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Research on Path Planning Algorithm of Indoor Service Robot

ABSTRACT

Indoor mobile robots can play important functions such as material handling and
service companionship in industrial and home scenarios, and their technological
development has attracted widespread attention in the industry. Different from general
application scenarios, the indoor environment usually means the unexpected
appearance of users whose motion trajectories that cannot be accurately known in
advance. How to ensure the efficiency of the algorithm and the safety of users in this
situation has become the focus of path planning. It has become one of the current
research hotspots.

In this thesis, two important basic algorithms in the field of mobile robot path
planning, dynamic window method and artificial potential field method, are studied and
improved for indoor environment, which improves the efficiency and safety of mobile
robot path planning in indoor environment. The main research work is as follows:

(1) An improved dynamic window method based on global planning is proposed,
which solves three technical problems of robots in indoor environment, weak ability to
deal with dynamic and static obstacles, unreachable targets near obstacles, and possible
trapping in local optimal areas. The specific research work includes: a) With the help
of the global path planning ability of the A* algorithm, the possibility of the traditional
DWA algorithm falling into the local optimum is greatly reduced; b) The obstacle
motion nature judgment mechanism is designed to achieve obstacle classification and
avoidance, which improves the reliability of the algorithm to deal with dynamic and
static obstacles, and ensures the safety of users in the indoor environment; c) The
evaluation sub-function of the obstacle term is improved to solve the problem that the
target near the obstacle is unreachable.

(2) An improved artificial potential field method based on sampling is proposed,
which solves the local minimum problem and target unreachable problem existing in
this method, and further improves the safety of path planning in indoor environment by
combining obstacle position prediction. The specific research work includes: a) An
improved artificial potential field method based on sampling is proposed, and the
motion direction with relatively small gravitational and repulsive forces is selected by
sampling to solve the local minimum problem; b) Improve the sampling mechanism by
judging the relative distance between the robot-obstacle and the robot-target, and solve
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the problem that the target near the obstacle is unreachable; ¢) Combined with the
obstacle position prediction, a safer path planning method for the robotic arm is realized.

(3) An experiment of TIAGo robot was designed to clean objects on the desktop
of a designated location, which further verified the feasibility of the proposed algorithm
in the actual environment and the performance of obstacle avoidance path planning.
Compared with the comparison algorithm, the proposed algorithm can make the
planned path length shorter, the distance from obstacles longer, and the total movement
time shorter. The specific research work includes: a) The robot task environment map
is constructed; b) An efficient and safe TIAGo chassis path planning method is
implemented using the proposed improved dynamic window method; ¢) An efficient
and safe path planning method for the TIAGo manipulator is realized using the
proposed improved artificial potential field method.

KEY WORDS: mobile robot, path planning, improved DWA algorithm, improved
artificial potential field method



=N BBl AR RS SO T

H X%

T TP |
ABSTRACT ..ottt seeses st en st in e 111
Bl Rttt ettt ettt ettt enas \Y
BT B oottt VII
S 1= 311 NPT X
BT 2B Bttt ettt 1
ORI T 07 = S OO 1
1.2 B FERIFE AR TEIIR o 3
1.2.1 T EERAIIEE IR TTIE e, 3

122 FEFBENURFERI R AR IR T oo, 4

123 FEFHERRAIIERIRITTIE oo, 5

124 AL e 5

1.3 AR B RTZE T2 oot 6
TE BB AR IR A ..o 8
2.1 BERMLBE AIBENIRL oo 8
2.2 BOETETETIEEIR IR .ooooooeeeeee ettt 9
PRI =R YR 4 az . L OO 11
231 BRI IIHT oo, 11

2.3.2 Gazebo FF EIFBEIE I ..o 12

2.4 MU EFT NI I8 IR oo 13
2ATDH BH oottt 14

242 Gi—HLE AR (URDF) oo, 14

2.5 REEIINGE oot 16
T ETHUHE DWA BUERIRIRRN oot 17
3.1 T DWA SERIERARIERIIIHT oo, 17
3.1.1 DWA BERI R IIHT oo 17

3.1.2 R DWA FVEAFLERIAR oo, 19

3.2 BT DWA FETE oo, 20
321 FHF A*FEIESREUE DTS e, 21

3.2.2 FPZRIEBE TG ..ottt 24

3.2.3 BHEFEAS IR T BRI EL oo 26

3.3 A LI L T oot 28



/R BN | 9 e e el VA 798

3.4 FET Gazebo i FLIRBE I KT v 30
340 DFEIRBIEE oo 30

342 SIS R E I HT oo 31

3.5 RBE/INGE oot 33
FNE ETSUHBATEIFERIBERIRY oo 34
4.1 FEF N TG ERARIER I HT oo 34

O O NI 3 LG L o T 34

4.1.2 FEREN THABIEAFLEIR IR oo 35

4.2 BTN T FAIDTE et 36
4.2.1 BINFRENLHIIIN LI oo 36

4.2.2 AT EE BB EEIE ..ot 40

B BN = (s YA 1 L OO 42
Il R e 46
O N N PSRN 48
FRET TIAG BBEIHLEE AL ..o 49
5.1 B AEAE T G oot 49

0 0 T 0 2 o OO 49

512 AT B et 50

5.2 FEFIEIANEE IR I BEAF AL B T oo 51
53 HLBE BB INRISZIG oo 53
5.3.1 SLAM Z | K 4 JABEAE IR oo, 54

5.3.2 FEERALIRAEINEI oot 54

5.3.3 HUBEEEBAE IR ..ottt 58

54 ZREE /N et 61
R = = SR 62
6.1 BB 1 et 62
A = TR 63
e vl NSO 64
QR 64
V=1 70 OO 69
R (S 2 TN 69
PG5 [ = o2 VA 2] 17 e N oY N 69

3 B ERIBIITIE B IRZZIE D oot 69
a2 | OO 69
o VR i VA 21— 70

Vi



=N BBl AR RS SO T

K 1-1
K 1-2
K 1-3
K 2-1
K] 2-2
K 2-3
K 2-4
K] 2-5
Kl 2-6
K] 2-7
K] 2-8
K 3-1
K 3-2
K 3-3
K 3-4
Kl 3-5
K 3-6
K 3-7
Kl 3-8
Kl 3-9
K 3-10
B 3-11
K 3-12
K] 3-13
K 3-14
K 3-15
K 3-16
K 3-17
P 3-18
] 3-19
K 3-20
K 3-21

HEFR
ANTE) S FH AT LS N oo 1
ANE R SR HIAIREBIHLER N oo 2
A7 32y ] OO 7
TIAGO HLZEAFE IS TR AL covvieeeeeeeee e 8
LW et N o & a2 i OO 9
SICK TIMS561-2050101 FIETEIE oovvvviveiiesiceee e 10
SLAM —EHELE .ot 11
GAZEDO DT ELIRIEE oottt ettt 13
FE B Y ST T 13
Sy Ly S I 1 ) OO 14
TIAGO HUBEE I URDF I ..o 15
DWA FIA B R IR B oo 18
At DWA FE AN R B i 0 X7 FIR BB e, 19
At DWA FEBN A FEIF ST HEME T EIR BB e, 19
DWA SFERERG T HARAS AT IE D7 ER R B 20
B TR ARACI BRI oo 21
AFELF EARIR B oot 22
A*FEAEANFER SN BRI AT R o, 22
AFELEBE IR R (ZBRTURIEAR L) e 23
A*E R AR R AL CEBRZRIIED e, 23
B RFIIE BN R U ZEE oo 24
GRS DWA SBE AN [R5 B BG40 (R JBE R AR s 25
SCHR[S3 T4 B350 AN [F) 14 ot R A2 DB R SR s 26
B DWA 55 RO AN [R5 T BEAS B B AR Tk f A5 R ... 27
SCHR[S3) L2 AN Rl 5 T B A Pt i H AR A T I8 o) f ) RN R ... 28
P A* L AT 4 SR AR AN OB S s 29
DWA Hik DL A*ERAR S8 A E N 1A BAR T IR T B o, 29
N IR R o e O 30
BT ROS Mt b B ) EE AR BRI SEIGERBE oo 31
4 Ry AR R ZE B TEHEHIIED oo 31
Gazebo /i I T A DWA BEARFIRIIEFE oo 32
HGHER DWA SFEBEARFIRIZE T oo 33

VI



/R BN | 9 e e el VA 798

K 4-1
K 4-2
K 4-3
K 4-4
K 4-5
Kl 4-6
Kl 4-7
Kl 4-8
Kl 4-9
K 4-10
K 4-11
K 4-12
K 4-13
Kl 4-14
K] 4-15
Kl 5-1
Kl 5-2
K] 5-3
K 5-4
Kl 5-5
Kl 5-6
Kl 5-7
Kl 5-8
Kl 5-9
K 5-10
K 5-11
B 5-12
K 5-13
K 5-14
K 5-15
K 5-16
K 5-17
K] 5-18

H 7179 0 1R EBARIMEL I R B e 35
H b BT A7 LE B B AN AT IE AR B s 36
N A 1) VA )1 = = OO 37
AN TR G a1 < OO 37
BT RFEMIEE N THASFEIRFRE o 38
R N N Ly = T 40
PAFR AP BT HARA PTG SR BB 41
PRFREEAG ) BT B ARAS ATk 35 B A R A LA R 42
BT RSO N TR B e, 43
B2 N ARG A 1] T AT I AN [F) B B BE AR AR G5 2R s 44
BLEE NANFE RGPz 2 30008 A AR AN [ BRI B AR LRI 45 2R ... 45
BLAS NANFE G2 3 30305 =55 P IR AN [F) B R R A R R 45 2R ... 45
Gazebo ] IR TIAGo FLAR AFERL Lo, 46
B 3 A D= OO 47
APF,UCHE APF, 45 & [t A B F0 (R 250t APF (1) = 4E X [AlIS 3 #8147
TIAGO FLAR A LT oo, 49
TIAGO HLAF NIB B HIE A IR v, 50
R | E L i 0 O 50
N N A pr= OO 51
R [ 1 e O 52
TIAGO HLEE A SEFR TAEIREIA T ovvovoeeeeeeeee e 53
FUSEIREE SLAM ZEBIZE TR oo 54
4 SR BRAR TR B R AR P oo 54
TIAGo HL2: A 46K Bk DWA BEAT AR oo, 55
TIAGO HLaF AR TR A MEFRASBEAG I FE oo 56
TIAGO HLEF AR 15BN BEAFHIIEFR oo 56
TIAGO HLAF A RN 2 S B FEAF TR oo, 57
TIAGo HL#8 AR BERF BT HFRAATIE Ao 57
FLSEIREE T TIAGO HLES NBR AR GE I 58
TIAGO HUBBE AR ERRIIZ B oot 58
TIAGO WU B AR ER R oo 59
ARV EEIAT WU B AR RN A =B ZE 1o, 60
AN[F BT WU R AR BRI S BB 2 oo 61

Vi



=N BBl AR RS SO T

* 2-1
#* 3-1
* 3-2
* 4-1
* 5-1
*52
% 5-3
* 54

RIGAE
R e U 13
T X5 AN [ 1 S5 B RS A DAL 2 BB BRI v 25
N I 7% e IR L 3 30
APF. Mt APF. G Batfr B 10l i il APF B SCESEHE XL ... 48
KA RAESLIG TR TP HIE vt 52
SimpleRNN PIZEATL S HIZR oo 53
NG R s I e I = oAU 60
AR EE ARG R (B EFRALED s 61






=N BBl AR RS SO T

BT % i

11 fRERREX

WL ANAT MV 5 Jo KT 328 7 oA A T vy i 1) 3 M i R 7K1 (1 o
o, MRS B T A [ A v BE S 9] dan e R 5 3 5 kgt 1 26— A+
FATEIN (R I 2025) HORE LA ANAT IS SSBE AR F e 28 DY Ll
iy 51 IS BB AR, HioR A S AR BEAL AT AN T2, L
WATWATE] TR R R . HLas NAEDMVAE = HE AR . R E P4 2540
BB RN, g NI AP~ AR ok T ARCKAER], HAT o AT A 42
I AN AT EER A FR 3

A REEE N LB BEAME A BRI A, BshbLas A (1 BT Aok ™
7o AR AN, BRI P, lk A R R ERISE R S, H 24
FHE PR AP NN S B0, FKEEMSS T, ML AT PR A E AL
PIBOR S = NI I, et B AR B G a)s et it Rt 0 Te], AL
wAL BENLANKAE T EEAEN ST ER E GRS R,
REUEREAT B 1 SRR Sl 8 NBOR A SZ BUAATRIE AL, Bl RAEALALE: A
PSRN LA NS, KRFRAK T A TTRAS

I

(a) WEYFHLAIA (b) WEHFHLHEA (c) THBIRKBIRPLSA

(a) Logistics robot (b) Temp-measure and disinfection robot (c) Fire fighting rescue robot
B 1-1 AN RILEEA

Figure 1-1. Robots in different application fields
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(a) Shakey Robot (b) Pepper Robot (c) Sanbot Robot

(d) Roomba 900 Robot (e) Robomaster S1 Robot (f) Atlas Robot
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Figure 1-2. Mobile robots in different development periods
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DA kAL, 8L B AT AR e m R BE AR 00 T IR B A R e 8, SRR
SUHEE 525 BAHE, HFEN R R FE SRR AR AR E B 3
GRS BHAALE S 2 (A 3, 77 A o 204 Fe A 1, DA AS 2 S AL -
WSO B WS B R IE R E P R B g . IR B AR Rk -
R AE A AR 715 B A S S A0 F M, (R B USSR B S B B A i 1T
HMeLAB Y, I ELAE AR v v 4 25 1) v 1) B AR R r) R P R 2 RN
1.2.4 N\I#m%

KhatibB6F- 1986 £ 42 Hi 1) N T #3573 (Artificial Potential Field, APF) # Fi
TR AR, & —MEI gk . HIEAR AR IS AN —A A, #



/R BN | 9 e e el VA 798

i S BEAT AR AR AL N T AE A B3t RO — S R HU 35 773, HReikean R H s
RTI R BURK B B RN RE AL AR RO AL N A5 0, B MERES
ERINRSHIR CYNGES: DNITE PN L2 NG [ S5 E WP S E DA [ P o)
PLER NPT 71, FF IBEE DL NSRRGSR B s N i k. s RS 5 70
YA H A5 5 5] T332 36 R B A BN L3437, R — 2R A BT B 5
A, DLT-#R— S ORl A Y R AL A2

NTH G R R s A — e LU BT Ho2 4, (HRAFAE RS BT H s i
ANETIE | BN R B AR /IME g [ jE7381, 2018 4F ZhangW ol FH 44 6 s B 1F v H A7 iR
B R shblas N sl s I E iz 2R, Ko N L3k SR se
PG, PRHE TR LHIANPLa NSRRI, o 7R T3
Gk R B AR I . 2019 4F Du SEMOMERF AL T AN LIE R % A LRI 150t 1 3
SNLHIE, R 22 E Oy RTRYE A H s 0GP AR 2 s RS E AL E
S TEREIEAT B 3E N AR BIAE . 553 770K/ a] DUAR S ) [l B s 0 1) gy 5
IR . 2021 4 Yang SEHULLRHLES A AW R, @B 805 35 e A
SOMANE I AN EE A H AR AT UE A eR BOR AR R N 35370 A7 A8 1) Jo B AR /ML i) AL
A 0 7 R AR R H AR AN T Al AL

1.3 AXMRABTMETZHE

ASSCET X AT MR BIHLER N AR RIS I 7T, 5 3 Cai ) (10 ik 55
WL NAEAE FLas i g B Reshas e . fadlme J oSt s, JBW ORI FE A
I Rz —, PRSI 2L AR ST A s LEs AT FExT B g4t
FOEREFARYE NS . U T AR . AR B R DWA BT 50 R A
HIIZ B AR R s M HR ST 5L SN Ry ELAE DU AR R S 5 22 )
N LR ATHUE BBt AR R o

B, A DWA SUEAEAE L = WA LIRS 2 R i g4t . XELLTH]
I X 20 7 A B A B BT A H A AN P25 ) 2L, 6 DWA BERREAT 1 et Ik,
BEX N L3 A7 AL B0 R B A /ML )RR 5 A AN Tk 1 0 Hedb 4T 1 ik, IF H
It TR AR 2 et Ba, BT REYIRIEE SRR, e RiAE T
PR T IR R -

AR ET LR B 1-3 s, BZEAEFEW R

B, Zik. FEMIE VA TARRWIE AR, A TSNk
FRRIEA I FCHUIR AL S A% s B s N A R 1] i At Fe A

B, Bablas NIRRT . T BT RS S ALES N IE ST R B AR LR
ZHTHIHE RS AR, S AR Al as Nz sy ol iR iAW 3 R A SLAM
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ARG B AT 58 A 8 BRI R B PR AT R0 5719 90 SR Ak A =X

B, A TEOS DWA AR, TEAFETHE: — KA A
VRS B 42 JR VO L ) S B AR R BOC B B AR L, R X S OCBR BR AR RUAE R
DWA FLRIEERI I 5] T, AT REERAAIR] . =, Wit 7 RSy sh e m
UL I o 2RoBEps, $2F+ 7 Bk RIS N S R S RS I RE 11, MR T EWIE
B NER P s = SUERSTET TR, fR T DWA BIERRT IR
HFR AT ] . i o il 07 BUSIR e R 1 otdE DWA B[ 14 e Al il & SRk ik
AT R AR OR, I 5 AH G I oot B AT 7 XL

U, BETOuiBN TRIERSENE. TEAFEUTHE: (L 4
XFN T BAISFEATAE I o AR /IME in) AN H bR AN Pk ], B8 H T 5 R et
N33k, @i a5 500050 B SRR 77 Al i i 1 Bl S0V 11 =) 3 Al /) MEL ]
(2) JE L8 hrAE X B 25 DR T e 7 SR AE VA I B AT ML B AR A TS . (3)
SEA ML N A 25 (8130 [l N 1) 30 AS B iS40 1 s o 28 Y00, Sl s P BA 5 Hh B
Iz 4 PN B AR .

F 1z, TIAGo #ahHlas NSLi. 7EFLSEHEEH DL TIAGo HLs AN SEgexT
G, BT T TR E b AU ATUBUE 55 LS N BE AR R SEES . F BAHERL T A
2 (D SMESHEHATERE RS REAEHE; (20 5T ROS M H K 1L
37 DWA BIEHEAT TIAGo HUAAES HARX BB AR (3) R 2T RA
Ry esidt N T340 5000 TIAGo HUBE $RAT 7 St AT 55 IR R AR AR, 5 A G
ST T 0

HNE, Siin SRS, XA LN BT 7 g, JRE R T
— BT IARE M T ).

B BBELA
BRI 2 Ait
B T PR STk
BERIDWA AL BN T3
B AR R B A KR

\/

FE: TIAGoE)
L8 N\ S256 56 F

|
B el
B 13 R HE

Figure 1-3. Chapter arrangement structure diagram
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BT BN ABRARIE

A B EEA AR B LA N LRI AR 5C B T 45 R B e il A2 ) 2 i )
HER LA FeaNEi R shpLas N R eyl B Boshiz il . faskne/yom
AR, B O UMM R 22—, PIEAS & 3 PR SRS A sl A
BTN R o AL B BAR AR LA, HLas NRIB sl 2B ot & ik il sa
B e AL RO SR o PR, A e i ST A AL & N @ s B AN 73 B0 B IS W
PEACEEE . MIA] SLAM BoRXHLas N TAE RIS T @&, 25 /4% H
FRIRLAHE (AT AN 51T O R ik A% 2

2.1 B FAZTEE

Fe I HLE N 32 Bl i AL 3 J A A 58 1 AE AN R B A 15 42 30
PLEs NEA SERARAL (T3 FEEANAN ] (25 . AE 4 R, ATBUE R ahbL &=
NA—AUs AT R e I, fal ity fe AL s AN — A ik
Wi TR, I HAT R L 2R, B2 R AL N SEhrdit . 20
JRAL LR R T NLES N WRA R 2 —, BAGRfa, B sy i, 12
SRIRHT FCR L 2, ASCHR A A 22 70 B SUR S A LES AAF N SEI0 R R . 4
N 2-1 P NASCE B TIAGo Hlas A B s sl i se AR = K,
FEAPIIN 3 AT — A UKEh e, AN RE A 4 NESCEE B T 15 .

Z2 07 IR AL AL A N T2 BEE AN SRS 8 1) Z2 HOR SR Je AT 3 | 7o A0 e 1 4%
EhitE . AT LS A B AR IR R b 75 2 B R SUREL I 3h A AW, LARILE
HICHAEATRE, BT EH LGN B B Ei S5, Wi URE A Tiazh

Bl 2-1 TIAGo Ml AR RZFIRA
Figure2-1. TIAGo Robot Wheeled Motion Chassis
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SRR, LR A SIS AR BRI AR S 2ON LB N R A (118 Bl S 45 H FN 7S (8] 2
B, R Ee S T To AR sh el s T DL RES AT, LA N e SR ALIE )
SRR, & 2-2 FTowo

y

B 22 BANBZNELZFFAEE

Figure 2-2. Kinematics model of wheeled robot chassis

Nk 2-2 fow, A REh e AR Z 70 5ie Ju v, v, AT RUESS FLAK AR
P H AT o o o, MERBIRC R A2 r RAT, BV, =g -1 BEPIKEIE POk
Zemyrh atic N C(X YY), e C RIMEER o, « BNV, . B,

_tve (2-1)

w, =2V (2-2)

Ko ke sSURB LS, BRI A ZE B THIRE P =[x, v,.6] KER,
X, =X, +V, -At-cosd
Y, =Y., +V, -At-sing (2-3)
6,=06_+a, At

Hor, xo y 2RI X R, Y ROy AR
2.2 BT XM R
TEREATHLAS N B AR LRI 2 B 75 B X RS AT A, 1 e LR AL A2 A5 2

WOL T IBAL RS T RE S AL As AT B PR 58 R SRR FA i LR H P v S5 A
FEAPITEEEN: 1. HEETHSEOCHE BB TS N 2]
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WA A 2. R ZIHLEE N SIS FE R R i) SL e . WO F A
RO G IR AT TE ) Bl AA b, A B 3 R ) i 2 AL A A 2 T 5 [ o Pk ok
FH = f70 #E 5% TOF 05 2500 PE R 3 S 0O\ TR 1A BE B WA IR BE S

AT TIAGo HL#s A B4 KOG B MFENCHH SICK AR KK
TIM561 R %1 2D Bt FR R M EEAX , 4 270 K FFLAAR AT 15 Hz FIH#i5R,
180 MIE, ML HEEN 0.33S FRMEEN 10 Ko AT ) TIM561-
2050101 WOLEIE SN B A s :

K& 2-3 SICK TIM561-2050101 B0t HiE
Figure 2-3. SICK TIM561-2050101 lidar

TIM561 R 5% A K A SICK 1) HDDM* (FH2% 74 /5 43 5 B B ) %
A, REEAS A FE T I i H s B R A R SR SAMEL AR iz i i AR
HDDM* B AT Ge it 75 v AT Bk & AT B TB) 3000 5« 6 B S B 1) P A — 8 kv
FRYEEE B 1 — 5B [l G v vR 5 BE SR, T DAJRE S /e AH X & 25 IR PR B T £
T EEE BRI TS EE A B — AN B A 1 2 518 Bl Bk B2 T B

Nof T 3 B o AR A A Bk o, 0 MUK A H BRI S S B e s )
ZER AL, WA SEOE R EREEE |, FRIE N

| = C><2Ati
Hrb, coAE#E, KNN3 x108m/s. BT HDDM+H AN S K06 5 ik 3
B P AR EEE ES L R A O

(2-4)

i=n
|.

= (2-5)
n

PR RO TR A RS B B S5 B 0 (L) e o AR A [ £ BE 138K
IR (8] AR OG I A5 4 b M AR A 06 B IR RO A B, R T 54 2K iR
B Z BT AR, 75 BRI ITE O T A AR R P IIRLE (X, Vi)

Xops = LCOS @
Yoos = LSINQ
PO TR I I EEE AT DALt 5 B R o A i — A DT, S ) 2

(2-6)
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£ MRERE L, PR A &S H ISR AT AL B . B ISR A
AEFREEAE BT UKL BE, e 2 AR RS

2.3 ENMNEE KD

2.3.1 EfZEEIRES

¥ ahplas N RS SCI B 5 DhRE I AT $ 2 7T DLEAT B 300, L8 N FHR S
AL & N\ A7« PRIt P by 2 DA S R A R 2E ke, R R AL 28 N e A ST i 1]
HLEF NARYE 12 3 A% 88 RAE RS, AIiF S LA N R SLILE & e, 5
B3 5O TR R B ERE AT RlG, 3E T SEIPA BT B A . CARTE L
FRFA Ll IR0 A T 1 8 o7 8 1 2% 5 S, o B AR 1) R R I S 30 7 Aoz
A B — A L LR N TR ZEAERE B b SN BB M A5 B DA i ], AER
s P P [ o 30 75 AN T BE BT B S IR 28 DL DR SR 8 IRORG BF R, X S Il R i ok 7
RGERR N R 52 A 78 PR (Simultaneous Localization and Mapping, SLAM) 431,

s e
e L[ | e [
> A Gk ; — AT
‘ ‘ L
> PRI : :
"""" FoUUUogses T

B 2-4 SLAM —fRHELR
Figure 2-4. The general framework of SLAM

BEHIEE N SLAM J5 i 72 B Smith 55 ATE 1987 42 H, TR PR A
PRBE A 5 L AN P ). R ShiL s AARYE B 5 (132 3h S A R i) DAAS 2 A B [H)
HITHSEAG VAL 25 S, AEBTAALE, DL Es NI i I P 5 oo S I 45 b AR X
THLES NBINLE, SRS R B ST v S THRL 2 A — 80, Rk A A%
JEER A5 2 U I E e — I A5 BT S A TH 225 BT B I

SLAM HEZE — AL AR AR B R4 - SLAM i S CEIGHE 5SS  PFR RN
SLAM Jasi CJgimfif) B4, il 2-4 pros. &30y LRI efid i F

(D) (R AHE R R AL IREEH OIRHOC L RS . Mt . BRETT.
PRI AT ss, RIS PSR BRI OB BEAT THAL B . MARIRER A BT 5
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SLAM J7iEF 253 ot SLAM FIRL 5 SLAMESL, SBOBARR T M 3% 15 Sk H A
B e ARG FE A R B

(2) H¥E oRHk: H Ok 32 BLAF FUAR AL I 8] P9 5s 2 R R o SEEE
KI5 EARHERR AL . HRGUCACS . FRAEPR I ULR: R AEN IR
REAEEAT R AR E, 1) FHAREAE DT O R 21 AH S0 & 2 [V REAE RO &R, 3%
TR SLAMECY, S HETTHED . FI) A% B2 (1) SR a4t GhAH A0 LMt B dis k47 0t v
T AR E S R, B2 N T O SLAMB, J9 35 ULES J5 3% 555 i .
HFH iz i 15 ehoRE <08 P o 280tk of A7 228 3R 47 ki 11 1) scan-to-scan 7 AR 24 i i 4
5 B R HE4T TLAC Y scan-to-map 777148,

(3) FIFAALIN: ASI LA N S &k [ — Moy, RIS PR . 5 R
ORI PR, T GE 2 M 2 HE R SRR 22, FEHINLAR NFEPOE . K
HEAT R TR A o PRI 1) 5 SRAE 20 R SR A AR i v Ak 7 VAT A B

(4 Javithtl: @RS BT S R R, TR
B B A A o FE B BT DL B (A T VE RN B TR 2R AR A 1)
T,

SLAM i i 3 22 58 B AT 55 R R B 5 it 2Rt 5 B 2 [R50 &, #EATHL
6] N2 SIHLAR N AL 2ot T, X A% 238 11 BB R 22 R K B 1) JRUBE R I s fle s
B DA PERE T SLAM JE it 3 BHE N T EBR AT a4 R 1 RFIR % . ROS 3¢
FFZF SLAM &2, FiIZ Gmapping A1 Hector SLAM O, #E/NIFIREE T,
BT RPN 7 T HE AR S a8 m g, A SCRHM R T IR SLAM
FESE A8 F P SLAM 32 Gmapping-SLAMPY,  Gmapping 55032 A DL Sz it #g 2
FENHE, NS E TR TR RN R R, BR A SOR A g B
FIHE R, XROGE AR E SR A BAC, S5,

2.3.2 Gazebo {HEIFEEE]

Gazebo J2 I FIEMINIEE ANVIE BT &, $24E T I IR M ) BEARADL IR
1, BEUEHEHATHLAS AR ELSEEG . Bl TIAGo TAEZ A S s AHHE
BHATIB SRS, F BB A 2-5 Az, TIAGo HL#s AfE Gazebo 1/ H Ik
B PIRIGEIRES IR, M EAREARERE . T AR BRI AR A
FIBERSY), PRIECHIZLBOZ TIAGo WOLTEIE KM IO . HLEs AVIHIFA H
T8 e S R BT AR A B, E e R AP RS R P AR R T AR R AL,
Kl 2-6 (a) P ApLEs AIRZE M S YA ] . 5 2% TIAGo X H C kb
WEHAT e E s R 2-6 (b) Bk

TEFI b B 45 AT AL A NBR AR AR 2 1, 7520t kA 33— 1)
TR HUEIM EESHNER 2-1 k.
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& 2-5 Gazebo 1 EIFE

Figure 2-5. Gazebo simulation environment

B 2-6 ZEENEMZER

Figure 2-6. Mapping process and results

®2-1 WERNEESH

Table 2-1. The main parameters of the map

24 {1 P
resolution 0.05 PR, RIS LK 0.05 K
origin [-50.0, -50.0] i P B S B
occupied_thresh 0.65 VTR A A A2 75 A B RS A2 ) R

2.4 HUE EATFI R T X Rk

HUBE 12 2 2 W FU A2 NS A sketth, 32 EORAUMOE 55 2 18] 155 &
(AFBJE GBI AR, W FEURE BT EE L N g A B AR ot T i
) AR B A S B I g o AT R BN A LA NS f Rk 757 D-H

SR G — PLEs N R % 3
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2.4.1D-H &%

MM T LB AR B — R A ST REAF AR M TF I I8 sh B, 185 64 m] DL B
RN BT, AT DR AT R A B B il o o A MR e e A A B
NS EHEE: FHRATEIE A R M PG T B B R A
Denavit A1 Hartenberg 2t i FHIEF Z H R A9z 5 X R ) D-H (Denavit-
Hartenberg) %, RN AN i) 2 HL A NG5 K ih g Bheal, k=
iZH D-H SEAI RN N, B IEA A brdh, A2 D-H S5

e 2-7 P, EHKEa,  EHEA o EF R . XA 0,, Bk
VUANZHEDA D-H #EFZH, HLEE A REEAERER AT DL IX YA E 3 5 280k
IR . EAKE o FE A o AT HIREF AL, EMRIEd A2 M 0,
TR ARAT P EM EB S R . AT i BUHl 7 AR R I Z, 5, Z,, FZ,
R A LR TT A X, BT R, X BT Z 5SSO AR RS R I R S, TR T E
WY, il I, XT8N, KR EN G, , HR =AEMNSHONE E 1
XA, KRR END, HREANSHONE EHE .

i1 A 4

B 2-7 FEAFBFRR{ — 11F{i}
Figure 2-7. Linkage coordinate system {i-1} and {i}

2.42 H—Hlm A2 (URDF)

WX D-H SN2, vTEA T AU 12 R A i DT IE AT ORI
Fo ARSCSEIGIRAT T AIVLES A AE TIAGo ML N, TIAGo it 4t —Hlag A
HiiAt% =, (Unified Robot Description Format, URDF) 34477 Ho o6 5 A& FT 1)
RO K R, H T HATIZ ) E W2 ) 5 K

URDF & —F2ET XML #iyE . H TR NG kg, x— ik
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TR TR AR AT REE H Pl Es A iAE. —4> URDF U AT B
FENLES N A3 ) S AN ) 223008 U 2o L kA A . fE ST HL s A URDF
RIS, —fRHTEAT link A1 joint SKASHLAS NBEAT IR . A SCE WU HHC
(RN 2 BRI UME (s sl 2 lid, ASSCRT SR K TIAGo HLas A 515 AN
R SRR AR 8 & (1) URDF iR i &l 2-8 fror .

torso_lift_link — @1_44@
yz: 000 I

rpy: 0-00

o arm_4 _link
Q arm_1 |01m\\‘I

(yz: -0.162 0.02 0,027
rpy: 0-1.5708 0
\
arm_1_link ¢ arm_3_joint

yz: 0.125 0.0195 -0.031 l
rpy: 1.57-00
arm_5_link

arm 2 j '-mt/
xyz: 000.15
y: 0-1.5708 -1.57
arm_2_link —
(: ;um_bJoi@
xyz: 0.0895 0 -0.0015
y: -1.57 5.55112e-17 1.57

arm_6_link
um 3 |mm -
xwz: 000
A y: 1.57 -5.55112e-17 1.57
arm_3_link I A
{ arm_7_joint >
\\\\_\_ - B
yz: -0.02 -0.027 -0.222 T
rpy: 0-1.5708 -1.5708
@_4_]01[][ ™ arm_7_link

—

2-8  TIAGo HUIK'E 7 URDF #iik
Figure 2-8. URDF description of TIAGo robotic arm

i 2-8 Fran, 7 HHEER TIAGo HLE G 7 127 (joint) , 73 ilkss 1-
7, BARATHEE E O BELREAAR R, 8 NEF Uink) , 2RlbRS 1-7 7 A
HERTIN EIEAAAR FR P EAT o« B xyz ARFR S RTEAT AR T AL bR R EE B AL AR
RIF SN rpy AR S RTIEFT AR T b — AR R RS f 5
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2.5 KENE
2 25 2 B AR 5 T 4% SR B 58 R R R BT O T, A

LML NIB SRR O B A MR AUR . AH] SLAM SR HLas A
AR ) (A AT I I L S S T AOUBRE BRI AT S S R i A% 3
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F=F ETHHE DWA B ENX

R TR AN N E Y, ARk T AL L A LR
DWA Lk A7 5 AR AL AR R 78 . (22 DWA SHkje — M Rl 52,
R —ADHEbR R, AERRPERS T HE IR i 42, RIR DWA S0E 54
JEAR I FIR S S . AT IR 2 e R AR SRR A0
DWA SRR RA N 51T . SeF M A*SEMRI N — ke Rk, &
X% 4 R ERAR BEAT S H AR R, AEDN 5] 3 DWA SEREAT I ) A 1] 240
PR o FFEEXHE S N SR AR ST B a8 AP AL 3R Ba R R R I XS il DWA SR A4
TR EEAT 1 et (R3S EE A B N R RO |, 35T ROS MRS L B R 2
B DWA FLks e RIS e 107 HIAED R 1 TIAGo HLas NMAETR A~ B35
TRIEARRIZCR, IFH oS HE N FSCA BT SR 1 #E % o 35 TCRF IR AR A
B B R B RN AR bR i S i) B R oK

3.1 ET DWA B AR AKX 34

AKFHAAET DWA LA, R0 7 HAAER = 38 5.
JR B R e DARI S R shi &S Reng (R ZE B SRS aE AR |
Bt BT H bR AN 7T 3 ]
3.1.1 DWA BZEH R 1
DWA & — P B RAE S, CLFE R R AL BOOPAN e B 40 1
oS0 3 R 2 1] (V, 0) AT RAF RIS [RI LR A T A0 20 4 1 R P[] Y )38 B
I, T VEY BR O BRI BEAT VPAT « e ECH A AT e e R IZE 08 I ) e B
HEHT 5 PR NB3).
DWA FELERATH RIS AR T, SARAEALE N B B SEBR1E GUA A IR
B3 (R BRI, Sof B ATLR A R 3 BE EAT 29 R A& Bk /N RAEE H , FEBFELLT 71 :
(1) HFERRM: R AL N B & A B s N E A E (Vo O )
AR KIEEHE (Vo @) ZH]
V, ={(V, @) |V e[Vy, Via ], @ €[00, O I} (3-1)

min? ¥max

(2) IR EERR . AENLER NI RE PR T, 38 A8 A WA i K
JEE o VR JEE A SR B AT AR L Y
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V, ={(v, @) |v e[v, -V At,V, +V,At], 0 e[, — AL, @, + &, At]} (3-2)

Hrb, vy o NETTN Z] AR EERABE L, , v, AHLES A R N A
LRIIETE, @, ~ @y AN N A B KA TN S A Y JiE

(3) wAER: v 7 RENLS AT 24, SPla NMERK
PERE 2 E TR, R AR A I R S B A ) B A B RS VI BR AT 2 BT RERS 5 N, R
PE . IR R, DR MR A T L i A2 LA Y -

V, ={(v, ) |v < 2dist(v, o)V, < \J2dist(v, w) @, } (3-3)
g, dist(v, o) LA NS T 5 RG4Sl 2R 2

PR, RS DR aT ORI GEEERFEZ R Ny ER =LK IAE
&, NEhEE AV, 4.

V. =V,NV, NV, (3-4)
DWA S R PP BR 2 T B0 = AN AT VA, 188 Rs A T
G(v,w) =a-head(v,w) + £ - dist(v, ) + y - vel (v, ») (3-5)

Ho, head (v, @) F T IFMNMHLAR A il B 2N AR o (RIS E D 31
Hbr e, aplas NsIE HAraratn BUE SR, Bz Ie s yLas AEre
A R 7 S AT ) B AR A dist(v, @) BTN TRINAL B ol i) 2
PRI, R R B R ] eI 28 PR ) DAGRE Sl 3, IR MR 2 4 R
TN TG vel(v, o) F TP HLAE N B0 AT e RS S B, ] Tk iR s IR
HHUE HAR SIS av By y RS & T R B INBR $L.

A 3-1 DWAZhAH IR~ EE

Figure 3-1. Schematic diagram of DWA dynamic window sampling trajectory

0B 3-1 P 0 HIAEE LA AAS R A & RAE B R ], P
KREAFRIEEN, LENEFRERY), SOTMERRERS (a3CRAMR
ARSI B RS ) o MG RTEHLE N R G B 2 S O R R R . A
A A MR B 2 o B AT — /N BUR TR ASAUCR AR ARSI, G5 PP B
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PRI ZE (B SRS 2R TR AT 7R ) Bt oL ) 38 P88 25 A R S
3.1.2 Eil DWA EAFEENTRE

(L) R nE 3-2 B, Gl N 2 A EET s C 3
X3, 78 B ARTE T eR B0 T HLEE NS BAR 7 M T 1% C B X3,
TERREF RN T R B VR R TRk g aridt, PR BREUR R, HLE AN T2l
FERFEBEFZX IR, FEHLE NGB RX .

[ ] 3 [ ]
o 0 * —< *
{ {

0

(a) HIARANBHAEHHR5 2 THE C X (b)) FSABA C R RHSIXER
B 3-2 Zfili DWA BEMARFRILXEGAFEE

Figure 3-2. Schematic diagram of basic DWA algorithm stuck in local optimal region

@i * : —.° *

\

(a) HIEBEARM BBV HRRERR (b)) ZHEBFEB—HIFIHRARRE X

* : *
. 1

() HLEANTRITSBMSHREL AE A (1) AT BITSHERFPHLFENGKRE
B 3-3 il DWA BESISERSUT Rk Ror s A

Figure 3-3. Schematic diagram of basic DWA dynamic obstacle detour strategy simulation
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(2) MECARIN, RO shisp APty , 2R NSRS R I A 2 . X sl

BEAFVINT, PPOT PR ECEE & 51 LG NG TR RS, Wi 3-3 P, M 3-3
(b) A1 (c) LA i DWA SR T ST SRS BIGRE T ), (H 2 sl Ak

Wiz s SHLas N SAT T FAEAE e RN — 2k, SRl Nizshid
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Figure 3-4. The simulation of the unreachable target near the obstacle of the DWA

®
*

3.2 HHE DWA Bk

AT FEA 3.1 F BT A FEAE DWA B TEE A=A 5 0 BT T
o H—, FET AEIRIEROCEE AR SUE N DWA BRI ] H A s R 3R 4
i) 5], F5 Bl DWA BLE R iEE 4> J5) 70 B P 1 ) 30 d 0 DX e 22 £ g ) s 58—,
BTt RS I8 B 14 5 A WAL o B A AT 3 2 H SR BN [ T o S s, o) 53
B ASBERS YR B HE G, X T F A BRI R AN G647 g, BB R H bR sl
SRR ISP, ST RRRERERE s SR, OB BEAS IUPPAN TR A
fif R T SREATAE B B AS BT E AR A ATk )

20



=N BBl AR RS SO T

32.1 &£F A*HARRN2/5F

DWA Sk 2 —F e A 0 R a ikl ik, ERAEAL: G-
Hbr mE R 51 5, S b drla 48 5], EIRSEIE BRI IE Ol T M LTS 2
AR, ATREPAN R Xk 7ESLBRES SMLEE N PATAE S5 AT B AR R K
(3 AR HR S 4 R B AR IR VA I RESRAT TR AP IR 5 2R, AR SR ARG
N DWA SiERMEeRI51 5. FIF A*RIRERIPIMG 4Rk a s G, R4
FEAT FOCHE R AT SV DWA SR A] B bR i, F T E BRG] 51 5 DWA
ERERINp B

A*EL AR R A IR e T A R R I R AL, BT R R A
FAVEAY B EO6 1 s ATHE T, 2 e B TR 0 4 S B AR 4R R Il ) S Y B
o AYBLER BRI R, B NWILET 3] B b1 SRR 12, o2
HIP %, HTEY RAAR R SRS S, HWPNREEREY, ©
¥ 5| SR A A BRI T7 I SRR RIS, HPP R EoE KRN

f(n)=g(n)+h(n) (3-6)

o, g(n) 2 MATEEST ST A n I SEBRER AR h(n) & AT min B H AR A
Tl B AR A B8 B AR A BRI B (W R 2 IR ELREE )« 20
R (M RUAE R BT ATy T8 B R B A, i 3-5 ffw

(x1, ¥1)

R U B AF 2R 2

(x2, ¥2)

3-5  HABREANEEHR

Figure 3-5. Graphical description of common path costs
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Figure 3-8. A* algorithm path planning result graph (remove duplicate nodes)
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Table 3-1. Obstacle avoidance strategies for robots facing obstacles of different natures
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Figure3-12. The avoidance effect of the algorithm in [53] on obstacles of different natures
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Figure 3-13. Improved DWA algorithm to deal with the simulation results of target

reachability near obstacles in different scenarios
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Figure 3-15. Using A* algorithm for global planning and key point selection
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Figure 3-16. DWA starts pathfinding with A* key point as the intermediate target point
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Figure 3-17. Path planning results of different algorithms
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Table 3-2. Comparison of experimental data for path planning with different algorithms
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Figure 3-18. Experimental environment for path planning based on ROS grid map
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Figure 3-20. Path planning process of improved DWA in Gazebo simulation environment
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Figure 3-21. Path planning results under inflated map
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Figure 4-1. Schematic diagram of the local minimum problem with a resultant force of 0
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Figure 4-2. Schematic of the unreachable problem when there are obstacles near the target
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Figure 4-3. Schematic diagram of position sampling on YZ two-dimensional plane
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Figure 4-5. Flow chart of improved APF based on plane sampling
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(o, ] [ (X yoz)+d-F(£2, 17, £0)

at5+l at(xt,yt,zt)+d-F(fx5’fy5,fz5)
at6+l - at(xﬂ yt’ Zt)+d ) F(fx6’ fy61 fzﬁ) (4-6)
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R RE TR R R, d FoRHLE ARE SIS K

AT S IR B R 2] 7 SRR B S F R A IR F (A, ) 2 6]
MR, B FRBAF(ES, 15, 12) .

6,, =trans Cos(arccos(,/ f,* + f %))

6° =trans(d,, +15°)

0, =trans Tan(arctan(:—i)) (4-7)
f, =cos(6°)cos(6,,)
f; =cos(6°)sin(6,,)
f°> =sin(0°%)
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XY Fifi. BAEERERFRSREf, 0°Fre il ek mss —14
KR RAERMEFI R A, (f, f,, ) 2RIFRRE D FERE X, Y M Z 4 LS
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X e
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Figure 4-6. Local minima problem solving comparison diagram
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Figure 4-8. Simulation results of unreachable targets near obstacles
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Figure 4-9. Sampling schematic diagram of improved APF method based on sampling
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Figure4-10. Path planning results of different algorithms when the robot and the obstacle

move towards each other
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Figure4-11. Path planning results of different algorithms after the robot and obstacle
trajectory coincidence is reduced
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Figure 4-14. Schematic diagram of QR code detection and recognition
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THA RN RS AL B P, A8 N RS 3hAAA e — € R (£ 4 1)
FERGIAE AL 38 N A AL B A UL E S HLEE AR R s L X 8 E %) . IFH
PRARAFAERLZ IRV R

ME 4-15 (b) HafLLAEH, SR T3k BARIE N T RAEHLH], AT LA
WK AR, (HRIRAIIE RAFAERALIIE ST . K 4-15 (¢) AT LLEH, 45
A BEASAL E F0I ) ek BN T3 I E R A5 B AR AU AR IR, T HLSE hn~F
o =MEEIRIN B, BAESEE. R0 HE DRI A £ 4-1
Fiow, FHECIHEREN T80, 456 B Or B 1 o) oot N T35 Bl R i % 4%
KEER L) 25%, 4% Al 2 23%, R A B> 100%, MR A 45
WY 2%,

LA HLERA A
- [E54) -0 [EiR1 -®-- (&Y

-0.2 -0.2 ) -0.2

0.4 0.85 0.4 0.85 0.4
y/m y/m ym

(a) APF (b) BB APF (o) ZERERAL BN KSR APF
(a) APF  (b) Improved APF (c) Improved APF combined with trajectory prediction

Bl 4-15 APF. B APF. SERRmSA EWMKIHE APF =42 FE 3Bt 1%
Figure 4-15. The curve of the three-dimensional motion path of the APF, the improved
APF, and the improved APF combined with trajectory prediction
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R 4-1 APF. B APF. SRR ETNAIEE APF BILR X L
Table 4-1. Comparison of experimental data of APF, improved APF and improved APF
combined with trajectory prediction

RS HAKEmMm AR RIELE SEE3hK/s
APF 1.018 26 4 57.15
it APF 0.816 21 1 44.76
Sl B AL B T ) e APF 0.768 20 0 42.02

4.4 RENT

AN TR Rt N 383V A7 A 1) SR B AR/ MEL DR, SR 1 BT R R Ry
%, BERPLEE NS N R AL X sk Lk o 320, LA APk
PORIRILAS N - H b 18] B AGS BE S A R SE 3 R, Aok 1 2Rt N 353753
FAAE BRI B AR AN AR @ o [RI, 256 1 X shaS B i) ehs r & Tt
11 I 8] AR A CRAENLR, 3R T 1R RS BEAT B AR L 1) 22 2
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BAHE TIAGo BEIHLE AL

A T T A SRR oA 6 T Y T B ) e B SR A R AE S
Birp L TIAGo Hlas AJUSERNT R, BEAT 13 55 e 1 m 52 T il PR S5 LA A
BEAR RIS o 5 e A T SR i P KRR AF1 6 5 JFJE TR MR 22 () 25 %) 51
SEEAGY) AT A AL E TN, HRSEIIALES A SRS AL SLAM &[4,
SR 3T ROS M ) DWA A1 A*fl& S 3E1T TIAGo HRIAAE 55 H bR X 45
HIZBhER AR, f i M T2 TSR O B0t N 315588 TIAGo AU 04T
SIS BAE 55 iz sl s A Lk

5.1 SEIGREHTE

51.1 BHFE

AL A ER B TIAGo HLEs AN 5-1 A, HEZAM4EHE SICK
TIM561 BOGIIFEA . Z 3 IRBNEAL . 7 B HETFHE . i8R I8N T RGB-D %%,
BRI HFRE. TIAGo MRANRE R 2 IKShPLH], GfE—E 48k
iy PR, FEVEEREES. BOLMEE. =ANEEAA . ANHPER. RS
AR AT A Wifi, DL ORTCERESE . A SC S0 56 BE B4 N 2R G4 14 2 1] 1)
MR R Q1 5-2 Fiow

RGB-DAEA, - -
|7 EiLA TR
AR AR Ee » = PR
HER

= —

HAH R F
7/ HGA R
T T

BN e S — )

\\_/
B 51 TIAGo BlEARHEFEHMAE

Figure 5-1. TIAGo robot and its main components
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512 BHFEE

AR T B AET G H34E Ubuntul6.04 #:1E R4 E, A YL AR
YE &4t (Robot Operating System, ROS) , f#ifl T ROS )1 E ¥+ Gazebo. 3D
A M4 T H RViz. Gazebo J&— % ROS SZRFR UF HIThfE 58 K A A7 R AL 3%
NEAFG, AT LIS AL AN BAUMLEs N H AL S, T LLgE T ALas A
figzsh:. shifhi |, JFHEWEN RViz &5 KR, #8) RViz RER
PLES NIAR K EHE B B PR LA R BB B A4 5%, RROT (8 1 4 A

R AR AR B W& 5-3 B, K 5-3 () ANLEE NIREL AR
RIEE, B 5-3 (b) ANUE AR AR .

PR WL RGB-DAHHL
| |
TIFH K TIAGo W& ‘
ML e | | HLE
f JiE ST 1
I J

JE A ] PR 2 ML

IRzh 2% 1l B 5 % Wi 552

. | HUWE

fEE AL FEE AL 3452

B 52 TIAGo HlL28 \iz3h % o BR A

Figure 5-2. TIAGo robot motion control hardware correlation diagram
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Figure 5-3. Flow chart of path planning experiment
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5.2 ETRIAHEMEAFEIFALE TN

P22 I 28 AT DLIE I 2 BOR0S B BRI G B AR SRR 18] 1) LS BRI 2R
R TSR 2 I 2% S A b [F] — R R M A T 2 [BME S A BARMEE, fiE S
TR S 5 I Je fa T, 1X 5 A5 N st T 7 208 A4 56 10 i is
BIPIR S RNt FLHEAT 5 RS B IR A5 B TR AN AT DR] L A 1 258 31 2R o 442 oA
4% (Recurrent Neural Networks, RNN) ﬂ%lﬁﬁﬁaﬁ?%ﬁahﬂﬁ?ﬁ{w » MRS T R4
BRI RE, DAEAT B dr ik fee, 7Rt 2e 0 RNN J2E47 i 2241

RNN 2 — Pl A& i )45 5 Fi e 42 I 28 S5 447 fliﬁhﬁ*ﬁﬁuﬁ’ﬁmﬂﬂ’ﬁjﬁm
N, HIMZEAR G a3, EE ] BIEMZ s [fEid. RNN 454K 5-4
Fine Bl 5-4 o ARRHAEMBERIL, x RARBRTHANGS, h R
HiE5. WEPIL, RNN B G N 55 =& —EHEFA, X ﬂii'ji‘fﬁéxl_lé% A
A, AR & h o S8 EN I 2 X, RS

2,288 &
e e

5-4 RNN SR A
Figure 5-4. Schematic diagram of RNN structure

FESEIR BRI T, [EE T 20 frskinZ 5%, BAS5E M T 25 sk
. M TZE5FHFHME. FHEah@EME BERERINN 0.1s, RARIINTF
i) LRI A 6014 H. Z5E AT LK 5T TS E ERAHGH, %
BRI 5 AP L, IR SRES 5 AR . 9280 R A 21 135 43 S 50 B0 i 58 5-
1 Jrome
T TR T 235 SR AN Sk SRR 45 22 R B BN IR K BB AR ARLIZR ) H b
st /AR R R B, AR AR ) 1RS48 2K pR A T 245K (Mean Square
Error, MSE) 1E A% SimpleRNN B8 {145 2% e 2, BERLAE n M UINGRELE T B =2k
3577 iR R A R IE T
MSE = Z(yI ¥.)? (5-1)

i=1

y AR E S, 9 AR TNE
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R 51 FREREELHMAER

Table 5-1.  Part data of aata collection experiment
FHALE TR 5 AKAE A W I PR ALE
[0.990, 0.055, 0.846] (0.0, 0.0, 0.0] [0.963, 0.022, 0.868

[1.017, 0.050, 0.834]
[0.967, 0.040, 0.863]
[0.962, 0.035, 0.866]
[0.965, 0.027, 0.865]

[0.919, -0.011, 0.892]
[0.913, -0.015, 0.896]
[0.908, -0.018, 0.900]
[0.901, -0.023, 0.904]
[0.893, -0.027, 0.910]

[0.273, -0.051, -0.127]
[-0.506, -0.106, 0.286]
[-0.047, -0.044, 0.032]
[0.021, -0.085, -0.009]

[-0.057, -0.055, 0.040]
[-0.062, -0.032, 0.045]
[-0.053, -0.037, 0.037]
[-0.065, -0.048, 0.041]
[-0.087, -0.043, 0.061]

]
[0.951, 0.016, 0.876]
[0.944, 0.011, 0.879]
[0.934, 0.002, 0.883]
[0.925, -0.006, 0.888]

[0.882, -0.034, 0.918]
[0.889, -0.042, 0.914]
[0.881, -0.046, 0.919]
[0.877, -0.050, 0.922]
[0.873, -0.054, 0.926]

T ARSI BIR RO R, RAFMALE . FHESNEERARIE, &5
TensorFlow T SimpleRNN A 3EAT a4 (P F56) Fabgho & o), HAf
BEALSETFEMTIRBAME, SFENKEL. §ZMWE LT s
BRI P4 ()5 ) 255 . B N B B B0 5 T30 RN 500028 B0 3 B R A RAE
UEHI N Z T M B0RN 6. 2 A Bl S TN 300 B (= 4E50) . Rk
HZET RN 3. T HEREONE ., LHRAINESMNEEZ, BN Z808 =
JZ: HiNJZ. SimpleRNN 2R HZE . WIS S 08 #R A2 55 W F
SimpleRNN JZ 0% bR £ £ tanh BREL, %2797 miB0dch 15, YIZRtE K/ (Batch
Size) A 100. W1l 5-5 Fras NBLEY (Il 2545 2k th 22 K

0.08 1

L
. 041

0.02 4

0.00 . : : :
0 10 20 30 40 50
WZREIR

Bl 55 R IS8R th £ B
Figure 5-5. The training loss plot of the model
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% SimpleRNN #E A28 35 1 25 2 J ekt 48 ) 7500045 A0 B 524 2 18] i 38
WRZEN 3e-4, RZELMEN 4.09¢-3, triEZEN 1.6e-2, T2 LFRMHITR R, &
2% SimpleRNN W £ #5 S B3R U1k 5-2 fiw.

# 52 SimpleRNN MBS HER
Table 5-2. SimpleRNN network model parameter table

ZH e
BN JETT R 6
SimpleRNN JZ 7 25k 15
it R R 3

SimpleRNN JZ#E BR £ tanh B3
VlIESiin= o NN 100

17 2K bR % MSE

5.3 Hlaz AR 1R ALK L3

5 = TSR DU O Ax 4 K SO SR AT 1 FUBRAIE, AR AR LS
HRORT I I S0 SRR EAT AR SRR KIS 5 303 T4 R S T i T L R S Bt
BRI SFIRR AT YERIA Rk . AR S A K SEM B R R B WA 5-6 Pn
K TIAGo HLg8 NIEAL T e fifz B, &/ H U AL T B AT T 2Rtk
TRV ATUBAE S5 il A S AR R 2 T8O 1 — S b . TRk, s
TR, 24 TIAGo Bl AITAGREAT BAR RIS, &2 H I AP SIS REG
Yy, CARIINEE 3 520 DWA I A*fl& SE R RLRIVE RE .

2
o

LA TR

Figure 5-6. Layout of the actual working environment of TIAGo robot

FA = BETE

& 5-6 TIAGo
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5.3.1 SLAM EE R 2 F/EEIMX

H2ext Bk TIAGo HLE§ A TAEZ RIFR 53547 52 T Gmapping-SLAM 4
K, 25 RN B 5-7 B« B 4 R A gk i Sk TR a1 =S RO EE X B R TIAGo
GRS INERRENip: I

BB G, ol AT RIS B 2R E, WK 5-8 ok
LRI XA RS AT SRR R L, R R E A AL KT RIS %
AT, KRBT 591 2 E 2014 AN A So 1) DWA SIEHT AR AT LUE H
ARSI ) R 46 4 R B AT ARG SR B SE it 9, P52 Bk, Bl 5-8 R
B sl SR AT AR I JE A 9 DWA SR FR LR B bR 2L LLAR ) A ]
51F R X F BRI SE ) G A BRI LLEAT T ik st B2 B TR
VO AR 2RISR, T AR H A R AR A i oo R iR EUE A2 R
Pl RS E bR, BB AR 42 5 0 DWA Bkt e 5] 5.

57 ESEHE SLAM BRESE R

Figure 5-7. Mapping results of SLAM in real environment

B 5-8 LREAEMRIASCHR R RUZE

Figure 5-8. Global path planning and critical path point selection

532 BRIREBREANX

U 5-9 Bl ge AJTUEF it A DWA BT B IR), N T IR s
3 FAE IS [F)38 ) M o B A0k A T 73 S eI SR 1) SRR, AE AR
BRI EIR T — AN ESEAGY), Wikl 5-9 th AR E Frbs i, Tl
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(1] DWA FL1M & 2 R ESEERG . BHmAsLins 5% 74 TIAGo Hlis
NAET FH it DWA SR BEAT B AR IR I AT 8 23 T8 38 1R S B 3 &S R4 o 3%
BT, 20t A*EIEA R Z 5y DWA Hse i 5] § S 24 H B DWA
SERRE R 14 R 2 J S e (NEE R IERIF SR, Bt TIAGo #l
e NAEREAT 02 DWA BRI A2 i il 21 ) A5 B 1 v Be v LR, R AE Siegs
BEE I DWA B35 R B A B I8 SRS o (EZ AN REHERRILES NAE B4R R
R A 3 3 SR e P A B A ) T REME

B 5-9 TIAGo WL AJTAER A BE DWA 4T B E LRI
Figure 5-9. TIAGo robots began using improved DWA for path planning

W 5-10 DU R T i DWA SESH R R RS AR R (
TXFHN—HE, BN TIAGo 7EESEIRETH B MR 2, FHEATER]
AL T H RViz HE BB A MR FE) o MK 5-10 (a) #] (b) RFE i £RA8 5,
VLA HLAS A IR S G ecE, B 5-10 (o) 2 (d) v LAE LA A A
YT FERASY) RRREAS, I B E R E bR A5 LA R .

I 5-11 H i =R R T Bk DWA SRR 1 S 3040 (1 552565
5#) MR SR 2 TIAGo Hl#s N EZN SRS 16, Wikl 5-11 (a) F ()
Fi7R, LS NS B S LR IE (RN I RS e sh ik i) o st 5%
LIS BERR, HARGHLE NRAT HEIE SRR, BRI > B i X3
BLES NGRS RAE M T ATk, Wikl 5-11 (o) Fis.
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() FFEERMETEE (b MBEBRYIRE (o REENEIRSER (d) BRI
Bl 5-10 TIAGo HL3§ RN 58 R MR A KRR T 72
Figure 5-10. TIAGo robot coping with sudden static obstacles

S TR —
-

-

() RHEIFEBE (b)) KRUBERWRE (o) FRER[YIEITE 4R
B 5-11 TIAGo HIEE RN 1 SRR ISR
Figure 5-11. TIAGo robot coping with dynamic Obstacle 1

] 5-12 R P2 R T s DWA BEX 2 S 3RS (2 535
5%) MRxERE. 2 52 58 NiashER 5PLE AN BT, Pl NRis 5 H
SISl R AN RS, RFEDRE A BRI AL ). 2 ALEE A KW 2 ARG
YRS B HiashiE R EONEIE N Zh A ERSYIRT, Bt DE N 2 52 5F M T
AT I 8] A2 A o
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e e s s
] & AL 17 ! F 1 &
(a) RFEEFB% (b) JiEEE W (c) HEFRE (d) SYTERITRSEE

B 5-12 TIAGo Nl AR 2 S5 R
Figure 5-12. TIAGo robot coping with dynamic Obstacle 2

nE 5-13 () iz, 4 TIAGo HLaAS APRHRIE B ARBEE T, 78 B AR XISHT R
WF] 7RG . BEEAE S0t DWA FERFENLEI G- F S AL N 2 Je i 547 BT 1%
FRAERATY), HE3 B HLE NS B AR SR BN T LA AN FZ RS 4 1) BE S
IR B TR FRAS AT [ AR R it ) fish R 2% A LI RS AN R B R BN 0,
LA NAE BARI5| 5 T i85 2 3 bR X5k

- -
o - . : . : o .

' e | S g B R R K F (%
- - ; - i - .
(a) RFeTB% (b) JWEGAT | (c) GeATHER (d) #X Bz

& 5-13 TIAGo H18% N\ RLXT A P B A5 A P A &R

Figure 5-13. TIAGo robots deal with unreachable targets near obstacles
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B2 TIAGO HLds NS RIS H RS54 i B Rl H ok B B8 A2 4] 5-14
2Lt 2 TR o O T AR SR SEINTE T, RAE R A E R T R R s A
R S RT e EN A LY/ D

B 5-14 ESEIET TIAGo Hl88 AN B2 IRILE R

Figure 5-14. Result of path planning for TIAGo robot in real environment

5.3.3 HUHERENK

1 TIAGo #L#8 Nl 5.3.2 T4 S8 IR AL AR FLR SR B bR T55 HsX
i, MLEE AFISLEE 2 53 BTk f AR o7 B 5-15 Frs. Wil 5-15 FiR, A
TIAGo HL#8 NBEE T AN RS ] R EATL 55, HLEs NN i h B A I
BT AL, 1T BHAEXT T AL AT B S22 /0 s Rbn st s 548 2
PRELI s 3T AR UL BRAR AL T A2 1177« A & R AE I L B ARxd G
TIAGo HL2% N 75 Bkt G 5 SLI0 2 5 5 (0 718 K AR Rl .

K 5-15 TIAGo HURE B&EMRIZ R

Figure 5-15. TIAGo robot arm path planning scenario

58



=N BBl AR RS SO T

(c) PLERASATAES [FI ot - g (d) ZHBHABES
B 5-16 TIAGo HLIE BAMRIE 2
Figure 5-16. Path planning process of TIAGo manipulator

WK 5-16 (&) Fia~, TIAGo HL#s N FE I EHATIIESS, [FI5258
2 5H WITIHHAT B CRIINEES . B 5-16 (b) A (¢) Fiash TIAGo Wl A
FEPAT AT 55 B2 okar W B 5256 2 5 3 3 g7 B AR R B FE . e 2%
TIAGo HL#8 ANFISLEG 2 5 FH 5 i H S IBUT S, Wi 5-16 (d) fiR. AL
U EE T BEARRAN, DALk AU RO A HICH B A X 38 R B 58 AT 55 -

NT BG IR FE T B RS A B U RN A3 1A 2, AR SC TR B A
BT RAE EH T A EIEP AT T X, Bl 5-17 @R T TIAGo HLIE
MFHEESY) (HPAFE ERm TR N =408k, SCHR[54]1492 H 1)
SRAE RO S AS RSN L T SRS oL, BRI EEIG N A SCEE
FRIP BRI AR UG RIS, A KRR, X155 T shaS FRag 4 i A & i
MUl tbAh, 3R 5-3FH T AR IERETE R, R EEE TR, ACEEM
RIS AR K AR LE T SCHR[54) FE e 7 T 25.23%, IS 3 K465 1 6.40%.
AR KA 220K, AHIS Bl K 22 7 280/ N ) Jir R A SR [54] B092: R AR 2% ith 4R 47 1
P52 TR R R B AN T () — AN K (0.04m) , #E s KRS B4R K BB EE .
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] -0 NEA
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0.9 0.2
_ x/m -0.1
1.0 -0.4 1.0 -0.4
y/m y/m

(a) ETEBMETNKREALEGIE (b)) CER[GA TR SIS 5
(a) Sampling artificial potential field method based on obstacle location prediction
(b) Dynamic path planning method proposed in reference [54]
B 5-17 ANRBEEZTHE BRI =480T 1

Figure 5-17. 3D trajectory of path planning for robotic arm with different algorithms

R 53 DRFEBERRILE R

Table 5-3. Comparison of path planning results of different algorithms
5 [ BS Y) B

N 7V ,:,“—— K

Bk K /m MmO BB s
Fe S AL B TN RN L3575 0.640 0.171 22.535
SCHER[S4TPT B A B AR LRI vk 0.856 0.077 24.075

XFF “HLEE N BRAS ) 2 8] () e BE 7 H8 s, BN AS ORI R 8 A b )
BEAT TALE TN, 7T LSRR r) DUORLIRE B S B, FRAIE 1 LS N ATRshs ) 2 18] (1
EERCAY (S S/ e ol 0 NN e P NT T VN e S DG I BE e S s NE S 25 Dl 7 Rl ]
SCHR[S4]52 A A B T3 AL, AR NS S B, HLas NS4
Z B HEE B BN, T RETCIER I AL B NI 2 e E 7 K

K 5-18 IR 5-4 52 A5 HIIA S 5t S 1 H AR i o B 2 22 Ja AN A
FOERBRASIRIE IR, AT A BRI AR KR . SRE I KB, IFH.
FENLAS NI 18] 1) e B 88 U5 T, AR SCRLRARIRR T SCHR[541 50 EAh,
SCHR[SA] SRR AR R BAFE AT i, X2 RN SCHR[B4] 5 A AU %2 AT 46
TR B0 4 Jr A2 DL B R 55 il 2 (B O B A3 51, AN MR 2 T 55 B0 B At
A7 S ST TS

i EPTR, AR EIEAUE R IR KE . SRS SR, T H AR
UEALE NS 2 [0 )RR B AL T2 e Yu A, ARBIL 7 BE RS 1t L s itk
zafh, AT E NSRRI
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HBFEA
-0 [E54 HEEA
TnRERR -0 [ERY

z/m 2/m

0.9

8
x/m 0.9 0.1 0.2

y/m y/m
(2) ETEMAIEFURREALRAGEE (o) SR [54]FTiRsiSB MR Tk
(a) Sampling artificial potential field method based on obstacle location prediction
(b) Dynamic path planning method proposed in reference [54]
B 5-18 ANFEBEATHUE BRI K =480T 2
Figure 5-18. 3D trajectory of path planning for robotic arm with different algorithms

(changing trajectory of obstacle motion)

R 54 PRHZBEMRERIE (BERBRLED

Table 5-4. Comparison of path planning results of different algorithms

BRBR

N JA K. BF 4 32 Zh st K
Bk BAKE /m R, EEIT /s
Fe T RS A7 B FO R AN L3714 0.720 0. 197 23.448
SCHR[S4TFT s S B LR T vk 0.736 0. 100 22.786

5.4 ARE/NT

R B AE S R N rhR: 56 A 5 H A ek PR SR A RE, 0 L SEIA
IpLEs N TAE2 (25T 1 SLAM @ R migte i, #4717 TIAGo Hl#s N§e
AL AR R S g MU 1 s s A L S8 . BT =, TIAGo Blas N seBl
SE A R BRI FH 38 =5 . 2 DU & SRy i RO BT
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6.1 &5t

A EEFGEE A SN N BB AR LRI AT 5T, L DWA BERTA
TSGR A, S E NG, X EIRIAT SO, 1R 7 EIR R A SR 2K
Yo EEHEFCRRA T

(1) #1%F DWA FIEFAERIA AL, ASSORIC T AR A SeEms, Bk O,
KA AR 2R BTG, BRSBTS R/EJY DWA LA R a3 AR
s ATBIENLE AR R R AL, SRR LS AR H bR K2 TSR 5. @,
EEXTREAS Y i T is s L], AR RS IS SRR ], SREUAN R A
PR SRR, Tt T EIVEN T A FERERG RIS AE /1. @ £ DWA LM IEA ek £
SIS PRSP 1, A5 T P52 IR e iy I RIS S Pl A S L, AT i R s 1 P
HbsA A . X DWA Skt AT et Ja, A5 57— it DWA FAET
TSR, BE D IRIE T ASCHGE ) DWA BA N AR R TR RE -

(2) ARG TSI ndEt, AT N oo, Bds LT =45 : O,
SR TRAEHLE, 2L AT L NRIE G (is 3y i, HLgs A& %07
Fssl, BEAZEEAREED, SRR B 5 2. @ $nLeas - H s mf
HLAS NPt 0 2 18] (RO AH O B BRI AIL AR, 25 5 AR, R DAAT RO g o g
Btia A AR ATk . O HE RIS BRI AL, X shSRRSYREAT 114
BT, FEARENERUR I S 1, 32T 1 BRI A 2 A A

(3) AEHSEIAELH LA TIAGo HLEF Ny SERRt B, BEAT 12k 5 b s 1
BRSPS ABAE RIS . B, XAETE L2 /M IF T A
SRR LA S OO AR s T A FH A SCESCE FY) DWA SE AL A LRI %
2, WIE T ASSCHGIE ) DWA Skt vE e . f)m, EALER NS P SR [RS B
ST AR, S5 S REAGALE T, A58 SO N 3SR NS IR A, R
SR RN T3 A BT B AR R RCR o b4, 385 5 — shaS A B
MR EEXS b, 2P R T AR S N 33k s AR LR RE
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6.2 REE

AL TCEIRIAS 1 e R, (HUPEEE D5 e, BARR TAEm
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(1) AL EEX AR BARBATH T, AL ERARZ A, £
g b, AR TROEE S, PR e REME B A A, TR R,
A HE B 1 AN e

(2) Hlas NN EA&FENTIRE, Wit se lidE55. 2B R LME, A
LICRE H ARG HUBE IR 2 MR BEAT Rl &, $h L NI TIRE .

(3) XF=EHNHEN, EERINA ARG, Bl DS s &R
HARE S A N TR BEROR, MBS P iR BEAC B
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