
AR T DR K% (Policy) R Ziv42 s (DNN) 893 F o B T 42914k 89 7% (Policy) #&
# etk &4 By (Layout) » Ash LM T % 4457 & (Layout) 4 315 K% (Policy) °
ot > EIRF > AR SCRET T &R ABERAR AL A B o — B HIF (Trajectory) 49
DAL BT AR 6 e — AR 2k« — A8 R IPA (Agent) A it B B 42
TR > H—AEREA (Agent) 89475 R BE BIARA LT 6 R R A o

4.2.5 #BkH# A B (Layout) ¥

BT ERBRAGED > F A AL 6T R E BT AT R 0 B
(Layout) &4#% o B4 > #3307 Ae46704 (Component) # » G FIBFA$ L 44k B % 0 5518
B (Vertex) » Vo XA TR > §0ZTAS (Vertex) FMRIE o 2 4% > £&ILE
H (RL) A7 F o988 > HF5MKIZA (Agent) 151 T F A 69T K - 1R G £32AT
F a4 B — B 8 TS (Vertex) » V, > FIbF » & 4 —18#769:% (Edge) > E;_, A&
BAFTHRE S e F AR o BREF > ZAMEMAH (Component) & &M B E£FT L
@@‘ﬁ%‘;}“‘/"ié@% (Edge) £ 72 L4k (Component) > O > #9&HF o #i@ ik 5k > KA

At 49 2445 70 By (Layout) 89842 F > R H A A SR L sk — @B (Graph) #% X, > /&4
AT G A AR, o
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4.2.6 RFPFTFHEETRE

A EENALYA T HRALEYE RL) 9RMHERT > RE—F AR A REER LS
ey 7 XNEAT TR > AETHMRA AR AEITEE > B> FEFZBARUAE
(Grammar) A% ET R T o £ZHB.AF > AL e 858 E (Graph) f 4442 T #4TT
Z MDA BATF 244 (Component) Z M #g B 14 » FlaF » £ 5HR.2.3F » KA AT
Yol A BAZ & A 69K R A By (Layout) & 4% o B T —%F # & =4 & (Layout)
MEAETEYGMG > ARLEBEIANL A4 (L System) K2 EALAFTHERZAL L 4
#. (L System) A& —#&AR4EHE I L% (Production Grammar) 5 8 F % 89 A4 AL AR
WL I R AR R > K > AT KBS ~ o W EATEI AL A R A KB F
31T RZIER o L 2% (L System) 8930 B4 i% 45 Mg AR ALH T & X (Hierarchical)
KEREREARAY A RBAL > flde @ B LG AR > MK LG A B B il o mF
T L ZGAART A — 1B &\ (Hierarchical) 445 » ZififE AR B B2 P » 47T
HFIH > ZA—RIEF o A > RBIFTAER L A4 (L System) R & T A
AR BAZ o kot > EEBE2ITARE > A THRBET (RL) BE DIk - RIA
(Agent) R & Z% BAF T oA B0 B > HAs T2 F @A — AR T X BEPTIRTH) > BB L
A # (L System) 6945 M > A LA #91E — P ikl £ 4 R @AFT 69854 > A8 5905 AT @ AT
THaERraEEEL IREFRE—REBEEAFTHLE - ZBAA LG RR > A
LR ZA L £ (L System) KR T o

L #%. (L System) 4826, 4 =4 L% > /9% 4 %4 (Alphabet) ~ A3 (Axiom) A& 4
& L% (Production Grammar) o £ 9% & 40 (Alphabet) &1 % A5 AT 4 A%, > BB IR
TR R T B 6 S ABAR AE o IR (Axiom) BIZ R T BAE A LG ks Rk S o HiE
% (Production Grammar) 21 AR A7 F & a9 #AA o Aok KA Q A 7T
(Axiom) » 3 H > AR Gy AT BT TELHE 0 JRTAT (Vertex) M4 > Hif
% L% (Production Grammar) 4= T A7 :

Q Gy (4-15)

&> HETA (Vertex) €% AA A AR ATT > W TAT® ¢

G G, (4-16)

(2

HARTAR > RATREBABGE - FOARKRE - AT itk 7 X > A
SCHE—F AR AR T8 BB AR T 0 sh AR > BBAR T 6 RETAS (Vertex) 69 =
BB RRAR B RUAT T2 E ~ FORARENHM - A ARTE > XL E
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RAETVAF i [ETAE (Vertex) $1 5 j 1ATAZS (Vertex) A8k #9:% (Edge) » m ME(V,;,V;)
AR R f£iE MAATAEE (Vertex) #9428 X M Z 4 —EAF TR o FA TAATHEUE - G
Fl B & A AFT _E 690 B U (Component) > L G(C; jy BT Z ARG HHT Y TA S (Vertex) >
Vo R g e fiE - 2% 69438 ik (Production Grammar) 4o F AT & :

G, Vi, VIGS (0)GY, ifE,. €&
Gé"j) _ (4,5+1) ( ) z])( ) J (4.9) (4_17)
Gl iy otherwise
A& o HAE B (Component) » Ak LA F R EASFE A R BAL A > £ B >

A MC(O) &b NP4k &+ 428 p° A2 A E TO 8 14 (Component) 42 A >

o Ef & 7L (Component) > Oy » AT B##ET » k & 7% (Component) & 4 &

(Layout) ¥ 4% k 180 (Component) > H4fi% ik (Production Grammar) 4= F A7 7 :
MC(Oy)G,, (k+1), ifEy == Eqy

Gl (k) = | (4-18)
Gaj) (k+1), otherwise
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5% THRERAINH

R —F BT RAMN RGN A H o AR T —EREF AT B

FRAREREBERELTERFHTITN  REBRGIEATRELZLEGHZ
(Layout) T 381t F (RL) 894 A s AR 2 14 o

5.1 REFAE

B TR R A d L 5 40 (Ground Truth) #9 ICB A2 & > AR R T —£4t
$AFT Ao U4 (Component) 8938 £ 3 oy ik o B %7 5 H 8 TAFT 90 B8 B AR AR A
(Component) #) 7% M42E ~ 316 LRt > 36 B > vA4R £ 4R B #7348 A 3 B8 B s bt 0 45
12 o AT H S tm AT T3R £ ~ LA (Component) 28 £ VA & 4828 £ 093t 7 X, o

o ART#3R £ T BT T 09 4 B 48 (Ground Truth) $2 & 3 45 R 4T 0% >
W AT TFAL R G T AR B — R T AAR T8 Rk B AR © B2 B ~ RERH &
Bk o b SOAS# BE 0 JBARR £ R EART 893 £ o N KB-1PT 7 > #ab B EA R L An
(Ground Truth) 5% % 4% p&Y > K212 B Rk 6) TR KB EAR D) > MK > SHH=FZ
M Y B % AT SR A B gon B agR £ Y o

]

E} = min [p7" = p]| (5-1)

HT LK > AR BRI T FHRE ED £ > NV 273
BEAMEF o e THTT

p 1NVV
E:WZ@ (5-2)

% #HA UM (Component) R £3TF A T & @+ £ LH (Component) #
Rtk o F 2% B A (Component) 89 P s BAZ ~ $ABI B R THYZR £ o« Bk > HibPw
JEARR E > R LA BARME AL B 48 (Ground Truth) /L4 (Component) 45 pO
A $ 5 B3 89 E 32 U (Component) 428 P > 3+ & X M a9 BL & BAT IR > 4o
NKB-3PT R 0 BB ZEHIEA § 89U (Component) 4L &4 A3t 4% A #y 33k £
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SR FHE o

)

EPC = min|[p7° =5} | (5-3)

74 U (Component) 8 1) > Ak LG ARE L 488 = M E4Z 4 (Object Space
Coordinate) J& T 89 X #4 » d;o » AR A E A8 (Ground Truth) /L4 (Component) 49 $
©) > dO0 > 3HF b B 69 & A4k & U (Component) 89 #1638 £ > de A X477 o

oD dGO dO
E7" = arccos | ——5— (5-4)
(e

#7470 HF (Component) 89 R > Ak SURE LA &% F4E (Oriented Bounding Box)
= fAsme g R+ hS ~wf it d > 5%k 4 48 (Ground Truth) /L# (Component)
i # @ % R 4E (Oriented Bounding Box) R h{@ ~ w§© st d§O 4F3R 23 > 4o >
XB-3#7 7 o

EQS = min K60 — K| + [0 = wf| + dF — &7 )

2

%0 H T LN AT RIT A U TR BRE EC s TR E
EP AR FHRAHEE B £F > NO 27U (Component) #J48.3& > do FHT & :

NO
“= o LB
1 v
D:WZEZ.OD (5-6)

S 1 & (o)
B =55 ) E

5.2 H#3A3X (Ablation Study)

BRI AL 0@ Y > LR L S JORBAH AL E A %%ﬁ%é%ﬂﬁﬁ-
b9 o Byt > Ak LiL 8 A Bk iR)3X (Ablation Study) 2 H# A4 58 - £ H > A3
AT RGBT WSS B A RBERGBE
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5.2.1 stttk (Component) £ALSE 91

B STEUHE (Component) F AL BL > A LT EH4H4E (Ray) BRARIEAE > d > A
FH > AR RS UM (Component) 4 A 69 H 4 o ho R B-1PT T > Asis 4" &
TR S AR R AR AT R By > MR > AR SUIVR Bl 89 47 ME4RIE T IR BE 0 B
Wit & L (Component) 4 8 69 aE M > {238 e T 31 A 252 70ER B0 T35 > Mk
K d" AESERBT TRARBRE > AR T 3HIARA > AT T HI ) RAEHIEIL - BRE
RET > F d"ZEF20 Ay0F o ARG AR F A MiE 8] T kA4 o Ak
WK RN d R E U (Component) KRR EBEME R B @BE » LA d" %
BWRER M -

AMAEHE | d"(cm) | E€(cm) | EP(degree) | E(cm) | B P (s)
40 6.30 0.96 6.80 85
T3k 20 3.15 0.79 5.21 158
10 2.46 0.78 5.41 307
40 5.81 1.62 2.59 102
ST EENE 20 491 1.61 241 198
10 4.51 1.58 2.36 378
40 6.19 1.06 1.86 56
BB 20 6.17 0.85 1.74 107
10 6.12 0.81 1.64 212

A 5-1: TRIBARIEAE T &AM LEREALER o

522 HTHRESESH

SHHTT A4 B (Layout) M3 f e » AU st B £% & (Layout) 4fifE sy @42 ¢ » & {874
AT R B & 43w BATHAT - R LR B (Layout) Bt ey B4 o #KE-DF
HRB80BARNBE ATUER  ERAKET > FHFAIEGRARSE > BHEE
HZy FUETEF AR (SAM) A A BAZMGHER > RZ » $RRBARARTELS
HF W > 9 ZUEATFHEA (SAM) AT R B RaTF 94T > Asaigal > T
RRARALEE BARYBAR R PAEGKER T > 23T FHHEE (SAM) EA A
8 B 2% 71 (Self-Attention) #6915 ML E AR > FHERG & BT L - Mfmsik
EFEPFRAT F AP o Bk > S ega T S LR AR S EMALNIETE > REA

\>

28



=2

(Agent) #8543 B E4F094F T H R WRAF S H v LRVERRGELSH -

Rt (pixel)| R4 KR 2

80x80

100x100

120x120

140x140

160x160

& 5-2: FR¥ & T AE 69 R I o

HEEIF ok S W B BTRAARLTEEMEAERE 160 B E &6 E
R B H o SHERRAERRIEA (Agent) A BAR IS P > R IRARIEAE 69 S 50
dP > AR > AR L HFER AT A B (Layout) BEaE ey B4 o 48 RB-3d TR
Bl Ay dP sEARRI—RARF B KRG IE > LT ERF AR > Rfm > L h AR =14
% (Binary Image) # f# 475 - B ENXKIZA (Agent) #H B B AL T o) BsndF R o
AR > BN dP 5 TIRERER > A BARIEA (Agent) EAFEFIBAET 0 A > 124
#H TFHERA o Bk > § dP R T AR - AT £ (Layout) 8945 28 & 3+ 3k
FZMFIRTRA M o BRI Y @ AGHRIEA (Agent) Bedo i1 T4k 16 5
EMHELE ABTVE > BTESR P AIREAC ARG TZS 3 -
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dP(cm) | EF (cm) |5 B (s)
2 0.430 121
1 0.315 206
0.5 0.246 403

% 5-3: AR TAR TR AR o

53 AKHFRR

EETGFOTRY > Ao iUE A T vAa5s -8 R &0E 5 24 (SIM) = &
FHNBESF > ARZBFHEE GEHMEET 44 (SIM) T 57> TELER b
&B-4Fep-3p7 = o T RMAEFIE Y FIXA T A IEAE AL BRI o L 5 il
% FAeg%m 7 F 0 BT B iF $) Rl (Real-Time Kinematic » RTK) 424 [[19] R AT
W BAZHARE o BF B AT (RTK) HMT A —RAA LR IR EL AL I E T
HAF o £ BB HR A BT E BT 09 SR E > T ERE LR BB KL AH
e

54 HHEATIR

B T —F Bom Ak L6y Ak (Validity) » Ak UM T %481 B 89 41 &y (Layout) 1F
B 4okt (Ad hoc) RIKZ ¥ > 3 B » &8 F435 % R ETRE > wBEIPTF o & -
R S AR A A R 309 By (Layout) o s T B AL B4 T0 08 B o Hefs 20
F AT A By (Layout) 89 153% > Ah L g AR E IR 40k 69 £ 78 (Pose) > #ER L8R A
(Roll Angle) A% > Flo¥ > sERAAAM A G 6 &35 09K & 5 48 (Ground Truth) 477 -
iz sk Ak 69 AR %K A8 (Pose) A= 3L %25 48 (Ground Truth) 42T € i — F ik A\ 2| = 4 &
#3282 (Blender 3D-Modeling Software) [20] » 4 & FA&L 3 F 4709 BB T H 7 > B¢
(Render) 35 % Bl A4 8 B R4 B H - TRHLRRE-T7F o AbUFaREH
TREAEIESE > R AME SRRk R GREAT 09AR R R LG

1. 7# (Component) ## : 7 & 48 (Ground Truth) 7 % (Layout) ¥ 704 (Com-
ponent) #F o

2. BMAME A A 48 (Ground Truth) 77 & (Layout) F 89 TAZS (Vertex) & A &
LG EHARGEM
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3. /u# (Component) 38 7] (Category) # $ 4 : &L % 5 48 (Ground Truth) # &
(Layout) ¥ i 3,69 704 (Component) #87] (Category) % % o

5.1: B FE o B A B B FEc)E ~ SRS IKIEIE
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B4Z | E%ecm)|EP(degree)| ES(cm)| ET(cm)
R krE | 1.30 1.46 1.52 2.52
BR 1.71 1.7 1.39 4.41
2 JRI 5 1.29 1.42 1.66 1.71

& 5-6: AR T A LEERERITFTRELR o

& 5-T: HHAFTHRHE o
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F6¥ HBARERY

AL RET—EER > AAABHAERTHE T AR T c KA EHEF
¥R LA (Component) » AARALATE T8 TR T o B TAE A AT MR E L B AR
5T RBTAABALE Y (RL) B8 T — %o - RIEF 148+ B 429 2B (Heat
Map) E o B A AT By (Layout) o R 4% - £ Fdasf = daeh 8 8 5% FE4T693F
EE T AR SUAER 89 A Utk (Validity) #2484& 1 (Robustness) » i B > 3 F AhLHIE
RTAJERASRZ 5% o A URABA G ETRET TEBROITTREAAE M SH
Mo H S ARSTATT AR EET T M RR o

AR > Rk UAAEF A (Component) # 4 &, _EARZ AL I FA 5% 2 4 6 Z M AR
4G > (ERESTHT A (RAR A AT 1 3 09 AT 9342 (Transformation) o K > EREHF T >
FLMALEIAT T A B BN O RHE > TREREHGHER - Al AR KRA
T AT AR £ — (AR L IR - B T b da e A AR e M A s R R
FFERE R PT LR o
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