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nelusimslaeendeisnis ﬁm‘f 1) Dead Reckoning 2.) A9N999A1ALIULUUVENY Lag 3.)
Adaptive Monte Carlo Localization (AMCL) wazthavaaaudienisiadeuiinaladmasy
INTATLYLNI 3.6 LUAT INNITANWINUIT WAADIN AMCL HAAANAIAZIgA 0.043 LuAs
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ROBOT NAVIGATION SYSTEM FROM 3D ENVIRONMENT SIMULATION.
THESIS ADVISOR : ASST. PROF. TOSAPHOL RATNIYOMCHAI, Ph.D., 140 PP.
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Nowadays, industrial and agricultural factories, as well as restaurants, are
attempting to use autonomous mobile robots (AMRs) to handle transportation-related
issues. Since the robot has variable path planning and may work in hazardous
environments by 360-degree range detection combined with a path tracking system
that can adjust parameters to suit the robot's kinematics model, which is necessary to
manage the test environment. This research proposes the development of a robot
simulation environment to alter route tracking parameters (Regulated Pure Pursuit,
RPP) to prove safe automatic navigation by Gazebo simulation program, including
developing important robot systems such as a system for Indoor localization with
algorithms that work together as follows; 1.) Dead Reckoning 2.) Extended Kalman Filter
(EKF) and, 3.) Adaptive Monte Carlo and Localization (AMCL). In addition, all three
algorithms have been tested by moving a square closed loop over 3.6 meters. The
results found that the coordinates from the AMCL have a Root Mean Square Error
(RMSE) of 0.043 meters, a value that can localize the robot to move through a
minimum path width of 52 centimeters to reach the destination. Furthermore, the
Gazebo simulation parameters-for RPP. control include a look-ahead distance of 0.24
meters and a minimum control radius of 0.8 meters, which are the maximum averaged

tracking errors of a real robot for 0.0163 meters.
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Parameters uag Timers lagiiilsAtu Subscribe donrmmuuLieaiu ROST ussjatiilufinng
T¥nsdesdonnuwuulilinisidneudearswuuriud (Asynchronous) il adnseidaunis

weunsTaya (Publish) tiesessunsdeanstussuungudould lavaiunsouananisiiny

v
v

mgszautulunsUsEyndld fagui 2.5
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User Application

ros to dds rclcpp (C++ API) rcipy {Python API) rcljava (Java API)
— + Exec. with std::thread + Exec. with Thread + java.lang.Thread o e e

+ Intra-Process Comms + Intra-Process Comums + Intra-Process Comms

+ Type Adaption + Type Adaption + Type Adaption

rcl (C API f optional C++ Implementation)

+ Actions +Time

+ Parameters +Console Logging

-+ Names + Mode Lifecycle
rmw (C AP

+ PubySub with QoS + Services with QoS + Discovery + Graph Events

= Intra-Process Comms and Type Adaption could be implemented
in the client library, but may not currently exist.

U7 2.5 Tagaasne APl UuszUy ROS2
(ﬁm’l: Macenski et al., 2020)

A 1 [} o v U d‘ U (3

s3UULAST0Ye (Network) il udrud Ay sanisd oa15v0953 UUY U8 UA Lag

wnsgIunsdeansalngiduninsgiu TCP/IP §aanauszaulaymlunisdsdayalunis

doansliang (Wireless) Li9991nN13803 w3019l AAN15d e Toyag uagAduant

Fadulgmavszaulu ROS1 Ing ROS2 gnitmunulunisdnnisiutymdsnaidlunsly

User Datagram Protocol (UDP) lun1sgiinisdedeyatuaily DDS dnduladnaslvideteya

dnas il alan1e Quality of Service (QoS) 7 @1u15aUs Ul LuIz@uA U Bandwidth
a e
YBUATBUY Al

1) AM379A1 Reliability @nansanuuals 2 @den asil
1.1) . Best Effort 1un1sneneudsdoyallaegesinsgy witeyaoia

aa o

mellunsdidygrandeldiaios witulaldinezldiAnnsadrvesdeyanaziiy
Foyaananumnziunsldiuteyaisume sniedeyainiunaiads
(12)  Reliable Humsisriidulaldideyaiidsdadfugniesnsuiiu ud
o19flmuaivesdoyansdifinietiodyynildd Fsnsmenewdsditeiuasududu v
Tiinnsadlwivats q s
2)  msiaen Durability anansarfmueld 2 daden il
(2.1)  Transient Local 1iunisimundeyafigniueunsluudanan sz iam

Toya §13n15 Subscriber Wnuvsiszasalasudeyaimneglulseinala

(2.2)  Volatile Wumsmmualidliiiudeyaniinismeunseenluie
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2.5 MsuanNatayalulwaTAiEns N
Yoyatisinisdeansiie Topics annsauannadnivestoyauuszuufidnuuy 3 4

AelUsATU RVIZ 1T ueg AU nuazvatanu i lun15d0a1s LU N1TLARINAYEY

[y

UL ad LIDAR tuaafifianuduiusiussegvavassiunidasusasnudsnnunslunsasy

[ [ a

2 MIAlAUUSEUURNG AI5UN 2.6

Y

a % s aa
E‘U‘V] 2.6 ﬂﬁLLﬂﬂﬂNa‘UayjamﬂL"?JuL“zIEJiLL‘U‘U 3 4R

Pannam: (Malavolta et al., 2021)

a a

UBNAINUNIININTUIVUIAUVUTZUUNAAVLUTLATY RVIZ 28919899AN AN

q
1

J a A [ 5 ¥ a s 1 o & A
urunIanansaUivrnavetrad ninzan lagund 1 waadawviiuiuivwia 1
A1510RS Inganunsaidendaya Topic NHoINITUARINAMIAINT 1 wazdayadiniuulgesi
= b | = & o D a Ay Yy v
gnidenliuanmaludiun 3 uanaind RVIZ farunsauaninadeyadunnlunsilnldnges

wanslaludun 2

2.6  FrUUTUAGRUUBUALUUDIAN LaiDESE
(Chi et al,, 2021) 1§a8U1871 S¥UUTULAG DULUUBIAN L a5 (Non-Holonomic
Locomotion) winefis szuvduiedeudilianunsamuelifindeudildsiianisln o ldlngmss

wFRIUNTIARBUNvaNgtun UM eRI s ud e gluduiiauisawndeunlule

Y

Feldudsnivauiesnindudsaniuilugnisivloa lnedidudsanusiiuaniugnis

=Y

LAFOUNVDIVUEUATIANITAET UMW IR NAdnAans nilsluszuuduinfeussen

Ludassduilonuniigaluniswaunsiueud Ae szuuduini ouwuu Differential Drive
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(Hirpo B.D., 2017) \flssaniduszuuiianndrefigauaslidunuiiign lnsannsondeud
Frodeiies 2 4o Aadafianuinouazynvedaseadne sauiwhnusentuldegidassuas
aflmiﬂaflmiﬂgﬂﬁmmmmﬂmsﬁm‘?ﬂaﬁ’wmué’aﬁmﬂﬁuiut,wiazé’msuaﬂmqa%ﬁaLﬁal,ﬁu
AIUAE 897 (Caracciolo et al, 1999) WALANUAT 1AUFTUTOUNINT UVBIULUUTIADS
saumans \esnulidudasevindiuaindy dwaliiianisduloasinniseuay lae
szuufuiadounuuiigniFenth skid Steering Sansmunurusufizuuuuidululdimn
3 n3el Wdlaunu Differential Drive mmaml,amsumWummwm%aé"saqﬂmnmma%ﬁﬁms

LARITIAN1SMYUYRRD duusiunIsnRouNuasuEUs fagua 2.7

f'—*
,
v
....... .. — I —
, .
i TR [ I N ‘o o+ O,
- =N =
S N
5 ’
_’
“-ll

JUN 2.7 sULUUNsTULARBUYUgUALUY Differential Drive

Pannw: (Braunl., 2022)

LY A ady & a = v v < (N
1) MydeAun1ese Ae nsaindeviavuavyuluAamafeaiumeanus ity
2)  mstadude fe nsdiidevisaessimumnyuiianafeiusieanussinei

3) A9y Ae NsdivusudmUANdenyuAAIRsItINiuseAI S wI ALY

5U7 2.8 WUBUA Pioneer 2AT

Y

fiunnm: (Nazari and Naraghi., 2008)
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seuuuimdounuvesmlidasednvilwinfidey fe svuuiumdounuunisunds
(Ackerman steering) Wuszuuduirdeuldfueeusildmandelunstifussmdsaves
&onth vl ndeindeuiilunudulfwesmandouiilasliiinnisdulos deimnivils
svuutuindeunuumandeivesiinanmsfeinsesrnidsitus dmadeninundossai
o815z UUTUIAE UL UU Skid steering #39 Differential Drive TunisAansauwaundy
YueUASHLUIR
2.6.1 WUUIIARIWATATRIUEUA
fegummuziinn1sid suUamgingsuainnisaauay n153LATIE
wuuT1aaenaif (Dynamics Model) a1113005U18NOANTINNITLAG BUA YOIV UBUA AT
Anuduusiuig (Mass) limsanandos (Moment of Inertia) uagusesing q fiunnseyiy
A835909a1 - N31U4 (Lagrange’s approach) #3935903126u-0981a03 (Newton-Euler’s

=

approach) (Dhaouadi and Hatab., 2013) Anuunalilaseasedainuud ﬂi%QﬂmU?WIQG]

9

Audna1e G innisideunuussuiu (X, y) fagun 2.9

O X

JUT 2.9 wuudnaeanainveriugusn Skid-steering

fiunnm: (Liao et al,, 2017)

WevugudiianMsindounaenindulaseniteaeiuiu vliia usuden

UNNTLYNAUAD @1U15085UEAIANNIST (2.1) — (2.3)

7
m(vX—vyco)z F.+F.,+F.+F,+d, 2.1)
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M
m(v,+vo)=F,+F,+F,;+F, +d, (2.2)

0
Jo=-wF, +IiF, +wF, +I;F, -wFk,-l.F,+wF, - F,k+d, (2.3)

e M fie wiavewiueud J Ao LuAAURBETaULNY Z LANAINWS

nsevineny F

Xi

F, log¥l i=1,234 Juavidusunisesdens 4 e e W, 1, uay

[

|, fie szezaunirdlumiiownsdneds degun 2.9 wax d,,d,,d, fe dyarunissuniud

Whanluszuy 9nnsiiansandinusanusiiueudaunsandeuiinasnus i unas

v
v

pusuday V=[v,, ol AN ELN1ST (2.4) — (2.5) Fadl
[l
Mv+ Ay, =u+d (2.4)

|
m(v, +v,w)=u, +d, (2.5)
dlo M =diag[m, J] Wuewmindlusuimuesduuudanuosvesiueus
g A, =[-mw,0]" ,u=[u,, u,J' Ae ussdunnsgviivueud laediaulduyueuiiin
T = & a o 9 Y a I3 Y
31nA155unIu d =[d,, d,]" Fadudunnvasssuu MMAANATINYDLTUD I NATIADR 1Y

WWALAY X, Y Lagseulny Z Aedunisi (2.6) — (2.8) muaisu

u=F,+F,+F;+F, (2.6)
u=F,+F,+F;+F, (2.7)
u,=-wk, +IF, +wk,+I,F,-wkF,-l.F;+wF,6-lF,k (28

FATIEMHATINVDILTINLAAT WD ULSINANTANTZYINE DA D NUIT FUAIFUAR

a saa v o sw = v Y a'
AINVUINVDILIIUANDLADINUAIMTUANNUTNULLIUALANTIULLA S IANVDIND GNEU‘Vl 2.10
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JUN 2.10 usedninsgyililAnusmwanveeae

ﬁm’lm‘w: (Liao et al.,, 2017)

a A o v v a < v r-il' S &
Wﬁ]'ﬁﬂﬂNai’JNGUENLLN‘WﬂiBVI’]ﬂUaE]f\]umﬂL‘UULLNNaﬂﬂLUﬂ’IiLﬂaEJUVI RVAITAR]

a f-:ll £ v fu v a % I n’d'q (3 (% I a v -'-NI
HIINBTNUANTUNUSN UIANVDNAD N USUANIAATIEULUNNUBYWBHATS ANFUNIIN (2.9)

Ji @ +Ci0, + T, =7, —TF; +d, (2.9)

We i= 1, 2, 3, 4 Wnulaannuakrlewesas tagd

J. Ao TuuAANURRYYRIAD

r

) filo AN AT

ri

C. Ao ANAIVIANULELANIUTDIAD Laedl

rn

[
f.=AS,(0) Ao WILAIANIUTDINBLADTIALLABINA

2 o a £ = ¢
A, Ao dulsvavsusuduamupaeuliay

2 5o P =
Si(q) Ao flentun1sUTENM Ll TRLTELIAEUANIY
T, Ao L3UnUDINOLNDS

= v 4
r A IANVDIND

2.6.2 NISATUIUVUIAAUNIAT

o w

LV UEUAAINNTALAR DUNANWTINANTILANAINUTITAVRIA ST T5S

o Y o o & aA aa v a = a 9 va
ﬂ']u’lmﬁqmuﬂlﬁlm‘Uﬂ']a\‘iLUu@ﬂ?ﬁﬂﬂuqﬁLuﬂqﬁmﬂauslﬂLa@ﬂﬂ']il,aaﬂQUﬂﬁﬂJIWNﬂQ"IQJa"ﬂquﬂ
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Tunsvihnulniiusgansainuasauuen WeRsansiAgeuiiuuy Skid steering lunsel
MAaNsUAuLEeT Yugudnesaunsanfeunmeusidngaannsgyiiudenulamunis

Yaaugud lnefinednauiiusadawiiuaud aunsaesuiganuduiiusveusedannseih

Seauns (2.10)
T,=7,=2-4-Mm-g-r (2.10)

e 7, uay T; A9 WSIUANNIZVINAUADA UG 18ULAZIIINIUAINU LAET

L39UARDIAILNTOLOTULLITULAUANIUTLARTUIANYINAY - m- g

2.7 mMIsEumuLaaz a1 auNu

Al Khatib et al,, 2020 lénanvin szuviidedlimnudfuasifudsivhmemniian
Tumsiaunsuoudsnlud@ Ao n1ssuidumisesiies lnssruuiduidonlunislda
aeluenens Ao szuuthsessneusaies (nertial Navigation System, INS) iun1sussana
sundslngldigumos Tausadas (nertial Measurement Unit, IMU) Fefvasszuuil Ao T
Fasnssuiandoyaiigs udliarunsn Wlunnsiedeudluszozen 1esinanuianain
azaunnssumntaya lunianduiu Jamasnandnlinuredunisssymuniseag
Ardiey (Global Navigation Satellite System, GNSS) @ uisuigasfiauisatnsiuns

L L3

duysalilvinnuwiudngs uwilidnsinsdlmadeyana Mlviuiesafnanuliuiusulie

! I3

Vugudvntoayandiny tnenisssumuniaiuy GNSS dudnazgninluldiunisiimig

q

YU av

AEUDNDIAT (Huang et al., 2023) éhaﬂtymﬁLﬁmsﬁuﬁ’mzwﬁﬂmaﬁgﬁ 2 SEUU YN UNINY
fnvzAndudanesfiuiiatuisaanansailiviusudedafuanariinedng 4 ieuilefiu
ANNULIAADULUUNA TR

Moore and Stouch., 2017 n&1371 Tuaruiduasueuiges nnyinargnsuniu
Fuanaanmsiauandudeiliamnsadeds Sddiauedinsesanauuuuueens e
Usvunaa1vesszuuf i udadunarmindyyinsuniuainnisialaeauisausu
wfimesfegluzliuvindanunlssu uenaniausaysannmsdoyaiiialdosg
varnnaneiilerduduwalunsussanaaniurvessuu annaaeuiiensUssgndldiiie
Uszanasumisve sjusudnguene A ensysaInsisulwes 5 vlla wuin Adaild
21NN1TUSTUIUAIEAINTDIAANIUAILNTRanANURANaIndvaUlATY 98.87% LWasiGun

| N v s & &
LLaza’JuL‘UENLumﬂmgﬁumawaga 99.1 LWUDILYUR
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Wang et al,, 2015 lf@nwiuvuiiassaaumansszuuduiadouuuy Skid Steering
wuAMNFURUSTEVI19duUTEANS (nstantaneous center of rotation, ICR) fuLdunNefid
SriidulAsuuuliined doviuous P3-AT szysfumiafien1syi Dead-Reckoning Tagld
\uLges LIDAR $1 LMS400 e iaduviiaasavesiusud (Ground truth) Tasfiansanly
usudTnasNATIeNsAITidIUsEANS ICR Wiy 1.5 Wisufuwuusiasajusudde
szuunaRswiuuuuSaessaumaniiianusosiendulssavs ICR wwuuiummusaiao
TAs nuiuuudaesiiaduussaniusuimldannsoananuianainnmsssyiumisieds
Dead-reckoning Mndnwaizn1sAReLTILUUREIRY faea RMSE Toendn 0.03 s

Long et al,, 2022 lewud1 usudilideyanisiaszeznisuuy Odometry Tunns
Ussanasurdsmesusudiidanududeuvesiiuiaduiatudadunavhlivus ufiAaa
Annannazauvosiidaluszoymaiilnatu iligapdemnuindedesessuutmesnlud
wazm s Avteyaunuil S11lusdenisszysumisig (Adaptive Monte Carlo Localization,
AMCL) Tnedane3fiussnananansauuiumsve siusuduuusuiisedeyansinssogie
uassneaaindduveseyna (Particle) insyansseu q Muniseyjususd 49910013
NAFeUiINSIARBUTILUULABIAUMEANNIE T ULANANTY 0.3 0.5 WA 0.7 lumsreiund
wudhumisiinnuianaiavesiifnaganmiaiuiies 0.01 was finnusunnsiaiu Tned
A1 RMSE iy 0.03 0.034 Uag 0.04 1R ANEI9U

Kamarudin et al, 2015 l@@nuin1sadewkuiif1e35n1s SLAM Tagld Gmapping
\dunnsaraunuiifiededeyanisinssozmauuy Odometry 1W3sulfiufy Hector Slam
fannsaadrunuilagliededoyanisinszeznie lunsadraunufiuoy 2 4@ fe
anmnadenuUURIiy dallute 4.5x3.18 MR nuhmsaiasuilagendodeya
A5 ¥AsEEEN1aeae Gmapping fauudugiunnni Inadinadnsiuilunisaunuyinfu
1.5x3.15 p319iuns eiisuiu Hector IHNAGTEINAUHUTIVINAY 4.4x3.05 m13 LA

2.7.1 wuwasidsiasuysel

LwuLwes i1 sWaduy el (Absolute Encoder) 1 ug Unsalfildlunissus
AWNUans oMiAan199093ng aunsauuuszendlylunis Ussunaiunilsvaiugudann
auansolunisinaus s edumisiiAnannisvgu ddefunnnineueswuy
Incremental fon15if g liiA UL Ave i NALALIANE JUULHUAARTIE
syogauuuniga ilieuwefanunsaanddwniasudunasimiuazidongeunnninan

NalNN0eNSRAMEATINITRITAUFULUUAYEIUARY (Binary Code) AYUN 2.11

Y
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CLK

JUN 2.11 funtdan1siane sunwsufanuuu 4 e

fiunnm: (Das et al, 2016)

L OUHUAANLAANTNYUITYNATIVTUA LY ULLRTAMAS Optical NN

& o

a11130n5393UN T UYRILHURAR liAansinsiaveeasnely AegUn 2.12

B,
B:l

23 B> 21 20

I
L
. ﬂ—rb I—D r> rl>

gﬂﬁ' 2.12 1993 D Flip-flop nsnaasiakuy 4 Ua

Fannm: (Das et al, 2016)

aa

A 1 a & a [ Y a o v 6 ) [ v a1
Lll’e]LLN‘L!G]E!ﬂLﬂﬂﬂ?i%i{ﬂﬂﬂﬂmﬂamm’]mwaﬁ fl CLK Lﬂuazymmmwamm 0

o

fiu 1 aduiiu aglanndyyio s duviedei 0 wag 1 gniteusianIunssng (Logic) wuuilias

=

(Not Gate) iieLldsuaauzdganadlunisidnsdaanius 0 10u 1 waz 110w 0 dausunus

' '
a A a a

Tn¥l 2 wazded 3 gnideusen uaIndyain CLK lnsasainlildifinnisildsuaniugves

o ] v a

Fuaaud1rsuing 2 wartnd 3 L HolulwnsaanIuLANLEUAEN f AW B, Wag By ¥

A7)

TAARNAaNEN5UNTVE FIRNSI9N 2.1



M1597 2.1 LFNAYBINTTNTHANIE99T D Flip-flop

CLK D, D, D, Do
HIGH Bl BO BlPrev BOPrev
LOW BlPrev BOPrev Bl BO

2.7.2  NERNITUTTUIUAUAUIVUTTUUANA 2 R
nsindeufioonaingadusiu Afndunisesusudaziuasuly ?Tuag'ﬁ’u
SnwaIrNNIMUANANNNEN9TS dmsurusudiannsausnusumdeelilfieumes GPS
§nisuilsidon Ao nsldnisinausiann Encoder udrhandauidniud suly
3un3M15591 Dead Reckoning Falvmnuutiugnssessaynisiisnntuy Tneshulsaausi

Qll ¥ < a v ! s v v fu W v ¢ v ~
LﬂEJ'NJEN"i]%L‘UUWﬂ@GZJ@QVJUEJUW £ L']a'ﬂ,@ 6] AUNUSAUFYEUEUNAE @\TEU‘V] 2.13

Xt s ".A L ()I;'I

/\'RASRL

d‘ o o 1 1 6
E‘U‘Vl 2.13 HUURNABDINTIISUA NN VDI NULUR

k.S, +k S k.S. —k 'S
X 17 & +(%jcos(9k +%b'-'-kJ (2.11)
koS, +k, S k.S. —k 'S
Yisr = Yi +[%Jsin(ﬁk +%] (2.12)
(2.13)

k.S, —k, S
9k+1:0k+[ — : LKJ
zb

lagh X, Y., 0 Ao WAnLazAANITU U0 ueus s 13a109390U X,
Yo, Ocq AD WAALAZAANNITNLUTDYUIUA LAG OUNDONANTA X, Y, way Sy .S, AD

doyeyrausiad (Pulse) Y09 Encoder dadnauazunnvasviueun Ky K Ao duussdnsusu
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fyanastad Tas b Ao sverseninedediouazunnvosiusud uay y Ao dudszans ICR
ilerungamyuveiLEUALU SKid Steering
273 szuutsesdisusaiden

wildlumwresifuiifounfiofansiedoulmilduuvesmdasy (Degree of
Freedom, DOF) A8 w@utwas (Inertial Measurement Unit, IMU) US£NaUA28 LaULLDS A
A14L59 (Accelerometer) 3 wnu waztwwaesbalsalavlunisinnnusndausounnu
e 3 wnu Teelounuudafinisth IMU Tumsumiseserumnue Tnen1sduiinsm
AT 2 A9 WAz 99ANfiANI3YY (Orientation Angle) IneBufinsnAnusndayy 1
ads Usingavi i dnsunuadinauianainasas lesandyanasunau (Noise) 71kl
n31Ue1 (Jay, 2008) ludiun1sinnausamunuiwny (Linear Acceleration) aziigunsal

Meluguges 1a111303nAULTRILTIveIaUS ARl fUgIuTa R3S (Fixed Plate)

Y

[

A93UN 2.14 1leiinnsiadounanuiuIwnuibikssaUIadvwnuinn st svadan
ausazAdeuneonluauiuiusaiinty vihlraiunsadnanusaiessyingluanusiuay

= a
3aweaaulng

Spring

Wil

Spring

)
COMNON000

T
00

Fixed Plates

JUT 2.14 duUsenauueesinaduLse

fisnan: (https://shorturl.at/dwiLU)

lalsalay (Gyroscopes) iunfiunuinlunisinauindesuuesingain
nsenfeusiliugvedanduiusiuusefsadswes Ngnasaentilunseuveasuges e

TUs9UNTEYUINNIRIN I dILdlsmasAd sulikazAnn1sInAve L UL s balsalad


https://shorturl.at/dwILU
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1
=

Us¥naunie 3 diu Ae Roll, Pitch way Yaw fsi 2.15 Favuwetaielvdazeglugluuy

a

MEMS Pflauadn vilrnisihlivldaulidsndudesinunfndsuuinive)

Roll

Pitch

JUT 2.15 anuduiusiianisnyuiudueeslalsalay

ﬁmmw: (Ahmad et al., 2017)

2.7.4 HA2N599ANANTURUUVLY
° | oAy o v Y} A va o o A v
NsTEUiuniandeededeyanisin lunsu JuRtuaavaihdutamnm
eaededinnvessuwes lainisadnaniuzesnuiliogragndassosivasidud
Lﬁ@ﬂﬂ’]ﬁ]’]ﬂﬂ?’]mLLUiUi?umaﬂﬁmmﬂmﬂgﬂiUﬂ’JuIﬂEJ’Nf\]i’SLﬁﬂ%i@ﬁﬂﬁ(w‘%@aﬂﬂwLL’mél’eJll 91
TdnwauilaanAudanesiufansaunludgymasnainusenaumessuuiidudadulay
A & A v a v o =3 A a ° & v &

szUUR T adL 1S s UUREUTY BUN889 SEUUNTLUUIIaDMarIN®asn1sinlu
Handunuudadudaduszuunmunzauiun1suseaManusmMesnsadnIauiu (Kalman
Filter) wiidususzuuithidudadusdesfinsUsygnaldiinsaanluidudadu wu danses
AANULUUVYY (Extended Kalman Filter, EKF) Wusu 1nendnn1suseunaanIuevadii
NTDIANANULUU EKF 2zUsenaumeiy 2 diudanisaianisaliasniswnbaaiasuigla aa

U 2.16
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asanuudiaasvnandnaans
X, =¢x, +w uz z, = Hx, +v,
AUAIAIULUSUSIUTBIAIURA A ADY
- _ 1 n- 2
P =(1-KH)YP +K'R

AIANISAIA NN

r 3

Xet = (D;,_ uar P = (DEP;_ +0
v
AInAEnT1veeARNY (K, )
K. =P H(H’P™ +R)
1

ar Y g

ALALIMINITUTEU

LRI

2 2R (5N )

JUTN 2.16 TunaumsUsEINMEn1UAILMINTIANANT

(1) A15ANNISA
JUADULINVBINITUTLUIUAILAINTDIAIANIY NUUALATZUUL AU

annuzilesny (Prior State) Imglsifiarsandyanasuniu Felunsanssuuldidudadu

I3

ansaesurelvieglusuilsiduvesiudsanugainnisainnisallaensuiaunsiae yius

feaunisi (2.14)

X () = f (x (1) (2.14)

WNUANNITUAIEOUNTUNLADS WBUAUANIUE X LATWNUAIAILUS

1%
LY v a

nigufugeanunsosiniald aunsnesung

L3

ay v 4 ‘, al
anurlaainnismanisal X (t) leeauu@dined

LWINSNDNNNWAAIENS Q4 1380 T AEEUNISA (2.15)

Fi) =T (2.15)
OX x=x ()



25

A13ANANISAIANLNS AN ngR LT uapand s uszuU i

du Tneduanduesgiuiian seaunisi (2.16)

Y

O =F(t) o -1 (2.16)
o @ fio winsndnsaneleudinusaniug Fednudatunanndauys
anuzle 9 awsadrluauaunIngAULUIUTIUTOIINN BT A LU TENIUZAINNTT

MANI5al feaunsi (2.17)
P (t) =}, -P(t -1-(®;,)" +Q (2.17)

Tug Ui aldudanumindauudsusiuvazid uilad duveaan

AN115095UNY AIANNISN (2.18)

P™(t) =@ -P(t-1)- (i )" + jQ(t)dt (2.18)

(2) ANSAbUAN

LA INUNSLAENN TR YITLSIUTUABUNIIAIANISAINSAANANISAL

v v

i dudaduaenndosiuazgniiiidudadusoynsunass uasnaddudiugazgn

Y

Fniall MatunsngnIsdananIsalaIunsaUseaadle feaunisi (2.19)

oh(x)
OX x=x (1)

H(t) = (2.19)

Aansespauuduiinsesiivugaufiganuneaunn Ny sUTI
vassulsanugluuvindanunlsuniuvesiawlsaniug PT asliefivdosfigaunen P

AWINLIINTURUNIsAANTSalld AP filuddesiign deaunisi (2.20)

AP(t,) = E[ AX(t)AX(t)" ] (2.20)



26

Tneiioulvaenndeaseaunis (2.21) - (2.23)

MAX(t)=P HT(HP—HT +R(t))™(I(t)— Hx (1)) (2.21)
AX(t;) = K(t)(AE) -1 (t)) (2.22)
K(t)=P HE) (Ht)P HE))+R(@))™ (2.23)

= a i a s d‘ oA A
o K Sunninumingdnsvenemauiuuas I(t) —1-(t ) As Ailuae
91nM3in wandlAiuiIrNULANATENINMSTRfinAnsal I(t) — Hx (t) %ezn1siad

19339 1(t,) anvheuddmuusanueignunlragliainnsiuiaiaunisi (2.24)

X' (6) = x"(6) + K(AE) 1" (1)) (2.24)

Tuaunsdl fuusaniusi gnuszanauaza i Taldduaggnuys

anudidy asnimdnudninswifuiledusuusanugiignudly Foaneeui &
ArruuUsUsunnstaiufidiosnitainruulsusuresiuusaniugiildainnis
Aannsnl dniinvesntsinazgeniuaeiulsaaugdldainnisalaianisaiaysii del
AnuliudueuITaIsaanaslanglunIngANLLUsUTINTO IR USAUE AU Lzl

PMNNNUBIAUNINTEIBVBIAIANLRANAIA FaaunTT (2.25)
P~ () = (1 -K(t)H )P~ (%) (2.25)

2.7.5 walulad LiDAR
(Light Detection and Ranging, LIDAR) gnldag1unsnatgluienisg
AsauUwALazas 1N U WUl ueesNauTafnds vuiulan wwseadu vsamisudmsu

TaA11ugveandussine lnedoyadAgiilaainnisin As AMULANAIIURITEEELIRT

o s

auaaaignadliudinsenunduun sibianunsaf M ss ey senInuvaIn LA

'
o =)

Tng euszendldlugnavnssurueudlun1snsaduinguaraiunuiaeIsn1s SLAM us

feoenalsiwuas LiDAR Tduasidarnueninaulugng 750 uiluuss 89 1500 tulasiuns

ANy o o

a 1 . [ 1 A v v a o A
138031 (Near infrared, NIR) LUU‘U’JQﬂ’J’]ﬂJEJ']’Jﬂau%M‘Ua?\]’]ﬂﬂﬁLUﬂﬂimi’mﬁ]‘Uﬁ’MQﬁﬂ’]L‘Lla\‘iﬁﬂﬂ
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Juaniinaaudfiganduuas Jekal et al, 2022) vhlvnuauifnisagyiounadulunidigusges
anad FaNTTUIUNMIAILILTBIALERSNTENUAUIRgALiANTARUNS UL IuvE s lle

¥ v

LusTuszarmeildlunsiiunsluayndu Saunisy (2.26)
1
S=ut+ E at (2.26)

WMo a=0, U=C way s=d wnuashuaunisi (2.26) lanadns feaunisi

(2.27) Wuszesiwumasauisansradule

d=— (2.27)

WMo d Ao seesriieserInakradntidnludedannuingluniie wuns ¢ A
AMILTWAWIIAY 3 x 10° wnsrodudl waz t fie aruassuedeufianngaiiidasius
ALV OUNFULINUNAITUBEIIUNUIY AU Tagdudsenauladasuwasaiu1saasuiele

Fagui 2.17

Tilting mirror

Optical rotary
encoder

Servo motor

i Optical rotary
encoder

Laser source . ...
[ _ Receiver

Ul 2.17 dUszneuves LiDAR

funnw: (https://erc-bpgc.github.io/handbook/electronics/Sensors/lidar)

(1) unasrindiaues (Laser Source) Wunvaarilaissanniugiusuiess
(2) Servo Motor Tglunsvyunszanazyiounas (Tilting mirror) LNy

wasanuvaiiilailasiseenlunuiianfiuuwes


https://erc-bpgc.github.io/handbook/electronics/Sensors/lidar
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(3) #aruAn (Controllen) Ludwildmununisiauves Servo motor
Tiuemosannsavyumeausinsfinuauaianguan

(4) fherudeya (Scanner) fmthiieudeyaluszuu LIDAR Wudmiisiniii
s1unarfudeyaszevisesdsinvnalazfirmeanmsdesiaaivesannnsassiou

(5) wuLesLU19%a (Optical rotary encoder) ﬁwﬁ’lﬁﬁﬁmmadmquu
yousuees luniseuszegseninsdsinunstuisueesluudazesmiiinle

(6) FFuua (Receiver) uisunamdsainasviaunduaining

2.7.6  mMssanuiwazszydumidundeuiu

wildluiEmsfazlfundedoyavesanminadeuielivususannsaindoud
ilaglivuiuanmundenlagseu awisnesuiosegadaunnuesdafiaug (Landmark)
Hunildluszuuiddydensiaunszuuiimedaluffdmiurusudsiuiussuu ROS Tu
ﬂ’lﬂﬁ%@;ﬂﬁiugﬂLLUUﬂWiﬂi@Uﬂﬁaﬂﬁuﬁ’iN (Occupancy erid map) d1msunisadeunuiivy
$3UIV 2 AR F9n3UTTINUAIAOUYRY SLAM d1ansafiansannisiadsuiiveausudtids
LA BuT AN mLandeu laglAnn1sdanauuuduimsvesgadunalasldivuges
faguil 2.18

Landmark

* Estimated |- D -

k.

- >

g‘d‘i?i 2.18 su1UgunsUszanmeuYes SLAM
funnm: (Durrant-Whyte and Bailey., 2006)
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MrualisUaumasudv Ui Lmiess (Ground Truth) kag Estimated
[ o ! o [ a = < s
Juihunidsannmsuszanamneuandanaiiy o an k 1o 9 lag U Wunnmesaiuay
Vugud o 181 k-1 lieuszanadneuinaesaniug X, a0 181 k wauiuduninsiumis
YosdinvmeIndLnn M TagliwdsduiunamvuiuAmaniugueinsin o funiaves

viueud 7,; Wweanunsaesuigluguniskaniasanuinvsilu deaunisi (2.28)
P, M| Zg,,Ugy %) (2.28)

19 Xy, ={Xy, X,...r X} HUATOIAD UL UBUAUTZNOUA LA ULIUY
Ao =
WAZLNUUIZUUNNG U 138791 0 09 K
ﬁ o o | ¢ > | - k
U, ={U,,U,,...,u, } {Ugnveaidiniuauug udnsusiiiai 0 13a1
m ={m,m,,... m} Juwnvesunuilos M unugedunaildoduiy
WHUT P82 eEaINAUIg
e g o
Zoy =421 250, 2.} WOUBRANIUEV09AINT TR DUARIA A Ad NN
wane 9 yad3euldiduendnmnainnsussana a el 0 8 k
oy a
2.7.7  Msunuiveyavesdienneng
ieluNadNsaINNITATIUHUN FD N1TUNUTToYATDIANINLING U A
a a Ve 2 A A . aNa a .
M1319n3ANansaseuldfsanueaudunuNIN (unoccupied) 3897AU313 (occupied)
w38 133N (unknown) sherAainazilundiaisiaus 0 fu 100 Taean 100 waneds n1sdl
a o | a o 1 o | AN a a1 W =% & do vy = o
dafinvaeey o N3AReNaN (@) daunsaiindadianviniu -1 vanets Nundadilits G

wae 0 Ao Nufiigliddhinuing @vn) Wnedeyavzgniiuluguivureseinug (Metadata)

a

AegUN 2.19
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Obstacle

Em

‘Robot |

E‘Uﬁ 2.19 mnmuﬁ%gamu Occupancy Grid Map

2.7.8  MITLUAMUALIVUURUTIAE AMCL

Huang et al,, 2023 laa§u1831 Jym1ALAnT ufiun1sseysLnuanNents

[

Useanadnugne3s Dead Reckoning ligunsaldesanuinnalndsauiilinduainnisin

o

Judusenisuszifiudeyarinannwindenlunisvaadeianaineaflagldisnismisada
Aedaneifiu AMCL Fa.duiBssysunilsuuununflasuanudeuuniiagalutlagdu fae

nalnyeIiinIaseuMAwazN1swUaluY Monte Carlo Litednnisiudymldegianungay

A 14

gana3nu AMCL aglddansaseunia (Particle filter) Litaasnsaynaauyf

(=04 o

Frurunddlunisuansnisnszatedivesanuiiazidy lunsalfliddeyadumiale 9

Y

oA s i o 1 @V v = S = A o ' 1 <,
namAsvuguiaNisaegludumidlanta ntuidloviusuiinfoun fuisaiuyazidu
YDA UEANNTATNANLAY NN ST B U U U Ty ARSI I TuTayaLA LT Inenguves
< a % a s ] ) =
BUNAANNTOAEUURFIUMENITTNDST 2 dIU Aeaun15H (2.29)
— £yl wlil
X ={x whly, (2.29)

=12,...,d

A a

e xU fe auufig uvetan uglngwum uiivesd uduYeIeynIanig |

<9

[%
[ o

wag wiil fe Arnudramvesiminlunisiedulafisuansainuiiasiduifieaaiugves
auma j {Wuass ndsniviliminveseunansmunduinnsgiuwes anuasduves
aunAnuenINAuasaUssInalanuilanduseielngddn1sUseunuaIn UKL

AIEIDVDWADIHUA AIFUNITN (2.30)
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)= WS, (X) (2.30)

e 5, (X) Ao AsuanuAIUnNAuUUINd T euvesanade X dwfu
x

puma | fsnstmuatiniineymadslvsitasduiiogianmanszaigeyaelmsiniue
ihiinlul fedudnseseynedaduiliduieutada iFont dansesuuuiud (Bayesian
Filter) anunsathluussyndlunisssyimumiaiuy weuiaisla (Monte Carlo Localization)
Tnefimsvhauvesdaneiiu wail

1) dauufgiuvesudsaniuy 1wy ffasums uAzNBIAUTUM

2) Svuamindnnasiitenisiadila (Importance weight)

3) wanuaseuMAvesiusudluuaui uazlaglfuiannisiuiuienisuan
uasadarou

8) winuaseymelmliildsundiniudmeananimin

Tunisszysfunsednsaaiiies g ﬂ’]iﬂi@ﬂ@iéﬂ?ﬂLLUU’Juﬁt?’l NINTENY

aunpvzgnihunliiludeyadedidmsunsmuaunisindeulmveswhuniseunmaaiuise

AvualalaeanIuziounil X, LagAIdIn1sniual U, faunisn (2.31)

0P lIx,) (231)

Wmdnldlunisunlunisnsganeiveteuninazliveyanisinaniguiges

LIDAR Uszneusneaadanalagsey Z, faaunisd (2.32)
wi !l oc P(z,[| %) (2:32)

n15UTTUIMNAY AMCL a1usauUaoanidunisisudu n1sdauns n137n

o aa =

N15MANUININ kaENISdNFIREN NN NMSSUAUILTNRYAUIBNTTTTYLiaaaNINTEY

[

v a

fpseymAEuiy dutuneunisdaune fe mssusdeysdunedouluuvdsiuiavie
vdansindoudne TnsanuuaninassrinsteyadandenuasdeyaunuiiazgnAuiaegly
Fupounstalasfiiminveseymasgldumssmannudeya Sddutunouaninesaneiiy
awinsmaduiegidvlvilinmanssnsoymalmiazgnainstununisnszatetmiing

gnan lngnsnseangeunwaansauanslalusuil (2.20)
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a a v
E‘U‘Vl 2.20 N1INTLINYVNBUNATNUAVDIAINTDIDUNIA

(Boshlyakov et al., 2020)

1 ¢ o/ oy
2.8 3TUUAIUANVUEUADALULR
Seng Chia., 2018 lafinwin1seenwuuszuUAIUANTaUNdUAMS U UBUAN NS
WABUNLUY Skid steering lagldnasingaaduiduden dae3sn15idnsgaving (Ultimate-
cycle tuning method) aungvesdniaas-tilaad (Ziegler-Nichols) luns@amuidunissie
= I a = ' N a N
ANALSY 25, 50 Wag 75 wnsieduiil wull ssuuaiuauil ke wag Wed figneenwuuain

<

a i Yo a o = I
NNSURBULUAIAINNLET 3 AN 1'1/1?1’1(51’39"’]’3U@3J‘VlWill’]%ﬁllLLﬁ]ﬂG]Nﬂ‘U 1nuN1500ALUUTIANULSY

a0

gagn é'hmuqmzmmqﬁuuﬂaﬁumﬁummL%ﬁlﬁé’ﬂumimmmmuﬂumuﬂismums
1insgaving
2.8.1 szuualuaulounau Wled

sguumuax PID nanlddndundslussuuaiuguinulévosluau
granvnssualufequandifiannsaldauldieuazindnnsilidudou vilaldeu
a1unsaUsuidenAgnsvenglaniunueuUaBIRnaeIgn soausalingn1suugu
w9 9 lnediinguizasdiieandnnuiianainvesdg ndeunduliadosfianvi oy
fud Usznausewsiiies 3 dauiiieades fie memuaudadu K, smuquusiug K,
wagspuatauiius K lngionavesinivauaisnsamuimeglugulamunan deaunis

71 (2.33) Wngpnuduiusanunsananisneguimen1mudan (Block diagram) faguil 2.21

de

— 2.33
dt (233)

u(t) = K,e)+ K fe(t)dt + K,
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r(t) e(t)

Plant y(t)
Proceé.s >

JUT 2.21 ununnudenvesszuumuauaunduuuu PID

2.8.2 m3sUsusnIuAuuwuy Wlah fAaeEn1sininsgaving

desnarudusiedumemeniimngautuszuumuausidusoms
Handuanalou (Transfer Function) usilunisufUmn1smuuudnasmneatinmansvadssuy
fulilFestwrmiadailddedas dlivguivesdinass-ilaad (Ziegler-Nichols) gn
thanlfiilensvmmmuauuesszuuanmatleunamsnevaussuesdnaaduwaduilaidu
Sunilamie (Unit-Step Input) Saufumsdainananevauesiidesinnisunitanasdedng
wildludvedlenesyniiaostioonin 25% veslotiesgniiuin dnsuismsiginsaaine
annsasuiusutuney fil

1) USursasueeeyiuduazyituslidamdesigaielissuuifussuy
AIUANLUUARAIULNEIRE9AET

2) Ay 9 Lﬁmmé’mwmaéfﬁmmmqué’md’mumé’amm HE Q1N UAUDY

@ a a % a
NITUVUIUNTEYNICUULNRALA DY TOTNLUUYBU GNE'U'VI 2.22

c® )\

| Pey

N

0 \ T

SUN 2.22 MSAALEDYSANWUUVBU

Y

P ; (https://faculty.mercer.edw/jenkins he/documents/TuningforPIDControllers.pdf)


https://faculty.mercer.edu/jenkins_he/documents/TuningforPIDControllers.pdf
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3) JuiinArdnsvenemimuankuudndin K, fvilassuuisadesnim
WuuvaUkagmAAual P, ilessuuiinefiosnimuwuuvey

4) Anamiweivesssuumiuauan Py uay K, dwnsei 2.2

M1397 2.2 NSAUIUAIAIUANMEIENEIBNTIANIgAvinY

- W1EmasAuAN
winvasianIuay

K, K, K,

P 0.5K,, 0
PI 0.45K, 12K, 0

P

PID 0.6K,, 0.6K, K Py

P, 8

2.83  WUUINABIIAUANENT
NNSLAA BUTLUY Skid steering W usyuuduiadauiinanenuiu Differential
Drive wanAeiua g3 uIudolundasa Uy ueuanidnuiuninnda 1 aevuly vila

wihdudasenindeinduaniausadaamukasnisaulaa (Slip) waganaudnalanisvyu

(ICR) Fisgudi 2.23

JUT 2.23 wuudnaeanuadineansnistuiadeuiuy Skid Steering

funam: (Wang et al,, 2015)
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M15013UN 2.23 01U uignUIAULUUNYEAIEAMS TUAR ICR
AEYATINANVBMUBUAMEARR (Xs, Ys) warlunsaiiviusuignUeduidesdiensevnasiin
ANYU ICR, ANAA (X, Y,) ¥58 I9nsu ICR; AdidA (X,,Y,) Wmeanudunus ffn § 19

ANNUAUANISUTUEY V, wazanusuTuN @, a1u15005ue Maunisi (2.34) - (2.36)

V, — @), r
e — (2.34)

Ye=—"" (2.35)

VX
Xg =X =X =Yy, = (2.36)
a)Z
Toedt I \uamsndfifanuduiussuiiines ICR faunisii (2.37)
-, Y,
1
Oy, = - B (2.37)
yl yr _1 1

Avualiviuguddanuauunsineiaans Uy NyaaudnaIavev ue ua

Xs =0 uaz Y, =Y, = -V, wnuradhuaunisa (2.37) lenadndaiaunisi (2.38)

1 Yo Yo
J=5-| 0 0 (2.38)

v [

o Y, =Y, =—Y, 10uganyu ICR viususazipdoun duiusiunnumsng

WUV, wazenuiudieyn o, fsaunisi (2.39) B (2.40)

_or+or _v+v,

X (2.39)
2 2

\Y
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_—or+torl -V +V,
2y, 2y

@,

(2.40)

INANNTTN (2.36) ANAURUSTEWIANUEUTUGU V, =V, Lagausa

W @, @nansadwinsailanulAwsndunIndeIneaunisi (2.41)

V V,+V
R=-—S=—"_Ly, (2.41)
@, -V, +V,

ANUFUNUTTENINANAYANYY Y, NUTEEsrNde B a1unsnaiuigniun

FuUsEANS ICR §aaunisa (2.42)

U /ut S (2.42)

= a L Y s I | o a QK ~ 1 (%
WeNasanANUduTusIEnieAduUseans ICR y laawlle ywiniu 1
" M 1 a - v o & a v 2 o =~
nu1eANIv v udldiian1sdulaalunisdaduid s enyuaioaus ngay tned
LUUTI8INNANNMEaR S UAEIRUNISLAGOUNLUY Differential Drive MefiinuaIgamsy
ICR ¥10¢ 4 ANINANVRIE AIFUN 2.23 UANAINIINATAN x TAWINAT 1 vneAImdn
1 & a o =1 = v 2 a o Ya !
yueudiinn1saulaalunisteduitemsenyumenuswdeay vilininvesanyu ICR og

AuNeNTasRBdLNAmeiin ICR. way ICR a5unals Asgui 2.24

a‘
~
(4

st

JUT 2.24 Anuuaneneuedgn ICR 7 581i1e 2 szuuduinteu

ﬁmwmw: (Wang et al.,, 2015)
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29  szuuimednludfvasiueun

M vnadalusiArensiedeuiivesusuiangaisusiy lWdadmneidvue Tne
Tlsguiudafinune a9nn1smaunun1sedaulng (Motion Planning) vl oAuniduniadi
Fululs wagldsanesfiumuauiiiofanandunisinausuly (Vishwas et al, 2021)

Kim et al., 2013 l9na1331 UseaninmuesssuuAnaiuiduiuy (Pure Pursuit, PP)
Buszuufinnudunisuuuisnadatuegfuszozausdludramih (Lookahead - Distance)
Wisulailouduszzrnasenineumnue iU Sdantieunmuginutuenaueiie
Annsidung feu erumugasiszernsuesluinmihfusiumunnus Buadeud
Savinla seezuedluinmihimsiiannniu uidmsussuufanudumaius g desdisvey
waslutamdiidu egnalsfiniy wnerummuzdanmiigauasuesludomilussesdy
grunmuzAazfinnaniadeugduvasd mdndulunudums dsenraviliorumugiie
n13a uloasenuonidunisld eanuduiuslunisivunszeguedlutramiidululsd

AU SRAMIULAUNIDRLULNR a1unsaasuials fsaunsh (2.43)

min(Rtrack) = m (2.43)
L= Zmin(Rtrack) (2.44)

W min(R,,,) ‘Dusadnmadilasw usnvesenumvugi danusadadu v Tuns

dl' a o B a = U U fu Y AV U 6w Ql'
AR BUN LL@%ﬁWNWiﬂW’]ﬂ’J"IﬂJLi'JL“ZNialqu\‘iEjﬂ max(w) Inedlanud Ui usAuS AR LA U @\TE‘U‘H 2.25

O Lo
ahead-
i PointA
Y xA
/Look- Look-
aliead ahead
Pont B Point &

2 Nk

v Sl .-
“ 'S -

R
min(R,,.;) min(R,,.,

< L >

SUN 2.25 sppzupslUtanthiduiusiusaillAseaduni

fnnm: (Kim et al, 2013)
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Macenski et al, 2021 lgiufiataymnisuszandldaudanasiiuwuu PP d1wiunis
Tnulufiuiisin idesandaneifiuuuy PP Hudnnislunismsadumsddsienisiuan
masvndineg1aielnggunmuzaziadsuiinisnnuinsinasnnislda wazlid
Formunduatiosninla q lunsideneudaiiinyay Sansedeuiisionnunsanedii
liannsandeuinudumadildsfisisaiiildegnaasade silnnsauauuuy PP lails
Sumsiaunlasmilfejusudlugnavingsy Wesnnidermundueuaeniedu 4 a1
Hapianandslidaiislunsiannsaneiiufiamsamuauanuiilunisindouiiniums
A 158n71n15AWANLUY Regulated Pure Pursuit (RPP) 1l s uU53UseANS amin1sth
mssiumnaldsadion fefladdu Curvature Heuristic Ingnanisnaaaunislideuaiaile
WS BUMEUNITUINIAIENISNLASRNABDA SENIN9ANBSAULUY RPP, APP way PP wWuin
ARanaimeenuanidun1suessaneiiu RPP fieiadutiesigawintu 0.052 wns Liewfey
U APP 191nf1U 0.059 wag PP iy 0.1 1ang

2.9.1 sEuUIMeBnludd

$%UU Navigation Stack 1 uyaLA3 89ile (Framework) 7 9281w nsimun
annsoawusudsnlulRannsraedesdiowasdaneTiuiunnsrsfudndie i sauds
L‘i‘]usq@Lﬂ%aﬁaﬁiﬁi’fﬁ’uaﬂwLst'waﬂsJV'lgﬂuﬁﬁumﬁ{fﬂLLazqmammiu U84 ROS Navigation
(Quigley et al., 2009) uazmoulasunisauslmdumsusuuss ROS Navigation wazadaty
uuszuy ROS2 Taeildiedn Navigation2 (NAV2) Tagannilngnssuvesszuuannsaeduions
vhaldaguil 2.26
| Waypoint Follower

navigate_to_pose |

+ — ) ™

,,,,,, . radWVa X.d ] Behavior Tree

L BT Navigator Server

TF Transforms i i -—

- —— $ —

p
Recovery b Controller Planner

Server Server Server

Recavery Pugins Controt Phugins tenring P
map
-
o n “ S
-

N |

cmd_vel L

[ Robot Base }

Controller

U 2.26 anilnenssu NAV2

Pnm: (Macenski et al., 2020)
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NATINvesanUnenssy seuuimedaludifanunsaasiadunisiuy
3091989 (Waypoint) wagaiuANueudannsvitausuiuatedu lngsudunnaindeys
Odometry lumsUszanasuniswosjusudnndeyamuvesfegluguuuy TF vuszuy
fitn Sedoyadunnmariagfudumildunsdiiumsvesd e siiddy 3 du il

Recoveries server LHugumdsiiunisiausesjusud nanfe Weszuy
Lianunsomidumsiidullsansadmusliszuusendmdanszsi (Actions) Uszneusae
59 (Wait) 3 u (Spin) ¥30 naewa3 (Back Up) g ailassadrauuuununngulsl (Behavior
Trees)

Controller Server \JuduN153AN15ANT009N15AIUANAIBLEUNIIE 19D
Tunsnsrvasuidivansuazesnddsaiugusie Topics 1991 cmd vel 9MnszUUAIUAN
DWB, TEB Local planner, MPC %38 Regulated Pure pursuit

Planner Server iuddnnisevenisasiadumslaeild idunismidunis
fdululduazduitandedena Global Costmap fignastsanndoyaunui

2.9.2 N13319 Costmap 91NFNAYINS
ﬁuauﬁf\]zmmmmﬁauﬁiuamwLL’mé’@ulé’asmUaamﬁﬂ%Sﬁuagj Tuldunna

TunsauAy 1n8N19ILNULEUN19MIEIEEENUa oA BN FIRAUIN0IRENENNITINIUYES

=

Costmap 2D Tunisimuassesmean cost wansiesveyidudeinrnunesnundussosi
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Lethal cost : 254

Inscribed cost : 253

Circumscribed cost : 128 ~ 777777171

Inflation cost @ 1-127

Free cost : 0

JUT 2.27 NMSUARINATEEAINGINATINNIY Costmap

funnn: (Chen et al, 2015)
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2a

Path

a

JUT 2.28 MdNN1SAIUANSANDIANLUY Pure-pursuit
N1 (Rokonuzzaman et al., 2021)
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G 1, F9aun1si (2.46)

(2.46)

So tan_l(ZLinn(a))
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YDIYTUNIMULLTULA INUAISAANIULEUN19UU Model Predictive Control (MPC) N1914
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2.9.4 MSAAANMLEUINGUUY Regulated Pure Pursuit
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And 1u AULTIlUNEN g WIUAYANIUTTUINADAUNY UIaLaz I UUUAAINLADEUDS

=)

ueud Feluszuvazdsenausiglaninaewiueunanunsadidianuvadleinugesans

sSo_

weniduanmwindeuiainnsavaseriueudiazinasangfinssunisna sunfiiineinnis
AIUANMIEAAY cmd_vel WioAuaNANISATRduLazANISNTW (v, @)

3)  SEUUU MDA LUIR NAV2

a &

AowugudpiouiioananyaLsuAuag 1 dnludAdoinisseyinn iy

ANUNYUAIENINUURHUT Lag Topic T8 goal pose F9a1U10YIINITATNUULHUTKIY

A v

LUsunsu RVIZ lalagnsaiitedetayaganuneUatenislviviusudiaiauiniy Planning wag

Y 9

'
a v a

53UV ROS awdstayafidnfiusznousediie x fife y uazesmuiusuiossyiinnisviued
vugust (Orientation angle) Ingillordwniilomuaurueudidedds cnd vel lunsnna
Aunsuuy RPP 71 18 a1nn19919unud a8 AStar Taedi cmd vel agarunuUa ndu
diff_drive_controller 1us1am191iine LA sadadlunisiuinnuuiiaessaumany Lo
i duanausdeliduiusiu (v, ,) venainilszuu NAV2 Sudusenisimua
wisiwesdu o Msadestumenaumudumataganiaoadelyifurueusd il

(3.1) Global costmap waz local costmap tdudanasiuninun
voulnszerUaniuvaddeinuindlaei Global gy ludiuvestioya Occupancy Grid Map
uay Local agvilududeya Laserscan fildainisulyes LIDAR lnswfiaes Ao sms1nns
d¥anedia (Cost_scaling factor, or) wWasYBUATDIUEUA (Footprint) FIUUIAVBIVOULYN
msivuaminfuriesnnIvunvesiusud i eliaiunsaedeuiisiudsinunsldedig
Uaoasy

(3.2) Recovery behaviors lusane3inrmuanginssuiiie ususd
wudilianunsand eud e lulsid ssaininmsruivasiavinsiingaadunisvu Collision
detection) ¥asdana3iuuuy RPP w3auaulun Footprint Inenginssundsainiiszuuet
anun5alfIna Yusudagyiinvgaseaunitvsnuindunaansand euiise LU ld

41013085 UILNTTUIUNIABUNUR AU 3.13
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AUAARUUS Footprint — _
o fhaamugn | # Costmap 1

@13 planner 78 i ladlutu o > 4
g cmd_vel tvnu 0 WHUN

cmd_vel

Lethal cost

JUN 3.13 dsmsvhnudleveuwaueudidiluagludiu Lethal cost

Mndsmshauaziuliiwusudiinisasrasuieulvanveuiunegaasaian iie

Wi oulvagrinnisvganisind eulviuagssuuagne1s1udng Costmap Ll adaAn
Costmap ﬁlﬂiL“‘f]ui”]ﬁ]ﬁ;ﬂ’wé’qmﬂﬁ?uiwmzmwaauL‘E"@ulﬁuﬁﬂﬂ%y’q

(33) nav2 regulated pure pursuit Ao Sane3fiufAnanuLduN1eTi e

vhn1seenLuULAYIAeNIIwosIuINgand TngUszasAATe

3.4.1 MINUAENEENNIATIEsIiuUAGIY URDF

nmsthiaueaminenssy NAV2 wazeenuuulassadadeusosudadani

dunsdudunisduveslaseatis URDF idudiuvilsesanidnonssu Tasawiddeleld

fllaesnsdedasviadn (Reference Geometry) fslusinsu SolidWorks tlerinuua 90

¥

A JULATUNUALLE198Y AagUT 3.14 waeaniiu Tddmasu (Add-ins) Fedn SW2URDF Tu

aa

A15@319IWa URDF Aidinausazaiulsenauanedsinvualunaunting

ey | Ut | saeu | ok | SOUOWSHS AR v | RO | SN Gl PAeREE T ¢+ 0@ ©

e[EIRTe[e™

SMeRTE

— ek
L e o e

JUT 3.14 NMIMVUALNUATTVYUYBED
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nsudaslassasiajueudivegluguiuy URDF mee1ds Export to URDF
lun1saseaadeunuusetilos (Continuous joint) $3ufeas 19 suN dn15dakin
druusenaudu 9 ved AR wmeiu lngldiind19830ae89A chassis Fuduganninmns

nanslasias e siueuanliTdvesie Aagun 3.15

I

Vil and Cliion Moshes

5U% 3.15 N3 Export ULUU URDF
ndea1ninadal Export TUsunsuagyvinn1saseguuuy URDF nluiia Loy
9198RaNURTeUEuANdINUTENOUAN 9 AEATLUAAIURDY YNt aNYuEn

8 v [ Ql' o o
AMYATNLLAZLNUTBLR ANFTITN 3.2 = 3.3 fUannu

P3N 3.2 AundsiinvesdiuUsenouriueud

HoRsd N15979890NA_ (LA3) NM59199950UMNY (L5LREL)

(Link Name) X y z Roll Pitch Yaw
base footprint 0.0000 0.0000 | -0.0493 | 0.0000 0.0000 0.0000
base_link 0.0000 0.0000 | 0.0000 | 0.0000 0.0000 0.0000
chassis 0.0000 0.0000 | 0.0000 | 0.0000 0.0000 0.0000

left_front wheel 0.0960 | 0.1350 | -0.0163 | 3.1416 0.0000 -3.1416

right front wheel 0.0960 | -0.1350 | -0.0163 | -3.1416 0.3931 0.0000
left_back wheel -0.0960 | 0.1350 | -0.0163 | 3.1416 0.0000 -3.1416
right back wheel -0.0960 | -0.1350 | -0.0163 | -3.1416 0.3931 0.0000
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ATUMANTS Export @mnsaensegsluniseduielain asAues chassis &
N1591989W1R (x,y, z) 4 I9Aninvadlaseaiie (O, 0, 0) Lﬂuﬁ;mﬁ%ﬁmﬁlé’ﬁmumé’haﬁﬁ’m
90471985 Coordinate System d1m§udnsdadiutsznaudu q ansasndiegnsludinues
59 left_front wheel figndn@nfulasiaiislnedszozviiaaindsd chassis MULLILNY X
WA 0.096 LWAT ALULILAY y 1A -0.135 LazdiA21ag UL z ANNIAeA
chassis WU -0.0163 1inT Mud1 nefidaudsznounn 9 dauazdesdanluudaniy

RegliianvuangAnIsun1siafeui Ieya Aam151e9 3.3

ANST 3.3 VUIALLIURANURDDUVBILARTEIU

Hodsd U738 msndluudanuidesiumuessu ( Alanfuns)
(Link Name) (Alansu) i i i
XX yy 2z

chassis 1.82320588 0.001292054 0.001007914 0.002202039
left_front wheel 0.028501 1.11E-05 2.06E-05 1.11E-05
right_front wheel 0.028501 1.11E-05 2.06E-05 1.11E-05
left_back wheel 0.028501 1.11E-05 2.06E-05 1.11E-05
right back wheel 0.028501 1.11E-05 2.06E-05 1.11E-05

3.4.2  MSWILNIEINULYRIlATEINS
Aeunthilzuuuy URDF uiissdruiifimslusunsuniiorinualasiasnsves
yusuiviniu dansuansmaiiiodinsgianugniesuaslasaiisiosdunanlunisuag
Hoyaan URDF 138011 robot_state_publisher lunsireunsaniuzveslassaiiefildimue
15 Tnoifunmsieulusunsudnentu Python iledeldaulun safeszyioguaslwd URDF
fa¥1991ndrula3y SW2URDF kagsinnns Launch a¢lfnisuananavesaniuzlassaing

vugusrulUsuATL RVIZ faguil 3.16

JUT 3.16 NSUARINATDIAN UL UEUAIIN URDF
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fiansanusudnigninewnsaougasiiulaindmlsenaudedns 4 da gnin

(% (3

Iniugaaudnansdad chassis uanssegnesidugndeunlammuaneuniini lnadeuseriu

—

a (3 a

59A base_footprint udsdfegluszuuiisadiudeiiiessdetoya Odometry lunssey
AUMUIUUTZUURANR 3 57
3.4.3  WISAADIEMTUAIUANUEUA
n1saruANusudndudanisiruanisdwesiiduiusiunuudiass
daurmanivessruuiuindouausorinusluudndu diff drive_controller litoArmannTg
Tun135zysiumiauuy Dead Reckoning wagduiamuIdoandsdunasenimd
Badunazanuindapildedisgnies efiarsansyuuduindeunuy Skid Steering wuindl
Anuduiusvesm e o, fuaduseans ICR lunsduamumuiivesde villd
msfuwanansouisesniduieua 2 dau il
1) WasanauauURveweawmad XL - 430 wul1 annnaaeuldiuaie
anunsavianu i lunisyuligean N Wi 60.64 seusiewndl anunsoruinnusngs

Wy max(v,) asanvesiusudnulsiunssiuiaiide r smuaunisn (3.1)

max(vx):—min(vx):zg—oNr (3.1)

2) fTNFuUsEANT ICR Muuaniefiwds y lagannisiigavaunisi
(2.38) - (2.42) wuh y Tenuduiusiuanuintan o, We B Ao sseziiwesdediy

WAL AIFUNTT (3.2)

_—or+or

= (3.2)
max(w,)B

V4

AULS NTIYUVOIR BT @ UazUI o, TunUIELSIABUR I Ul

v v v <@ 1 1 a v a
ANUFUNUSAUANUSITUNLIETOUABUNT AegUnSH (3.3)

27N
==
60

(3.3)

9gledINIFWINAT 5 @U15009NKULAIBAISUTINNGIER MaX(w,)

° v i o a I a a = & | A v i 3 & v
mwuﬁﬂ,mmmmu 1 L3LA8URDIUIN 6(1\‘1L‘U‘UF’TWIVLGW']ﬂﬂ'ﬁﬂ'JUf‘jiJV!uEJuﬁﬂ'JEJﬂ’NiJlﬁ’la@q%‘j@l
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wazifianisvesdaudagduaiudu Yannusudaudielavnd IMU st
W'ﬁ']ﬁLma%ﬁgmumﬁﬁwmmlé’wqaﬂuﬂg’ﬂ@u diff drive_controller Iﬁﬁuﬁuﬂuﬁﬁg&aaaszw
Imawwmﬁma%ﬁﬁ{m%’awwnauéfaammL%’JL%aLé’uqqqm max(v, ) mnm%ﬁﬁué’u@fﬁm
min(v,) anusudaugan max(e,) ﬂ'gmﬁus‘?ﬁmmf’lqm min(ew,) anuisidedgn
max(@ ), max(@,) szvzviteaetiedevn B é’wizﬁw‘éuiuﬁsmmu@aauﬁ 4 SuUszans
ICR y wazSmlaavesiueud r
3.4.4 msdnassannwIndenlduiueud
Fovusudannsavieildegagniemuiuuiiassraumans dunout
Jdunsusesrusudluaninuindensiaes Fefesiinisdudatuszninadonasiiuiu 3
vuardudsyAvsusadennugaeny 4 Wiy 0.8 Fududusadeamiussniedoriuiiu
Tuan muandeu Gazebo (Reveira et al,, 2019) kazAMILIILTUNA g VI 9.81 LUATAD
it Tnganmuandoudiaesiildidonld Ao AWS RoboMaker Warehouse
N13MSIVABUANGNA B4 VDIV OUAN1TINTEEEN19 (Odometry) Uag
LaserScan tUusumiea1n p3d_groundtruth 91nn13muANANUS BIRFULAZ T LAY
topic ¥0 cmd_vel iruntiufduedn ansnuanmateyariulusunsy RVIZ Weufusueus

Meglussuuinassiielusunsy Gazebo Aegui 3.17

JUTN 3.17 anmuInaeuiaeugun

N13AIVANY UEUA AR DUNIY 2 szuuvilagldiSiaedty Ae Auauealey

Topic ¥ cmd_vel lnslunisnageuiidunisaiuanlasldudufduesadisunaing
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teleop_twist_keyboard 14du i, <, j uae ( Inenidunnegluguanuindadunazanuis

a = ! I3 | ' . &

WY (v, @) BIn1Inadu | uag < lunismuay v, @udu j, LIidun1seuan o,
dmSUN1INTIRARUAINGNABITBITBYA Odometry @135adnAvaLaaN

LaserScan nilanueglavagiviusudiauaioulniunniesiiisdla vintdeya Odometry

v v

URUSAULUUINR099aUANENS LaserScan aziin1svdutineaantaensaluvduras Tunia

v @

NAURUNTAIN LaserScan ANSUEUNIN AITATIVADUAUYNABIVBINITIADTNT DALMY

(%
[ (Y

ARARes LIDAR wlasainngAnssunenauansliiuindoyaves LaserScan bl

¥ v

LNUSAUNSI WS hUUTIaRdauransi o ud luaunisy (3.1) - (3.3)

=)

] [ va 1 ¢ a

3.5 SzuuamﬂmansﬁummaaﬂIumm%amuﬂumsa

d' e‘d‘ ¥ a A ] 1 [ d‘ a 4? dll

Wengunsalildauasaiianuliviueuainnsinniintuiesninn1ssunIung
T w3eaninwindeuldau vilidane3iiuvesszuuyusudasednduiennududoulay

! Y s s ¢ ¢ v « o

nanuaeuInnI Usznaumegesniiilainesvessugeiiioliamnsadoasiussuuile
fsmdsanesnunsvilenulymeanulduidusuainnsinfiietu Tnsaadaunssuianue

YDIWUHUATIIELTOVNUTIAY NAV2 faguii 3.18

nav2_A*planner

PC Ubuntu

MATE 22.04

Map
Server

global_costmap

lobal_costmap

cmd_vel nav2_regulated_pure

(1'; ,@,) _pursuit

I
| |—'—| Refnote via SSH

¥ 1

* Odometry_msg
Joint_state diff_drive_ . , LiDAR
| Robot State Publisher (x,3,0,v @)
controller controller F (LaserScan)
f !
URDF ;—* EKF
N Sensors Fusion
Joint command and

Pl Actuators
Hardware interfaces
AMR Controller (XL- 430)
(Velocity interface) IMU

JUN 3.18 amUnenssu NAV2 fuvugudase

Tuguneuilidud 1N 53U WUNANIT UANAITUTTUUTIRDIUTENOUA Y
OpenSSH nsiwuamauandeundu MIysannisteayasugeimeiinsasnaiy lag

a ! ! a Yo o1 dy
s1vazldununasduainsaasurelanemalull
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1) OpenSSH %ﬁwmswﬁwﬁag P 99940309 Raspberry Pi nawniinfives
SSH 101 Network Protocol ﬁawmmuaﬂLﬂﬁau%azﬂaﬁ'ﬁmmﬂaa AfesErinegUnsal
A3otne 2 ¢ 14 Linux vide Unix iussuuufifnisiugiuluniad dssadgld Taonisds
Toyavzogluguuuumisnus (Plaintext) ifimsidhstadoya (Encryption) tilelvideyaifu
AnNAULaransdeyaNunieteBumesidnliegsauysal

2) szuumuandaundukuu Wile wnseuiutawes XL-430 lngn1saiuay
Anudaiansnsaldlunn Velocity Control Ineimunsidimugalusuuuuiauidsiavun
14 On Baflendaus 0 - 16383

o

3) NNSYTAINITRLALTUIYRSAILRINTRIMaNTULUUYEN LN Sy 10
sUnUinduIINNTinuazdenssUdyananduey deludiuiidodinisimununingainy
wUsUswlmIzaniuAIAuLUsUTIY (Variance) vadguiees

3.5.1  N599NWUUIZUUAIUANAIEISTNITUDTNLARs-UlAad
a oA ) | v oA % = ¢ a ¢
n1sidenAlvanauiuszuuAIUANYiugud aldenldnguesdniaes-ilnad
Ae3sN13 T Tnsgaring annnisnwnudimsesnwuusimuaulagldrusinazdiluly
= v 2 a v i a A A =
udseenuuulagldaniisiBunnadaniianu 0.21 Wwnsaeiuni iwdounlusseens 7 s

o a & 1Y a
GnLuuﬂqimqmﬂu@@u@ﬁﬂLLNUﬂ’]WEUVI 3.19

Kf 100
K=0

H

ATUANYNEUARIAZIMIET 0.21 m/s UaY
funaranauaued

" 1o .

WANBUAUDINNIT Yufindn K, #ivin

WANDUAUBINANTS
UnIeUUUAL

NYANITVINIY

undeuuuasi

lafla

JUTN 3.19 NTEUMUNIIANFIAIUAL
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' a

AMNIITLABS TTUUAIUANAIINEIVBINBLABST TU XL-430 falavdzayly
sULUUvesFILavRda damsAnarlidulununguiavey ldlasthiaue i Tu
sUWUUATIaMSAY 128 du famunu o Tuguwuudanianseieg 65536

3.5.2  MsysannsdayaiguLrasAlefnsasAIanIy

o

mslinsesmainuiigeuszasdiordndyansumuuazfnsmdagyio
17iLLﬁﬁ]’%qa&gmmiaLﬁuﬂizaw%mﬂﬁmﬁmﬁmmLLaJusJ’wmﬂ?JﬁTu FDINTUTZUIUALLUS
seteyawuwesinnnii 1 deyadusuly ilemnuannsalunismaunudeyailiannsada
Ipluusaninuindeu Usznoudie anusudadu v, wazanudnday o, Dudyyiu
Uaunduanwuiees Encoder way wugeslalsalay muaiau amuisauszsauanIueng

whsudunadnsilaandnsesluaunisi (3.4)
X., = F(x,u,)=Fx +Buy, (3.4)
a Y ] ¢ ;oo A N
an1nuen1sUsesNIn Ao Minnvesusus (X,y) Mwdsulduasyuodm

Ususuuszuuiinn ¢ 1Junadnsduiusiuanuindadu v, wezanuinday o, wang

TusUumsnddisaunisi (3.5)

X ] X +V, cos(p) At
y y+V, sin(g)At
o | = FXal) = (3.5)
VX VX
_CUZ’_ ¢+ w,At

NINTUITUNDUATANITUIAMNUIVDIAINTBDIANAUULUUTEBL ANUAUNUS

FUANANULUTUTIUTDINTEUIUANT SIEUNST (3.6)
P (t)= (D::,l Pt -1)- ((D::A)T +Q (3.6)

aglaInunsng D; A WNINTNN5a18lE U LU UL WUAINIANNLUNS NG
TugUuuuniladew Wudnsniswdsunaswesaniagdaunisi (3.7) laefl Q fe A

LUSUTIUVDINTZUIUNNS



64

1 0 cos(g)At —v, sin(g)At
0 1 sin(g)At At
o - sin(#)At v, cos(4) -
= 10 0 1 0
00 0 1

AW ITUIMY UNATINTBIATAUIUKUVVETY TuTUABUNITATUIN

saswengaaniy K wuinilanudusiusiuiulsaouziazanunlsusiussaunisi (3.8)
Ky = Py (XO)R (M (X)R (X)) +R) (3.8)

o h Judyaanendnaveasuees war R Juwmindmanuudsusiu

T o

[ sala - o a Y Y gy vy (% d‘
iyJiyﬂmi‘Uﬂ']u“U@\‘lL"?JULGZJEJiVIWUU’W]L'Vl’]ﬂU‘\]WU’JuE]uWWUE]GUE];JUaWJWbLWﬂ@ 2x2 A9aUN1N (3.9)

o? 0
R= 0 8 (3.9)
o

Wn3nganuuUsUTINURINTEUIUMSAMUA TLUUIaRdiANgnaes fme
1 v Y ¥ @ ' 2 ) '
ArruwlsysIudesuin 9 widu 1e? lasusuauaniy o, uay o, Mduaiay
wlsUsuvesanue v, ke o, Mud1eu lun1susulelseansainlunisnsesdayay o

X

Ussgluavsng Q daaunisi (3.10)

e’ 0 0 0
0" Y9 EN 0

Q= 0 0 o2 0 (3.10)
0 0 0 o,

3.53  anudawanduysaliguvaslalsalay
Viugudfiannssryfundsuuszuiu 2 8 vilienuusiugilunising
Yaw 1udwddalunisuszanasiuvtswe siusudid oanusndagn o, AWasuld
wdsandiszuuldnmdwesfinsesfimunzanlnefiausonsesdygiasuniulunisin

AU BTINNRET TunauillivinnsnaasuARanaInlun1sIaLLeR1TUIAIMLLUEN
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MNNlAnszuvas Ui urueastalsalausnluld Yinnsnaaaunavun 3 A9 tnawiazass

N13AUANAMILTHTIYU VDI UELATIUANATUTIBUAULNE198a AagUT 3.20

JUN 3.20 Msiaanuiianainnisinyueielalsalay

3.5.4  N1TITUMUMLSYaL LB
N15UTZUIUAILAUIAIYAINTBIATANIUAIUITOAINAUUAFIUT bAIN
= A add v = = a a o ! P =
N3ANBINWITENNEITRY Aa arunsainyszavsnnlunisseusunidlaluseaunis usid
agalsnsszumunislunisldnuasedsiaamiansananuianainazaun tiaunsadedls
~ ¥ dll ¥ A [ ~ L o v = [ A A ! v
\Wesmemsdeansteyaniisailiosonvdmavilvissuuiianuliunvetiodenisldanulusses
o o A’ ¥ Y @ a
813 anunsadINMsUszaaiutsidudeyauuy Odometry ndnsesmauududuns
YDINTTLYAWAUIUUURUTIA 8 AMCL unuitdasiundsdunniidudeyasinis Dead
Reckoning §4A211@13150989 AMCL HuagM1nN15US UL ueudnigaynInaIy
Wrazfu o wsu /base_footprint AU /map laense lnenszarganuiiazidus1edenie

U03yav04 LaserScan a3ua 3.21

Odometry Draad
Dirift Reckoning

lodom_frame ' /base_frame

Estimated by AMICL

JUT 3.21 n1sudasnsuaInganesiia AMCL
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Tudrveansy /map Wudunldain Map Server LAna1nA1S@S19uN U
A28UNALNT slam_toolbox LW oL ukNuiAIgUT 3.22 wazldduiinfidng1edalaenisin

NSAU0INILLd 09N 1uuUa LA D usIL1rU 9959 (Ground Truth) TuvziAeaty i a1y

]
a v adou

Wiguiflgunuinaninlanu 35 Dead Reckoning (Raw) AnsasAnauny (EKF) uag AMCL 9

1 (3 o

fIyasuAuveiueus a iwnls (0, 0) Yin1svaaesdvisnun 10 A% tngldnnusdune

9

nuduRduasa v, WAy 0.1 Uag o, WU 0.25 LsiRgumeiuli

U7 3.22 msadaunuilumsnagey AMCL

d1miun1sussiliulsz@nsamannsiiudayasuniaasanienduluns
ansanvasiunisiidesnisiiusudseaioussiliulsz@nsnmiluiiiaisnun 12 90

wavaglainvususzdonadouiidussesnevionun 3.6 Wes Aaguil 3.23

tart

'\

(0L3,0). (0)0)

JUN 3.23 Wifauuszuy 2 SRdwiuussiiudseansannisseymumia
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NHAANSVRITANDTTIY 3 drufiunndreiu aveglunisieansluszuu ROS
A11150ANATIERANLL ug luNITTEUMuMUsTeuRad U Feallanuduiusiy

an1UpnenIsuURITEUU ﬁaLLmumwmiﬁfmugUﬁ 3.24

Map

Server

i < AMCL
wagamﬁ,q | "
AINRIATY  pamnmnn < L
—y Odometry_msg EKF LiDAR
4_.4_
(x,3,0,v .,0.) H Sensors Fusion (LaserScan)
A © ro—
waﬁaﬂ']ii:]_!ﬂ"]u,‘ﬁ%ﬂ E — ila&‘\.laﬂ’liiwl(!ﬂ‘ll!:ﬁ%ﬂ
ALEKF tt111uDead Reckoning
| Encoder ‘ IMU |

a =~ v Ay o ' ' ¢ |
E‘U‘V] 3.24 LLNUﬂ’]WﬂqﬁﬂﬁﬂJaﬂﬁaWﬂﬂ@qLLMUQSU@QWUEJUG] 3 d7u

INBRNUNINAINTADTUIB TN N NSTa IR luLAazaulafsolUl
(1) Raw Odometry (Raw) L§udagani1suszunaan usvoan uausf
AIMLIInUandu diff drive_controller Tagldn153nAuL519038 9418 Ua L1190
i ¢ v s O A o A o aa
uguAmEUees Encoder Wiy lnaivannisiulieiunguiin 2.7.2
(2) Filtered Odometry (EKF) 1Judayausvanaaniugiysannisdeys

1 £

2 dtneiu Usznousie v, iafewuees Encoder 91nuetnes XL - 430 waz o, ¥

Toareiwuwesalay vas WitMotion Wt901C lagdaya 2 diuil annsesdayaiasuniueig
fiansospanuLuUTEIelild g asunulesas

(3) AMCL unisseusiumtsuuwnuiisauiuteya Occupancy Grid
Map 1Junadnsu1a1nn1s SLAM lagnisseymunidsdiuiazldoynianinuiidndulunis
Y = o 1o a a oy a v v
gnananusdllanukiugInananauuAgIuiaaliiteswindnisldveya LaserScan

Y ]

JuidnsdasasUusiuninazyuesmususmvesiusudimngauiuanniinday

58UV NAV2 dean1s§uifinauesusudivazindoudi og uuunuiilunig
Maurudumarad e uRAsinueie Costmap ntunsuUstifiussavsamann
dane3fiufiunndneiu agthwadniuniinnesiiiemanuimunzanunigalunislday
FMAVTZUUUIMNERTULR NAV2 ?jqﬁaamiﬁuwm D AUNUIVDIUEUATTR (X, Y) et
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BIAINITNUVBUBUA (B9F1N)

Sruundmadeu . L L Y.L
AIYAITULINYIYA 0.5 L3LAgUABIUIN
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149149 C1 n191A9 C2 M9lAs C3
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Abstract

This paper presents a simulation of an autonomous mobile
robot (AMR) robot to develop a simulated autonomous navigation
program using robot operating system (ROS) and Gazebo simulator in
3D. It focuses on solving the problem of robot position discrepancy in
odometry by extended kalman filter (EKF) method based on the actual

position of the robot by circular motion and study the effects of adjusting

2 navigation parameters. Firstly, Look-Ahead Distance would adjust the
test parameter at 0.3 m, 0.5 m, 1.5 m, and 2.5 m. Secondly, Inflation
Radius would adjust the test parameter at 0.3 m, 1.0 mand 1.3 m. From
the simulation results, the error of odometry by EKF method is reduced
by 32 %, the optimum parameters in the first and second types were 1.5
m and 1.3 m, respectively. Furthermore, it can be used as a formality to

analyze parameter with robot

software using
ROS and Gazebo in 3D to suit the real-world environment and can be

applied for the development of prototype robots.

Keywords: Autonomous Navigation System, AMR Robot, Robot

Operating System (ROS), Gazebo Simulator
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Development of Autonomic Docking Algorithm
for Autonomous Mobile Robots by Integrated with
Behavior Tree
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Abstracc— This paper is (o introduce the development of
autonomic docking for autonomous mobile robots (AMR) using
behavior trees (BT) and gazebo simulation software in a ROS2
environment. The virtual robot in this study is capable of moving
around and locating the charging station by using the camera to
identify the ARTag on the map d through simul
localization and mapping (SLAM) data. BT is used to develop an
autonomous docking algorithm and compared three different
scenarios through experiments with the AMR. In the experiments,
the parameters were adjusted when the AMR was positioned 2 m
away from the charging station along the x-axis, with no
discrepancy along the y-axis. Additionally, the parameters were
tweaked when there was a y-axis discrepancy of + 0.25 m in cases
2 and 3. The results indicated that modifying the heading tolerance
can reduce docking errors and improve the efficiency of the
algorithm. Moreover, using BT to design algorithms can enhance
functionality and simplify the system’s operation.

Keywords—Behavior Tree, Gazebo, Robot Operating System 2,
Autonomous Mobile Robots

1. INTRODUCTION

In the 1950s, the earliest industrial robots were operated
by programmable devices without external control or
communication capabilities. During that time, robots were
controlled using basic non-servo controller hardware, which
resulted in the arm producing a loud sound when it made
contact with the mechanism. Over time, robots have evolved
and are now being utilized in more complex systems [1], such
as those involving mechanical arms and docking systems,
survey robots, or robots that can autonomously adapt their
behaviors as required and change in alternative environment.
The Behavior Tree (BT) has become a preferred control
structure in the robotics and video game industries [2, 3],
mainly due to its ability to handle complex systems. The
advantages of this control structure are evident in the design
behavior diagram, where BT showcases conditionally
programmable leaf nodes, prioritizing behavior over state or
activities to present a logical. To execute the behavior
diagram, different behaviors are switched between in response
to changes. Furthermore, BTs enable the reuse of code for
incremental function design and effective function testing [4,
5]. This feature is employed in creating controls for non-
player characters (NPCs) in game interfaces [6]. Instead of
solely relying on code, BTs are used to direct the actions of
NPC characters, serving as an interface between high-level Al
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systems and low-level controllers for continuous actions like
movement and decision-making. Finally, the safety aspect
concerns with the human perception when working with
robots as well as safety guidelines, such as safety clearance,
and standard operation load and speed, which may be
managed in an advanced algorithm, resulting in zero accident
or damage.

Docking involves bringing two entities together and
establishing a secure connection. This process requires precise
maneuvering and synchronization of multiple subsystems [7].
including perception, planning, control, and feedback. BTs
offer a structured approach to modeling and executing
complex behaviors by organizing them into a hierarchical
framework of tasks, conditions, and actions. The hierarchical
structure of BT provides flexibility, reusability, and scalability
[8], making them an ideal choice for managing the
complexities involved in docking procedures.

The objective of this study is to develop AMR docking
system that can autonomously navigate to a charging dock
using BT. The AMR utilizes its front camera and a navigation
system that operates on a 2D Map generated from SLAM [9]
algorithms. These algorithms, such as Adaptive Monte Carlo
Localization (AMCL) [10] and Odometry Algorithms, are
used to determine the robot's location. The study compares
how variations in relevant parameters, such as heading error
and the initial position of the AMR, affect the performance of
the autonomic docking algorithm. The results are then
analyzed using simulations to evaluate the advantages of
combining BT with the autonomic docking algorithm.

1. THE NAVIGATION AND SIMULATION SYSTEM

A. XML Formats for Structuring AMR

Programming is required to specify the components of an
AMR model for simulation. It takes the form of URDF
(Unified Robot Description Format), which uses the XML
(Extensible Markup Language) language to define the
physical characteristics of the robot, the position of the
installed sensor, and the specification of the sensor. This
approach enables realistic and comprehensive testing of AMR
performance, which aids in the development and assessment
of advanced algorithms and control strategies. As illustrated
in Fig.1, the usual form of differential drive robot is
continuous, which means that all wheels may revolve 360
degrees, and fixed, which means that other sections do not
move.
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B. AMR Navigation System

The AMR robot in this paper uses ROS2 as its operating
system to simulate the system coupled with the Gazebo
environment. The simulated AMR is divided into three parts.
To make the robot aware of its surroundings, the initial
component is a sensor system that contains a 2D LiDAR,
Wheel Encoder, and IMU (Inertial Measurement Unit). The
second component is an AMR framework made up of a
chassis, four wheels, and two battery boxes constructed in
XML format. The AMR movement control algorithm, which
uses the Pure pursuit Planner algorithm to compute a route to
sense based on data from the 2D map, is the third component.
Finding obstacles and calculating robot movements are
implemented to determine the AMR on the map using an
AMCL (Adaptive Monte Carlo Localization) based on the
odometry data for Robot localization on a 2D Map. The
overall of AMR navigation system is shown in Fig. 2.

LiDAR

Joint A
Type : Fixed I

~N Join

Chassis Joint € ]
{,x-  Continuous Sy T :
J oinf >
‘Wheel 2 ﬁ & 2

A URDF example used to define a robot structure.

Joint B
Type : Continuout

Fig. 1.

Localization IMU
Wheel
Encoder

Velocity
c

Odometry

i
1
LiDAR |
i
i
i

Navigation |

Stack Pure Pursuit '

Controller and ]
Planner

Tig. 2. Overall of AMR Navigation System.

III. RELATED WORK

A. Autonomic Docking

Goal distance error (d,,,,), Heading Error (@), and
Yaw Error (6,,,,) are all important control elements in the
autonomous docking simulation. These variables were used
to establish the parameters for regulating the AMR motion in
terms of linear and angular velocity. The parameters of @ ...
oo and 6., can be determined using the equation below.

X error = Adesired = eyaw (I)
L @)
eerror - edesimd - Byaw (3)

The variable @...; represents the desired heading
inaccuracy (heading tolerance) in radians for checking
heading angle to control the angular velocity for the initial
state, while 6,,,, representing the angle of rotation of the
AMR in the coordinate system based on the x-axis. (Xgoas»
y‘m,) is the goal coordinate and (x, y) is the AMR position.
The yaw tolerance contains the variable 0 ..q is the desired
yaw error. used to calculate with 6,,,, to control the AMR
heading by rotating when 0 g 0,4, before finished
docking, All the above parameters are determined by the
distance of between the charging station and AMR position by
yesired » While the actual distance is calculated as d,,, ,The
calculation from the parameters used to control linear velocity
v, and angular velocity w as illustrated in Fig. 3.

Aiosired™]

Docking
station

Fig. 3.

Related variables in Autonomic Docking.

B.  Behavior Tree

A behavior tree is represented graphically as a directed
tree with nodes classified as root [12], control flow nodes,
or execution nodes (tasks). For each linked pair of nodes,
the outgoing node is referred to as the parent, and the
incoming node is referred to as the child. The root has no
parents and precisely one child, the control flow nodes
have one parent and at least one child, and the execution
nodes have one parent but no children. From left to right,
a control flow node's child is arranged graphically below
it. The execution of a BT begins with the root, which
transmits ticks to its child at a predetermined node. A tick
is an enabling signal that allows a child to be performed.
When a node in the BT is allowed to execute, it returns to
the parent a status of running if its execution has not yet
completed, success if it has achieved its purpose, or failure
otherwise. The operation of BT can be demonstrated using
a simple Control node, as shown in Fig. 4.

Child Node

Control Node

Fig. 4. Structure of Behavior Tree for Autonomic Docking.

According to the BT diagram, a child node is
connected to a control node (Sequence). The operation
can be explained as follows. When the sequence node is
triggered, the sequence node will tick to the Move node
until the Move node is in the SUCCESS state, after which
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the sequence ticks GetWaypoint until GetWaypoint is in
the SUCCESS state, and so is NavToCharger. There are
also plenty of nodes that have different operating
conditions that can be summarized in Table I.

TABLE L LEAF NODE TYPES AND STATUS
Leaf Node Type SUCCESS FAILURE
Action (Execution node) Action Completed Action not
Completed
Condition (Execution nodc) If true If falsc
Sequence All child succeeds A child fails
Fallback A child succeeds All child fail

The C++ library is used in this study to implement
behavior trees as Behavior Tree CPP V4.1 on ROS2, which
allows GROOT to visualize the tree node.

IV. RESULT AND DISCUSSION

A. Autonomic docking process

An environment for simulating the autonomic docking
system is shown in Fig. 5. To evaluate the performance of the
robot in a warehouse environment, the AMR is deployed in
the area while utilizing SLAM to collect map data. The Pure
Pursuit Planner is employed to control the robot's movements
based on this map data. Additionally, a program is created to
simulate a battery with a capacity below 25%. A Behavior
Tree (BT) is used to manage the AMR's behavior, ensuring it
navigates to the coordinates (-1.721, -4.131) by activating the
GetWaypoint node followed by the Move node. The BT also
includes the Nav2Charger node to initiate control of the AMR
by Autonomic docking algorithm as outlined in the BT
diagram shown in Fig. 6.

Docking Station (ARTag)

Fig. 5. Simulated Fnvironment for Autonomic Docking System.

Action Node

s

Ifnmml Node \I

Fig. 6. Behavior Tree for autonomic docking algorithm.

From the GROOT visualization, the initial process will be
executed when the batteryChecker condition node can detect
the battery of an AMR less than 25% given a false condition
Then the sequence node will be executed. So that is the start

of the Action node group by respectively GetWaypoint and
the last process is NavToCharger.

Consider the leaf node of NavToCharger. An algorithm
has been written to control its behavior by using conditions
from autonomic docking parameters can be as shown in the
pseudo-code Table. II.

TABLEIL AUTONOMIC DOCKING PSEUDO-CODE

Input: heading error, distance error, yaw error, Vy .
INITIAL STATE=
ance error> desired distance

2:  if heading error> heading tolerance

3 if heading error= 0

4: control angular velocity — @ radians/s
5: else
6

i

8

control angular velocity ~ - @ radians/s
clse
control /inear velocity = Vym/s
FINAL STATE = = =
9: else if yaw error> yaw tolerance

10: if yaw crror=0

11: do control angular velocity = W radians/s
12 clse

13: do control angular velocity = - W radians/s
14:clsc

15: print(“Finished Docking™)

16: control /incar velocity = 0 mfs

175 control angular velocity = 0 radians/s

18:end
= FINIFSH DOCKING STATE

In the provided pseudo-code, v, denotes the linear
velocity used to regulate an AMR travel in either a forward
or reverse direction, while @ denotes the angular velocity
employed for rotating the AMR clockwise when it's positive
or counterclockwise when it's negative. Within the
NavToCharger leaf node, three states are encompassed,
including the initial state, a final state, and a finished docking
state. The initial state is responsible for controlling the AMR
straightforwardly by evaluating &, in radians , and the
final state is influenced by the €., variable, Both states are
examined to ensure that the AMR stops away from the
charging station based on d.g.s . It's important to note that
the navigation stack maintains an acceptable tolerance of 0.25
m to stop at the destination while remaining at least 2 meters
away from the charging station. As a result, the experiment
was divided into two parts, the first part aimed to test
charging accuracy within the acceptable tolerance set by the
navigation stack, and the second part was designed to observe
the impact of reducing speed on accuracy.

B. Navigation stack destination tolerance experiment

The First Experiment will be set v,= 0.25 m/s and w 0.2
radians/s to navigate to the charging station. The results will
be collected under three distinct conditions while maintaining
aconstant d,,,,,= 0.5 m, Initially, the AMR will be positioned
0.5 meters away from the charging station, and its 8,,,will be
set to 3.14 radians ,directing it to face in that direction. Under
the first case, the AMR must park in front of the charging
station, maintaining a 2-meter distance from it, and aligning
itself precisely with the y-axis reference of the charging
station. With no discrepancies from the y-axis reference on
the charging station and set to & ..y = 0.01,0.03, and 0.04
respectively. Determined the second and third case by the




2024 International Electrical Engineering Congress (IEECON 2024)
March 6-8, 2024, Pattaya Chonburi, THAILAND

AMR to be in a veer position fluctuating within y =+ 0.25 m
and + 0.1244 radians (+7.12 deg). the AMR would need to
perform a half-turn from its initial position by checking with
the heading error before the final state by setting the variation
of the parameter & ;.4 to the same value as the first. This
experiment can be explained as shown in Fig. 7.

,Cmse 1 : The AMR is |, Case 2 : The AMR is|_ Case 3 : The AMR is
1 positioned 2 m distant from | § positioncd 2 m distant from | ¥ positioned 2 m distant from
the charger with y=0. ] the charger with y=-0.25, the charger with y=+0.25.

l 5 y

Tig. 7. Condition for Autonomic Docking Experiment.

Gathering the algorithm’s output and comparing the
difference relation between tuning & ;.. and docking time
(s) from case 1, 2 and 3 as shown in Fig. 8, 9 and 10.

(m

05 Desired Heading Error
~0.04 —0.03 —0.01

Heading ermor  Distance emror

¢ :
g
% 0
3
05 1 15 2 25 3 35 4 45 5 55 6 65 T 75 8 85 9 95
Tt
Fig. 8. Relation of d,,,, (m), 0., (radians) and @,y (radians)
versus time (s) from case the 1.

Desired Heading Error
~0.04 —0.03 —0.01

SRS

Fig. 9. Relation of & ;. (radians), 8,,,, (radians) versus time (s) from
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Fig. 10.  Relation of @, (radians), 0_‘,,,,, (radians) versus time (s) from

the case 3.

According to the simulation findings, adjusting the @,
parameter in the first case of the AMR positioned 2 m in front
of the charging station with y = 0 m can reduce the duration
of autonomic docking process. When compared to a value of
A gesireg = 0.04 tadians, a value of @ 4.0 = 0.01 radians can
shorten the algorithm's execution time by 1.5 seconds while
increasing the algorithm's accuracy before AMR enters the
Finished docking state. The simulation results from adjusting
the @, parameter in the case 2 demonstrate that the
autonomic docking time is longer than in the case 1 around
17 seconds. In cases 2 and 3, it was observed that the
algorithm’s performance in adjusting & ..o = 0.01 radians
required longer duration compared with @ 4., that was set
to 0.03, 0.04 radians, respectively. However, decreasing
@ gesiveq did not have a clear effect on a,,,,, in case 1. It was
found that acceptable heading error and yaw error occur when
adjusting & gz~ 0.03. This value provides support for the
case 2 and 3 scenarios with @, = 0.0304 radians and 0,,,,=
0.04 radians for the v,= 0.25 m/s, w = 0.2 radians/s. From
the experiment, It was found that acceptable heading error
and yaw error occur when adjusting & g.7~ 0.03. This value
provides support for case 2 and 3 scenarios with @, =
0.0304 radians and 6,,,,= 0.04 radians.

C. Velocity reduction experiment

The second experiment will involve testing
reductions in linear velocity and angular velocity while
maintaining a constant value of &gy = 0.01 radians and
ypor = 0.5 m, This experiment will be conducted under case
3 conditions, The velocity variations will include (v,= 0.25
m/s, w = 0.2 radians/s), (v,= 0.15 m/s, w = 0.1 radians/s) and
(v,= 0.1 m/s, o = 0.1 radians/s), respectively. These
variations will be compared with errors in @, @ e and
O.rror » and the time taken to complete the docking process
will be indicated on the x-axis by red lines, as depicted in Fig.
11 and 8.
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Fig. 11.  Relation of d,,, (m) and @ ;. (radians) versus time (s) from
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Fig. 12.  Linear velocity and angular velocity in the velocity reduction
experiment
TABLE IIL VELOCITY REDUCTION RESULTS
Vx “) error | Cerror t(s)
(m/s) (rad/s) (m) (m)
0.25 0.2 -0.12 | -0.005 | 17.69
0.15 0.1 0.03 -0.006 | 35.59
0.1 0.1 0.07 -0.005 | 38.31

The outcomes of the experiments on autonomic docking for
AMR robots reveal that the choice of v, is crucial in
determining the effectiveness of the docking process. As v,
and w decreases from (v,= 0.25 m/s, w = 0.2 radians/s) to
(vy=0.1m/s, w = 0.1 radians/s), the time required for docking
more than doubles, highlighting its substantial impact on the
process. Furthermore, variations in @ from 0.2 rad/s to 0.1
rad/s do not exhibit a consistent or linear relationship with the
@ .ror» the role of angular velocity appears more complex and
influenced by other factors. Additionally, the fluctuation of
deror i response to changes in linear velocity suggests its
sensitivity to this parameter. From the results, it is evident
that velocity variation has an effect on d,,,, .The optimal
linear velocity v, setting to achieve the lowest distance error
from the charging station is 0.15 m/s. However, it's important
to note that using v, = 0.1 m/s may cause the AMR to park
further away from the charging station than in earlier
instances. Meanwhile, v,= 0.25 m/s is not an appropriate
value for this process, as it results in the AMR being offset
over the charging station by 0.12 m. Nevertheless, in the
autonomic docking process, the velocity variation does not
significantly affect the a,,,, even when the AMR
experiences a veering position.

V. CONCLUSION

Through simulations conducted using the navigation
stack destination tolerance, it becomes evident that adjusting
the parameter Qesishas varying effects in different cases. In
case 1, modifying @esiscan leads to a reduction in algorithm
execution time and an enhancement in accuracy. Conversely,
in cases 2 and 3, where the AMR position in a veer position
fluctuating within y = + 0.25 m, reducing Qesired results in a
longer access time to reach the finished docking state but also
leads to an increased heading error in the initial
state,Therefore the appropriate of the @yesies of this research
1S @desired = 0.03 rad due to this value can support for the case
2 and 3 scenarios to reduce the heading error at the initial

state. For the velocity reduction experiment, Lowering the
linear velocity v, and angular velocity w significantly
impacts the docking time. The effect of velocity has a direct
impact on d,,,, ,with an increase in both v, and w, The
optimal parameters identified in the velocity reduction
experiment are v,=0.15 m/s, w =0.1 rad/s, @ j.q= 0.01.
These parameters have proven to be extremely effective in
accurately navigating the AMR to the charging station,
despite the longer access time required to reach the charging
station. Nevertheless, The algorithm has consistently guided
the AMR into the charging dock with precision, without any
operational issues in cases 2 and 3 for the finished docking
state. Additionally, when integrated with BT, the algorithm's
operation can be easily understood and is highly
advantageous in terms of reusability and scalability. When
compared with the conventional method.
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