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Human-Safe and Robot-Efficient Local Path
Planner for Mobile Robot in Dynamic

Environments*
Yukimi Murase

Abstract

For robot navigation in dynamic environments where many people are moving
around the robot, it is essential to ensure human safety by avoiding collisions
between humans and the robot during navigation. In order to do this, it is
necessary to estimate the danger of collision in advance by not only considering
the current human state but predicting future human states. However, focusing
exclusively on collision avoidance can cause the robot to move too slowly to stop
entirely. Therefore, in addition to ensuring human safety, the robot should also
consider the movement efficiency, i.e., how can the robot reach the goal without
wasting time and with the shortest path.

In this thesis, we propose a new path planning method that considers human
movement in a local path planner and achieves human-safe and robot-efficient
navigation in dynamic environments while avoiding collisions. To generate a
safe path, we predict regions with possible collisions between the robot and
the human from the future human state and use this information to evaluate
a trajectory in the local path planner. Furthermore, in order to improve the
movement efficiency of the robot, we add the direction of the human movement
of the predicted collision area to the proposed trajectory evaluation function,
which allows the robot to plan an evasive maneuver around the human. We

evaluated the navigation performance using the proposed method by simulating

*Master’s Thesis, Department of Information Science, Graduate School of Information Science,
Nara Institute of Science and Technology, NAIST-IS-MT1651109, March 15, 2018.

ii



multiple situations where the robot crosses paths with the human at different
angles, and compared it to state-of-the-art methods and the static navigation

provided by default in the Robot Operating System.
Keywords:

collision avoidance, local path planning, dynamic navigation, cost function, au-

tomobile robots
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O EHEE, REEED EIFohnd. Bz, Fer— a v LR D% E %
GORMEEIZDOWTH LSRR S,

REKEHE T, BEEY L OBEEE T 22O ICEEOREYHBREEL I AL
<y T HWTHIH L COREY % ML 2 REETE 2175 FEAH 5. aX b
< FEEAEKTFHIE 8] 2SIRELZHDT, vy TR FRICHEIh TN 5.
HAKFHKTE, &V ERIZSEIN TS0V 1E LI
KHITHDLVHIEROATHZL2DIZL, IA MYy T TEHERLDEEYIZ
FoTHAEINT VBN E S D ORI LHEEMEIBNI NS, BEDIZL > TH
HINTWEELZFTRL, ZORLOLVIZHLTERRY N AEEYIZET
LT ERWEDIZTE20DHNAT AN ULTHEMI NS 720, REEFHEIZE W
THRGIZ R EYNCBOE T 5 Z L DR WK D k2 LT 572D DEREOE#R % &
HTBZEeNTES.

BEMNCE Y TR hronRy NAHMME T -2 a VERITOE
22 DORBEEIHAEITI NS, 1 DIFKREKAREEHE Sbh, FEr—vayv
ZHBT ARFICEHAEDMNBED S T—ILE T, BRY MIE > THRED» DEZED K
WIS &2 AT B, R S N B R X KIS S & IR, KIS S 1 -
7= a VREREZ TR, BRy MR FET =Y a VIR S K E
<HANTULE-ZD, —RNICEEDZHENTHH VAN RS Z>TLE-S
ZHHICHUFEIT I NS, KISAREEETENIZ 1 Rapidly-Exploring Random Trees
(RRT) [9] X, A¥*7V TV XL [10], A7 AT 1] AE<HSNT WS,
INS ZHE L THRA R FEIMREINTWS (12, 13].

— i, KR ETE A RIS 2 Z 2 O TERVWEINYIKR & OfEE%
[ 9 2 7-DIZFET SN DVEATIRIEEIETH 5. KISHRREE ETH & [k
Ba R PEEZAOCEREHBEPIREINTVES, Tt L<AsNTVWEDIX
Trajectory Rollout [14] & Dynamic Window Approach (DWA) [15] % i\ 7-#%
BEITHTH S, TN 6 2 DOHEARNZLRIKEIHFIEL, ROSNEREAT Y 7
BB Ry hOFIH T HEHRIFCTH % Dynamic Window Z&H L, Z OHEiFHIZ
BWTHIHIANTHZ2u Ry hOREXHRELZH D —EMILITY Yy TY) v IT
5. ZUTC, Y7 v INHHAINTH U TN O#ERHHREE G % W T
Pl 5.



G(v,w) = §(a - heading(v,w) + [ - distance(v,w) + 7 - velocity(v,w)) (1.2.1)

— D HDIHD heading(v,w) FHWHMIZ W T 208y hofHfl, ZDOHDHED
distance(v,w) &E&EIEWEEY & OFfEE, =D HDIHD velocity(v,w) lFE Ry b
DHEDREITHD. Yo7V v rIn&HHAN%ZR (1.2.1) % W CaEif
U, EbiHlio@EmWHImA N 2E KT 22 e TaRy hAREEY & O % [)ES
B & D IR DLEKE AR T 5. T OJFTIRREEIE Z O R Yy NIRRT
DIRT Z LT, KRIRMIUREEE T (AFAE U 7200 > T B W2 b3 2 (22 a8 % ] g
29 5%.

1.3 BEEMHRE

AR DREEZE 2 LT, BINEREEIZE 2 AMOB) & 2 &8 L /2R85B
T AL DOWTHENT B.

ANBEDEEZFEL, P OBENERLFREU 2R E ERT 5720121, A
DEE %2 FTE2HENRDHE. ZOFHIZHWSEZETILVE ULTRIEETIVE WS
Fik (16, 17, 18] B 5. I o OFHIFMHIZHE T2 Z LW EETH DD, €
TUDGERZANHOE E 2 HI L TWE DI TlERL, EROANHMOBE L -
HHERDH DI B.

KO EMER AR OE) E %2 FRIAEEIZT 5 72912 Social Force Model (SFM)
[19] % Human Motion Behaviour Model (HMBM) [20] % i\ TEERD AFDH)
SIWTEWEMEETIVEERT 2 FERD L. ZNo 1R ABIPEBT 5k~
R FVAITENWT, ANHOITHNGENMTERE 2T N TELETIVER
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£212F5. L2L, Z2LKDNIA—XPEPBRETH 720, HHELFFTERE
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%< QR EH IV ERPING. THICEHEEL S TRENREEL Y ) A1 EE
UBIZET VR ZOEBRICE VW THRD I IO U WITEN 2 EINT 2 & 1ZBE 5 2.

ZD7-D, FHRTOMEHRINE % 1) T b XL R FHIE T IOV RBHRO A% B
FHENZHWT R R 2 WAL U722 AR T2 Z e BNEE LWV, ZTEE Tl
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BETAMOHEZ ORI ELEL, oRy b ARORATHRET S AMIERT
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ZETHE, BRY MPIEHGOE VY T—XOATUHETE 2 AHOEIZER SN2
728, BN ANFOBIZ L > TEANRADRNEZIET 2 Z L 2WEEL k5. O
Ry MINEAZBENT 256, £ < OAROEEEZLET 2D TIEHRL, AR
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bRy YA & OfZE % [l U L2 % AT 5720121, BEORIICBIT 2
PSRBT E DT AT 20 LD DO ERN L MR Z R L, BT E5Z &
NEEL KD, T I TAMETIE, BIEDOAMOMNEHHRZ T TR, HRAME
DT D 5 2E2ED A EENEDN B 5 SO I 2 BREEE T H W 6 1 5 FEEY)IE
WEWRS7ZDDIAA MY TIZL > THRET S, EH2 ANHOFTENIRIG L 72 T3l
ETNEEHRT DI LIFL ORI ZET 5720, ARORROIRE L F 22 Tl
ETFTNEHWCHES N, TOMEL2 TICEEaRY b AMEOBTRID S>3
HEz Tild 5.
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WHEALUTLULES L HWE CRIET ZD L2 0 Ol Z2ELTLES. 77,
EREINZREOHAPARORI %285 X5 5RIETHE L, TRy OB
BPWETLTLESZ e BRSNS, I T, AHOBEHAICET 2 HE#RE R
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FRPKEIHE CTRIE 2 BT BRI T VO U E R G 5 720 DEHR L LT
PLUEFHHBEBUZ WS 2 & TH 72 2R EETE TRz 8K L, AMOZesn
Ry NOBERIREZWMLIES ST —Y a v ERERT 5.

1.5 AKX DEERK
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DELDEESBORELBRD,



B2E REFE

AETIE, REFHHTI<HVWONEZIA MY Y T2HURTEI2I2&D, AR
DZEE TRy N OBENEIRZ WL U 72 BT GHE 2 EB T 5720, ko A
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2.1 RIS

AR AT LTI, BFFREHEICHWS IR Ny T UTHEBERNIA N Y
722] WA, BENIZA Ny T TR, AR Y T — RO % RE D
BEZLIZLI Ve LTHREILTWAETD, BINERED XS I2uRy S OEMHIZkE~
IR RAET DBRETTETr =2 a Va5 720D MR I A N~y TE2RET
52 ENHRETH B.

BRI ANy FIIRINCERE I N UBIER I > TE LA VYDI AT Y
TEEHL, BRI ARZ =AYy TEENEZIA Y Y FIZIANT —
R &G U CRIKETEICRIAT 2. BRI X by FICi3EgEE LT3 2001
YOIAMTY THBEIZHREINT VWS, ZNo6DL A YIFEHL 1Y, EEYL
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aAAMTY FIZEBEIND.
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NAR—=AANIY TE2DODATY FIZEoTHEF IS, 1 ODHDODAT Y S
Tk, YAX—TA NI Y T2HEHTIHPALZIETE72DIC2TOL A1 Y2 2H
LT, BT 22 TV 2E0R/NOHELZIET S, IRODATY 7T, 12
HOAT vy 7 CTHIG LU - EHEHNDO a2 N 2L L, L1 YOIEFICH-> THE
HHPFHNOLILVDIANEFEHTE., ZHODATY T2 —EDORMHTIT> Z &I
X0, ORy NMIaA MYy TERNITREGF B CHETEZ A REL 2 5.

RKYATLZBITEHENI AN~y 7O % Fig. 2.1 \ZRT. HINHEL
DS DR E TR Y SO VYR SEUE L ZBEEVIBROAZE D 3 DD
WLAYVITMAT, RYAT LTI, FROABOIREZEKS 8 TH 5 Prediction
layer &, AMOBE SAIZEE T 5% S 8 TdH S Direction layer Z #7212
AU TEMUZBERIA Ny T2EET 5.

Master costmap
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Direction layer
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Prediction layer
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Obstacle layer | —
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Fig. 2.1: Structure of a layered costmap in proposed system.



2.1.1 Prediction Layer

TRy M AN & D% % [k U722 2 REET 5 720121, BIED AM DAL EE
WEMD Z EITMATRRE Z CHEENRE E 2R D 5 &\ D fEbk z FHiliz
THITHIEHEELRS. £ I TAIKTIE, fFkoory b AHORE (A7
BEHE) IZXo TFHITNSEEMREEN G WEBOEREZF>aA MYy 7%
Prediction layer & U TH% 3 5. Prediction layer TILfii ¥z Filll€ 7L % AW
TRkou Ry b AHORFEZH#HE L, ZTOFEEDL O FHIT NS EEARENED
WHHIBIZ I 2 N 2RI 5. IEREZE D ATRENED B 5 IS D IF i % FEEYIE R & L
TaAAMYy BT 52 & T, FAIREEEEHENIZ 5\ T AR & D% 2 Hiic
[F5Ed % K 5 7R B RS T RE L 70 B

Prediction layer TIERFRD NFDIRFE 2 KI5 72812 Encounter time [23] &
WO &R Z H WS, Encounter time X FHIET VIZ X o THIBI NS 0 Ry &
ANHEOHE LT, WMEROEMPRLIE 2R E t. L LTUTFOX (2.1.1) @
EOITERSINSD.

te = argtminD(sr(t),sh(t)) (2.1.1)

ZIT, s:(t) BEU sp(t) FENETNRAN ¢ 1I2BF 50Ky b e AHDREEZF
U, D) iZueRy b NMOMOKE#ZNET 57-0D0BBTHE. KV AT A
TRy b, ARBHICERET CREIT S L ]EL TIREE s(t) 251H7 T 5.

Rl t. THRY MIAMICRSEET2EFEZoNE 720, ZOBMIZERY b
&> THBEEDERMPE VB & AT Z LA TE 5. Prediction layer Tl
FHEFGERE T ML > TEIHI NI t. 2B 2 AHOAME LDV,
ANHEDGFIET 2R Z I A M UTKINT 5. R ¢ 1281580 ¢ i AEA
FAET 2RI (2.1.2) OMEREERBIC L > CEHRINS.

Py(clte) = ! exp{—w} (2.1.2)

2wo? 202

ZZT, BARY b & AEDOFEEENEDIZONTABOIREIZ X Di#EIREDT
HBHLEZDIENTESLD, X (2.1.2) TRINIHERNHDOISE 0? % 1
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Ay b AHOFERICIGC TEMIES. 2D, Fig. 22D L51Cufy hb&
NHEIDHE DPERE d DY EKRIEHE Diax & B/NERE Dyin ORFIZ, d DR EL251TD
NWTHBIINZ 0 DIEH KREL BB XS I8 EE 5.

A
0.2

A 4

o

Dmin Dmax

Fig. 2.2: Transition of covariance of Eq. 2.1.2.

V2= WA
KT AT MZBT 5 Prediction layer @ 7 )L 3 Y X% Algorithm 1 1Z/R7.

Algorithm 1 Prediction layer

Require: s,, sy

Ensure: Obstacle cost

—_

i te <= arg min D(s,(t), sp(t))
t

2: for each cell c do

3:  Obstacle cost < Py (c|te)

4: end for




2.1.2 Direction layer

Prediction layer IZ & 5T, A& OEZEEFET 5720120 R Y b2V S [k
TREGHMOERPIA Ty T UL THEAONS O, ZTOHHREZ AW THEAT
RIKEIH 21T 5 Z & CHEZEAREED H 5 I Z T 5 & 5 kK E BT 52 &
TE5S. LU, PG CIEEEYE RO A% W THE O FHI 217 5
TR, TOWUE L HIVHLE TOMMEX, REMREEEIE CHER L 2R 8 0 5
ENIE EEEN TV 2 0 EOEE DR & KA N R U T RIArIRERS 2 £ 5.
Z D78, Prediction layer iZ & - TH X &7z tHI% % A3 5 R TH -
TH, TORBPAMORH%2BERETHo-5E, aRy bOETHAIEHEL
73 1Z Prediction layer (2 & 2 HIE BB T 5720, HERNEET 5 720 DR % £k
VT BERD D BEIEME T T 2L WS MHE D 5.

FED & D B ERNRMEL B RWDHIZE Fig. 2.3 1IR3, HbofaffirEh
7z )Vi& Prediction layer IZ X2 A A MBI NTE O, Ftar o RkEIZELT
122N TEIVD Prediction layer IZB 1 5MERNKE 05 %2 RT. 7z,
Fig. 2.3(a) »* & Fig. 2.3(d) 1&RRFNEIZZ/LT 2R E KL TW5B. Fig. 2.3(a)
IZBWTHERY biE Prediction layer (2 & 2 @22 Al GEVE D & 5 FHIK & 45~ [0] 8¢5
% & D RFATRREE 2 ER U 72 A%, AR U 2 REE O G & A OB E) S RAE U
T %72 Prediction layer {2 & % FHIIZ A DT HHA~BE L, Fig. 2.3(b),
Fig. 2.3(c) 2B WVWTHEIE Fig. 2.3(a) THRL U 72888 & 13 5O O 5 Iz R % 4
BT 32T, £5%< Fig. 23(d) O &S5 IEHEE T2 2L NTES. 20
& O RPTITBEIFRT OB BN EA 2 A U, SIROETIZDRDN5.

COMEZRRT B2, NHOBELHOHEHKEELAA MYy T2 LT
#7212 Direction layer 242 L, BATKREEIEIZE 1 2 BBERICFIHT 5.
Direction layer Tl& Fig. 2.4 IZ/r9 & 512, Prediction layer IZHWTH (2.1.2)
DHERBEEBIZ L > TRDSNE TR PDPKEMINTVWERTDORMITHLTA
MOBE G ANZE S MRz &N T 5. NEOBE G RNIZET B EIZIE, (5
TR B A DM v O o € [0,27]) 2V,
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Fig. 2.3: An example of inflation case. The colored cell represents Cost dis-
tribution generated by the Prediction layer, the cost increases from blue to
red. Fig. 2.3(a) to (d) show the result of a simulation. If the robot had the
information about the direction of the human movement, it would not need to

replan.
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(a) Cost distribution generated by the Prediction

layer.
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(b) The direction of human movement is stored in
cells where there is a cost from the Prediction layer.

Fig. 2.4: Direction layer.
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7T X L
KY AT LT % Direction layer D7)V T Y X% Algorithm 2 127”7 .
Crax FELLVDPIRMNTE ZMEDORKRIETH Y, ap € [0,27] FELIVDBKENT
& BAEDHIFH T dH 5 FE [0, 255] IZZH L 7248 T Direction layer (Zi&#IE 5.

Algorithm 2 Direction layer

Require: s, sp, vy
Ensure: Human direction
1 te < argtminD(sr(t),sh(t))
ap <= tan_l(ZZ—z)
if aj, <0 then
ap <= ap + 27
end if
for each cell ¢ do
if P (c|te) # 0 then
Human direction < oy, * 0“24%
end if

end for

—
@
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2.2 22OM3ORMYy TEBEV:-BERAMREETH

R L 2 003 R vy FOWEE RITREEIC R 50, REEE
KT BT B BUEA I R B TR 5. RATORIEA T, BRI
FU TN Y E NI L D, — DR BILES & N7 5 A 0 & HEIC X
U CHEAFRIEOE I THED T TS 3 Crray 2L, SIS /N E
<7 B E RITRE Y UCERT 3. AV AT AT, 19RO ORI
T B84 L A OB B BT 5 W4 O ER Y UTRIET 57212,
R (2.2.1) 1ORT & S RHEITMERE EET 5.

Ciraj = scaley - Dy 4 scales - Dy + scales - C, + scaley - Cy (2.2.1)
X (2.21) I2BWT, D,, D, FZNZENHIEDK R & KIKMHREE & T D

LB S S B E COM#ARL, ES NS HE KI5 72
HETHBh, ERIFHAMARPIHEL RoTWE2%2iHiT 2 HETH 5.
O, 1% Prediction layer 2 &L EEWIFEHRZ KD I A My FITHEWT, #HuEsd
BWTBELDIEEEYIANPRDELSRINOEEZERL, T OHENFEEYIC
BT 2R D B0 %FHIT A2 ERTH L. Cy ITPEI N EET 2 ELDSH A
M ORBE G EIZ S 2HED Ao 3 A N TH S Direction cost b 1 < 72 S I
DiEZEL, ANEOBELFIZN U THEDNRKTH D08 5 2l 5 EHR
Thbd. 72, scaley, scales, scales, scaley \ZFEAMBAE DK EIRZ D E A% G T
BIZHODAT—)ILTH 5.

2.2.1 Direction cost

ANEOBEHFIZN L TaRy s OHGED ANE DR G 285 X 5 Rl # 7 kk
BETHBDE D D% FHEIS 5 72812 Direction cost ZE#% 9 5. Direction cost &
Direction layer 2* 515502 ARIOBE S «p &, FHHEIT 2 HEDKRIZE T S
nAR Y b OBE v OME o ZHVTEHREINS.

ANE OB A RIZ & > THIEZ G 2 7-20121%, ZOHED Alae A OBE
HENZR U TEDPZLT 5 LS iR pE L 5. 7, FNREEE IXa
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Ry MDBEREFH ORI UERLSKIGTED LD ITTI2MHENRDH D720, F)
YA DE) & 2 IFMZEMBHZR U TRFHAT M Gk L 0, FHEI X MBDRn
BUE DRI % BRI S 2 AERI T b LWEHE R S, Garcia 5 [24] 1A
DRy N OEERRAZ WSS 572012, AMOGERIE&SICHE S e a—Y
AT A4 Y2877 —FIZ ko THEZHIRT 5 FHE L UT Asymmetric Velocity
Moderation (AVM) ZELTW5. ZOFEIFIAREa—< /4 RaRy b
LU TEET 2 L RBBEICBWT, Al oXRy b & Rk e A s
UTaRy hOHEZIEFHINHIRTEZ2I12&->T, AloZeza Ry hO
FER R 2 L TW5. AV AT LIZET 5 Direction cost DEHEIZ AVM DO#fE
SEHAWSZEIZL-oT, ANHOBEIHMZZEL R E2ERTES L5129 5.
AVM TiE, AkuRy b & A& DOEHE d 2 Fig. 2.5 (2R3 X 572 3 DOHipH
DL, YOHPIZHTIEFE DN L o THEHEFIRZHET 57202V 2 MBI
DA E X% Fig. 2.6 DL DI ICE{LEE 5.

Fig. 2.6 2B WT, #HEHIRDZODMHETH S faym & O 2 OMHIM O E
TOREZIZHELTED, O X dITGLTHREITS. favm 1&, REEHZHNT
Fig. 26 D r &' 76X (2.2.2) DL S ICEHEINS.

favm = 1’ cos(m — 0) + \/T/Z cos?(m — 0) + 12 — r? (2.2.2)
ZZT, favm EEAROEMZHZT L DI INTVWS,

d > Diax PIFE
favm 13 0 DIEIZBRZL 1 Dftiz e 3. ZDeEr=1, ' =045,
d < Dy D3BE
favm 120 =0, T2bb AMIZAIr>TEETLIEEDEEZ02L, =7
DL X 2r DEizEL 5.

INSDOEMEEZT r &y Zu Ry b AMOM O d 12T (2.2.3)
DI IZERINS.

Frec d— Drnin Frec
+

=(1—
" ( 2 )Dmax_Dmin 2

15



F; D —d
1 Zrec max 29
" 2 Drnax - Drnin ( 3)

X (2.23) 12BF D Free 1&, BRY bBAMPSD - b LEENTHEEZ RIET 5
T2ODRMTHD. Free \ZIIMBIHOR/NERENERIND.

ARKYATLTIEZEEILTO AVM 12 & 2 #HE IR DA % Direction cost & U,
Fig. 2.5 O#iPHD 5 5 “Too close” DIGE, T7205 d < Dy, DHBE DI
FEOWTCERT 5.

16



D min D max

Fig. 2.5: Division of distance ranges with the Dy, and Dyaxthresholds [24].
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Robot

f AVM

0
Human / ) Robot

(b) Dmin < d < Dmax

Fig. 2.6: Speed restrictions for any direction of the motion using the auxiliary
circle [24].
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Direction cost (&, RFTHIREEEGHE 12 3B 1) 2 BB IZ S 2L DT — X % S|
5%, Direction layer IZ & > THZ 605 ANEIOBE) HHIZET 2 BRI
NTWBEGEIZ AVM 2 W TEIEI NS,

d < Dpin D56, X (2.2.3) &0 r &/ 13X (224) &SIk 5.

r=r' = (2.2.4)

7, R (222) D favnm B3R (2.25) DESICRT I L HNTES,

favm = 1’ cos(m — 0) + \/7“’2 cos?(m — 0) (2.2.5)

RYATLIZBNTHIFERY b5 RAZAMOREDOMEL L, HFREERIC
BIs0KRy bOHEE v, DAL «, € [0,21] ZHWT, 0=ap —a, ERIN5.

PAEDSRED favm &, BEDE S 2L OABMBMEDZEZ <70, BoEK N
OfEEYI a2 N2 IEFMLUMETAr—) v 273522125 D, Direction cost Cy
R (2.2.6) THRESNG.

Co

Comax

C’d - (Frec - fAVM) : (226)

7LD X L

AR AT LIZEWT, Direction cost DFHET IV TV X L% Algorithm 3, JaFT
AR SV O 2 LB MRS 2L D 7L T X % Algorithm 4 1Z/R7.
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Algorithm 3 Direction cost

Require: o, a,, C,

Ensure: Cjy

—

0 <= ap — a,

r fpe

. favm < rcos(m — 0) 4+ /r2 cos?(m — 0)
: Cg < (Free — favm) - 5=

Conmax

Algorithm 4 Trajectory cost function

Require: At, s, ar, Vsampie, Vthetasample, Master costmap, Direction layer
Ensure: Ci,q;

simtimesx
1: steps <= stmtimex|v,|
granularity

2: D, < 0,D;, < 0,0, < 0,03 <0

3: for step; = 0 to steps do

4:  t <= At * step;

vr < calculateState(s;, vsample, vthetagample, a;, t)
D,, < get distance between cell ¢ to Global path
D, < get distance between cell ¢ to goal

C, < get cost of cell ¢ from Master costmap

ap < get cost of cell ¢ from Direction layer

27
Cmam

11:  a, < tan” ! (222)

Tx

10: Qyp <= Op *

12:  if «, < 0 then

13: Q. <=, + 27

14:  end if

15: Oy < calculate Cy

16:  Cyq <= min(Cy,Cy)

17: end for

18: Ciraj <= scaley - Dy + scales - Dy + scales - C, + scaley - Cy
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B3E VIal—YEER

REFIFIZEZFETr =y a voOWEE2FMT 272012, VI a2 —X EIZHEEE
U8RI W T, ROS TIRHEINTVWAREKEDFEr —v a vy AT L E
BREFHEIZLEZFET—Va v D EZT5 -,

3.1 ZEERIRE

FEREREE Y UC Ubuntu 14.04 21 Y A=)V L7ZPC tukry NV 7 U xT
TI9 N7 F—=LD—DTH5 ROS Indigo [25] ZMHHL, 3Ry I 2L —
R TH 5 Gazebo [26] ZHWTERZIT>72. ANHDPHTLUTWAERETHEARY b
NFETr—>aviiid o ki% Gazebo ETHEILZ., FE 7 —Ya v
DU ARy hAELDFEEEP T A b7y TOAHEIZIE ROS 234843 % 3 kol if
V=)V ThHd RViz #ffifHL7z. Fig. 3.1 2ok =+ s —> a3 VEFROD
FRTZ2mRT. BRy b2 6 SRk & R EDORRITZE NN KIRREEE & 5 AT R
ThY, MENHEHINTWEHB R LD ZRIZTA MYy 7O IR NP3
LTWaBEfZRLTWAS.

VIialb—XREBRTHWSBERY ME Fig. 3.2 IZ/”89 Pioneer3DX @ Gazebo
ETNVEMHWEZ. BRY bEIAIZIRL - LYY 774X e LT SICK &
LMS100 ® Gazebo ETNAAEHINTH Y, FEEVMKRECH A EHEDZDIC
oY T—XEMAL.
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Local

path Cost

MAX

Global
path

Cost
distribution

Fig. 3.1: Overview of our local path-planner.

Fig. 3.2: Gazebo Pioneer3DX model that is used in the simulator experiments
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3.2 ERBRIMGDERE

KUY AT L%ZGHEIT 57212, vRy hOHWME TO#E L — A AFD AT
TOPENLAETLHEVWI VTV AZHAEL, MEOLZAEAEIZL ST 3 DDON
R— IR CEREIT-72. AHO#EE, aRy MOBERKMLR L Bz
ERRTHAZHEIZOWT, 8% -2 Z 812 Fig. 3.3 1253, &M i sk
RIZBWVWTH (z[m], y[m]) TRIN 3.

1 DHD/XX —id Fig. 3.3(a) IR & 512, ThZTNOHEH 3 A& 90°
TROLERTIG5EEMELTWS. HREBERIZEWTHERY ~ OB HE G
R (3.0, 3.0) T, £(3.0,-3.0) BHMHE LToRy MZERINS.

2 DHD R =% Fig. 3.3(b) IR T & 51T, TNENOHEN LT AN 45°
DHBEHEMELTWS., HREBERICEWTORY s OB BB S A (-0.5,
3.0) T, £ (5.5,-3.0) BEHMME LTrRY MERI N5,

3 DH®D/RX —iF Fig. 3.3(c) TR T & 512, TNENOBEA 72§ fAEH 135°
DHZEEBEL TS, HRBERIZEVWTORY b OBEIFIEHL A (6.5,
3.0) T, £(0.5,-3.0) BHMME LTrRY MiERI N5,

oAy MIERGEADANDAEE HEDOEREZFEIZIET LI ENTE S LRE
U, aXy bOBAEEE 0.5[m/s] ILHRELE. RTORZ—VIZEWTARO
s % E— T, HREERIZEWT y=—0.5 DELMKITIH > THE v, = (0.5,0) T
BEIT 5. 2TONRNX—viZBW\wTriRy b & AMIZFARCBEZ56GL, AMO
BEIBGH A% (-5.0, -0.5) 725 (3.0, -0.5) ORIT z MIEALE % 0.5[m] D&/
BCE1ITHOYIab—yavEiTo/z, ORY M FETr—va vz Affie
OB U 7ZBROTEIZ L, TV ETORERME Iy —Ya v Afen
Ry b & OR/NEEED 2 D% FHlifg R U 7=,

Al aRy b & OO m/NEMIXEZEZ FE#EESR TV 220 EETH D, A
DEEEMEHK T VDI 0EMHRT EZ B TES. ARy bOFEEEEX, *
NENOHDEIZ L > THET S, ZTOOEEDOHEDHEIZIE, YIalb—
ZIZBITEAEETRY NOETILVORKEROMZEEOFHEEL UTHY
T, BUNEBEDSEREEILHE R FTRINIZEE L2 AT, ¥ I ab—XFERIZHW
AN EaRY FOETILVOKREI NG, RERTOHEBEETIETONRNX—VIZE
WT 0.625[m] & L 7z.
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ETRFIZENZ TR HHIZERETE 20 0BETH D, TRy NOBEHN
IR THED%2MRTHIENTESL. ZERX = IZBWTBEFIGBMS2 5 H
Wi C AR EELRWEAEDF YT —Y a Yy, $abbEfiii s BE L i
DFET =Y a vEREHROBWVREORMILHEL 25720, BEIFIGEAE H
W % EAR CTHREA ZRIR OB E % 10 54T U 72O F R 2 5H L 7. B
BIBH LA T2 & B £ COEMRIEEIC & > TR S B bz, EHETH
MHEE AR — 2 T eIZE U 7.
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3 G030

Human
Start
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=

y[m]

2 Robot
Goal
-3
(5.5,—3.0)
45432101234567
X [m]

Human
Start

gl
&

Robot
3 - Goal
(0.5,—3.0)
-4
5 4 3 2 4 0 1 2 3 4 5 6 7
x [m]
(c) 0 =135°

Fig. 3.3: Three crossing situations differing by the angle between trajectories.
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3.3 =RERER

BRRE=IZBWVWT, BEFHEIZLZFET =V a v efko ROS FE 7 —
va v TR T o7z, 72, BEFHEICL > TERSI NI HEL A OBE)
FHIANZH U TR 282 K D RN TH 2 0 2 RS 5729012, HhaEaHi
BI#0Z Direction cost Cy Z HWAGE L HWERWGEDF YT —2 a VIiZplF T
gz T -7, Ffio=diz, FEer—avho Afeary b & OO R/NE
B, ORY NABEREZITE - TH S HIWHIZRE T 5 £ TOETRMZFHIL
Pz. MNIZENRZ = ZTeDYIab—a ViiRERT.
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0 =90° DIBE

ORy b AROHEDIRZEMEN 90° DIFEIZE TS, BEFHEICLEFV
= a v eRD ROS A7 —yavickdyIalb—ya ViR % Table 3.1
¢ Fig. 3.4 1237, Fig. 34 1ZxThThr s — a VRAREO AR O ¢ BN &
TEACETHREM AL KR, =y arvho A a Ry b & O/
HEZFHIL 2612 R L TWAD. 0 =90° DIGEIE I 2 12.19]s] TH
D, Fig. 3.4(a) IZBWVWTHMMTRT. 7z, Fig. 3.4(b) IZB W THEZ2HIE 0 Fh &
He NIRTRT.

Table 3.1 £ 0, D ROS F 7 — 3 VITHART, BEFHEIZLEZFEY—
Yavid Oy EHVWAHAELEHWRWEGEIRIZETRENARS LS LW KR T
Hor=h, kD ROS Y7 —> 3 > Tl Fig. 3.4(b) o 0h5 &> 2, M
HHEIZ XD 17 HORITON 3 EORITTHEELD >/ L HETHIENTE, Z
NI A E DEEBBDFIZENWTEER T T —2a v Thoz L ITERA R,
— 1, METIHRIZLDZFET—vavid Oy 2HVREGE & AW WSS I e
e, A& —EDHM%Z RN oMEL P TE Tz, kD ROS S &
F—vaveligd s, TOLEMEIIHSLTHS. L L Fig. 3.4(a) 5454
5 &S50, ANHOBBIBHGHR D » FEREA-2.5 ORITIZHE VT, kD ROS 7
Er—>a il B W THEENR S ETRMES IZIZRFREL J{ U Th 721t HH
o, BEFRICIEIEFLT =Y a v TREDFEFHENEL o 1.

Table 3.1: Simulation results in case of § = 90°

Static navigation Proposed approach without Cy | Proposed approach with Cy
Execution Minimum Execution Minimum Execution Minimum
time [s] distance [m] | time [s] distance [m] time [s] distance [m)]
average | 13.64 1.59 15.38 1.91 15.39 1.91
min 12.27 0.41 12.18 1.49 12.30 1.48
max 28.57 2.84 21.67 2.86 21.51 2.81
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Execution time [s]
=

-5 -4 -3 -2 -1 0 1 2 3
Human start x position [m]

—e—Static ——Proposed (without Cd

——Proposed (with Cd) — — Most efficient line

(a) Execution time.
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N N
N 3 N 3]

o
13

-5 -4 -3 -2 -1 0 1 2 3
Human start x position [m]

—e— Static ——Proposed (without Cd

—=—Proposed (with Cd) - = Collision line

(b) Minimum distance between human and robot while navigating.

Fig. 3.4: Results in case of 8 = 90°.
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0 = 45° DiFE

ORy b AROBEDLAEMED 45° DGFEITBIT 5, RETFHFEICEL TV
F—rarv D ROS FE7r—vavickbdyIalb—ya ViR % Table 3.2
¢ Fig. 3.5 12,7, Fig. 3.5 kT nF s — a VAR O A D o FEEA &
TEACETHREM AL KR, =y arvho A a Ry b & O/
HEZFHIL 72612 R L TWAD. 0 = 45° DGEITE I 2 HEEMEL 16.30]s] TH
D, Fig. 3.5(a) IZBWVWTHMMTRT. 7z, Fig. 3.5(b) 2B\ THEZ2HIE O Fh &
He NIRTRT.

Table 3.2 £ 0, 3D ROS F 7 — a VIZHART, BEFEICIEFEY —
vavii Oy ZHVEGHEICETREVPELS R L VWHFRTH > 7208, ko
ROS 7 &7 —> a v Tk Fig. 3.5(b) 64722 & 512, FEEFEMEIZ LD 17 HO
ARATOW 2 BIOFRITCHERH > 72 L HET 52 &N TE, THITAME DOEZEE
BDOFIZBWTLZRRTETr—varyThoze 2R\, —F, BEFIRICE
27— aviiCy WA HGELHVWRWEAIIZEZELN R, AMe—E
DEFEEZ B 2D S EEZ T E T\, /D ROS F ¥ 7 —v 3 v & g
L, TOREWEIIHSHTHS. LU Fig. 3.5(a) »oand ki, AHOB
BB AR D o BEEEA-4.0 DRFITEWT, KD ROS FEF =Y 3 v izBW\WT
HEED R ETRFM S IZIFRFMEREL H{ U Th o721l b 5T, Oy V3
BOREFIEIZLEFET =¥ 3 VCIERMORITITHANTEFR MGG o 7.

Table 3.2: Simulation results in case of § = 45°

Static navigation Proposed approach without Cy | Proposed approach with Cy
Execution Minimum Execution Minimum Execution Minimum
time [s] distance [m] | time [s] distance [m] time [s] distance [m)]
average | 18.12 2.10 18.00 2.33 19.97 2.15
min 16.21 0.3109 16.23 0.98 16.12 0.95
max 26.44 4.342 24.57 4.34 26.03 4.34

29



w
o

25
@,
o 20
£
c
5 15
3
o 10
X
L
5
0
-5 -4 -3 -2 -1 0 1 2 3
Human start x position [m]
—e—Static ——Proposed (without Cd
——Proposed (with Cd) = = Most efficient line
(a) Execution time.
5
4.5
e 4
® 35
o
g 3
1%}
5 25
S
5 2
E15
=
= 1
0.5
0
-5 -4 -3 -2 -1 0 1 2 3
Human start x position [m]
—e—Static ——Proposed (without Cd
—=—Proposed (with Cd) = = Collision line

(b) Minimum distance between human and robot while navigating.

Fig. 3.5: Results in case of 6§ = 45°.
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0 = 135° DIBE

oRy b & ABOHED R EMEH 135° DEAICE TS, RETFEICLEZ TV
r—yaveEREOROS FEr—ravickdyIal—va viER% Table 3.3
¢ Fig. 3.6 129, Fig. 3.6 lZZzhZTNnF 7 — a VEHRREO AM D o FEAEA &
T LT FETREM ARG L AR %EV~V§V$@AW&D£ybt@?mﬁ
HEEZFHIIL 72858 2R LT WD, 0 =135° OEAICEIT 2 TORMEEEIX 16.27][5]
THY, Fig. 3.6(a) KBWTRMRTRT. F7z, Flg. 3.6(b) IZH W\ THEZLHE DR
HEEE 2 R TR T

Fig 3.6(b) 50 H B L 312, fEkD ROS FE7— a VITHAT, BETFE
kBT =Y avid Cp EHWAGE L HWRWEEICES RN E 2
5KV9%%?%ot#,ﬁ%@ROS%t7~ya/ﬁqu¢m()#bﬁ#
% &5z, HREERMEIC XD 17 BIORITON 5 [ ORIT TEENRH > 72 L HET S
ZeNTE, TNRAMEOEREEMD B WTLZRRTETr—a vy Tho
R E AR, —f, BREFRICEEZFES = a i Oy 2HVWEEEEH
WARWEGEIICEEL R, AME —EDHEZ L RN S EHEEEETETY
2. RO ROS Fer—vavebigsd s, zoLetiZHo~rTHS. L
U Fig. 3.6(a) 25005 £ 512, AHOBEHGEMAD » EEEA-3.0 DFlfTIZE
W, kD ROS FE7 —¥ 3 VIZBWTHEEN 2 < EITHM S 12 IF M H
LRUTH-7ItEE@bST, Cy 2ZHVEGADREFECELZFETT—Ya Yy
Tl d ETRE D &< 2o 7=,

Table 3.3: Simulation results in case of § = 135°

Static navigation Proposed approach without Cy | Proposed approach with Cy
Execution Minimum Execution Minimum Execution Minimum
time [s] distance [m] | time [s] distance [m] time [s] distance [m]
average | 17.79 0.96 17.83 1.41 18.26 1.40
min 16.21 0.32 16.27 0.73 16.26 0.80
max 25.57 1.85 21.80 1.86 23.18 1.87
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Fig. 3.6: Results in case of § = 135°.
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34 EE

aRy b ABOHEDELZEMEDNE = IZBWTIREFEDF Y — Y 3
VTHE RIS, R gEEP D S < RBAITICBE VT E A & —& DR % £
LRNOFET =2 avEFI5I8NTECWE. UFTEAARXR—V 0T
BNz EET 5.

0 = 90° DEEIZE W T AB OB EFIAHR D © FEIEA-0.5 DfTE2 LRI T
F—varvolile LTEITS. Fig. 3.3(a) &b, Ry h& AR 2 DOHED
RAEWCIZIEFERIZEET 201k, WHOHEE2ZET 2 & NHOBBEFIGHRD ¢
JERED-0.5 fHEDRITTH 2 LI TE, REHEOLEMIAHLZLFZONE. Z
DIRTIZB T B4EHKD ROS Fer—vave, Cp 2HVWEGEDORETEICK
57— ayTOHRRY b ABOPLEZ RFMBEEIZE > TaEMITLEZS D%
Fig. 3.7 12”7, Fig. 3.7(a) & b, #KD ROS F 7 —> 5 v CldrKy MEIA
a2 #HEEY e LTS 5720, HLE TORE EIC AMPBEIT 2 £ TlH
WITENZ L 53, MR LTu Ry MIHWHE CEELUHELIRELTWE I L
Woinrsb. —1 Cq VB HADIRETIRIZEL 5 F 7 = 3 ¥ Tld Fig. 3.7(b)
0, BRY MIABIZBAE LT EAFNTEEL, ARPEVRE 025D 8
THEZEZ L TWD Z ehbhdb. Tk Prediction layer (212 & o T feflize
D FEMED D BN A2 HENCRHT 2 2 &N TE 5720, 1Ry MIEREICE
D EWEL, HEDRNWFETr = a VvEARIZLTWSEEZOND.

F7z, 0 =45° DHBHIZBEWTH 0 =90° OEE L ARO[ TEI 2RI 5 Z
EMTE. 0 =450° DHEEICBE W T AMOBEIFHBM S D o FEEEA-2.0 DT
BRI = avolle LTEIFAS. Fig. 3.3(b) &0, mARy b AfHH2
DOHTED A FUTIEIFFRIFHZENET 2 DI, AR OBEFIAHS D o« BEEA-2.0 £
HEDOHITTH B LHNTE, BRBEEOBRVDHDEEZONS. ZORTIZET
BHEKDROS FEer—vave, CqgxHVWAGEDREFIEIILSLFET -V 3
yeoa Ry e AR OBEE R EICE > Tl LZd D% Fig. 3.8 TR
3. Fig. 3.8(a) &0, kD ROS FE 7= a v TldubRy b I E 2 @6
TE5-HODFHELDIENTETEHRELTVWSE I Wb S., —FHCy 2HVWS
GHEDRETIRIZE S F YT =2 2 VTl Fig. 3.8(b) &0, 0 =90° D& & ARk
W2, ANEREDBEELZDR[HFOIE THEEZEHL TWE I ERbh 5.
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Fig. 3.7: Trajectory comparison of static approach and proposed approach in
case of # = 90°. The human starts at point (-0.5, -0.5). Trajectories are colored

to visualize the time dimension.
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Fig. 3.8: Trajectory comparison of static approach and proposed approach in
case of § = 45°. The human starts at point (-2.0, -0.5). Trajectories are colored

to visualize the time dimension.
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RIZ 0 = 135° DBAEDORRKFETr =2 a vollzzlf 5. Fig 3.3(c) &b,
mRy b & AMD 2 DOHED R SIIFIZFAKHZEIET 2 D1, WHOHE %25 E
T3 & N OB EIFIGI S O o FEREDS-2.0 fHEDITTH 5 L #EHITE, Kb E2E
DIERDBH B EZONS. ZORFIZBIFBMEKD ROS Fer—varve, Oy
EHWAIGEOIRETEICEZFE Ty =y avycoaRy b & AMO#E %z BRI
WIZ X TEfIT LB D% Fig. 3.9 12737, Fig. 3.9(a) &b, ko ROS +¢
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Fig. 3.9: Trajectory comparison of static approach and proposed approach in
case of @ = 135°. The human starts at point (-2.0, -0.5). Trajectories are

colored to visualize the time dimension.
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Fig. 3.10: Trajectory generated by proposed approach in case of § = 90°. The
human starts at point (-2.5, -0.5). Trajectory is colored to visualize the time

dimension.
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Fig. 3.11: Trajectory comparison of static approach and proposed approach

in case of § = 135°. The human starts at point (-2.0, -0.5). Trajectories are

colored to visualize the time dimension.

40



NIA—RPFARIZ L 5T, BRI HVWS K EROPLE L LTI LN
TE, TNTNOEZEDAT =V VI DONTVAIZE>TuRY bOfTEIIFEKA
BT S, S, EBRTHWAZR (22.1) D& T A—XDfHIE, ThEh
scale; = 0.2, scales = 0.4, scales = 0.1, scaley = 1.0 TH %7, Prediction
layer 12 X 2 G Cy DB % i T 5/87 A — R scales, scaley DIE%EZE
95 LT, REEICESE L THREED UK IZMZILUHEIT 2D TIERL, 5
FEEFZW R 2 ERKT A2 AL RS. LML ZDHE, vRy NOBE)
XM L9 5, HIHMIZELET 5 Z & 2@ U TU X WAME O+57 72 BEREE % £f
TIEELRENE L R WMDY H S, = 2Ry DX S IZ A& EHIZ
BOBRETCEHFETZ2ORY ML, $1ERLDEAHOLLZRBLTRETHS.

AZEIZHENWT, BRy MIAMZEGRMOTRY b XS RERYIE & ARk
DFEEYE LTI ZIT>TWEN, ANHEOZLE2HE—IIEZ 54 6I1E, A&t
DEIYHRII B OYAE L U TIRSI RETH B, BEFIRICBIT A EEREIT TR Y
MZ & > T AR EDEEVVERTH 208 S P OFHME SR O AW TR G
ZIToTWA7=®, EET 2REVLAMIZE o TLZETH LI 02T 2EEL
AT HAARREE SN2 3B 1 2 UE RIS N R 5 2 & T, & b ADL 2% ML 724#%
BOERMFREIZIRD LB R D, 72, MNROEEAGENEZ TS 21257 0 A
ZECIE AMOITENIEHES) & A U CTEZELERERZ FHIL TWE A, A
MO8 % & 0 §EMIZ KRBT 5 72812 Social Force Model (SFM) [19] 72 & D E
TN FHNZHWS Z 2T, Z2OMEMRZ TR AMOITEIRE %2 Z /B U 72 /88K
EHEMTAHILNTE, BEMROM LIZEDRNRELEZLONS.

41



BA4FE BBbYIC

4.1 FRXDFED

AKX TIE, ANHOZELa Ry bOBEHMNELMILTLHNERE N TOF
F—a v aEFEERT L0, EEREE DS BRI S 12 AH OB E %
BRUH 2R HE PEZIRE U, BETETIE, vy F23MERZ HNZ
R UE S 2 0T AR 2 ERTE S L DI 572012, REKEHE TR EY) Ak
DEDIZHWAEEN I A N~y T2 HWT, BkaRy b &AM e O THEzEs
DS BHEEDEMRE EEYERE UTHER . BETREMEDOH 5 ML, BifE
DHERY b & AFDONE L EEZEOREN SRR BT 2L E2HEL, *
DILNZ BT B NEDALEZ F M AP FEET 2HREZ IR MYy TOK/ LIV
fEEYaZ N UTHNT 5. I512aRy bOBEIRIRE LD, A
DB AR BEEYIEH 2 T <, AHEOBEAROIEHE K> EHREZEM
U7z, PHIS N2l gett o » 2 iz B 1 5 A OB E GroERe, EEY
AANEMINT SR MYy T BOITA Ny T UTHZIZEREL, TONHE
& eI U CHLERHIBEI I B W T, AMORBE I & > THLEOELE 2 IE
5.

Y3ialb—XERTIERRY b AMPRET IEOHEDREMEIZL > T 3
DONRA—=IHFTYIalb—=Yaryzity, ROS TRIEI N TWAHRERD F
Cr =y a VEREFRIZI L F T =Y a R UMRE R L 2. £/, R
EFIEIZEWT Direction cost % W CHLEFH Z 17 5 56 & W WG E D g
HiTo 7. FHEfEEICIZE Ry N HWHIZEET 2 F ToFETIRME, ST —
vavdu N b BHE L ZBROE#ME W2, MR LT, BEFEICED S
v’/ — a > Tl Direction cost 2 H\WB55E & W WSz, ftskd ROS
FET =Y a VTIREENBEL AT EEC 2 TOMITICB W TEZE 2 [T 5
TeMTERI LS, RELUZFBAMNREEFEOLZ 2 Z2 MR T LI AT
/e, Fh, BEFHECEIBZFETF -V a v TIRERINIRBITZAMIE D @
2FETHHTEH LK, AMOBRAZED LI BRETH-72Z 06, REF
EDPNHEOBE HI%E R U R E ERATREIZL TWAZ Ehbho .

42



4.2 SRORAE

SHOBEE UT, BEFRICB T 2HEFMEHROREL»E TN, &
AL —XFERIZBIT WL O DRTICEWT, ETRMAAREE/LLTL
FHZ B o7z, F£72, Direction cost ZHWBIGE L HWLEWGEEDF Y —
vavizkdu Ry NOTENCELBRR SN o7z, Tk, FEATRREEHE I
AW B HEFIREEIC B I DR BEHRED AT — VN T A =X DEENRHEKNTH S L&
ZoNd., INODMBEIFNRTIA X2 TEI L THET LI LNAETH DS
D, NHOLZEEMHETERSBRLIUEENELCTLUES. T, BB
BIZZDHEN ANEIZE > TLEETHENE I D EFHIITAEZZMA S Z L T,
KT RA—=RDFELITTIIRL, AEMIZARIZE > TREeRRE 2 ERT 2 0HE
Nhb. T, EELRERO FHNZH WS AMDOITEHETIVIZSFM XD LD
M TEN 2 REWRERET LV EZHVWS Z L TR 2 EXEE I N TE,
MIREDUGE, PRI DD B EERD.

AE X TIRERBE PN B D AR UMD FELE L TOWRWRITOAFE L TW5 72
b, XOEREIEWARESEOANHDVEREANZBE L TOWHRMIZEWTRE
FIEOLZEXNWEPRIEINDEIDNEMIEL, Y Iab—&X EZITTRLFERRICE
WTEKZAWZRGEERZ1TS 2 & T, BEL RS E %2 EEREIC B 1)
27T =2 a Vv AONRIZRBEIELILNTELLERS.

43



S5

AElE, WEREmPHEEM KR ZFHERT: HHRAIEIE MBI EHEE o RT ¢ 2
AW INEREBIR DO ZTHRED R TITWE Uz, AWIROZRITIZH720, Lk
Db THREDPZCHERGD £ U /ISR RIS EL BEE N U E T

A SCEEIZ B 72 0 EY) S EPBUR B E 2 THE £ U 72 ARZPE B 25RO #k H
FIEBEZIC R S EH W2 U E T

WS E P SCAEIZH 2D, HASE D Sk 4 R EPHBE 2 THE E L7
A ZERE D mRTEHEBIR IR B W2 U £ 7.

FEWFZERID T HBIZUZ AR E DML E CHRERHB S 2THE £ L 7-.
LN LU X7

FEZERID Gustavo Alfonso Garcia Ricardez & LAfF5E B I IZHFFENAED X 0 il
MRS EFTE L OEEERHZE 2THE E Uz, HFELE#HWZLET.

AR E D RS2 TR, WSS R IZ 5= TOETHRIZE W TR 2R
THR—PFZUTHEZE Uz, HELEHHWZLULET.

ARG U, BEU < MR EIER - #Ef 2 TH & £ U 72 ARt =1g 2 ER
FE Dt A IR &RV U £ 9.

AFFUTH U, %< OFFRECHES, WHEREER - HIEME2IHE £ U ZA
g2 L LR HHERFE O Felix von Drigalski FKIZE < &2 L 9.

A EE LRRREOBHAERK, BHOEERKIZIFY - A0y ML —7
DAUN—E UTHRARIETIZEES E U, RAE#H L ET.

ARG ETE LR O R B K, MEEKIZIIERHZEAEFRIZOVWTE LD
CHIERWEEE U EAEH W LET.

s, [AERS CITBEZBLIZIIMEIIF L TO ZHEPHA RIETOXE2TH
ETE LA BV ET.

BB, RWPEEEL2 L2 TWR Wl Kk I LA B0 5 /K
#HNZLUET.

44



Sk

1]

2]

3]

[4]

[5]

[6]

7]

8]

R. Pinillos, S. Marcos, R. Feliz, E. Zalama, and J. Gémez-Garcia-Bermejo,
“Long-term Assessment of a Service Robot in a Hotel Environment,”
Robotics and Autonomous Systems, vol. 79, no. C, pp. 40-57, 2016.

E. Broadbent, R. Stafford, and B. MacDonald, “Acceptance of Healthcare
Robots for the Older Population: Review and Future Directions,” Interna-
tional Journal of Social Robotics, vol. 1, no. 4, pp. 319-330, 2009.

L. Marchionni, J. Pages, J. Adell, J. R. Capriles, and H. Tomé, “REEM
Service Robot: How May I Help You? ,” in Proceedings of the Interna-
tional Work-Conference on the Interplay Between Natural and Artificial
Computation (IWINAC), Natural and Artificial Models in Computation
and Biology, pp. 121-130, 2013.

M. Shneier and R. Bostelman, “Literature review of mobile robots for man-
ufacturing,” National Institute of Standards and Technology (NIST), U.S.
Department of Commerce, 2015.

I. Nishitani, T. Matsumura, M. Ozawa, A. Yorozu, and M. Takahashi,
“Human-centered X—Y—T space path planning for mobile robot in dynamic
environments,” Robotics and Autonomous Systems, vol. 66, no. C, pp. 18—
26, 2015.

M. Kollmitz, K. Hsiao, J. Gaa, and W. Burgard, “Time dependent plan-
ning on a layered social cost map for human-aware robot navigation,” in
Proceedings of the European Conference on Mobile Robots (ECMR), pp.
1-6, 2015.

N. Pérez-Higueras, R. Ramén-Vigo, F. Caballero, and L. Merino, “Robot

)

local navigation with learned social cost functions,” in Proceedings of the
11th International Conference on Informatics in Control, Automation and
Robotics (ICINCO), vol. 2, pp. 618-625, 2014.

H. Moravec, “Sensor Fusion in Certainty Grids for Mobile Robots,” ATl

Magazine, vol. 9, no. 2, pp. 61-74, 1988.

45



[9]

[10]

[15]

[16]

[17]

[18]

S. M. LaValle and J. J. Kuffner, “Randomized Kinodynamic Planning,”
International Journal of Robotics Research, vol. 20, no. 5, pp. 378-400,
2001.

P. E. Hart, N. J. Nilsson, and B. Raphael, “A Formal Basis for the Heuristic
Determination of Minimum Cost Paths,” IEEE Transactions on Systems
Science and Cybernetics, vol. 4, no. 2, pp. 100-107, 1968.

T. J. Misa and P. L. Frana, “An Interview with Edsger W. Dijkstra,”
Commumnications of the ACM, vol. 53, no. 8, pp. 41-47, 2010.

A. Stentz, “The Focussed D* Algorithm for Real-time Replanning,” in
Proceedings of the 14th International Joint Conference on Artificial Intel-
ligence (IJCAI), pp. 1652-1659, 1995.

S. Koenig and M. Likhachev, “Fast replanning for navigation in unknown
terrain,” IEEE Transactions on Robotics, vol. 21, no. 3, pp. 354-363, 2005.
B. P. Gerkey and K. Konolige, “Planning and control in unstructured ter-
rain,” in Proceedings of the IEEFE International Conference on Robotics
and Automation (ICRA), Workshop on Path Planning on Costmaps, 2008.
D. Fox, W. Burgard, and S. Thrun, “The dynamic window approach to
collision avoidance,” IEEE Robotics Automation Magazine, vol. 4, no. 1,
pp- 23-33, 1997.

D. Zhang, Z. Xie, P. Li, J. Yu, and X. Chen, “Real-time navigation in dy-
namic human environments using optimal reciprocal collision avoidance,”
in Proceedings of the IEEE International Conference on Mechatronics and
Automation (ICMA), pp. 22322237, 2015.

H. Hisahara, Y. Ishii, M. Ota, T. Ogitsu, H. Takemura, and H. Mizoguchi,
“Human Avoidance Function for Robotic Vacuum Cleaner through Use of
Environmental Sensors: Roomba; Making Way for Humans,” in Proceed-
ings of the 5th International Conference on Intelligent Systems, Modelling
and Simulation (ISMS), pp. 64-67, 2014.

J. Guzzi, A. Giusti, L. M. Gambardella, G. Theraulaz, and G. A. D. Caro,

2

“Human-friendly robot navigation in dynamic environments,” in Proceed-

46



[21]

[22]

23]

[24]

[25]
[26]

ings of the IEEFE International Conference on Robotics and Automation
(ICRA), pp. 423-430, 2013.

D. Helbing and P. Molnar, “Social force model for pedestrian dynamics,”
Physical Review F, vol. 51, no. 5, pp. 4282-4286, 1995.

S. Oli, B. L’Esperance, and K. Gupta, “Human Motion Behaviour Aware
Planner (HMBAP) for path planning in dynamic human environments,”
in Proceedings of the 16th International Conference on Advanced Robotics
(ICAR), pp. 1-7, 2013.

B. Okal and K. O. Arras, “Learning socially normative robot navigation
behaviors with bayesian inverse reinforcement learning,” in Proceedings of
the IEEFE International Conference on Robotics and Automation (ICRA),
pp. 2889-2895, May 2016.

D. V. Lu, D. Hershberger, and W. D. Smart, “Layered costmaps for
context-sensitive navigation,” in Proceedings of the IEEE/RSJ Interna-
tional Conference on Intelligent Robots and Systems (IROS), pp. 709-715,
2014.

X. Han, Y. Leng, H. Luo, and W. Zhou, “A novel navigation scheme in
dynamic environment using layered costmap,” in Proceedings of the 29th
Chinese Control And Decision Conference (CCDC), pp. 7123-7128, 2017.
G. A. G. Ricardez, A. Yamaguchi, J. Takamatsu, and T. Ogasawara,
“Asymmetric Velocity Moderation for human-safe robot control,” Advanced
Robotics, vol. 29, no. 17, pp. 1111-1125, 2015.

“ROS Indigo Igloo,” http://wiki.ros.org/indigo.

“Gazebo,” http://gazebosim.org/.

47



