Motion Planning For Autonomous Vehicles In Non-Signalized

Intersections

Darshit Patel

Thesis submitted to the Faculty of the
Virginia Polytechnic Institute and State University

in partial fulfillment of the requirements for the degree of

Master of Science
in

Mechanical Engineering

Azim Eskandarian, Chair
Saied Taheri
Kaveh Akbari Hamed

June 14, 2023

Blacksburg, Virginia

Keywords: Motion Planning, Autonomous Vehicles, Sampling-Based Algorithms, Vehicle
Control

Copyright 2023, Darshit Patel



Motion Planning For Autonomous Vehicles In Non-Signalized Inter-

sections

Darshit Patel

(ABSTRACT)

Real-time path generation, including collision checks, is vital in critical driving scenarios
such as navigating non-signalized intersections. These intersections lack organized traffic
flow, which raises the risk of accidents. Rapidly Exploring Random Trees (RRT) is a widely
adopted algorithm in robotics for motion planning due to its simplicity and probabilistic com-
pleteness. Over the years, researchers have made modifications to the basic RRT algorithm to
improve its performance in dynamic environments, making it a favored planning algorithm
for autonomous driving. Among these variants, probabilistic RRT (pRRT) demonstrates
promising capabilities for efficient online replanning. The first part of the thesis thoroughly
studies the pRRT algorithm and compares its performance to the standard RRT and RRT*
algorithms through Python simulations. The pRRT algorithm outperformed the RRT and
RRT* algorithms in terms of success rate and time to find a safe trajectory. The algorithm
was implemented experimentally on scaled cars for the validation of its feasibility. The ex-
perimental results show good sim-to-real transfer for this algorithm.

The second part of the thesis proposes a novel algorithm for path planning. The algorithm
outperforms the standard RRT and pRRT techniques in terms of optimality and conformance
to human instincts. The generated paths are much smoother and easier for the controller
to track. The AV implementation combines the probabilistic RRT with the RRT-Connect
algorithm to mitigate the problem of parameter tuning of the standard pRRT algorithm.

The idea is to generate intermediate critical points around the obstacles to grow multiple



trees between these points which are then eventually connected if a safe trajectory is found.
The algorithm was tested in simulation and showed comparatively better performance in

handling obstacles.



Motion Planning For Autonomous Vehicles In Non-Signalized Inter-

sections

Darshit Patel

(GENERAL AUDIENCE ABSTRACT)

Due to uncontrolled traffic flow, non-signalized intersections are critical for autonomous
driving. Motion planning is responsible for the vehicle’s decision-making and generating ac-
tions based on its surroundings. Rapidly Exploring Random Trees (RRT) is one of the most
widely used algorithms for motion planning in robotics due to its simplicity and a guarantee
of finding a collision-free path if it exists. Due to the randomness of the algorithm, the time
to find a collision-free path increases rapidly as the surrounding environment complicates.
In this thesis, we thoroughly study a modified version of RRT called the probabilistic RRT
(pRRT) for motion planning of autonomous vehicles. The pRRT algorithm reduces the ran-
domness of the standard RRT algorithm and takes into account the destination location and
the positions of the obstacles to find a path around the obstacles and toward the destination
point. The algorithm was experimentally validated and confirmed the simplistic transfer
from simulations to reality.

In the second part of the thesis, we propose a novel algorithm that combines the proper-
ties of pRRT and another well-known algorithm called RRT-Connect. This algorithm plans
collision-free paths from the start, and the goal points towards free space around the ob-
stacles simultaneously and then combines these fragmented paths. This reduces the overall

planning time and was found to be better at providing smooth paths.
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The US transportation department reported a total of 33244 fatal motor crashes during 2019,
leading to the death of 36096 individuals. Federal Highway Administration (FHWA) of the
United States Department of Transportation(USDoT) reported that human error accounted
for 94% of all the fatalities caused by driving incidents [1]. Autonomous driving has emerged
as a groundbreaking technology that promises to revolutionize the transportation industry
and redefine how we perceive mobility. With the rapid advancements in artificial intelligence,
sensor technologies, and connectivity, autonomous vehicles have the potential to enhance
road safety, reduce traffic congestion, and provide new opportunities for improved efficiency

and convenience [2].

Oi0  OoO0ddodoob todooioo

Autonomous driving research has gained a lot of traction in recent years due to better
computation and the rapid development of efficient hardware. The Society of Automotive
Engineers (SAE) has categorized autonomous vehicles into six types starting from level 0
through level 5 [3]. Level 0 indicates no autonomy and complete manual control of the
vehicle. Although, the vehicle can provide warnings and safety messages to drivers and
can be classified as a vehicle with Driver’s alert system. In levels one and two, the vehicle

provides steering and/or braking assistance, depending on the conditions. For example, lane

1
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centering or cruise control mode. When either one is present, it can be said as level 1, and
when both, then it is level 2. From level 3 onwards, we start getting vehicles that drive
on their own. Level 3 indicates minimum self-driving capabilities and that the driver needs
to be aware with hands on the steering wheel at all times, while level 5 indicates complete

autonomy and does not require human supervision.

)

7
| !
PERCEPTION PLANNING CONTROL

TRAJECTORY
DETECTION TRACKING PREDICTION TRACKING

A 4

ROUTE BEHAVIORAL | LOW-LEVEL TRAJECTORY
PLANNING PLANNING PLANNING GENERATION

Figure 1.1: The software stack of an Autonomous Vehicle

Currently, there is no vehicle available commercially that can be classified as a level 5 self-
driving car. To be classified as fully self-driving, the vehicle needs to have many capabilities
to emulate a human driver. Figure 1.1 summarizes the different modules of a self driving
car. Three overall components of autonomous driving are Perception, Planning, and Control
[4, 5, 6]. Perception represents the eyes of a human driver, and the major task of this compo-
nent is to understand the environment and break it down into objects of relevance. Recent

developments have seen many new learning-based methods for environment perception like
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the attention neural network [7] and reinforcement learning based (RL) methods [8]. Cam-
eras, lidars, and radars are the most commonly used perception sensors in this component
of autonomous driving. Vehicle communication technologies like V2X (Vehicle To Vehicle)
and V2I (Vehicle To Infrastructure) are popular for combining the information obtained by

different vehicles and remote units to share an overall understanding of the environment.

[55]

The planning module can be considered the brain of autonomous driving. It uses the infor-
mation obtained by the perception module and uses it to obtain a set of actions to complete
the task of driving. This is one of the most active areas of research, as making safe and
efficient driving decisions better than a human brain or at least emulating it is much more
difficult. The path planning task can be further categorized into high-level route planning,
low-level behavioral planning, path generation, and path tracking. The overall planning
module satisfies the planning hierarchy in that given order. In the first step of route plan-
ning, an overall route from start to destination is obtained. This includes deciding which
roads to take and optimizing the route. Once the route is obtained, the low-level planner
makes decisions at each segment of the route [9]. For example, once the AV reaches an
intersection, the low-level planner decides the plan to pass through the intersection [10].
Depending on the behavioral decision made by the low-level planner, a collision-free path is
generated [11]. This generated path may consist of the cartesian coordinates that the vehicle
needs to follow in order to pass through safely. In the trajectory generation step, a sequence
of desired states and waypoints required for the vehicle to follow the path is generated. This
stage provides the AV with control inputs at each time step which requires the algorithms

to consider the vehicle dynamics and the road conditions [12].

The control module tracks the trajectory generated by the planning module. This module

needs to account for the uncertainties and unexpected factors that may influence the vehicle’s
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motion. Simultaneous Localization and Mapping (SLAM) is often used to track the vehicle

in the world frame and ensure the trajectory is safely followed [13].

000 UOb0dodioo ooooibt 0t DoUiiioubotot lhboootboiodo

Between 2017 and 2021, the National Highway Traffic Safety Administration (NHTSA) re-
ported a staggering total of 31,297,306 traffic crashes. Among these crashes, there were
43,857 fatal crashes out of a total of 177,409, and 4,329,379 injury-only crashes out of a total
of 9,019,571, that were reported to have occurred at intersections [14]. This highlights the

significant impact of intersection-related incidents on road safety.

Furthermore, out of all the fatal crashes that occurred at intersections, approximately two-
thirds were reported to have taken place at uncontrolled intersections. This indicates the
importance of implementing effective intersection control measures to enhance safety. A
striking statistic is that 97% of these intersection-related crashes involved drivers who were
not paying proper attention. This emphasizes the critical role of driver attentiveness. Hence,
for autonomous driving, it becomes important to develop methods that can handle such

critical scenarios effectively.

A non-signalized intersection, also known as an unsignalized intersection, refers to an in-
tersection where traffic movements are not regulated by traffic signals or traffic lights. De-
veloping planning algorithms for autonomous vehicles at non-signalized intersections poses

several challenges that need to be addressed. Some of these challenges include:

0000000000 00 00000 0D0oooooD DO000000O00- At non-signalized intersections, it is difficult
for autonomous vehicles to accurately predict the intentions of other vehicles, such as whether

they will yield or proceed. This uncertainty adds complexity to the planning process and
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requires robust algorithms to handle different possible scenarios.

00Oooo 00D 0000000 0o0ooio OD0bO00IoOoOoD Non-signalized intersections often involve
intricate traffic interactions, such as right-of-way rules, yielding, merging, and conflicting
movements. Planning algorithms need to account for these complex interactions while en-

suring safe and efficient navigation through the intersection.

OIi000 DOOODO O00j000odn The visibility of sensors may be limited due to occlusions,
parked vehicles, or obstructed views at non-signalized intersections. This limitation makes
it challenging to perceive and detect all relevant objects and accurately assess the traffic

situation. Algorithms must be capable of handling incomplete or noisy sensor data.

0000000 000000000 000 00O dooioooiool Communication between autonomous vehi-
cles and human drivers, pedestrians, or cyclists becomes crucial at non-signalized intersec-
tions. Algorithms need to account for potential ambiguity in communication signals, such

as hand gestures or eye contact, and make appropriate decisions based on this information.

C000000O0 O0Dioi0DoOooodoD Non-signalized intersections require rapid decision-making
to navigate safely and efficiently. Planning algorithms must operate in real-time, efficiently
searching and evaluating potential trajectories while considering various factors like vehicle

dynamics, traffic conditions, and environmental constraints.

Hence, non-signalized intersections pose a major threat to autonomous vehicles as the chances

of accidents with non-autonomous vehicles increase in such an unregulated traffic flow [15].

Oi0  O0dioobooiogo

The present technologies pertaining to low-level planning face several difficulties. The tra-

ditional optimization-based techniques are computationally heavy and ineffective for online
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planning in complex scenarios. Some simpler algorithms, like graph-based algorithms, do not
scale well with the environment and fail to handle dynamic scenarios effectively. Learning-
based algorithms have gained attention in motion planning but rely heavily on previous data

and tend to learn incorrect behaviors.

The probabilistic Rapidly Exploring Random Trees (pRRT) algorithm was proposed for the
online planning of autonomous vehicles in intersections [16]. It adds the property of goal bi-
asing to the standard RRT to obtain faster solutions in intersection environments. However,
it is not known how well the algorithm performs compared to the widely used closed-loop
RRT and RRT* algorithms in terms of efficiency and optimality. The current research on
pRRT does not indicate the algorithm’s scalability for bigger environments and multiple
obstacles. The pRRT algorithm requires tuning of a few parameters, which makes the algo-
rithm to be specifically designed for different scenarios. Due to this, handling multiple static

obstacles is challenging.

This thesis addresses these problems, and the following major contributions are made to this

field of research:

o A thorough sensitivity study of the various parameters of the pRRT algorithm to

recognize a favorable range of values for autonomous driving.

o A comprehensive evaluation framework for comparing the motion planning algorithms
that provide a standardized and objective way to compare the performance of different

algorithms in driving scenarios.

e Developing a simulation framework to deploy any sampling-based or graph-based al-
gorithm on non-signalized intersections with multiple lanes, multiple obstacles, and

different vehicle speeds scenarios in real-time.
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o Experimentally evaluating the pRRT algorithm to confirm the feasibility of the sim-

to-real capabilities of the algorithm.

o Developing a new path planning algorithm for smoother paths for self-driving cars to

overcome the difficulties of existing discrete path planning methods.

o Combining the strategies of the new algorithm, the standard pRRT, and the standard
RRT Connect algorithms to mitigate a few difficulties encountered in the standard

pRRT technique for motion planning.

00 UJboiil Ooootd

The overall aim of this thesis is to obtain a good low-level local planner for autonomous
driving, especially in the critical scenarios of non-signalized intersections. The thesis is

organized as follows:

Q000000 00 This chapter reviews the existing low-level planning algorithms and explains

the merits and demerits of those techniques

(0000000 00 This chapter introduces the popular sampling-based algorithms, RRT, RRT*,
and pRRT, and their implementation for path planning. The chapter also describes the

implementation of these algorithms for autonomous driving conditions.

0000000 00 This chapter analyzes and discusses those algorithms for non-signalized inter-

section scenarios and makes a thorough comparison of their efficiency and safety in driving.

Q000000 OO This chapter shows the details about the experimental evaluation of the pRRT

algorithm and shows the simulation-to-reality capabilities of this technique.

0000000 OO This chapter introduces a new discrete path-planning algorithm to generate
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smoother paths that are easier to track than the ones generated by traditional algorithms.
Using this technique, a modification to the standard pRRT technique is introduced to miti-

gate some of the design difficulties of the algorithm.

UJOO0000D OO0 This chapter summarizes the overall work presented in this thesis and outlines

some of the future aspects that can enhance the work done in this thesis.
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The movement of an autonomous vehicle (AV) from its starting point to its destination is
guided by a decision-making hierarchy. At the lower level, behavioral decision-making is
employed to determine a short-term plan for specific situations like overtaking. Once the
decision is made, the motion planner generates a collision-free path and trajectory to navigate
through the traffic [17]. The process of motion planning consists of two main stages: path
planning and trajectory planning. Over the years, various algorithms have been developed
and tested to obtain feasible paths for mobile robots [18]. According to Zhou et al., path-
planning algorithms can be classified into two broad categories: machine learning-based

approaches and traditional approaches [19].

PLANNING
l METHODS l
|
v

TRADITIONAL LEARNING-BASED
METHODS METHODS
¥

v ¥ ¥ Y
GENERATIVE
OPTIMIZATION GRAPH-BASED ISAMPLING-BASED REINFORCEMENT ADVERSARIAL NEURAL
TECHNIQUES METHODS METHODS LEARNING NETWORKS NETWORKS
| |
¥ v ¥ ¥ ¥ ¥

¥ v ¥
ourTRA

Figure 2.1: Classification of low-level planning methods

Data-driven learning-based algorithms are characterized by their reliance on extensive train-

Nej
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iQ ;2M2° i2277B+B2Mi TQHB+B2b # b2/ QM T RRE QmIK2VQ mDb2. 227 B
_2BM7Q +2K2Mi G2 "MBM; U. GV H;Q Bi?Kb ? p2 #22M 2t KBM2/ 7
i bFkK kj)X hvTB+ HHv- i?2b2 K2i?Q/b BMpQHp2 Q77HBM2 KQ/2H
/[2THQVK2Mi Q7 i?2 H2 "M2/ TQHB+VfKQ/2H QM i?2 p2?B+H2X :2M:
U: LbV? p2 HbQ; BM2/ ii2MiBQM 7Q " ;2M2" iBM; QTiBK HKQiBQM
BMKgX >Qr2p2 -bm+? H2 MBM; H;Q Bi?Kb M2+2bbBi i2 bm#bi Mi
Bb MQi 2 /BHv ++2bbB#H2 7Q  /'BpBM; b+2M 'BQbX //BiBQM HH
mMb 72 TQHB+B2b /m2 iQ K#B;mQmb "2r '/ 7TmM+iBQMbX *QMb2][n
i1?72b2 i2+?MB[m2b K v #2 mMT 2/B+i #H2- M/ b+2 i BMBM; r? ii?2 1|
1Q #2 2t+2TiBQM HHv +? HH2M;BM; X

AM +QMi’ bi iQ H2 "MBM;@# b2/ H;Q Bi?Kb- i° /BiBQM H T i?@TH
b2i Q7 T 2/27BM2/ "mH2b- K FBM; i?2B> BKTH2K2Mi iBQM bBKTH
T 2/B+i #H2X h?Bb + i2;Q v Q7 H:Q Bi?Kb + M #2 7m’i?2  +H bbB7I
BM+HmM/BM; ;2QK2i "B+ +m p2b # b2/ TH MMBM;- MmK2 B+ H QTiBK
b2 "+? H:Q Bi?Kb- M/b KTHBM;@# b2/i2+?MB[m2bX :2QK2i B+ +m
BM T i? TH MMBM; 2b2 “+? /m2 iQ i?2B" #BHBiv iQ ;2M2" i2 +QM;
_2b2 "+?22°b? p2 2tTHQ 2/ i?2 mkd Q¥ MiBBMOIHEB MRARY-inM2 T i?2b (
#2xB2° +kJpidD;2M2° i2 bKQQi? T i?b 7Q° miQMQKQmb M pB; iBQN
"2 iVvTB+ HHvV 2KTHQV2/iQ +?B2p2 bKQQi?2 T i?b-#mii?2v+ MMQ
BM+HmM/2 +QMi'QH BMTmib i2 +? iBK2 bi2TX hQ // 2bb i?Bb- b2
"2[mB 2/iQ ;2M2" i2 72 bB#H2 i° D2+iQ ' B2b 7Q T i? i’ +FBM:X



RR

LmK2 B+ HQTIiBKBx iBQM i2+?MB[m2b "2 Q7i2M miBHBx2/ iQ ;2M
+mbBM: QM :2M2" iBM; +QMi'QH +QKK M/b " i?2 i? M bT2+B7B+ 1
+QKKQMHV 2KTHQvV2/ BM ° +BM; b+2M "BQb iQ Q3 KBYX iA22F bi2bi
"2 T "iB+mH "Hv bmBi #H2 7Q" +HQDb2/ 2MpB " QMK2Mib r?2 2 +QMbi
PTiBK H+QMi"QH T Q#H2Kb UP*SbV 2 HbQ TQTmH ~ 7Q  KQiBQN
K2MibX 6Q° BNMiBW+2Q/(m+2/i?2 miQMQKQmb T "FBM; T Q#H2K b

T Q#H2K-7Q KmH iBM; BimbBM; MQM@?QHQMQKB+ +QMbi* BMib

T°Q;" KKBM; UazZSV iQ bQHpP2 i?2 QTiBKBxXx iBQM T ' Q#H2KX _2+2Mi
BM+HmM/2 i?2 /2p2HQTK2Mi Q7 HB;?ir2B;?i 7° K2rQ Fb 7Q QTiBK H
MiQMQKQmb T "FBM;- b /2KMbQ/2H FV2(B+iBp2 *QMi " QH UJS*V |
mb2/ 7Q° TH MMBM; i° D2+iQ'B2b 7Q° miQMQKQmb /'BpBM; b i?2v
KQ/2H M/ T QpB/2 72 B)B#HRIThi PD2(MmMK#2 Q7 Q#bi +H2b BM+'2 b2
#2+QK2b KQ 2 +QKTH2t- M/ Bi#2+QK2b +QKTmi iBQM HHv 2tT2MbE
i° D2+iQ vX

"iB7B+B H SQi2MiB H 6B2H/b U S6V 2 Q7i2M BMi2; i2/ BMiQ QT
BMiQ/m+2 +QHHBbOBQM pQBjjM+2Q0b2p2QMBRbBMIH?MB[m2b 2 Q7
Tmi iBQM HHv 2tT2MbBp2 M/ ?B;?Hv b2MbBiBp2iQ i?2 p2?B+H2 KQ
HiBQMX b "2bmHi-i?2v "2iviB+ HHv 2KTHQv2/ BM KQ/mH ~ TH |
2K2';2M+v +QHHBbBQM pQB/ M+2- M/ + mBb2 +QMi'QHX AM +QK.
bB;M HBx2/ BMi2 b2+iBQMb- i?2b2 i2+?MB[m2b "2 MQi bmBi #H2 7
HBKBi iBQMbX

T T?@# b2/ H;Q Bi?Kb M/ b KTHBM;@# b2/ H;Q Bi?Kb "2 2ti2Mb]|
TH MMBM; Q7 p BQmb bvbi2Kb- BM+HmM/BM; KQ#BH2 "Q#Qib- "Q#!
?B+H2bX h?2b2 i2+?MB[m2b 2M #H2 i?2 /2i2 " KBM iBQM Q7 i D2+i
r?BH2 2Mbm BM; +QHHBbBQM pQB/ M+2 rBi? Q#bi +H2b BM i?2 2
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QTiBKBXx iBOQM@# b2/ Q  H2 "MBM:@# b2/ TT Q +?2b-; T?@# b2/
Q772 +QKTmi iBQM H277B+B2M+v M/ HB;?ir2B;?i 7° K2rQ FX

T?2@b2 "+? H;Q Bi?Kbbm+? b M/ .BDFbi® "2 2MQrM2/7Q" i-
b?Q i2bi T i?bX >Qr2p2 -i?2vK v MQi +QMp2 ;2iQ M QTiBK H bQHr
+QKKQMHV 2KTHQV2/ 7Q" ?B;? @99 2K KJiH D TH MPNBMBKTH2K2M]
MiQMQKQmb /°"BpBM; b+2M "B @pPe})XMMQi?@QMmM/TB® ¢?2- Tidb2Mi2/ B
BMpQHpP2b +QMbi m+iBM; :° T? +QKT'BbBM:; HH TQbbB#H2 bi' B;
i72 2MpB QMK2MiX aBKGaQM 2i HX BMi"Q/m+2/i?22 +QM+2Ti Q7 ;2M
+ BiB+ H p2 iB+2b Q7 Q#bi +H2b- 2Mbm BM; i? ii?2 ;2M2  i2/ ;" T?
Q#bi +}82p 1?22b2 H;Q Bi?Kbi?2M b2 “+?2i?2; T?2iQ 7BM/i?2b?2Q" i
bi "iBM; M/ 2M/BM; TQBMibX :> T?2@b2 "+? H;Q Bi?Kb "2r2HH@bn
rBi? bi iB+ Q#D2+ib #mi K v MQi b+ H2 r2HH iQ H ;2 2MpB QMK 2M
" TB/ '2@TH MMBM; BM /vM KB+ 2MpB QMK 2Mib X

a KTHBM:@# b2/ H;Q Bi?Kb- QM i?2 Qi?2 2?2 M/-i F2 [/B772 2Mi T
THBM; TQBMib BM i?2 7°22 bT +2 M/ +QMM2+iBM; i?2K iQ 7Q K
# b2/ H;Q Bi?KbBM+HmM/2 _TB/HV@2tTHQ BM; _ M/QKh 22bU__hV
US _JVX h?2b2 H;Q 'Bi?Kb Q772" /p Mi ;2bbm+? b b+ H #BHBiv M
2MpB QMK2MibX __h@# b2/ H;Q Bi?Kb > TB/Hv 2tTHQ 2 i?2 +QM7I
# b2/ H;Q Bi?Kb +QMbi'm+i M2irQ ' F Q7 72 bB#H2 T i?bX h?2v
b+2M "BQb r?2°2 [MB+F "2@TH MMBM; M/ / Ti #BHBiviQ +? M;2b

AM bmKK “v- ;" T?@# b2/ H;Q Bi?Kb M/ b KTHBM;@# b2/ H;Q Bi?
Ti?TH MMBM: BMp 'BQmbbvbi2KbX :> T?@b2 +? H;Q Bi?Kb 2t+2]
#mi "2KQ 2bmBi #H2 7Q  +HQb2/ 2MpB QMK2Mib rBi? bi iB+ Q#D2+
T QpB/2 b+ H #BHBiv M/ / Ti #BHBiviQ /vM KB+ 2MpB QMK2Mib-
[MB+F "2@TH MMBM: M/ ? M/HBM: +? M:2b BM i?2 2MpB QMK 2MiX
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a KTHBM;@# b2/ TH MMBM; Ua"SV K2i?Q/b-bm+? b _ TB/Hv 1tTHQ
(N M/ S Q# #BHBbDiB+ _Q /XyTB P3 #D2K 2ti2MbBp2Hv 2KTHQvV2/ B
7Q° T i? TH MMBM; Tm TQb2bX h?2b2 i2+?MB[m2b Q772" b2p2  H |
# b2/ K2i?Q/b-T "iB+mH "HvBMi2 Kb Q7 b+ H #BHBiv7Q H ;2 2Mj
/VM KB+ 2MpB QBXK2RbBER (+?2°b? p2 K /2p "BQmb KQ/B7B+ iBQMbD
H:Q Bi?Kb BM Q /2" iQ Q#i BM QTiBK H i  D2+iQ B2b- "2bmHiBM; E
__h 9BX

S J? bT BK 'BHv #22M mb2/ rBi? 2QHQMQKB+ KQ#BH2 "Q#Qib BM
BM/mbi'B H Q#Qib-r?BH2 __h? b/2KQMbi  i2/; 2 i2  bmBi #BHBiv
bvbi2Kb- BM+HmM/BM; miQMQKQmb /'BpBM: b+2M "BQbX PTiBK H T
Q7 __h? b #22M 2KTHQV2/ 7Q" ?B;?2@H2p2H TH MMBM; i bFbX >Qr:
i?2b2 TT ' Q +?22b "2 H2bbbmBi #H27Q QMHBM2TH MMBM; /m2iQ i
M/ +QKTHDIBBO(I(3X AM +QKTH2t b+2M "BQb- # bB+ a"Sb K v "2[mtE
;2M2° i2 72 bB#H2 i D2+iQ B2bX

AMQ /2  iQ BKT Qp2i?2T2 7Q°K M+2 Q7 # bB+ b KTHBM;@# b2/ Tt
2° HKQ/B7B+ iBQMb ? p2 #22M BMi Q/m+2/iQ +?B2p2 DaX2" M/ K
PM2 bm+? KQ/B7B+ iBQM Bb "B@ __h-r?B+? "2/m+2b +QMp2 ;2M+2 |
BM;irQi'22b 7°QKi?2bi i M/;Q HTQbBiB®MX M/QGHQEMMEZTFiBM: 12?2
T 2b2Mi2IBMOK#BM2b i?2 T'QT2'iB2b Q7 "B@__h M/ S_J H;Q Bi?
/IBbiBM+i ;" T?b M/ +QMM2+iBM; i?2K mbBM; QTiBK HHv K i+?BM;
MQi2 i? i1i?2b2 H;Q Bi?Kb bbmK2 bi iB+ 2MpB " QMK2Mi- M/ i?2 ;:
#2 bmBi #H2 7Q° /vM KB+ 2MpB QMK2MibX //BiBQM HHv- i?2 +QMI
Kv 2bmHi BM /Bb+QMiBMmMQmb T i?i? i+ M#2 +? HH2M;BM; iQ i’

hQ //°2bb i?2b2 HBKBi iBQMb- *HQb2/ GQQT __ hU*G__hVrbT Q"
p2?B+H2 BMTmib b b KTHBM; MQ/2b BMbi2 / Q7 bT iB H +QQ /BM
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BM; i?2 7Q'r */ /[VvM KB+b Q7 i?2 +QMi"QHH2 - "2bmHiBM; BM bKQC
i D2+iQ 'V BMbi2 / Q7 /IBb+QMiBMmMQmb T i? b2;K2MibX h?Bb KQ/B7
iQ bBKmHi M2QmbHvV TH M i?2 DX M/BOBDBHID?B{H2 KQ/2Hb + M #
/2b+ B#2 i?2 MOQOM@?QHQMQKB+ /VvM KB+IBRBMpD? B ON 2 Xb6 Q mABH
+ " KQ/2H BMiQ i?2 __h H;Q'Bi?K 7Q T i? 7BM/BM; BM KQ#BH2 °
FBM2K iB+ #B+v+H2 KQ/2H Bb mb2/iQ /2b+ B#2 i?2 p2?B+H2 /vM KE
Q7 i?2 H:Q ' Bi?KbX

Ai Bb rQi? MQiBM; i? i i?2b2 __h@# b2/ i2+?MB[m2b + M bQK2iBK
iBK2 bB;MB7B+ MiHv- bi?2vK v2tTHQ 2 mMM2+2bb v "2 b Q7 i?2
/I'BpBM: b+2M “BQbX

~2b2 "+?2 277Q ib ? p2 #22M /B 2+i2/iQr /b "2/ m+BM; mMM2+2bb "\
T Qp2i?2277B+B2M+v Q7 b KTHBM;@# b2/ TH MMBM; K2i?Q/bX AN
MB[m2 i? i " 2+m bBp2Hv b? BMFb i?2 b KTHBM; bT +2 7i2 Q#i BM
__h- BKBM; iQ +QMp2°;2 iQ M QTaRX HHi?@@+?PQ?Bb K2i?Q/ Bb T
#BHBbiB+ +QKTH2i2- Bii?2Q 2iB+ HHv 2[mB 2b 2tTQM2MiB H iBKZ
bQHMiIBQMX

VM KB+ .QK BM __h U..__hV //°2bb2b i?2 T'Q#H2K #v /BpB/BM; i?:
/B772 2Mi /QK BMb M/ 7Q KBM; i22b rBi?BM i?2b2 /QK BMb BM/Bp
+QMM2+i2/iQ Q#i BM 7BM H 8@8XbB®H2piZ2 D2@IMMR2{iBM; i?2b2 i 22
+? HH2M;BM; M/ K v "2bmHi BM BM72 bB#H2 i° D2+iQ B2bX

L*@__hULQ/2*QMM2+iBQM __hV BKbiQ2M? M+2i?2T27Q K M+2
MmK#2° Q7 mMM2+2bb v MQ/2b BM i?2 i°22 M/ pQB/BMj)X2iiBM; b
g?BH2 i?Bbi2+?MB[m2 + MBKT Qp2277B+B2M+v #v 2KQpBM; mMM
+QKTmi iBQM HHv 2tT2MbBp2 +QKT “2/iQ bi M/ °/ __h/m2iQi?2 /I
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h?2b2i2+?MB[m2b 2HvQM M/QKmMB7Q Kb KTHBM;iQ ; Qri 22b
>Qr2p2'-i?2 BM?2'2Mi ° M/QKM2bb Q7 i?2 b KTHBM; T°Q+2bb K F2
_ _h/B77B+mHi-T iB+mH "HVBMH “;2° 2MpB " QMK2Mib r?2°2i?22 +¢
KQ'2 bB;MBAX+ Mi (

AM /vM KB+ TH MMBM; b+2M "BQb- Bi Bb 2bb2MiB H 7Q° miQMQK
#Qmi i?2 bi i2b M/ KQiBQM Q7 Qi?2  p2?B+H2bX 02?B+H2@iQ@ o0
2M #H2 mMiQMQKQmb p2?B+H2b iQ Q#i BM BM7Q K iBQM #Qmi i?
02?B+H2@iIQ@AM7  bi m+ind XU wkAXpi2+2BMB;[22P MB[m2b HBF2 : m
+2bb _2:°2bbBQMUiE ¥n{ "2Mi bi i2b Q7 Qi?2  p2?B+H2b + M #2 mb
7mim 2 bi i2b M/ bb2bb i?2 HBF2HB?QQ/ Q7 TQi2MiB H +QHHBbB
T 2/B+i Q#bi +H2 TQbBiBQMb BM /vM KB+ 2MpB QMK2Mib- 2M #HB N\
b KTHBM; TQBMibBM __h rv 7 QK T 2/B+83XQ#bi +H2 TQbBiBQMb

h?2ah@__h H;Q Bi?KTH Mb #Qi?i?2i D2+iQ'v M/i?2iBKBM; Q7
9.bT +2@iBK2 /QK BM-K FBM; Bi bmBi #H2 7Q  /vM KB+ 2MpB QM
T 2/B+iBQMX >Qr2p2 - i?Bb K2i?Q/ Bb +QKTH2t MINXQKT i iBQM
#B bBM; i2+?MB[m2b- BMBiB HHv BMi Q/m+&y-7R p M #AK2 M MRTHB2p
iQ 2tTHQ 2 i?2 2MpB QMK2Mi KQ 2 277B+B2MiHV iQr /b i?2 /2biBM
__hrBi? Mv@ M:H2 b2 “+?- 2tT M/BM; i?2 i°22 iQr /b i?2 ;:Q H /B’
T Q# #BHBiv- "2bmHiBM; BM 7 bi2" «@NMp20r2p22 P 222@Q K (+ M #
+QKTmi iBQM HHv 2tT2MbBp2 /m2iQ i?2 M22/iQ + H+mH i2i?2 +Qbi

S 'Q# #BHBDbiB+ __h UT__hV BM+Q TQ  i2b #B bBM; M/ T 2/B+iBQM
MMB7Q K b KTHBM; Q7 TQBMib BM i?2 2MpB " QMK2MiX Ai ;2M2" i:
USSJVi? i bbB;Mb M2; iBp2 #B b iQ T 2/B+i2/ Q#bi +H2 TQbBiBQN
'Q HTQbBIBQMX __hBbi?2M mb2/iQ TH M i D2+iQ v rBi? b KTHE
i?72 SSREX h?2 "2bmHib /2KQMbi  i2 bB;MB7B+ MiHvV 7 bi2> QMHBM
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BM BMi2 b2+iBQM b+2M 'BQb-r?2M ?B;? #B b7 +iQ Bb TTHB2/X

h?2b2 i2+?MB[m2b- r?B+? BMi2;  i2 #B bBM; M/ T 2/B+iBQM- Q772
7 bi2> +QMp2 ;2M+2 7Q  TH MMBM; BM /vM KB+ 2MpB QMK2MibX >
bB/2  i?2 +QKTmi iBQM H +QKTH2tBiv M/ TQi2MiB Hi  /12@Q77b r?
K2i?Q/7Q" :Bp2M TTHB+ iBQMX



*2 Ti2" ]

a KTHBM; " b2/ SH MMBM; H;Q"

h?Bb+? Ti2 ' BMi'Q/m+2bi?2 HQr@H2p2H TH MMBM; T Q#X¥RK 7Q" n
h?2 H:Q Bi?KB+ /2i BHb Q7 i?2 TQTmH b KTHBM;@# b2/ TH MMB
1tTHQ BM; _ M/QK h 22bV M/ __h - "2 bmK&K IBX X/BBB; 24 BRAMQ7
i?2B /> r# +Fb-i?2 T__h US Q# #BHBbiB+ __hV H;Q Bi?K r b BMi ¢
RE¥X # B27 BMi'Q/m+iBQM iQ i?2 T__h i2+?MB[m2 Bb T 2b2Mi2/ b
i72b2 H;Q Bi?Kb 7Q i?2 Tm TQb2 Q7 miQMQKQMjXKBpBM; Bb T Q

i XR S Q#H2K .27BMBiBQM

bi i2@bTX+2R"- M/ M BMTmU@bR™2-2 /27BM2/ bm®?2iR i
M) 2 U "2 i?2 bi i2b M/ i?2 BMTmib Q7 i?2 bvbi2K i iBK2 i “2b
+QQ /BM i2 bT +2 Bb /BpB/2/ BMGQ (t)Q 2BIQDBMBMQ BBibrH2@ 7 22 “2;E
Xobs(t) /2MQiBM; "2;BQM rBi? Q#biXpekl PO opsm* X iBA2 Tm TQb2 Q7 i?2
KQiBQM TH MMBM; T'Q#H2K Bb i@)7Bh+? b2ii Q72BRMJ mP®PB+H2 7QH
b2 B2b Q&AMi2iXfke(t) iQ "2 +2 ;Q Hhi AXree(t)- 7°QK M BMBiB H bi i
Xo 2 Xqee(t=0) - BM  7BMBi2 B2 BMERHR B#2vBM; i?2 bvbi2K /vM KB+
Xiree MKops 2 /VM KB+ /m2iQ i?2 KQpBM; i° 77B+ 2MpB QMK2MiX h?[
/IBb+ 2iBx2/ bm+?2i? ii?2 2Q BXxQMi H M/ p2 iB+ H /Bbi M# #2ir221

Rd
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j Xk .2i BHb Q71?2 H;Q Bi?Kb

jXkKXR _ TB/Hv 1tTHQ 'BM: _ M/QK h 22b U__hV

__h+QMbi'm+ib i°22 BM X2 TQ22Q®MM2+i M BMBiB H bi i2iQ ;Q F
Ai 7TQHHQrb ?2m BbiB+ TT Q +?iQ #mBH/BM; i?Bb i°22 b /2b+ B#
6B bi- T@ARZE)- Bb BMBiB HKBxRi?2BiQQi MQ/2X >2 2 L 2T 2b2Mib i’
MQ/2b- M/ 1 2T 2b2Mibi?22/;2b Q7 i?2i 22X h?2i 22 ;°Qrb Bi2" it
Xgoa Bb "2 +22/X Ai +QMb2+miBp2Hv BKTH2K2Mib i?2 7QHHQrBM; 7n
bm++2bb7mH T i?2X

a KTHBMm BM; 2 +? Bi2  iBQM- TQBMi Bb ~ M/QKEW) 2 XTH2/ bm+
(722 My /2MQi2b i?2 TQBMi +QQ /BM i2b BM i?2 bm »QmMIBM; 2My
h?Bb b KTHBM; Bb mMB7Q K- M/ 2p2'v TQBMi BM i?2 2MpB QMK 2\
;2iiBM; b KTH2/X

L2 "2bi L2B;?#QPM+2 TQBMi Bb b KTH2/- i?Bb T°Q+2/m 2 7BM/b
"QIrBM; iXn2st 2 T(N;E)- r?B+? 2 b i?2 HQr2bi 1m+HB/2 M /Bbi M+2 iQ
TQBMi #v +QKT "BM; i?2 /Bbi M+2B(NQE)XH i?2 MQ/2b Q7

ai22 h?Bb 7TmMM+iBQM ;2M2" k2h 7 MBMQIQr /b i?2 b KTH2/ TQBMi
Xsampe X hQ PQB/ H ;2 2/;2b M/ K BMi BM i?2 #BHBiviQ 7BM/ T i?b
i72 K tBKmK H2M;i? Q7 i?2 M2r 2/;2b Bb HBKBi2/iQ i?2 bT +BM; #2i
UVX *QMbB/2 'BM; i?2 #Qp2  nmKkh2 IB-bi P2MR2 riRIX/ 2

*QHHBDBQM *M24F2/;2 Bb + 2 2/ %2b62 MKpew X A7 i?Bb 2/;2 /Q2b MQ
HBXBMt) - i?2 2/:2 xMJ/ rBHH #2 /Bb+ “/2/- M/i?2 H;Q Bi?K +QMiBMn
Bi2' iBQMbX A7 i?2 2X;2 (tR-2IPHBI2BBA i2 Bb //2/ iGN2R)i- 22 -

M2r MQ/2%Bde2 b Bib T "2Mi MQ/2X
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uyv U#V

Uu+Vv

6B;:m 2 jXR, S i? TH MMBM: mbBM; __h BM M 2KTiv BMi2 b2+iBQN
2/:2 :2M2 i2/ #v i?2 M2rHv b KTH2/ TQBMi M/ i?2 :"QrBM; i22 Bb
2/:2 Bb //2/iQ i?2 :"QrBM:; i'22c #V L2r 2/:2 Bb MQi 7Q K2/ #v i?2 b
2/:2 :2M2° i2/ #v i?2 b KTH2/ TQBMi M/ i?2 ;"QrBM; i'22 "2bmHib B
BMi2 b2+iBQM #QmM/ vc +V h?2 7BM H T i? ;2M2" i2/ #vi?2 __h H

*QMp2 ;2M+2 *'Bi2iB 2b?QH/ "di@mBb /27BM2/ bm+? i? i B7 i?2 /B
#20ir22M i22 M2x,MQ /B i?2 ;Q HxXgow i2#2+QK2b HARH-i?MBi2" iBp2

HQQT Bb i2 KBM i2/ M/ T i? Bb bm++2bb7mHHvV Q#i BM2/X Hi2 N
Bi2  iBQMb 2 /27BM2/ bQ i? i i?2 H;Q Bi?K /Q2b MQi 2Mi2" M B



Ky +NZy T kY bzeyaOél#z 12Tazé6é0€é1 aln (

H:Q Bi?K RTB/HV@1tTHQ BM; _ M/QK h 22

T InitializeT ree (Xo)
it=0
r?BH2 maxiter /Q
Xsample ~ random nstate(Xsree )
Xnearest ~ Nearest NNOdEXsample )
Xnew Steer(xfree » Xrand )
BTQHHBRRQNMMV 4 6 HIE2M
T InsertN ode (Xnew)
T InsertEdge(Xnearest ; Xnew)

# 2 F
it=1it+1

bQHMIBQM /Q2b MQi 2tBbiX

6B;mRM?Qrb M 2t KTH2 Q7 T i? ;2M2 i2/ #vi?2 __h H;Q Bi?KX
"QrBM; 7°QK i?2 bi i TQBMi M/ 2tTHQ 2b i?2 BMi2 ' b2+iBQM 2MpB
b 72 T i? iQ i?2 ;Q H TOQBMRE?HPQIBiDK2Th 7Q  i?2 __h KQiBQM T
K2i?Q/X

iXkXk __h

__h Bb KQ/B7B2/ p2'bBQM Q7 i?2 bi M/ */ __hrBi? 72r //BiBQM
QTiBK HT i? bi?2iBK2 TT Q +22b BME@M BivX//2M 2Q p? B MBI/2-b BM
/IBIBQM iQ i?2 + "i2bB M +QQ /BM i2bX __h H;Q Bi?K +QMp2 ;2b
MBM; +QbiX hQ 7BM/i?2 b?2Q i2bi T i?-r2 +QMbB/2 i?2 +mKmH iBp2
7 QM i Xnew b 1?72 +QXniX76Q° TH MMBN(N;E)*2®2b BMBiB HBx2/ M/ 7Qt
i?72 b K2 “+?Bi2+im'2 b __h mMiBH i?2 bx2XBM|DiD#i BN BMB M

i72 H:Q Bi?K T2 7Q Kb i?2 7QHHQrBM; i bFbiQ Q#i BM M QTiBK H
6BM/BM; *HQb2 L2B:B#OMb, M2r Xhiwi2 i 2RAN;E)- M/ b2 “+? ~ @
/IBmbi?Bb T°Q+2/m 2 +°2 i2b +B #HRKrBA2 +2HieH/ 7BM/b HH i?2



kYlY /T z2z0a AA N9gzaia O Ne kR

uyv U#YV
6B:m 2 jXk, S i? TH MMBM; mbBM: _h BM M 2KTiv BMi2 b2+iBQM
bi* iBQM Q7 i?2 6+?2QQb2 T "2Mid bi2T Q7 i?2 __h H;Q Bi?Kc #V h?
i72 __h H:Q Bi?K

MQ/2b Q7 i?2 ;" QrBM; i 22 rBi?BM i?Bb +B +H2X HH i?2b2 +HQb2 M
near nnodesX

*200Qb2 S "2M?Bb T°Q+2/m 2 + H+mH i2b i X2+ QW IQ 7H2 iR2BWIQ/2b
B Near nnodes M/ b2H2+ib i?2 MQ/2 rBi? i?2 HQr2bi + QfQd, XQ ¢F2BiRF2 T 2|
+?2QQDbBM:i?2T "2Mi MQ/2-i?22T ' Q+2/m 2 HbQK F2b bme2 i? ii?2 2
M/ i?2 T "2Mi MQ KzeHB Xb BM

_2rB'2h?Bb T°Q+2/m 2 +?2+FbernndddsQQ2bR® B7 i?2 Qp2° HH +Qbi 7Q
| Xnear B Nearnnodes pBxpew Bb HQr2 i? M ;QBM;iGKQK 6Q bm+? MQ/2-

i?Bb T°Q+2/m 2 KQ/B7B2bX22ii?2 X i R KIER7M/ ii +?2b i?Bb 2/;2iQ

i?72 :"QrBMT(INE) X

6B;mXRb?Qrb i?2 ; Qri? Q7 i?2 i 22 mbBM; __h H;Q Bi?KX h?2 H;
i?72 b K2rv bT'2pBQmbHv /2b+ B#2/ BM i?2 bi M/ °/ __h H;Q Bi?K
'2M+2 + Bi2°B r2 mb2/Q MQi H2ii?2 H;Q 'Bi?K +QMp2 ;2iQ ;HQ#
H;Q Bi?K Bb T'Q# #BHBbiB+ +QKTH2i2- K2 MBM; Bi + M +QMp2 i iQ
iBK2 TT Q +?22b BM7PMORIQXb6IB2M2XB BM; bi ;2 Q7 i?2 __h H;Q Bi



k k +NZy T kY bzeyaOél#z 12Tazé6é0€é1 aln (

uyv U#V U+Vv

6B:m 2 jXj, 2rBBM; Q7 i?2 i 22X PM2 #> M+? Q7 i?2 i 22 "2rB 2b |
iQ i?2 "2rB BM; bi2TX

bi2T 7BM/b i? i i?2 M2 “2bi MQ/2 + M #2 2 +22/ 7 bi2° 7°QK i?2 b K
“2b? T2bi?2i°22BMi? i "2;BOQMX h?2bmKK "v7Q i?2 _h K2i?Q/B
kX

H;Q Bi?K kh

T InitializeT ree (Xo)
it=0
rBHE2 N /Q
Xrand random nstate(Xsree )
Xnearest nearest nnOderand)
Xnew Steer(xfree » Xrand t)
near nnodes= find nneighbordXnew; T;T)
Xparent ChooseP aren{Xpew; Near NNodes; %earest )
BTOQOHHBRBRLIMMYV 4 LIGG?2M
T  InsertNode(Xnew)
T InsertEdge(Xparent ; Xnew)
B dist(Xnew; Xgoal) lgoal 1?2 M
# 2 F
T  Rewire(T; near nnodes; %ew)
it=1t+1




kYlY/q z0a AA N7 zain O Ne Kj

jXkXj S 'Q# #BHBbDiB+ __h

S 'Q# #BHBDbiB+ __h? b bBKBH “bi'm+im'2 b__hX h?2K BM/B772
" M/QK TQBMi BM i?2 2MpB QMK2MiX 6Q  # bB+ __h-i?2 /Bbi B#miE
2MpB QMK2Mi Bb mMB7Q K- r?BH2 7Q" T__h- i?2x(BbiMB#mVBQM Bb
7 QK Q#bi +H2b mbBM; SQbBiBQM S Q# #BHBiv J TX

SQbBIiBQM S Q# #BHBivJ T USSJV

Ai Bb bbmK2/i? ii?2 TQbBiBQMb Q7 i?2 Q#bi +H2b 2 FMQrM iQ n
HQM; rBi? i?2 FMQrM ;Q H TQbBiBQM- i?2 SSJ +'2 i2b TQbBiBp
b KTHBM:; iQr /b i?2 /2biBM iBQM M/ M2; iBp2 #B b iQr /b i?2 Q#
+ M bB;MB7B+ MiHv "2/m+2 i?2 MmK#2 Q7 Bi2 iBQMb b mMM2+2
M/ KQ 2 TQBMib "2 b KTH2/iQr /i?2:Q Hbii2X q?BH2 b KTHBM;
'Q HTQbBIiBQM rQmH/ /> biB+ HHv "2/m+2 i?2 MmK#2 > Q7 Bi2"  iBQ
Hi2 "M iBp2 2/;2bT°QT2'ivQ7 _ hBM+ b2 '2TH MMBM; Bb “2[mB "2/
M Q#bi +H2 p2?B+H2X h?Bb Hi2 M iBp22/;2 T QT2ivQ7 __h HHQ
2MpB QMK2Mi KQ 2 i?2Q Qm;?Hv BM + b2 bBKTH2 M/ bi® B;?2i7Q"r

h?Bb b KTHBM: #B b Bb BM+Q TQ" i2/i?°Qm:? TQbBIiBQM T Q# #E
- mbbB M S Q# #BHBiv .2MbBiv 6mM+iBQMb US.6bV Q7 iB3XQ H M/
*QMbB/2%BMg i?2 /2biBM iBQM H@® iBQMbH2M@/27BM2/ +Qp "B M+2 |
i72 /2biBM iBQM T/7 Bb 2tT 2bb2/ b,

goal — ( goal; 2;goal) UjXRV

aBKBH "Hv-i?2 S.6b 7Q" Q#bi +H2b M/ i?2B T 2/B+iBQMb + M #2 /



k9 +NZy T kY bzeyaOél#z 12Tazé6é0€é1 aln (

6B;m 2 jX9, 6Q K iBQM Q7 i?2 TQbBiBQM T ' Q# #BHBivK T mbBM

' M/ i?2B° +Qp "B M+2 RQUEM2h +H2b BM i?2 2MpB " QMK2Mi b 7QH

=N UjXkV

IbBM; i?2b2 S.6b-i?2 7BM HT Q# #BHBivK T 7Q i?2BMi2 b2+iBQM

map — gzzl goal imin iy - UjXxjV
max i=0 max
r?2°2-
max = max( ) M/ min =min( ' ji=1;2:;n) UjXovV

>2°2Bbi?2#B b T ~ K2i2 i? i/B+i i2bi?2TQBMib KTHBM; #B b iQr
hQ :2i x2°Q T 'Q# #BHBiv /2MbBiv ii?2 2t +i TQbBiBQMb Q7 Pob- K
mMbBM; i?2B° K tBKmK p Hm2bX h?Bb T Q +&b >2 M #22b 2 2r\b BB M BY Tr
Q#bi +H2 TQbBiBQMb "2 BMp2'i2/ bm+? i? i i?2 T ' Q# #BHBiv ii?2
T K2i2 /27BM2bi?2 2H iBp2 b+ H2 Q7 T?2 KQiB #/R 1Br\M Bt 2?22 2B /i 7
Q7 i?2 : mbbB M /Bbi'B#miBQMbX >2"2 mMB7Q Kp "B M+2r b +QMl



kYlY /T z2z0a AA N9gzaia O Ne k 8

K2 Mb + M #2 p B2/ BM/BpB/m HHv 7Q " 2 +? Q#bi +H2 /2T2M/BM; (
TQbBIBQM 2biBK iBQMbX
6B;m2d?Qrb M 2t KTH2 Q7 TQbBiBQM T Q# #BHBiv K TX h?2 T

6B;m 2 jX8, 1t KTH2 Q7 SQbBiBQM S=Q#M/BHBI¥XI T rBi?

uyv U#vV Uu+Vv

6B;m 2 jXe, a KTHBM; Q7 8yy TQBMib mbBM; i?2 T ' Q# #BHBiv TQbB|
BM i?2 BMi2 b2+iBQM 2MpB2R) MK=2MicrB¥E?L00 ¢ + ¥ 1000

+m > 2Mi M/ T 2/B+i2/ Q#bi +H2b p2?B+H2 TQbBiBQMb Bb y- r?BH
TQbBIBQMX h?2 T Q# #BHBiv TQbBiBQW KTT /RTIZNMBX QA2 2T 72 +ik
Q7 i?2b2 T ° K2i2'b "2 '2TQ'i2/ BM i?2 mT+QKBM; +? Ti2 bX 6Q" i
b KTHBM: Q7> M/QK TQBMib Q++m'b ++Q /BM:iQ i?2 MQM@ MMB 7



ke +NZy T kY bzeyaOél#z 12Tazé6é0€é1 aln (

uyv U#V

6B;m 2 jXd, S i? TH MMBM; mbBM; T__h BM M 2KTivBMi2 b2+i

i72 S Q# #BHBivSQbBiBQMJ TX h?2 °2biQ7i?2 H;Q Bi?K6b bi m+i
__h H;Q Bi?KX j&EPQRb i?2 ;"Qri? Q7 i?2 i'22 mbBM; i?2 T__h H;Q
T°Q+2/m 2 Bb bBKBH "~ iQ __h- #mi i?2 b KTHBM; Bb /QM2 mbBM; i-
T°Q+2/m 2 Bb HBbi2/jBEM H;Q Bi?K

H:Q Bi?KIL_h

T InitializeTree (Xo)

it=0
7QQ#bi HHR2
P': ' Gaussian(obstaclg

PPM generateMAP(PLN; 1:N)
r?BHt2 maxiter /Q
Xrand random nstate(PP M)
Xnearest nearest nnodg X anqg )
Xnew Steer(Xnearest i Xrand t)
BTOQOHHBRBRLIMMYV 4 LIGG?2M
T InsertN ode (Xnew)
T I nsertEdge(Xnearest l Xnew)
B @ist(Xnew; Xgoal) lgoal 1?72 M
# 2 F
it=1t+1




kYkY Beyafefe z Onée Ain z nénen 2 0&0¢el kd
jXj] AKTH2K2Mi i BQM 7Q° miQMQKQmb /" BpBI

h?2 T '2pBQmb b2+iBQMb /2b+ B#2/i?2 ;2M2°  Hb KTHBM;@# b2/ H;
“2bmHi BM /Bb+QMiBMmQmb T i?b-r?B+? 2 Q7i2M MQi 72 bB#H2 7¢
i?Bb T"Q#H2K- +HQb2/@HQQT __h U*@@X hiA\Bb bHB i BQ?H n2d b p2~
IVvVM KB+b BM i?2 bi22 " BM; bi2T Q7 __hX AMbi2 / Q7 +°2 iBM; bi B
MQ/2 iQ i?2 b KTH2/ TQBMi- i?2 H;Q Bi?K mb2b i?2 p2?B+H2 KQ/2
M/ M2r 2/;2 #2ir22M i?2 M2 “2bi MQ/2 M/ i?2 b KTH2/ TQBMiX hQ
KQ/2H-r2 /27BM2 i?2 bX i2R8T M2 b +? i 4®MbBbib Q7 HQ+ H ?2Q°'B
+QQ /BM-i2HQ+ H p2'iB+ HY+QQ fBM;i22 M/ HQ+ H pw2ZXHQ2?Biv

+QMi"QH bT +2 Bb /RFBMR//2p2 v +QMiu@HMBMMdARb bi22 BM; M:H2

1?72 p2?B+H2vywWHQ+Biv

x=[XY; ;v]

Uujxsyv

u=[uguz]=[;vi]
h?2 MQ/2 7Q  i?2 H;Q Bi?Kb Bb +QKT Bb2/ Q7 Bib T “2Mi MQ/2- i?
+QMi"QH BMTmi i Bib T "2Mi MQ/2- M/ i?2 iQi HT i? H2M:i? 7 QK
MQ/2X IbBM; i?Bb-i?2 M2r bi22 " BM; bi2T Q7 i?2 H;Q Bi?Kb 7Q" n
/127BM2/ b,
ai22 h?Bb 7mM+iBQM ;2M2" i2- HKRMB i 2H BMEADKRst? | Qlng
rBH2 Q#2vBM; i?72 /vM KB+ KQ/2H +QMbi™ BMib M/ i?2 BMTmi +QM
iBK2@bti2M?2 bvbi2K KB;?i MQi "2 +? i?2 b KTH2/XQdyi2XmHM 242bi i2-
2M2° 12/ MaBMenearest + Tyv(Xnearest;U) t 1?22 2 i?22 p2?B+H2 KQiBQM KQ/2H B
bx = fy(x;u)X AM i?Bb i?2bBb-r2 mb2 i?2 FBM2K iB+ #B+v+H2 KQ/2F
b/2b+ B#3BBM?2 +QMi'QH BMTmim 7Q" :2M2" iBM; i?2 M2r MQ/2
QTiBK H+QMi"QH T Q#H2K /27BM2/ #2HQr,
*QMi'QH BMTmi b2HP?BHB-@W,i"QH T Q#H2K i'B2b iQ K tBKBx2 i?2 p:



k3 +NZy T kY bzeyaOél#z 12Tazé6é0€é1 aln (

6B;m 2 jX3, "B+v+H2 EBM2K iB+ JQ/2H

KBMBKBxXx2 i?2 iBK2iQ 2 +? i?2 b KTH2/ TQBMiX h?2 bi22 ' BM; M;H
+QMbB/2 2/ bi?2 +QMbi’ BMibiQ i?2 +QMi'QH T Q#H2KX h?2 Q#D:

Uoptimal = FE BIIX; u) s:t max Uz max
UjXeV

O U2 Vmax .

>2°2 C Bb i?2 +Qbi 7mM+iBQM M/ Bb /27BM2/ iQ KBMBKBX2 i?2 +7
Hi2 H ++2H2  iBQM M/ K tBKBx2i?2 /Bbi M+2 +QpR R? BMQBR 7Bt
2tT 2bbBQM Bb /27BM2/ #2HQr,

( 2 2) 2
J =W, u; u1;near + V)] VUZ;near + Wo Vr%lgar +
max max .
UjXdVv
V V, 2 2
W3 — T+ Wy (distpew  dister )

Vm ax



kYkY Beyafefe z Onée Ain z nénen 2 0&0¢el kN

>2 "R-"272°biQ i?2 im MBM: " /Bmb Q7 i?2 p2?B+H2 M/ + M #2 Q#i E
2tT 2bbBQM,

2_(|f+|r)2+2 :
R?= St ] UjX3V

IbBM: i?2 b K2 p2HQ+Biv BMTmi b i?2 T°2pBQmb TQBMi UM2 2bi |
Uret =[0;Upnear] 272 2M+2 Dbi i2 Bb Q#i BM2/ mb B 3 7R PBAK2 KQ/2H
h?2 1m+HB/2 M /Bbi M+2 #2ir22M i?2 272 2M+2 bi i2 M/ i?2 b KTH.
i72 °272°2M+2 diBthi -MBH -2[m jPB@iMew Bb i?2 1m+HB/2 M /Bbi M+2 #2
i?72 M2r bi i2 M/i?2b KTH2/ TQBMiX

IbBM; i?2 QTiBK H +QMi'QH BMTmi iQ /2i2 ' KBM2 i?2 M2r MQ/2 7Q"
/IVM KB+ HHv 72 bB#H2 2/;2 Q7 i?2 i'22X >2M+2 i?2 7BM H i 22
;2M2° i2/ "2 bKQQi?2 M/ rBi?Qmi Mv /Bb+QMiBMmBiB2bX h?2 N

i° D2+iQ B2b ;2M2" i2/ #v i?2 H;Q Bi?Kb BM /2i BHX

jXjXR S 2/B+iBQM Q7 Q#bi +H2 p2?B+H2bo KQiBQM

Xops 7Q° "Q / b+2M "BQ Bb /27BM2/ #v i?2 "Q / #QmM/ "B2b M/ i?2 T
p2?B+H2b M/ i?2B" T 2/B+iBQMbX h?2 bim/v Bb +QM/m+i2/ QM |
?2M+2- 1?22 #QmM/ "B2b "2 bi iBQM 'vX .m2 iQ i?2 +QMbB/2" iBQM
bT +2 Bb iBK2@/2T2M/2MiX : mbbB M S 'Q+2bb _2;°2bbBQM U:S_V B
Q7 PobBMi?22MpB " QMK3BMimbBMQrMBWBM; / i X ++Q /BM;iQ :S_-
Bbi” BM2/ mbBM; i BMBM;Y)i(kdk);, ;(Xn;yn)d- r?2Xx2Bb i?2 p2?B+H2
bi i2 BMTnyi BM/i?2 T 2/B+i2/ QmiTmiX

f o gp(m(x); k(x;x9) UjXNV



iy +NZy T kY bzeyaOél#z 12Tazé6é0€é1 aln (

r?22°e(x) Bb i?72 K2 M 7TmMkKxBx MBbMP2 +Qp "B M+2 7TmM+iBQM r?B+7
i?72 +Q "2H iBQM #2ir22M i?2 7mM+iBQM p Hm2k& MiKEX/BFF2M2Mi B

M2r BMXFm?2 i° BM2/K®72HB+ib i?2 QmiTmiX h?2 ?2Q BxQWi H +QQ
i?2 p2'iB+ H +QYQ/BM RAB+i2/ mbBM; irQ /B772 2k, i MEghj2/ KQ/2H
"2bT2+iBp2HvX Ai Bb bbmK2/i? ii?2 +m "2Mi bi i2b Q7 i?2 Pob "2
UmbBM; okA Q oko i2+?MB[m2bV-r?B+? BM+HmM/2b i?2 TQbBIiBQM-
i?72 +m  2Mibi i2 Q7i?2 Pob-i?2:S_KQ/2Hb T 2/B+ii?2B  HQ+ iBQN
dt



*?2 Ti2 9

aBKmH iBQM 2bmHib M/ /Bb+m

AM i?Bb +? Ti2 -r2 2 p2 +QKT "2/ i?2 T2 7Q K M+2 Q7 __h- __h - N\
bB;M HBx2/ BMi2 b2+iBQM 2MXREW K2Mi X i2Z*¥i@@M bBKmH iBQM
p HB/ i2i?2 72 bB#BHBivQ7i?2T__h H;Q Bi?K7Q° miQMQKQmb /

9XR aBKmH iBQM aim/v

9XRXR aBKmH iBOQM a2imT

“h-__h - M/T__hr2'2+QKT “2/i2°Qm;? bBKmH iBQMb BM Svi?QN
rvBMi2 b2+iBQMb r2°2 ;2M2° i2/ DXERQAIM2BE 6B7B+22 Bb 2T 2b2)
"2/-r?BH2 1?2 Q#bi +H2 p2?B+H2b "2 BM/B+ i2/ BM #H +FX h?2 BM|
7Bt2/ ii?2 #QiiQK 2Mi'vX .2T2M/BM; QM i?2 b+2M "BQ-i?2 2;Q p2°
iIQr "/ i?21iQT 2tBi Q im Mb iQ i?2 H27i Q  "B;?i 2tBiX h?2 BMi2 b2+
i* 77B+ bB:M HQ biQT bB;Mb BM/B+ iBM; MQM®@bvbi2K iB+ 7HQTr
rb+QMbB/2 2/ b Rk 7iX BMeRX+ Q@2 M22iQrB/i? Q7 e 7iX r b mb2/ 7
bBKmH iBQMX 6Q°  bBKmH iBQM bBKTHB+Biv M/ T°QpBbBQM 7Q" 7r
b2imTr b b+ H2//QrM #v 7 +iQ Q7 jyX >2M+2 R mMBi BM i?2 bBK
IBK2MbBQM Q7 jy7iX

h?2 T i? Q7 Q#bi +H2 p2?B+H2b Bb T 2@/27BM2/ mbBM; #2xB2 +n

iR



K +NzZy 1 :YbOeé az Oné ¢ a 26220 «

6B;m 2 9XR, aBKmH iBQM 2MpB ' QMK2Mi 7Q°  MQM@bB;M H

h?2 HQM:Bim/BM H M/ H i2°- H+QMi'QH 7Q Poi  +FBM; Bb/QM2 mb
"2bT2+iBp2Hv- b /REX BRAZM/MBN; QM i?2 +m  2Mi bi i2 Q7 i?2 Po-:S
T 2/B+i Bib TQbBiBQM 7Q  7mim 2 iBK2 bi2Th- 2T 2b2ME®Rv i?2 /C

LQ .2b+ BTiBQM Sm TQb2 * p2b

h> D2+iQ v :2M22KRMMi" i2i?2# b2@
R BM QM2@H M2HBWI2 B2+@Q K M+2 Q7
iBQM rBi? MQ Q#D2 +HZp Bi?Kb

h> D2+iQ v ;2M2" iBQM
2KQMbi® i2i?2 b+ H@
BM hrQ M/ i? 22@H M2
k #BHBiv Q7 i72 H:Q@
BMi2 b2+iBQMb rBi?Qmi
“Bi?Kb

Q#bi +H2b

*QMiBMmM2/ QM M2ti T :2




2_

YSYbOe az Onréb

i

h #H2 9XR +QMiBMmM2/ 7' QK T ' 2pBQmb T ;2
LQ .2b+ " BTiBQM Sm TQb2 *b2b
h> D2+iQ'v ;2MZaimBQ M2 Hi2|M iBp2
_ BM MBMi2 b2+iBQ@M2BI2Z iBQM + T @
J
bi iB+ Q#bi +HZBWNBiA2 QmM/[ i?2 Q#@
KB//H2 bi +H2b
aim/v 1?2 # B2HBM2
QM2@H M2 BWM227TRQ2K@+2Z Q"
iBQM rBi? Pob? QW@&BM,; /viM KB +
o bi m+iBM; 1?2 |2Q@bp 2«# 2 b X HbQ- iQ
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irQ@H M2 BM.i2KERXMI@® i2 i?72 #BH@
iBQM rBi? MPoK@p@ i?72 2;Q p2?B@
e
BM; T ° HH2H i|Q+®2iQ &Qp2 b [72HV M/
p2?B+H?2 T HH2H iQ i?2 Po
irQ@H M2 BMi2 ' b2+@
hQ +QKT "2 i?2 T2 @
iBQM rBi? i?°22 Pob _
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iBQM i /B772 2Mi iBK2b
imBiBQM r?2M|? M/HBM;
M/ 7°QK /IB772 2Mi /IB@
KmHIBTH2 Pob
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irQ@H M2 BMi2 ' b2+@
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LQ Q#bi +H2 p2?B+H2 ii?2 BMi2 b2+iBQM

hQ 2p Hm i2 i?2 T i?@7BM/BM; + T #BHBiv Q7 2 +? H;Q Bi?K- i?2\
BMi2 ' b2+iBQM rBi?Qmi Mv PobX am+? b+2M "BQb BM/B+ i2i?2 # bz
"Bi?KbX JQ 2Qp2 - +QKT "BM; i?2 Q#i BM2/ i  D2+iQ B2b rBi? ?mK
7BM/BM; T i? BM M 2KTivBMi2 b2+iBQMX

h?2 Q#D2+iBp2 r b iQ 7BM/ 72 bB#H2 T i? 7Q" H27i- “B;?i- M/ bi’
BMBiB H TQbBIBQMX hQ 2p Hm i2 i?2 b+ H #BHBiv Q7 i?2 H;Q Bi?|
irQ@H M2- M/i?°22@H M2 BMi2 ' b2+iBQMbX iQi HQ7i? 22 b+2M
bBt b+2M 'BQb 7Q° irQ@H M2 BMi2 ' b2+iBQM- M/ 7Bp2 b+2M 'BQb
i2bi2/X hQ i2bi i?72 H;Q Bi?Kbd #BHBiviQ ? M/H2 bi iB+ Q#D2+ib
Q7 p2?B+H2b- bi iB+ Q#bi +H2r b BMi'Q/m+2/ BM i?2 KB//H2 Q7 Kk
M/ bi® B;?2IT K M2mp2 r2°'2 +QMbB/2 2/ 7Q i?Bb 2MpB QMK2MiX Ai
b2MbBiBpBiv Q7 p "BQmb T * K2i2'b Q7 i?2 T__h H;Q Bi?K M/ ?Qr
i° D2+iQRBEDENQ(2/i?2i D2+iQ B2b;2M2" i2/#vmbBM; ?B;? #B b M/
r?B+? K F2 i?2 H;Q Bi?KiQQ ;°22/viQr “/bi?2:Q H M/ HQb2i?2 [r
Q7 __hbX >2M+2-i?Bb M HvbBbr b /QM2 iQ 7BM/ p Hm2b 7Q" i?2k
" M/IQKM2bb M/ [mB+F TH MMBM;X h?Bb bim/v mb2/ i?2 QmibB/2 |
irQ@H M2 BMi2 b2+iBQMX h?2 TV KRiR " BB/ BOpQHEMRXUh?2 #B b

p "B M¥Y U bp "B2/I0QiKAX

gBi? i 77B+ 7THQr

h?2 KQbi BKTQ i Mi i2bi 7Q° KQiBQM TH MMBM: H:Q Bi?K Bb |
bBim iBQMb rBi? Qi?2 p2?B+H2bX aBKmH iBQMb r2°2 + B2/ Qmi 7
i?72 TH MMBM: Q7 2:Q p2?B+H2 KQM:bi i?2 KQp2K2Mi Q7 Q#bi +H:



je +NzZy 1 :YbOeé az Oné ¢ a 26220 «

6B;m 2 9Xk, G27iim MK M2mp2 7Q 2;Q p2?B+H2

H;Q Bi?KIM/ iQ 2M/ TH MMBM; bi2Th 7Q  BMi2 ' b2+iBQM
Ego InitializeEgoV ehicle (xo)
r’BH®D H MQi "2/@?2/
7QPoi /Q
pi *m " 2Mi Po ai i2
Ppl)redict; ;)redict GPRprediCt(Pl)
BT @ath 7Qmi2M
Path  Planning (Xo; Xgoar; PYNv; Py )

predict
B Collision (Path; P*™Nv; P ) == True i?2M
Path NULL
Ego deceleratd Ego)
2Hb2

Ego ExecuteP ath(Ego; dt)

+QMbB/2°2/i?222;Q p2?B+H2iQ #2 i 2bi iBibbi 'iBM; TQbBiBQMX
i?72 bi i2b Q7 Qi?2 p2?B+H2b-i?2B  7mim 2 bi i2b 7i2  yXd8b M/ R
BM7Q K iBQM-i?2 TH MMBM; H;Q Bi?K ;2M2" i2b i  D2+iQ v iQr
i?72 i° D2+iQ v Bb ;2M2" i2/-i?2 T i? Bb +?2+F2/ 7Q  +QHHBbBQM r|
dt=0:1sX h?2 +QHHBDOBQM rBi? T 2/B+i2/bi i2bBb +?2+F2/7Q i?2i [
T2 'BQ/X h?Bb T'Q+2bb Bb bmKIKXBx2/ BM H;Q Bi?K
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PM2 Q#bi +H2 p2BHMH,H2 Q#bi +H2 p2?B+H2r bmb2/iQi2bi HHi?2
h?2b+2M "BQr?2°2i?22;Qp2?B+H2i F2b H27iim M- M/i?2 Q#bi +
HBM2 K M2mp2 7 QK iQT 2Mi'viQ 20BKENBDPQriM BMBO®;mb2nb2/iQ b
IB772 2Mi Q#bi +H2 p2?B+H2 bT22/b M/ 2;Q p2?B+H2 K tBKmK bT?
mb2/ 7Q 2;Q M/ Q#bi +H2 p2?B+H2b r2°2 Ry M/ ky KBH2b T2 ?Qn
IB7722Mi /2+2H2" iBM;15tTs% BWHEMB Lbr-2bB i2bi2/X h?2 #B b p Hm2 °
i?72 T__h H;Q 'Bi?Kr b b2H2+i®/ iN)/ #22 bi M/ '/ /2pB iBQOBXDb

J tBKmK HHQr #H2 Bi2' iBQMb 7Q " i?2 H;Q 'Bi?Kb r2'2 HBKBi2/iQ
iBK2 Q7 yX8b7Q°  __h M/ T__h H;Q Bi?KbX A7 i?2TH MM2" + MMQi
+H2 "bi?227Q K2/i°22 M/ 2bi "ibi?2i1227Q K iBQM7 QK i?2 BMB

JMHIBTH2 Q#bi +H2 @B ?2BOIXRDQrb M 2t KTH2 Q7 M BMi2 ' b2+iBQM
Q#bi +H2 p2?B+H2bX a+2M "BQbrBi? KmHIBTH2 H M2br2'2 HbQ i2t
"2 T°QM2iQ +'BiB+ HbBim iBQMb r?2'2 Qi?2" p2?B+H2b KB;?i bm/
+ mbBM; +QHHBbLBQM i? 2 iX >2M+2- b+2M "BQb rBi? KmHIBTH2
+QHHBbBQM ? p2 #22M i2bi2/ M/ T 2b2Mi2/ BMi?2 "2bmHib b2+iBQI
Q#bi +H2r b HbQ mb2/7Q bBKmH iBM;i" 77B+ b+2M 'BQbiQ 2p Hnm
bi iB+ M/ /vM KB+ Q#bi +H2b 2772+iBp2HvX

9Xk _2bmHib M/ M HvbBbD

OXkXR ai iB+ 1MpB QMK2Mi

h?2i?2°22 H:Q Bi?Kbr2°2 " mM Ryy iBK2b 2 +? BM i?2 2KTiv BMi2 b2
BMi?2 io8dRb i?2b2 H;Q Bi?Kb "2 T ' Q# #BHBbiB+ +QKTH2i2-r2 mb
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uyv U#v
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6B;m 2 9Xj, G27iim M QM QM2@H M2 BMi2 b2+iBQM, V T__h-#V

Bi2' iBQMb 7Q" i?2 H;Q 'Bi?KbX h?2 H;Q 'Bi?Kb r2°2 2p Hm i2/ mb
bm++2bb "~ i2 Qmi Q7 Ryy mMb 7Q" 2 +? b+2M "BQ-i?2 p2 ;2 MmK
TQBMi QT2 iBQMb U6GPSbV- p2° ;2 *SIiBK2- M/ i?2 p2 :2 MmK;
QTiBK HBiv Q7 i?2 i D2+iQ B2br b 2p Hm i2/ mbBM; i?2 T i? H2M;i
i?72 +Qbi 7TmM+iBQM 7Q° __h X h?2 b KTHD® FQBiMi FRy8KMZQ HH i~
b+2M "BQbX h?2 T__h H;®QQIBiM/ mb®dL b Bib T * K2i2 bX
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M/ "2im Mb ?m;2i 22 rBi? mMBKTQ i Mi# M+?2bX

uyv U#V Uu+Vv

6B;m 2 9X9, h- D2+iQ v ;2M2 iBQM "QmM/ bi iB+ Q#D2+ib, V T_

q?2M bi iB+ Q#D2+i- HBF2 TQi?QH2 Q" i  77B+ +QM2- #HQ+Fb
" M/QKM2bb Q7 __h M/ T__h?2HTb 7BM/ M Hi2 M iBp2 T i? "QmM/
BM 7B9M02*QKT "2/ iQ __h-T__h ;Bp2b KQ'2 QTiBK H i  D2+iQ B2b
"QmM/ bi iB+ Q#D2+i-i?2 i D2+iQ B2b Q#i BM2/ #vT__h M/ __h"
BM 7B9M82h?2 mMMB7Q K b KTHBM; "2bmHib BM HQM;2 M/ KQ 2 /E
_h-r?BH2i?2T__hi D2+iQ'B2b 27 B'Hv +QMbBbi2Mi M/ T 2/B+

h?2 h H:Q Bi?KrQ Fb bBKBH "HviQ __h#mii'B2biQ 7BM/ M Q1
i?2 i?°2b?QH/ iQ K tBKmK HHQr #H2 Bi2  iBQMb- __h +QmH/ MQi
bQHMIBOMXOAMZ B M 22 i? ii?22 Qp2° HH T i? H2M:i? Q#i BM2/ #v _
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6B:m 2 9X8, *QKT "BM; i?2 bm++2bb7mH i° D2+iQ B2b ;2M2" i2/ #v
bi iB+ Q#bi +H2 Qp2 jyi'B Hb, VT_ _h-#V __h

h #H2 9Xk, p2° ;2T i? H2M;i? 7Q i’ D2+iQ B2b UBM bBKmH
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h #H2 9Xj, p2° ;2 MmK#2 Q7 6GPSa 7Q  bm#Fv¥2bb7mH i° D2+

| | R@G [M2@G MiZ@ G Mai iB+ P#D2+i
h kyXdj k9XR38yXRy jNX9d
h KdNXy kRyXj keeXR kkyXe
T H yXN9yRX8y3kXjjk R3Xed

b KTH2/ TQBMi- r?BH2 __h +QMM2+ib Bi /B 2+iHv iQ i?2 M2 “2bi MC
_ _hQ7i2M ;2M2" i2b HQM;2 T i?b9K#-hQ#BZEM KB :BX2b i?72 p2° ;2
T i? H2M;i?b Q#i BM2/ #v 2 +? H;Q Bi?KX "2+ mb2i?2 H;Q Bi?Kb t
T Q#H2K iQr /b i?2 b KTH2/ TQBMi-T__hi2M/biQ :Bp2 M QTiBK H
p HM2bX >2M+2-r2 + M b22 bBKBH ~T2 ' 7Q K M+2 #2ir22M T__h M/
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