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Abstract

In recent years, robots play increasingly important roles in society, not only in the industrial
field but also in the service industry. With the spread of robots, opportunities for non-
professionals are increasing to operate robots and introduce them to services. However,
teaching robots to perform desired tasks safely is difficult, and this is one of the obstacles to
the introduction of robots. One of the reasons for the difficulty in teaching tasks to robots
is the need to simultaneously consider the logical consistency of the task and its feasibility
considering the dynamic characteristics of the robot. Therefore, we need to use a control
architecture that considers simultaneously both.

The use of modal logic such as linear temporal logic (LTL) and signal temporal logic (STL)
has attracted much attention as a way of logically representing tasks in robot systems. These
modal logics represent the properties of sequences of state transitions. By describing the rules
and constraints of a task as logical expressions, we can determine in advance whether the
assumed task is logically sound or not. When generating a sequence of state transitions
satisfying the temporal logic on a robot system, we need to generate robot trajectories on
an abstracted system, rather than on the actual robot system.

In this case, depending on the state and the definition of the approximated system, the
extent to which the abstracted system can emulate the characteristics of the actual robot
system differs. In addition, the method of generating robot trajectories differs depending
on how the abstracted system is constructed. Therefore, the nonlinearity of the abstracted
system and how it is constructed are important depending on the actual robot systems
or tasks. Especially, when the trajectory optimization is formulated as a mixed integer
programming problem, it is necessary to construct a dynamical linear system that emulates
the dynamical characteristics of the actual robot as an approximated system.

To achieve tasks, we need to control the actual system based on trajectories generated
by the abstracted system. Control methods for satisfying tasks expressed as temporal logic
specifications include model predictive control (MPC) and control barrier functions (CBFs).
CBFs are used as constraints in determining control inputs to keep the system trajectory
within a certain region, and the constrained optimization problem with CBFs can be for-
mulated as a quadratic programming problem, which requires less computation time than
the nonlinear MPC. In designing a controller to achieve tasks represented by temporal logic
specifications using CBF's, the issue is how to set up the CBFs. In the case of a task with a
time limit expressed in STL, the design method of CBF's proposed in the previous studies re-
quires several processes to design the CBF from the robustness functions of STL. Therefore,

we propose a new design method for CBFs. Furthermore, there are cases in which robots



cannot achieve a given task with the task plans. In this case, if there are multiple robots,
the robots need to change their motions to achieve the task considering the other robots.

In this paper, we propose trajectory optimization methods and control methods for robot
systems for tasks expressed as temporal logic specifications. We focus on the task represented
by syntactically co-safe LTL, generate trajectories in response to their tasks, and control
robots. In this paper, we assume that the control architecture is divided into multiple levels.

The high-level controller defines an abstracted robot system for the actual robot system.
We generate trajectories and motions for this abstracted system to achieve tasks expressed
by LTL or STL specifications by optimization. Then, the extent to which the abstracted
system can emulate the actual robot depends on the abstraction method of the abstracted
system. Therefore, we discuss abstraction methods for robot systems. In addition, we show
that we can compute trajectories that satisfy the given temporal logic specifications for the
abstracted system. Furthermore, we propose a trajectory optimization method for tasks
involving external events represented by event-based STL specifications.

The low-level controller uses the task plans and trajectories generated by the high-level
controller to control the actual robot systems. In this paper, we propose a control method
that considers time constraints to satisfy a given temporal logic specifications using CBFs. In
addition, we also consider methods to represent trajectories as distributions, and to update
the distributions based on the observation information obtained during the operation to

change the motions.
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1.1 FHEXDE=

T, B Ry FOHBICBI 2HENIRKEL RoTEY, TENRBEGOARLTH—L R
K Y OBGTHERELTWS [1]. vRy FOERMIHEW, IEEMERI v Ry b 2#RE LS
WHEAT 2SI TWS., LaL, B Ry NIZEMZ2ZEBL THAD X X7 &2 FELT
TR2EORHRTZZLWEHLL, 2oz Ry hOEAIZHTIEED—D Lo T
W3, BRy MIXRRAZZHRT ABOH L XOHHD—D 2 LT, X X7 DOimEN LS
HroXry hOBREEZER L -EEAMEZRFICERTI2DEND L Z e BT oI 5.
ZFDD, ZNOZERICER LRy PORIEHY —F 7 7 F vy ZHVWE R EF LW
rEZILND.

1.1.1 BBHEREEZRAV:2XIRKRIA

ORy b RTLDRR Y REHEINIRILS 5 7k LT, Linear Temporal Logic (¥#JEKF
FHEmH, LTL) % Signal Temporal Logic ({85 RtHamEE, STL) &\ o ZbkHmEZ W5 Z
EOEHINTWS [2,3]. Zh s OMHREISIREBERSIOMEE RET 2B TH 5 [4].
R 27T 2L — L ofiliseti iR LT3 2 22T, HELTWE X A7 25
B RBERED N ¥ 5 R HANCHER T2 Z e A[RETH 5. STL 1% LTL ZHL5R L 72 Ff
MimETH 5 [5]. STL ZIRREEBE T M L TEFRT 5B, STL O andicxf L TRE
ZHEE LB TH 2R M 2 ABBZEAT S, 2O Z, % STL @D EMII AN
A b ABEBDMEIC & > TFHigT 2 Z e TE S, MAT, STL 1E X R 7125 % il R
YWV o o ERNRREREE RSS2 Z B AEETH L. AT, Ry OIREICBERR
CFHAT D I BRNNNBERIKFE L /12X A7 2R T 2720 DRMHGHITH % Event-based
STL 2R &N T3 [6]. Event-base STL ZHW2 Z & T, vy M2 ANMDRET 215
BB L THIET 2 X5 R AR 7 %552 Z L bRRETH 5.

1.1.2 BEEREZ BV ITHEEFE

LTL % STL ZH W TR R EHEZER L TERINXAZIIHLTrERY bD
TEIRHEIZ1T 5 FiE L L THRA BRTFEDRRSINATWS [7-11]. aRy b A7 4 L THKAHE
MR 7 TIRRE B 2 AT BB, ERRICHIEIZIT O e Ry F R TATIRRL, SR



2 %1 E

L7 AT bETrARY NOWGEZERT 2. IR LS X7 4 1%, FEBICHIEZAT
SRy b ATLOREERKM LS AT LATHS. MBS AT LDMEHIEL LT,
Simulation, Bisimulation % ¥/La ZIREBREE LTI AT L2 RS 2 FEPIEREINT
W3 [7,8,12]. ThHDOFEDRME LT, EEORRy b AT LB LIS AT 4
DIRRERITCOBRE ER TS Z & T, MBL L7 X T 4 L TOHGED & X6 L 72 EBED >
2T LOHERERT 2 ZEMARETH S, L L, EEOorRy b 27 LI3IERE R X
A F IR EROD, G X724 DREROBFREERL, ZNODFEZHWT
MBI LS AT LRBET I I3H L. 20770, FREE L Wo 72 & 2 27 12
Z0Ry FOREEICH LT, YT R T L2 ER LIRS 2T 48T 23 FiES M
SNTWVS [13,14]. KFHXTH, TNHDFREFRRIGEUS X7 22 RS X718 L
THWTWS. ZO, i b L7z A7 L DIREREUUS AT L DERICEL - T, EfFonm
Ry MR T LORHMER EORERMATGEZR DB EL > TN5.

AT, MRS 2T LAOREEHEICE>TrRy FOBERERT 2 FEDELS.
R LTS AT LR BEEURRES 2R 7 20 LTRE LGS, 52 o - RitHia I m s
TEA— I b DTS AT LEEZ S LT, MfEMEER CHRILEE DO TR K -
TRRAVZENT ZIREERINELERT 223 TES [8,15,16]. L L, BERUKES 27
L2 LTRET 254, Simulation, Bisimulation % </l a 7REBEEEZHAWTERET 3
Zrizih, FRRCHlRZMEIIZ T, ifT R T 2 DREBEEPKEICR S VWo Tz
MEND 5.

HFRES 27 4 LTRBL 56, Yok bi#E e UOEMb L, IREEEGET R
FERIEREETHREZ R Z e THELZ AR T 2 283 TE 3 [9,10]. RARBHGHHEE
HAWTHuEZART 256, R FimfEandE O B2 B (0-1) 2802 AW TR L, &R Hqm
Mz 0-1 ZRORRINC T 2 UAEE Z HWTRHT 22223 T% % [9). AT,
RLZ2S AT L LTANA Ty R AT L THZIEGHHEEN (MLD) EFAPHVS
NTWBGEAEICD, RAZZERNTI2HEEERST 2 e PAJEETH S, Lo L, IBEEEGH
HERE Y U CERMES 23568, IFEHRISFEE L2 D IERIE S A 7 2IHEH T 2 BRICEHE
AR IBPREVE VS DD L. —T, IFEETEREZ AW THLEZ £ T 255,
JRFamE e DB Z a N b A RBBAHWTRE L, BRI AEDO 1 N2 b 3 R B
% softmin, softmax BIEZ FWWTEHL R LTERBHT 22 e TE 3 [3]. MR T, JFE
o 27 20t L CREBEGHEMEZ AW 23548 L R LT, SHERRBAFE W 2 W o 725
BRDHB. ZOED, WRETEZORY b RATARERRAZIZX > THRILLES AT LD
JEREER D7 7 2D L TENMET 200EETH D, FrC, IBRABEGHENE
LTERMET 258101, EUS X742 LTHEEOu Ry b OENRHEZ K L 7= BT
AT LAENERTZZEBRETH D, LS AT ADOHEETIFEICIIMETORBTFEET .

1.1.3 ZRTENZERELHEHFE

KRR ZERT 5 7DI2E, IR L 27 A THER L HE 2 BICERED S 27 4 L
THIAZITV, TEI 2T 208D H 5. Ritanllandl & L TRIS NI X R 7 BT %



1.2. A#@XOHW 3

7z DillfIFE L LT, Model Predictive Control (%€ 7 /L-F#Ifll#l, MPC) [17,18] % Control
Barrier Functions (flffloNV 7 B%(, CBFs) [19-22] & Wz HlHgS IR I N T\ 5. R,
COBF &> A7 5 OWIE % FFE ORI D 72 D DFIEI A1 2 RE T 2 BROFIIZEE L L
THwo R [23], CBF & W7l & Rt X ZXEHERE e L TERET 2 2 e
TE, ZHUIIERE MPC & Ll U CEtER M V.

CBF %W THAHRREIC X » TR IR X R 7 B ETT 2 -0 Dl 2% 2 5 2
T,CBF Z D XS ICHRET 200 EL 2 5. K, STL TR N-HIRF 2 H % K&
SR AT DEGE, FATHR TIRE I N T WS CBF OF%EHFIETIX, MR D%
Fte Vo Z2FIEZFHWT STL ®uNR b B & CBF Zi%ET T 2008035 5 [19,24].
AT, CBF DOl = Rt bRE 2 i < 2 22 Xk o THILA ) 2 £ 3 2 FHETIE,
B CRIE O fEDEIE LR AT, FIEA D3G5 L3 HIEIREEIC 72 5 & W o - R HTE
3 %.

X O, fTHEFAITL TV ABICHE L TWAITEITIZ S X 6N X A7 DEM T & 724
RABGEDTFETS. TDLIRGEDOH L LT, B Ou Ry MHITEIZFEITL TV SR
2, B Ry FORESER I L TITHIORITONAIREICR 2GETH S, ZOB, XRR 7 ZiE
KT 272D12i3Ko 70Ky FOMTEIOEEZITW, AEEZEZ Lzn Ry b OfTEI 2l
SEND D,

1.2 AX@EXDOBEH

KX TlE, FAHGREMETREINZX R 750 Ry b X T LADERT % 729 Ol
FEOMREB XOIREOHREZ BN L, ITHERE(CTFESLHIEFEZIER T 5. £/,
AL CIEARK R CTEDEMBDE £ % syntactically co-safe LTL (scLTL) #i/ [25] 3B &
QAR ZTER TRLIR T % STL A CRIAFTRER X R 7 2R L, TNHD X AT IR L
THRKREORER Y b 27 2 DITEETHSCHLEZ ER L, 2R 2 REICHlllzTo 28 TX
R BERT .

AT, Fig. 1.1 WRTEBOEE SR oflH 7 —% 7 7 F v Z{RE
T5.

=L AULHITEIER T, SR TH 2Ry A7 A LT, igfbahiza Ry b
VAT LARERT L. TOMB LIS RT LI LT, LTL % STL i@ TH 2 bhiz &
A Y BERT 57D DITEICHEZ RE(LIC K > TERT 2. ZOE, MRLLZS R T 4
DFFTHIEIC L - T, EROFIEHNRTH 20Ky O L2Z EORERKMT 2 Z N TE
LZIRERLSTWD. 270, AR TR R Y b2 AT LADOHMRIEFIEICOWTHE %
175, MAT, ML LT XA T 2R L TEZ SN B a2 i 72 3 HLE Z 51 HEC
X352t %Y. 561, Event-based STL ard TRIAS NINNERDEG T2 X X712
N5 B HIE ETFEZRRT 5.

R ~ULHIEIER T, & VUl TR L 72 TR e 2 AT, SEER o il
RTHHURy b RATLZHIEIT 2. KX T, 52 oM HmMEmEZZENT 57
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Fig. 1.1: Control architecture in this paper

DI 7% 2 Z & L 7z CBF Z W HlHFEZRR T 5. AT, Pudz oz LT
KELL, (T8HCHS o - BLATE SR D © 010 2 B LITEI 2 £ 3 2 FIRICOW T H G &2

115.

1.3

5 S A& A

ARG X DR E LT ISR

15

MY O LTOMEE R HICOWT, LT L Ot 2170 s S8 %
1To7=.

R

ARE T, RO T 2 ERAHR L LT, £ IR ORI 72 ANAEIC O W THA
T 5. HWT, FfHimEIcEoS < rRy b 272 0HIENCEET 25 LT, Ry
N AT A ETORHGREZ WX 27 REICOWTHAT 3.
BARBETEREIC X 2 HE R L

AT, BRI TR X N2 X 2 7125 2 8E R L 2 B &G HE R E
LTERMEL, " 7V RYRT AFKTBIFRL S R 7 2T 2. P 2T
LITEA T 2B, IRAEEMETER Koopman TEFEZ AW/ LR S A7 L 2E A
T35 T, BB ETERE LTERMLT 2. &R, Bz I 21—y a >



1.3.

st S 5

T, WO20uRy M RATLAREZFEZHEHAL, SufRy X746 ETEZ
DNT-RMHERESER I NS Z 8 ZIRT.

AN RN ERICEE S % anEA OB R E L

AFETIE, FENADSRHELRINIERICHE S 2 MEZERT % - OPUERELT
BERRT 2. HAERII Ry P ORBIIKFETRET 2HRTH D, KETIEHE
RIS S 2 MEDBENITH 2 LRUES 2. ZDNMICED &, B DS AERZ % 4
ELTEZoNaEZER T 2 B2 AT 5 2 & A ATRER BluE R b 2 JE et
HRE e UTERLT 5. RIS, TP ZIMVERICH Y 2 aidh 5 X oo
Ry MOHT2HIAY I 2L — a I T, REFEOHRIMEE RS

IRFFEI Il 2 & D {5 = IR A AR L L A3 2 il ()

AREETE, R Z S OEER R 2 SO ESRMERMIE L ENK T 2 72D OFl#E AN Y 7
BEEE AW =R TR E2IRER T 5. 52 o - aG s 3 2 R4 — b <
Frr, 34 BTHBRTHEREICEDTFIEIC L o TERINLHEIIHIET 582 %
EZD. CORRCEEFNIREA -~ Eogar—2 a v OBRBIHIET S
AT IER T % 72912, CBF 2Rk Lz Hl#gR 24283 5. oz HvwTrer—
Y a VEOBREZBIGERT 5 2 8T, RN Z 5N TARDENIER NS Z
LY. RIRIC, BEIR Ry MINTAEES I 2L —2a v IZT, BETFEORR
HERT.

EEFRHERECN T 2 HERNEIE Y 2 7 4 7OHEEES

ARETIE, BEDI AT LTERRAZ 2722, hou Ry s DITENCEHOETHED
TEIZEIET 2 -0 OWERECFELZIRE T 5. £73 34 BTN HEREIC
Ko THROLNHGED S, ERWNENIETS) 2 7 4 TRAERT 5. ER X N EREIE
TVIT 4 7EHACT MO AT LDITHNE L COWBEES) I 74 TR AL~V
T AN —FHWTHET 2 FIELIRET L. 20%, HESIN-EWET) I T4 7%
i, HEOEWES ) I 74 72 EH T2 T, MO AT 2 0TH2ERB L TH X
LN NS AHEZ BT 2 FERIRET 5. &R, BEinRy MTXs 3
Bl 2 21— a T, IBETFEOEMERZRT.

gEIA
7N R

ABETIX, KL TEONTZHROBITY, RADHEDOSHOFERE L FEL LI1I2D
WTIRR %,



HF 5=
Mathmatical symbols
R  FHEHROES (R, ZEOFEBEHRDOESR, Ry, 120 28T EOEKMEEROES)
R"  n ZOTEBAXZ L 2EROES
R™™  m x n RTCFEHATHREDES
C HEHEHEKROHES
Int  BEDONH
Omxn ™ 4T n FNDFLTH
I,  nXICHEAATH
AT ATHI A € R™" DERE
A7Y IEFATAI A € R 1T

Lih B h(x) : R" — R? OB f(z) : R" —» R" o 7MW Lih = %f(x)

diag(ar,...,a,) AH 77— a; €R, (i =1,..n) ZXHERITH DN AITS
N (2, S0) FIIE 1y, DR S, DT 2557

Logical symbols

= Backus-Naur iti%, BNF

=, A, V, = GmRCS (R, AmPRAE, FERA, SHEEE)
= Double-turnstile

Other symbols

X(ty 1 ty) x DRERINT — & WMREDGE, x(t) 1)

Xto:tn X(t() : tN) %%%L%:i%zﬁ
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1

AREETIX, AFisSOCB S 2 HATAER e UT, £ 3MERMHREL O ZEREN 2 NEICOWTH
BT 2. e, RIS uahRy b X7 A0FIENCEET 2H ML LT, akRy by
27 5 ETORMHGREE W2 27 BHRICOWTHHT 2. 720, WIVEHERE 2 155E
LB SRR OWTHT 5.

2.1 MRAZEGHEERIE

2.1.1 JUFX%EFIL

7V FxETALE, R TFimEmEOES AP LTERINLZ ) I8 (S, R) 2>
(S, R, V) TH5 [26]

e (S, R) 17V F¥HhE
o V:SxAP = {T, L} IZRHINBE%K
T, 7V TFEEEIRDISBM (S, R) TH 5.
o SIXZETRWVWESR, SOEIL s € S RIREEE /I TREM AL & FEX

e RIS Lo —THMR

2.1.2 #FREEEERIE

FOERHERE (LTL) 3D 1 O TH Y, IREERIIOMNEZ R T 2imHETH 5.
LTL i RR0E 8, UTOBNFICX > TERINS.

=791 Ap2] Oelei1Ugps, (2.1)

Z 2T, m 3R FEmME A, o FREERE, O & neat EHZE, U X until fEHFE L $5. vV
EZDMOMmMEAE T G (always) ® F (eventually) &\ o 7HHEIEAZRIT LELOIERH
WKLo TERTZX 5

Gyo=TUp, Fo = -Gy
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LTL 27V X ETNVDENRRICBVWTEBPEES. TIT, NRLIFZV MG L
DIREN L TR DF s = s0,81,... THD, XA LDOFIREICH LT (s;,81) ER 55D
HDDZELTH5.

RIS BIF S LTL OEMHGRIIRD L 5 ICHBWICERINS.

):7r = s
= - = ((s,t) F o)

(s,1)
(s,1)
(s, 1) ):solAst = (1) ForA(s,t) = e
(s,1)
(s,1)

S,

FOy = (st+) o

FeiUp <
I e T st (s,t') E ¢
AV € [t, '], (s,t") E o1

S,

S,

2.2 0ORw b XTFTLETORBRIE

TR, AHBLTIROI B R Y PO AT AR OWTHHT S, AT, v Ry P RTFL%
JVTXFETNAE LT/ ZENTEL I E/RL, KT S RHGREICOW TR S .
AL TS aRy b AT A, UTORTREINZEA FITARFEOIRATLTH S:

x" = f(x(t), u(t)), (2.2)

2T, teT 3R, x € X C R™ IXKEE, u e C R™ IZATT, f:R™ x R — R™ X
B, xT X x ORI, $723R At +1TOxTH 5.

B f PRy PR T L LEOTRTORBIILTERINTVWSE T 5. ZOK,
aRy b RAT A EOBGE x(t ) = x(t),x(t1), ... DMF OB, IREEx (1), x(ti1) 1T L
Tx(i+1) = F(x(i+1),u(i) 273 F R x R — R AJIBE u(t) : R — R®
DIFIET 5. 2D, RHEx(t;), x(t;1) FZIHBRZ RS, (€T, KX THS> Ry b
SATLARMULTIZ Y FXEEEEZ LN TES. AT, MKV 2T X512
ERTDIETIZVTFETALE LTRSS ZEMNTE, B8Ry b AT LDIRZ TR LTL
ZPHOWTRHT 2D TES.

EE 1. 2Ry PP RT A LOWHGE x 352 b7z & F, AINBER V ZERZIDIREE x(¢) 12
MLUTERINDS, V R™x AP - {T, L}

AFL TR, R LTrRy FOHIE x 25 Z & T, EOEKRZ (x,1) E ¢
TRbOTZE T 5.

JIAT, LTL e L TRHEINTEZR I DBWMPETCHL e F =y 7352 83—
WEHREEDIFFICRE RS 27). 1o T, EBRDICHICH 72 o T, stEXEZ I Z 6N
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259 LTLOY 727 72 TH3 GR(1) R scLTL 22 EIZRE L THWS 72 ¥ D TR N
P72 % [25,28]. FHC, AR TMEDEMBIE X % scLTL TRBIN D XA 710 L
TARMX TIRET 2 FiEZEHT 2 2 & T, B aE 2 il 72 AR O > X 7 40
EEERT 2 ZEHRARETH 3.

2.3 {ESHHRE

Signal Temporal Logic (STL) (& LTL 24k L 7 tAHGERETH 5. STL OJF FamPH and
AP, 7 DFERBARIZLL T ORI B AN R b2 B pr - R — R I & » TRHiid L3 [5]:

T = o MX)ZO. (2.3)
1L if pr(x) <0
ARFHLTIE, BN b REABUI T TR i B e IRE 5 5.
STL #wHXDEAIT LTL L AR T D BNF TERS NS,
=m0 o1 Aps| 1 Ures, (2.4)
T I=l,ts], t1 <ty [29], Uy I ZHRFREXMHE 11THT 5 until TERZRE T 5. G/ (always)
R F; (eventually) ¥\ o Z2RRHEMEFAZRIE LTL L RIS LR OEARIC X > TERTE 3.
STL OEMKITIA T ORRICHFINICERE N 5:
(x,t) = <~ pr(x(t)) >0
(x, 1) F = = ((x,t) F )
(X7 )|:901A902 <:><X7t)’:<)01/\(xvt>):¢2
(%, t) F 01 Uy ) 02 <=

X

€[t +t, t+ o) st (x,1) | oo
AVE" e [t, '], (x,t") E ¢1.

ZDEE, oh=N\pi ® ov =V, &V o ZamdITN§ 2 a2 b3 ZBEBUIILLT ORI
AT 5

. () = ity (%), 2.5

Pe (X) = max Pe, (%) (2.6)
F7z, FEEo AN b 32 ZABEUE min / max ZIA IS5 Z & T, FLOMKRIZRD &0 7B L
LTRHTE 3 [19]:

miin Py (%) > —% In (Z exp(—/ﬁp%(x))> , (2.7)

max Py (x) < — ln (Z exp(Kpy, (X ) : (2.8)
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F£3E ECEBGTEERICLSIER
&1L

3.1 [FL®IC

BEEBMEEREIC X 2 ERM0 T3, BHGHICHE T 3HZERE e Ry P X7 A1
I 3G AR RIS 2 DARETH 5. L L, IREBEEHYETHE DS S TIlEET
BHaZ FBREWVEACH D, IS 27 AR IERRERIFNCN U CEHA S 2 2 e 38 L.

INZE 2, AETIIIFE S A7 AR IFEHIN 2T S A 7 2T L, IREEEEK
FHEREY LCERML T3 2 e 2MET T 5. 23, BRABEGHEREIC X 2 @ Lo #E(i &
LT, KETH S BEREENN (MLD) €7V, IBAEBNGHE, AL O WTEA S
2. R, IREBHEHERMEIC X 2 ERMEOWTHAT 2. 20%, ESEEMETEZ Vv 3
ZET, 7 A—R=F U R=ZD SO(3) ¥ AT LM L TRARBKWEHEMED EX
AJRETH B Z e 2y, MAT, LKL ZE WS Z 8 T, IEES XA T 21 L THIES
BRI ATHE O B LD RETH B Z e 2. R, B> 2 21— a i T, »
O»DBARY NIRATLAZREFEZHAL, vy F X7 4 ETEHEX LN RiMHR
HaEMERINE Z L E2RT

3.2 g

Z ZCIE, MLD 7V, BEEEMNEE, IR O WCEHAT 4. iz, MLD €7
NELT, BRY FORXRRAZIZBNEZNA Ty FRXTLDOHPTHZ7 -8Ry bOD
Yy 7Y RV ARRZZIZEBT B2FHRBEEDALS AT 22OV THAT 5.

3.2.1 REmEHNETIL

NA TV B AT NG 72REE & B ZIREEOT 2 G AT L TH 5.
BEATHENN (MLD) €7 /UEIANA 7V v RYRATLADORED 1 OTH D, AL TiE MLD
ETFNE TR ORRICEER T 5.

(3.1)

xt = Ax + Biu + Byz + Bsw + By + Bsp
CX+D1U+D2Z+D3W+D47_9+D5P S E,

11
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Z 2T z(t) € R= (JEREOMBER, =) € {0,1}" & MLD E7ILVOBEE— FIC
B3 2 BERUE D MIBHER, A, B;,C, Dy, B, (i = 1,2,3,4,5) 3> X7 475235, MZT,
I(t) € {0, 1}, p(t) € [0, 1] FZ 20N LTL ICBIR S 2 BERUE & 3R fEOZE B TH 5.
By = Onysxings D2 = Oppxen, €322 8T, BEDE— FZ2HRLBZWIRIES X T L 2RBT 5
ZEMWTES.

Ev*FYIETILONAT VY BT LKA

Py Z 7Y RILARRAZICHR LT, 7—28a Ry hOFREEL ;7Y =227 b
DEEFERIRREY T 250 AT A% EZ L. RS AT LADIREEL LT, UTREHET 3.

- T
x=|XI, XT, .. x| (3.2)
- T
Xai = x;—rnl,i i'?arrm,i} ’ (33)
: T T 1"
Xoi = _ffobj,i xobj,i:| ] (3.4)

ZZT Xo; BFLi DIRE, Xopj 3T 27 i DIREE, n, 3A TV =227 PORET 5.
72, 0., 2, 3RFREA T VOMNBEHEEL T 5.

EvF>JDETILE

Py X 727 VOEH % Figd.l RS, M ATALAETIEX, 7—aB 47022
FNEOMATVWEEE 7927 VORBRFHROFEEZL KT HLIRETS. ZIT,
wij € {0,1} ZE@E “T—LiBNF TV 27 b jRIEATVWS” OFMBEEZRIERE T 5.
ZDEE, Yy XY IEHEICK ZIREERIILIT ORRICHEATE %!

Wiy = 1= ftarm,i - jjobj,j' (35>
MLD ¥ 27 5% FHWT LG OREER 2 Z0 > X7 LIIRD X S IR TE %:
xt = A""x+ B™™u+ w((A¥ — A™®)z + (B¥ — B™%)u), (3.6)

IITAT B Rw=00DLEDYRATLTITHY, A" B Ew=1DLEDIRTF
LTI T 5. Hle LT, MLD ¥ 27 AERD & 512KbT I LA TES (Fig. 3.1)

[%bj,1] B lﬂfobj,1 + AT o5

Zi Wi1Larm,i

(3.7)

Lobj,1

ZZT AT 3RER Ty T3 5.
if:, Wi 0&%@@%%%7}:?

wij =1 = vy, (3.8)
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Z :Tﬁﬁ% (,0191.]. &i ”xarnl,i S Hij”%/ji\‘?ﬁﬁiaéi, Hij 03:7“-&2 t j—7‘\‘\/“1 7 }‘ j @Jﬁﬁﬁ@:ﬁg%
TEHRY =T TH%:

HZJ = {marm,i S RQ or3 : Cz] (xarm,i - xobj,j) S eij}, (39)

Z 2T Cij WEEBUTH, e EEBANRZ b T2, ZOMmEE, 7—a084 7Y =27 MicH
TR b=TONMICHZ L ZWRY, ¥y XV VEERFEITT 5 I AARETH D Z
ZEKRLTWS. X B7)TREINWEZ XA FI 7R, i (3.8) &KUY b—7(3.9) 1M
T RN BT 2 FEC L o THRIEHIN TRET 222 T, Evy X v 7E7 1% MLD
AT LTR(31) DI TEREHTE 3.
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Real world
1 2

D

&
&

&

Simulated world in 3D

W;; =0 ;=1
1 2
Xobj1 | / l)_carml \xObjl
arm |
Hy
o : o 1t :
ob]l _ xobjl + xobjl l objll _ {xobjl + xobjll
xob}l wllxarml xObjl wllxarml
_ [xobjl + xobjl] B robn +0
0 Xarm1
wll =1 ZD'M =1
3 4
m M Xarm1 E
arml
" Parmi | Hy
Xop i -
” L
+ . X . + \/
Xobj1|  |Xopj1 t Xobj1 l Oblll _ lxobjl + xobjll
Xobj1 W 11X grm1 Xobj1 W11Xarm1
| Xopj1 t Xarmi _ lxobjl + xarmll
Xarmi Xarm1

the
behavior of MLD model in the simulated world. a1 and x.p;,1 are the position of the

Fig. 3.1: Modeling of picking. Top: the robot behavior in the real world. Bottom:

arm 1 and the object 1, respectively. Hy; is the bounding box of the object and proposition
©911 18 Tarm,1 € Hi;. When the arm enters the bounding box Hy, pg11 becomes 1. We can
change wy; to 1 and when w;; = 1, the velocity constraint of the object is activated, and it
follows the arm. This is the modeling of picking. Since the proposition w;; = 1 is a sufficient

condition of (3.8), the arm can release objects after picking the object.
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3.2.2 EBEEBEONFTE

BARIEIE vy 2 B BRNETHE (MICP) TRl 2 FHEIZOWTHT % (30 £3, A4
SEHr € 45,05, v € (U8, 04 IR LT, 0,y ORAIRE N, ORI o7, v, 5780
5. Z0%, W O OMBZEREEAL, RO 2 HWTER w,, 12X o THHIEIE
zy &Y % (Fig.3.2):

x = Z Ae iy Y = Z )‘y,jwjya (3.10)
( J
Wy = ZZ%ﬂﬂf ?7 (3.11)
(N
> %= Aeis D% = Mg (3.12)
j i

ZZT Aeis Ayjy 75 €10, 1] (4,5 =0,..., N) I ZEBAEORHIIERTDH D, KT N\, Ny 1F

IO X5 ICEFR SN S special ordered sets of type 2 (SOS2) filf Z2 i/ 3L T 5.

EE 2. (SOS2 #lF) B LEE N (i =0,...,N) 23SOS2 #ilf &/ 3251, \ 1EZRDE
275,

e HANT2OD )\ 13 E¥uThH 3.
e HL 200D )\ DI B THIURX, ZNOLDRIFIEHEY o T3,
o \, DEEHX1TH 5.

SOS2 ill#71d logy N,y DA U 282 RO CREEBHIEHIK e LTHEET L en
TE% 31
[FRRIC ZSRIFICDOWT S TRLORRITEM T 2 Z e DT E S w,e &~ 22,

wee = >y, (3.14)
i
Z%‘j = Aa,is Z%’j = )\x,j- (3-15>
j i

REOBUEEFETIE, FICEEEDB R WEE, 2 s Dflfic oW THEIXE%2 N, =4 LT
FHLTWAS.
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Fig. 3.2: An approximation of the quadratic term xy by MICP

3.2.3 {ILKHRAL
ROYD HERTRI S W5 EEMEIHIL S 27 L5 E XS

X(t) = f(x(t), u(t)). (3.16)
ZZTI(t,x) B AT 4 (3.16) @ flow map, F ZRITOBHIBEE g : X — C DZERH
5 5. R O Koopman fEHZE K7 : F — F IZROBIRE 3
(K79)(-) = go I'(7,), (3.17)
ZITo 3EBROEHERDT:
(KTg)(x(t),u(t)) = g(x(t + 7),u(t)). (3.18)

a (IFFEXME [ttt + 7] TEMEDAT LT 3.
TR/ NERIERZE K7 2 FHWT S X7 2 OHIEEIZIH - 7 BIB R DM I LT OBk
I 5;
d

9, (3.19)

Ko=a
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TRITE,

(Kg)(x(1), (1)) = 22 f(x(1), u(t). (3.20)

ZD7%, Koopman fEHZEZH WS 2 CIES X T L 2L AT L LTRHT S5 Z
EMTE S, AKD Koopman EFHZFIERIT T H 5 23, FERRICHIEZ ETHW S 5EI,
Koopman fEF 2% G RZOT D EHHIBEEE W75 IRREZ2 R TRl 5. Z DR, iEBl3 5
AT LMTTEA BENTOAREEIIH U T, #Fi7ziZBMNT 2 IREZ IR FER Z 212
5. AT, AKD Koopman HFIZEBWTIIAT DR WEMRIZOW T > TWBEH, AT
DH 33 AT ANDHFRDILRIZOWT H LI N TV S [32] [33].

Koopman {fEFHZRDEMZH WS Z 8T, IFRES AT L2 TO XS P AT ok
LTRHTZ 3.

§ = A + B, (3.21)
x = CeE, (3.22)

T IT ¢ e R RIERIRREZEM ETERIN D E K ne > n, DIRBELTDH 5

g1 (x)
£ = gQEX) . (3.23)

Ine (%)

BT, DL €= [7,8T]T BB, C = [Tnwne: Onenene] 8%, 1751 Ac BE By 13EH
I CH D, ZOIKIFES 2T LMFIEFE S 2T L% KEBINSELI L 72 AT 2127 - T
W3,

LU, B Ry bREDI AT LDE LN, B ANGZEIEZ D OB AT LT
RFTZ2eRHL N eBHSNTWS. ZD7=, Koopman fEFIZEZ W TRETHER
AT LDY T ABRIKT 572D, KB ATJTOFEREIEZ DO X 5 RETIIADPREIN
TW3 [34]:

{ = A + Bau+ Z He i§u;, (3.24)
X = Cgf, (325)

ZZT, Hei(i=1,...,n,) SEBITHITH 5.

BHABEEL DEE ST IR R CTEEBATH Ae, Be, Ce, and He; OFPETIRICOVWTIZZ L OF
EPRRINTE D, file L Tld Extended Dynamic Mode Decomposition (EDMD) [35] %
deep learning Z F\W7=TFiE [36] BT o 5. AETIRET 2 FiLlE, Lo ETF
FHRIFE TEAREETH 2. AT, Koopman fEFEB X UAETIRE T 2 FIRIIHERRE
IS AT LI LUTHEHAT 2 Z e TE, KENTHHERRES XA T LI200WTEZ S D
DEIT 5.
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3.3 EESEBHGFTERREICLSEIL

LTL TR INZZ R T ¢ BENKT 2 MLD > 27 L DHEEAERT 2 HEZES
BRGRCETEFE Y LMk 3 5. 3, LTL il o 2GR E LTRET 2. 20k,
HIEICEFR L7 MLD ¥ 27 22 W3 2 & CIRAEBGREETERE £ 7213 — KEHHERE
LCTERMLTEZ Z BT,

3.3.1 #REFEERIEmE DIRAZHIK
LTL i o I LT, 7 ad ¢ (i =1,2,,...) ZERT 5.
Example 1. LTL fiié:
o =G—(m Ame) ANF (3 V my) A Oms)
BT %Y T,

o1 = Gz, p2 = Foy,
Y3 = TPs5, P4 = Y6 N 1,
05 = P8 N\ Vg, s = P10 V P11, 7 = OY12,

Yg = M1, Y9 = T2, P10 = T3, P11 = T4, P12 = Ts.

B TRECH LT, BFREOEBERTER 0,(1) € {0, 1}, TALULO RO HE G
RTEB pjt) €[0,1] BERTS. 22T, p 1 o DEBERTERETS. O x H
BRZ MR X [0, T) iC B 39 7 e OB BERIX, LT LTL @il ¢ OEBERTE
B op(t) = [0, 1] CBE$ 285G E2HVTERNCRET 2 Z e nTE 3 [2.

p=pi p(t)=1—pi(t)

k k
w=V¢wMﬂSmﬁﬂﬁﬂw~%%Mﬂzzﬁﬂﬂ—%—U
Y= /\901' :p(t) > pi(t) (Z = 17"'7k)7 p(t) < Zpi(t)
¢ =0 p(t) =pi(t+1)
=Gy p(t)<pi(7)(i=1,....T), p(t) = ZPi(T) —(T'—1)
p=Fpoi :p(t) >pi(r)(i=1,....T), p(t) <D pi(7)

until JHE T2 W28 ¢ = o, Up; B L THH7RMBEREEAT 2 2 & Tk
ELTRHTZZenTES 2. HramBlamdE om0 M2 R 2 OEE, B
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MmO BRI ERICKE L TIVESI NS 120, BHiANTH 2 mEDHEM T g
28 p; b, FIRIEEZHZ TR 0-1 ZROLSICIRZHES. 20k, FHEIIBWT, B
R 3 AR i EIC BT 2 28 0, OAZBEERE T T TH 5.

3.3.2 {IINREEL & DX ICEEE%R

JR Rt e O BA 2 R TNBIENE, v Ry b 2T 4 L TRl BAERTEK
L DEFIRIECERIT 2 2 8 TE 2 2] [37). AETWE, RETFHEGEEIDRY PO RT
2 DIRFEIZE T 2 HUERIRI OB, F72103F, BERA NSNS 5 EfRE L, LIRS bigM
FRIEHIHR Z VT EAZ R T 2R TSR A & o sBEfRZ FEE L TWwW 5. big-M #RIZHIHR
T, TR KRERER M >0 ZHVWS Z 8 THERZEROIRZ BV EHR T2 e TE
%, X5, HUCEDETUTD 2 BEOHINEEEZ T WS,

L Y=1 <= Cyx <1 ZH3HE [2:

C§X§1+M(1—19), O§X21+M(€—'ﬁ)

2. 9 =1= Cyx < 1 ZH7=THE [37):

Cox < 1+ M(1—1)

TIT,Cf e R BEBNRZ P, e >0 3T/ NERERTH 5. 2%/HED big-M #jEH)
X, BIEHIRIAM 2 XN TV BEEICY =122 ZEDAEETH D, Hiffi TR/ v F
YITERTADYE Y I TR I FHOWTRRT 2587 EICHVLN S,

3.3.3 EEEHIERE (TR FTEMEICK D ERL

LTL @ o &, BRy b 2722 LTH(3.1) TRDLEIND MLD EFANEZ 50T
W35 o E BEWER Z = (21,20, 2], 28, 2], Z)]T RERT D, 7, IFRER

x,u,z w0, p DA t=0,.... T TOEEZZELDEHDLTS.
D&, Bi/NEIA S LTL adicBI s 2 HHISIFIAT O X 5 ISRk T & %:

Dy9Zy+ DypZy < B, (3.26)

ZZ7T Dyy, Dyp FEBATH, E, ZEBNRZ PV T 5. fllf5MF (3.26) 12iF, 52 oh
7z LTL B3 280 —py < -1 BEENRTWS. £72, K (3.1) 225 MLD E7 /LI
5 ARSI T ORRICER T & 5

C1xe + Dx,uZu + Dx,zZz + Dx,wa + Dx,19Z19 + Dx,pr S Exa (327)
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R (3.26)(3.27) 225, LTL filfy 27z THE 2 A S 5 72 D OIREEEBHYIY (Z2K) FHHifH]
BT &5 1IcERLTE %!

min fzZ(+2'QzZ),

s.t. DZZ S Ez,

(3.28)

Z 2T, Dz \FEBATH, fz, Bz FEENRZ PV (Qz \FEBITHI) TH 5.

f2,(Q.) BFTEDY AT LDIRB TV L THRET A eDBTES. fle LT, AT
LDIRFERATID 1(ly)- 7 NV A DE/MEDZET B 5 [38]. %72, O EM % RS ZEBITN
LTHEADFZITIZLT, AT LADRZBNERET L2 BA[RETH L. Hle LT,
FEDFHIHNICHFEST 5 2 2T mEDERERTEBICEADITTLEILIZE-T, ¥R
7 LDE DB TOMERMZHFAMT 2 V0ot Z EHMAIRETH 5.

34 UF—RZFAUR—=DSO(3) D MICP Z R /=1T&1ET
[

AHITIEX, MICP IZ & 2 WEREIH, ZRIEDEMZ iV + — X =F > R—=ZD SO(3)
SATLDEAF IR T EFERZRRETS. £3, 447 =15 X—=%— S0(3) D
RAFI AR T E3FECOVTHAT S, Z20%, LR FI 72y 2T
YRV A RETINEHAEDE B HIEIIOWTHAT S

341 HAATZ—NNTFA—F—ODiE{L
AT =T R — R —I1IR FORREAP R R WEERERT 2 FEO—D2TH D,
XD X SITERZ NS [39):

Oa Oa
e = asin 5 =cos (3.29)

ZZTac (-1, 1P IZEERIZ RS 3 KITRT b, O, (ZEERH a8 D OERETH 5. X
o, A4 T—NRIGRXA=R =132 =y M 4 —R=F DV FEMTHD. A4 T =T X =& —
DEAFIZRAIRXTHATE S,

ale] 1
dt |n 2

Nl3x3 — X
w
—&

Nw1 + E3Wa — E9W3

—E&3W1 + nws + E1Ws (3 30>

N | =

€91 — E1W2 + Nws

| —E€1W1 — €W — E3W3
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ZZTe=ley, e 63T €1, 13, w = w1, wy, ws]" € R3IFAAE, ex 1F e DIEDITHIR
HWTH2. A4 57— X=X —"HWTHEEITINZLTO LS ICHETE 3:

R(n,e) = (n* = l|el*) Isxs + 2eeT + 2nex
1 Ti2 T3
= |To1 To2 Ta3|, (3.31)

31 T32 T33

ZZTCry =¢ef—e3—es+n?% rip = 2169 —e3n), m13 = 2(e163 + €21m), 191 = 2(162 +
€31), Too = —&3 + €3 — 2+ 12, ro3 = 2(g9e3 — &1m), T31 = 2(€163 — £21), T30 = 2(e283 +£17),
T3y = —&2 —egstes+ 0t AL T=NIRX=—R—DXAF I ZABIUMEIITINCEENS
IERREIEE 0, e,w DZRIAZ ZIIPERBIHOATH 5. 2D, ZFRIEB X UONREEE
MICPIZ X > GEBT 2 Z 2T, X4 F I 7 X B THI LGN e LTRET 2 Z 2
TE5%. ZOFE, &4 F I 7221218, [BEATHNC 10 D —5IHB X COBRIEIEI G £ 5
729, ZNZUIH U CEMEBD BT 5.
DL E AAT—ERHVT SOB) DXAFIZRFIUTO LI ITRHATE 3.

n _ Whewy T Wegwy — Weowy
I AT | —Wegwy + Wiy + Weyy
_77 2 Weow; — Weqws -+ wnw3

T Weywy — Wegwy — Wegws

= |, | T Buow, (3.32)

Twil Twi2 Twil3

Ry = |ruos Twa2 Tw2s

[ Tw31  Tw32 Tw3s

= Jr, W, (3.33)

DT w = W Wy, ] € B2 EMERE E ¥ DAY b, By, Ju (ZEEITH
Twll = We2 — W2 — W2 + Wy, Ty12 = 2(Weyep — Wegn)y Tw1z = 2(Weyey +Wepp), Twor = 2(Weye, +
w€3’r])7 Tw2r = —We2 + W2 — W2 + Wy2, Tyog = 2(Wepey — w€1n)7 Twst = 2(Wey ey — w€277)7 Fuss =
2(Wepey + Weyn) sy Twaz = —W2 — W2 + W2 + Wye.

OB HEERA A Z —IERN VT 7 v ZIEL Vo L MOBIER Y FiEE WS 2 b TE
B [40). T, LU L AR ME F L— KA 7 OBIRICH 3 = ¥ & EET 5 BE
H5.
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342 ZEEZZEZERLT-MLD>XTL

FAT=NIGRXA=R =2y XV TETMIEAT S MLD €7/ (3.4) IZHAALZ & 2F
2%. ZOLE BRy FIRTLAOREELUTO LS CEHRT 3

T

Xai = |:x;-rmi ;t;-rmi €;rrmi narmi] ) (334>
T T T T

Xoi = [Iobji Lobji  Cobji Uobjz‘] ) (3.35)

CITE, AAT—NRNIRX=Z—ICHTLZANTAREL T2, Yy X ZTEECHES A4
F7—NRIRA—R—DEAFITZABZULTDO LS IRET %:

— + -~
Earmi Earmi
& = ? + waarmiy (336>
narmi_ _narmz’
— + -
objj = objj -+ wiijwobjj- (337>
"lobjj | | Tlobj;

COMLD AT L%EHWR YT, 7—LeF 7027 VORBEER LYy XU/ E
THUEWRTLZeNTESL. Z0RYy FPRTLEHVWTE Yy F U 7ETMIINT S
REEEBEHERED MO DOBERZE R ORI, FTHMED R 7 v T8 N IR LT
(Naylogy N 4+ ny + ng)N £725. TDE E, n,, FHEEEE ZIZZREICEEN 2 RED
MO TH 5.

3.4.3 2XTETILOZEZIELL

2 XITHEH _ETDOZEE ., bR, TERZE sin(n,), cos(n,) ZHWTERMTZ 3. Zok
X RBNCEHTEXAF I RIIRATRHATE 5.

Jr

N N w3
sin(n,) = |sin(n,) | + AT | wy, cos(n.) | - (3.38)
cos(n,) cos(n,) — Wy, sin(n.)

FA4F7—RF X —&— LRI MLD EF VAR Z L B A[RETH D, 2 00 FHE ETO
DT =LA T2 FDRBADKIKIZERB L2y 77> R LA AR A7 OFTEIETH %
AT ZEDHRETH .

3.5 ILAKRRAED AT L, IARBERAZ > AT L2 BUW I 1TE)ETE

AREITCU, IFHE, BEE > X7 22003 2ATEETETFEEZIRE T 5. £ 3, IEKE, N
MY AT LI LTMLD Y A7 4 %2ER L, IRARBKEHHEE: LTEbTtxs 2,
BIRT. I, IEHEEZED XS RIREED Y v VT H B2 AT LR LT, IEARRE, N
IS AT LZHWTMLD AT L8 LTRHATESZ L 2RT.
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3.5.1 MK AT LDIHD MLD > X7 L

RETIE, SRATLDEXAF I T ARZEBDOE— FRHI5H, ThZ2hDE— FiIZBw
TRI—DIKIREZEBZFHNWT I AT LRI T 2 ENA[EETH LI EINETS. DL =,
WIS 2T 2T 2 MLD S AT LU TDES ICERTX 5:

(3.39)

§+ = A§+B1U+BQZ+33W+B4’§+B5P
C€+D1U+D2Z+D3W+D40+D5p S FE.

FHZ, B— ROED 2 DOBHE, BATHNIRD X512 %; A= Acy, Bi = Bg,, Ba = [Ag, —
Agy, Bey — Bgyl, 2 = w - [€T,u"]T. 22T Agy, Agy, By, Bey 3EE—RFOX A F I 7 RI2H
THEBUATHITH S. 2D MLD A7 LFFHALZ MLD & X7 4 (3.1) LRIFTHS. £
D7D, TOMLD ¥ 27 L%ZHWS Z & T, ERE S 2 7 2020 LT IREREGTH R E
W2k 2 EXDFTRET D 5.

3.5.2 LANWISH AT LDI=HD MLD ¥ X7 L

PERIRES AT L EFARRIC, AT LDRAF I 7 REBRDE— VDD 255, T2
NDE— RIZBWTHR—DIERIREZEZB ZHNWTI AT L2 RT3 Z L WARETH 3 IR
ET 5. AT, XA F 37 ZOHIZHN 2 MEREHEZ EEEENMGEHE 2 v GElL, T
DESWCHLVWEBICE X2 5.

§uy
Wey R 5?2 (3.40)
§tin,,
DL E HERIE S AT 2205 5 MLD Y AT LIUATO XS ITERTE %:
{ ¢t = A + Byu+ Bez + Bsw + By + Bsp + Bgwey (3.41)
C¢ + Diu+ Doz + Dsw + Dy + Dsp + Dewey < E,

T 2T, By, Dg \ZEBATHITH 2. KT, E— FOED 2 oDGE, BITHNIRD X 51/ 5;
A= Ago, By = Bgy, By = [A¢, = Agy, Bey = By, Heyn = Heo 1 Hey o= Heg 2, -+ Hey iy — Heo s
Bs = [Hey, Hey 2, - -+ Hegno), 2 = @ - [€T, 0T, wl ]T (1= 1,2,...,ny). TTT Ag, Agy, B,
Be, I3BE—FDXAF I 7 AT 2EBITHITHZ. TDMLD A7 LI wey & 2105
HBZET, /MR LZMLD A7 4 (3.1) CAEFEL RS, 2070, ZOMLD Y AT L%
W3 Z 2T, IERMERE > R 7 2320 LT SIS BEGHHEMEIC X 2 EXMLHFHETH 5.
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3.5.3 LA ATLETOREDS v

S R 7 2T IEFMEELED XS BRIRED S v T2 b0 DD B. ZDTAT L%
RS AT L LTRIT BG5S, 209 v AT 2R LIRS 27 A2 KM 2 %
BB, TR, Oy Y TOIRZENDBEHITH 2 EIREL, LNITRT &5 7% MLD &~
AT LDBEERE @ 230 205 1 AL LEBRICRET SV v TITOWTEZ 5:

w=(0"1) = q4 = P(q)q-. (3.42)

ZIZT M w Db ERDL, q € R IE—ALEER, g & w 25 1 12K 2 ERTOHE,
A X o DB 1Ko TRREDY ¥ ¥ IR ELBROREE, P(q) &Y ¥ I
2HFEATINE T 5. DIETIE, ZOREOHELE LTRHAGERY vy 72D AT ALK
DWTHEZR 5.

ZDYE REDY v AL KIRAEZER] T DIRFEZEUF+ O BGREIEII R 2 illfy &
LCitih T 3.

EE 1. EKT AT 4 (3.39) 27213 (341) SRFT2REDY v > 7 (342) #EZ 5. b L
RS 2T 5 DIEKIRHEAHIE D ZIENX: q el - que® (my € 0,1,..., M], 3, m; < M),
L END E—RLBEDOAZ LI E T 2BBOBEDOATHREINTVWS X HKREDOY v~
TR AT LOREOHE L LTERBHTE S,

D= (0 /1) = & = Pi(E)E . (3.43)

ST, B oD 1LICHRIERMDIREE, &, 13 o 25 1LIRVIREDY v ¥ THREL K
DIRKEE, Pe(6) 1IXHATHITH 5.

Proof. —BACEBIEIIY ¥ > FI2 X o TEL L Wiz, —MRLEEREZ 518 e § 2 B (m, =
me = -+ =my,, =0DHHE) BEILERV. ® & Kronecker & L, HEXZ FLFRILOD
m [\ Kronecker fi% X727 kL g" € R™)™ Kronecker FEOXZ bl i HEHDEZFE®
GreR &35 X7 ML g eRW" Y% ¥ FREIFETH P ZHVT, 47 = P™(¢)q™
CPRIETEZLIRETS. ZDLE, HWENRT FLETLD m [BD Kronecker D2 kLD
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xR,

QTH =(¢+ ®4q7)

Qi+q7
G2+ 97

L an+QT
Q1Pg-Pmq”

Q2P P™q"
| Qu,Pi-P"4"
'P11n+1qm+1
P’gl-i-lq’r_n-i-l

m+1p2m—+1
L P”q -

_pm+1l.,m+1
=P e

ZZTPM"Yg)(i = 1,2,...,n,), P (q) IXHHATA, Q; 1% i ZFHOERD 1, 2L
0 DITRZ FLET B, ZDEH, " DY v FF g OFE L hoTWa. qDGE
CHEEARZ FLELED m [\ED Kronecker FEDR 7 FILDIGEIWCHHTH 5 Z LRI
720, BEERIEIEIC X D B EAR Y FLEL O m [BlD Kronecker DX hLDY ¥ ¥
ZENE, HOWBHEHAE M I LT, g™ ODFETH L Z LRI,

X512, HEDZIEN L — BB E 5 H L T 2B DD Y v > IR TR TE %

(4i"9(9)+ =4t 9(q)
=Q:P"(9)q"9(q).
ZDLE RZMLEg(q) DBEFEDY ¥ T3 " g(q) DHETHZ. 2Dz, b LIL
KIREENEEDZTHR L 216 L —RIGEIED A% 5 5L T 2 BBOBDOATHEE I ATV,
2 x REOY v v ARSI AT LDIREDOE v L TERBTE 3. O

EH LIE> T, IERIRERTRET 2 Z TR (343) TRIHAINLZ Y v ¥ T ME £ 721
MR RS e L CGATE 5.

3.6 SO(3) ICHT ZEERER

AEITIE, MICP ZHWEIERFER 200X A7 ICHEMA L, B 2R 5. £33
KRICEE L TOF T2 7 VOEBLEERB Ly 7 7Y R AL AR AV ICIREFER
HT 5. K2, FWENS R F L TH S Fa—YEFADFEXR X 7126 LT, R FEL#H
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T 3. KEHIDORTDOFHEL Intel Core i7 1.8GHz TiTh i, £ TOIREEEEFRE T EBEIX
MATLAB 1T & » THEEXN, Y LN—¥ LT Gurobi [41] ZHW =, F72, IRSEEEGEHHEME
DEEMEX v v 7D ER% 1.0 x 1074 23E L 7.

3.6.1 3XTOEYVYITVRILARRRY

1207 =L, 1200F 7 227 b, BEE1OOIT—LTHERy 7 AEBTHE NS
IRILZETOE Y I 7Y R LA RRAZIZOWTEZRS. A7V 7 MIZHLTANX
7= b5 250 aZX VEBIIRD XS ITERT S.

J:Emem, (3.44)
keT

ZZTue R GIEHAADON, [Jul|, F -/ v T3 SOB) NDANTAREE w
[—7/2, /2P 2 L, 7— 2 DUMEFEENCET 2 XA F I 7 R 2 EEDRD S AT L LRE
T5. F/, MEPBEMLST 2729, 7—2DRBEEELT, A 7027 FOXRBDOARE
BI2Z2e35. YRATLDRAFITZRZIAA T—EEHCTEELE
AREBRTIX, BEARKOA TS 27 v 2EZ, A 7927 FOBTEHEDEEIZRD L 512
FICACIESE

Vobji = RuwobjLobji + Tobj (i =1,...,8), (3.45)
T 2T Ryopy EFA T 227 +DEFZRTEREITH, Lopji (& 2on; XX 2 THR ¢ DFNAL

B35 ¥z @l ATV MRy ZZARNINE > TWB” 2EZ, ZOmmdEldA 7
Pl POERTOHEFADR Y 7 AFBNIINE > TWVWd & Zii/leINd T 5. AERTIE
AT DHB I LTE Yy XY 7EEICET 2R M —72RE L% (Fig.3.39,
“picking polytope” ).

Yy 77 Y RTVAZRXZ7 DHIGRHFICE LT T O LTL i#E 2 ER T %:

o 7— 2Ry 7 RHEBLINTA T =7 FREES 2V
(wll A O_lel ) = Vo1, (346)

CZTCon @7 —2BAT72 27 bl e 2RTmBEAS, o A7 27 b 1
WAy ZZANCNE > TWVWERZ 2R TMmETH 5.

CDRAZIIHMLT, A7V 27 bOLEBLMENRIRS 20 DT —RIZH W T % K
TAPEEZREFEZ HOTERL 2. 5 LUIEERATS R, OELKEE Z A L3 257012, £ T
DI —RAT, 47— X =2 —OFIHIKREEIZ [0,0,0,1] &L, 7Y =7 + OFIIILESI
BOET Loy ZEBE LTz, KR T v FWEAT =03, N =8 L REL. ZDL ZDRAEH
BAE TR 207 O BERE R & 4, STIEDOZEUE LTL ardIcBEfR L, 580 @ 120 fH
& SO(3) DRFRIBIEICEERL TW5.



3.6. SO(3) X3 2 EfEFEER 27

FER Y LT, EITnlaeMIE T 7.63 7, FHE(RZ £9.00 RLAPNICET R S Nz, RomfRIcBE
LT, GHE LT —ADH, 1 DD 7 — 2D ARERED 6000 FLLAICIGRE S, o7 —
ZWZBWTIE T 1.93 x 1018 7, FEUERZ £1.79 x 1013 B LA HE R 72 BB IR L 7=,
Fig.3.41%, 22007 — A e B o N ERELHELZ RLTWVWS.

\fpicking polytopm

03 0.05 x 0.05 x 0.05
0.45 o

i e 0,15
K 015 " /

Fig. 3.3: Setting of the object and box. z.p; exists at the center of the picking polytope.

The arm needs to lay the object down to put it in the box.

casel k

case 2

Fig. 3.4: Behavior in semi-optimal solutions. Upper: a situation in which the object is lying
down. Lower: a situation in which the object is upright. The blue line with circles is the
trajectory of the arm. In each situation, the arm completes the pick-and-place task by laying
the object down.
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3.6.2 RO—>EFILICEIFBZITITS5>=>T
THORa—YEFTLEEZ 3.

d €d_ 1 77d[ — &g X
5[% =3 3idT w, (3.47)
L i IR Y
a2 Y| T o (n,€) +
Zd_ fz g
1 rl?)fz O
= ro3f.| + 0], (3.48)
733 f> g

ZZT f, SRR D 2 B MD N, Xq = (24, Ya, 2a, Td, Y, 2, €0, 1a) T € RIOE R —2
DR, W', ] eER*ZFR—VETAANDASTIE T 5.

ZDETNVDOETHFEZ, SO3) WWMA T Wryyp, R r13fey Wiyt N To3fey Wegyp, A ragfz D
JHZ MICP ZFWTARIT 22 2T, B4 F 37 R (348) ZHIEHI e LTRETES. N
AT, Fa—rORMNZREL UTHRIKIZIEADIZRWEATB L WIR L, (24, Y4, 24) Z FE—
Y OEEROFDDOREREL 35, HBlL7= &4 F 37 R (3.47)(3.48) WX LT, 7 FIEITIE
BEA A 5 —1 [40) ZFW. 3 R PRSI T O X 5 Ic&E Lz

J = (k) (3.49)

keT

FE—=YHRRY y bello T — VHEBICEIZET 22X 7 %2F 2 5. Figldhll, Fa—
VMRRATEATOREERT. Fr—iF, AX— 1 lEEB2LH5R) v FEE o Ta—LH
BICEET 2BERDH D, AX—1, AV b, —=1D 3 DDOMHEBIIHN LT, LTL i
Dexist,05 Pexist,sy Pexist.g LB A D . %nnm&i Fa—U&L ) 7 ICFEST 258120z 3 N5
3%, ¥/, Fo— V3RO REEDHEB» SANLZNIIIBH T2 T5. 20
Y& FEXZ7O LTL i@ XD XS ICERT 5.

o Nu— I — VFEBICELET 3
F @exist,g (3.50)
o FO—VIERVy b2iE5
Pexist,0 = O Pexist.g (3.51)
o N — DR TEBIMNTHI W

G’ (SOexist,O V (Pexist,s V Soexist,g) (352)
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BRTR=Z—=I1FAT =03, T=6m=1,g=-1, f.€10,2], B&EUw € [-7/2, 7/2)>
Y35, 20y E0RABEGTTEREICIE 259 OB ZE R & A, 105 [HDOZERZ LTL
R BAMR L, 7% D D 154 HOERUIL SO3) £ XA F I 7 RDOMHEHICEFR L TWS. R
0—YOUAZB e MEEZZEL, 10D — 2120 U CEHEEZFHE L 7.

DY E, FATIREMRIE T 28 .25, EHE(R 2 £22.7 W CETE S N7z, BRI 6000s
PIANCIR U2 o 7223, MIP BodPE S v v 7D 4.93 x 1071 %, FEHERZE +2.08 x 1071%
DMEFLHR DR DNz, Z D7D, EFELMORELFIE L HAG DY, IREFEEHE
BIATREMEF = v 27 230 e LTS3 Z ik b, X b ERFE T (%) BlfEmnis o
N5 ZePHERITE 2. Fig.3.5 %, MREZEOPEEZ RL TV

YZal—2—TOEHr DR

RAEBBGETHMEZ R 228X > TR LN R T LAAD AN %, HikE S 27
L (347)(348) DY I 2 L —X =L —T A THEHT 5. Fr—2E7 L OmEkRH >
AT LDY I 2ab—a i, Simulink ZfEH L THEELL. Figd6lf, ¥>Ialb—Ta
VICHA LA ZRL TV, BREBBIIEETEMEZE Z 22X > THIF L AT
HLTIRE—ILREZBEAL, I 2L —X—~"DANEERL. Fig3.61%, EiLDOAN
WIS 3 Fa—Y o2 RLTWS. 32 —&X—I2XkoTHLRE Fu— 2ol
X, ELERZED DI R AT ZSE T TETWRYL., ZORKED—D LT, sHERIC AW 0
PlEF VO LUEENZT S5 5. Fig.3.7-3.9 12, IRAEEGETHEFEOE Y LTE O
CHEY DI al—Ya Ik TELNHED A RT.

F 72, Fig.3.10 12, IRABBHHEEDOMTH 244 7 —RIFRX =R —=Dl)-/ VL,
REBEBEVZABEMEOR Y > 3 2L — X —COEEATHIDAED AR = R}, Ram 24 A
5 —RF R — R —TRELZBOREERE Ab,, A0, DHEERT. Af, [ ZIESEEREETH
MWD L THE O N NERBIEZ TS 2 28D HEHRE S N BE T & DETITHIG L,
Af, WFRABEGEETEMEOM TH 244 77— X=X —% SO(3) I L7-1E% A
WTH (3.31) & DEHE L ZEHEITH E DEDITRIGE LTV, Ab,, DEIED S, BIEEITHIIC
DOV TIREMNZEMUAH L <, 22 DREOLLIERZ /-0 TH I EZ LN
5. —JiT, A, DETED 5, [REBEHIEEEFEZ 1T 5 BRI SO(3) NOH ¥ OE %
HALZeBTENR, IDALBEEORSVEEZITS 2N TErEZI6NS. £/, H
EUREEZ X DR X CBIET 212X, 7 14 — RNy JHIHSRFE O L BN T 20BN E 2
bis.
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Fig. 3.5: Overview of reaching task of the drone. Left: initial states and workspace. The
yellow rectangle represents initial states of the drone. The green, blue and red areas are the
initial, slit, and goal areas, respectively. Right: the trajectory of a semi-optimal solution.
The drone passes through the slit area with the body in a vertical position.

2 —w
w2
1.5 —ws
_fz
1
05 /
0
-0.5
-1 /
ot ) 15"
o —— a :
T — A 0 05 1 15
R Time (t)

Fig. 3.6: Left: Comparison of the behavior of a solution and simulator. The green rectangle
represents the simulation of the drone to which inputs obtained by the Mixed-Integer Linear
Problem planning are applied. Right: Input sequences used in the simulator. We applied
the First-order hold to the input obtained by the Mixed-Integer Linear Problem planning.
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0.6
—MNmilp = Nsim
“Clmilp = “€lsim

04 —€2milp = “€2sim - ——_’_‘_-_ — S~ N
—€3milp = “€3sim ) 2= N R RS R

0.2 P L R

0 {—_/- — 2
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

Time (t)

Fig. 3.7: Comparison of the Euler parameter states of the solution and simulator. Solid: the
solution. Dashed: simulator.

0.3

0.25 -]

0.2 ]

0.15 s

0.1 N

0.05 N

-0.05 3

Tmilp ~ Tsim
Ymilp = “Ysim
-0.1 —Zmilp ~ ~Zsim

0 02 04 06 038 1 12 14 16 18
Time (t)

Fig. 3.8: Comparison of position states of the solution and simulator. Solid: the solution.
Dashed: simulator.
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02 e
0.1 - .

S e e
-0.1 ---Ixef .
-02 el .
-03 N
-04 .
-05 5
06 .
-0.7 —Emitp~ Tsim .

ity = foim \
ity = ~Faim
0 0.2 0.4 0.6 0.8 1 1.2 14 1.6 1.8
Time (1)

-0.8

Fig. 3.9: Comparison of velocity states of the solution and simulator. Solid: the solution.
Dashed: simulator.

09 —‘—\—‘—
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0.1 ﬁlﬁ

0 02 04 06 038 1 12 14 16 18
Time (t)

Fig. 3.10: The trajectory of l-norm of the Euler parameter states of simulation and rotation
angles of difference of rotation matrics: A6, and Af,



3.7. HEKS AT LTHF A BUEFEE 33

3.7 K RAT LIS T DEEERER

AREITE, RS X7 20 U TREFELEH L, B3t iiEs 2. FHBEHE R b
AT LI LT, IEKEE S AT L% E L, 52 507 LTL mif %/ THE 2 RET
BOREATHERE R R Z Ik o TAERT 5. REITOFEIL, 3.6GHz Intel Core i9 THEAT
L7z, AT, @ CORESEEGEETEIEIX MATLAB ICX > THEEXN, Y= LT
Gurobi 41] ZHW. %7z, R TCORSEEGHME O RENE X v v 7D ER%Z 1.0 x 107
CRRELT=.

3.7.1 2XTFELETOEYIT7VRILARRRY

OXTEFMA FTOEY V7Y RFULARRR I REZ S, Ry VO RF L2 LT, UTD
AT LDRAFIVARERS:

P x uy cos 0
a2 |Y up sinf | . (3.53)
0 U9

T T € [—1, 1 13MET D ATNIGREE, uy € [— 3, s7] (ZEFETTH D ANIMEE, , y 1&
Ry PONME, 0 1Ze Ry FOETAME T 5. vRy b OFIHPIREE [2,y,0]T =[0,0,0]T
35, ZOYRATLABHHREDE DD TT A 7B LB X7 6 %2E 2758, R
By DGR ATREZIRABIC R 5. 2 D728, 2T TIHERS AT L DKRBEERD LS ITL %:
€ =[x,y,0,i,7,0,sin0,cos0,0sin 6,0 cosA]T € RO, Z DY =, BESURRIHEAREIE S 27 4
R TRDbOENS:

T _ -
. O3,
Y U1 cos
0 Os.1 b .
1 Sin
Er=¢+ Os1 | A+ | ug | Ar+ ! Ay
: O3
0 cos 6 Oy i
. ’ g Sin 6
—fsinf 9
Uy COS
| 02,1 | L2 -
2
= Agf + Bgu —+ Z Hgﬂfui. (354)

=1
ZZTA =011y IKEE T 5.

Vw77 RV A RZRAZ D LTL i, fih U7 BHEER  FfICER TS, 22T
X, VO T2 FORENEBICEET 2 WO MEEE XS, YIROIREIX, i
MNBLHEEZEZ vy XY 78R A4 FI7RADE—RFOELE LTHRHTS. 22T
X, By R U IEEOBICIREBO Y ¥ VI RELEVWEEZ S, AT, A 7927 %
Yy * 27 LGS, WEROREBIIBH Ry b eRAT22 35, £/, TEREIHZITS X
Ty TRE 30T 5.
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L — 7R T O

I3 HEEFRCIoTEONEANZEL— FRIGHEHA L, & A2 Z3EKT X 3 23
L7z 152 =2 DYMEKDMNEBEZE Z, TR ZNDOMBEICOWTITEETEZ1TS . 15 @Df;
BDRR— R [-0.1,0.1] x [-0.1,0.1] A TIRICERE T 5. IBATEBONEHE O R
FEIEICEN 2 Z O BN W2 0E80E, 4 & QICERE L T-.

TENGHERTE 2 R A BEGETHFE Y U TRWFER, 4 2B 08551, 39 1.31 7, (R
7% +0.88 M CEITATREMEMNE Sz, S R EIDGEX, FH 11.30 B, FEHERZ £9.39 ) TH
HAJREM R STz, 4 9E] 8 Elr 12, FEHRATRERIIE S N=H, 1T A L DALED S
& — T 200 LA EEfRIIIE S e o 7z

Fig.3.11 /212, BIENC X > THE LN ZHUE L BIL— 7RO 2 & y OWLED ¥ FiR =
(RMSE) Z/R3. ZO¥ &, FHEHIC K o TR LN LPLUEIERRELRPUETIZR WD, + 70 =
7 P OMENRFLTTD 478 SDEDGETHENKEL BR 25805 5. Fig.3.11 »
5, 8 EITIEEFHENIC L > THEOLNLHE L L — TR TOWED EZNNI S EoTWVWE Z
YD, ORI, REBEZL T2 TIRABKMETHORBENA LS 2729 T
HrrEZ6N35. Fig3 1l HIZEHEIC K > TELNHE L L — FROHEEZ RS, &
HIZ Ko THRELNLHER, 8 THIDHEEONLHETH 5. Fig.3.11 TREINLHIEL
FRIC, IR TOA TV 27 FOMNET, FHHEIC K > TR ONHEN X A 2T XE
TWBIZHDP2OLOITHNL—TROUEIIRZR AT BT TEIENTERDP ST

ZZT, FtHIC Ko THRLNAEHEZSHEEE AR LT, 74— XNy ZHlli#ll 21T 7

FAIL— 7R TDFH

PAL— 7RI LT, 4 08l 8 nEITITEIGTE L 2B 22 M#E e L THWTHIE L
72BRDOHEIZOWTEHETS 2. SRHLEICE T 272007 4 — KXy Zflfflie LTET NV
THIFE (MPC) % Wi,

MPC KA R % AW IERERIE  LTHEET 2. 2O, MPC @ HIVBEEIZ, =,
y, 0 DSHREE ¥ OFRZEDEAT b-norm THS. LT, FHIRT v 7% 10, MPC 128
FEH )RR 0.02, a2y b —o DY) WEEE 0.02 £ 55, FHEICK -
TEONZWYE 2, vy, 0 OWEZSRIPLE L 375, ZOIEREMER CasADi [42] THEEL,
VL= LT Ipopt ZFH W,

Fig.3.11 £, HEIC K o THRLNLHUE L AL — TRD ¢ & y DHER D RMSE Z7~5 .
B — 7% L CHUER OREEN D LTE D, FRiC 8 o E|D#E I L TIXBEHEMH
BEWZEDHRTES. ZOZeho, IBEFRIIERI AT LZHWS Z 8T, ARDI X
T LAPEATARERHER AR TE TV EEZILNS. L2L, BAICL->TIEFigd 11 H
DESIZ, HUEBREHOHIHEDATIET AT ADRRAZ BERTERWVIGENRDS. Ly
U, & DIRSFIREHEIFES LTL OfERZ2 A L6l 2 w2 2 8T, X D3RIV
ROFONBAIREEDNE Z 5.
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RPN TEL UC, HERICAH 7Y 2 7 PP HWERZER I D/ NSSRET S 2
ERETFTONDE. £, ANTD ERE WSS AT LADKRAF I 7 ZDMFHE D ERT 254
BEWRDH D, Fiz, FBATHISE [43) TIRESINTWS X 5 7% LTL OE#RZTEH U 26l F% e
AEDODEDLZET, EDEXRI7EZFERLRL T RZ I bAMFTE 3.

Planning (Mobile Robot)
=0=Planning (Object)
=0=Open-loop (Mobile Robot)
=0=Closed-loop (Mobile Robot)

l Desired Reglon

7
——0

RMSE

. 0.08 Object /
0.02 " 7 1 0.06 a”’

0 T | 0 GB90-9=0=guOug
o N S N
©%° 0% KO\Ose KQ\OC"Q -0.021 . . .
2 0 0.05 0.1 0.15 0.2 0.25
L xe

Fig. 3.11: Left: RMSE between the trajectories of x and y of the planning, the open-loop
system, and the closed-loop system. Right: The trajectories of planning, open-loop, and
closed-loop systems. The yellow trajectory is a trajectory of the planning obtained in a
case of 8 intervals. The blue trajectory is a trajectory of the open-loop system. The pink
trajectory is a trajectory of the closed-loop system. In this case, we see that the trajectories
of both open-loop and closed-loop systems could not complete the task.

3.8 FL®

ARETIE, LS A7 20120 L CRAEEGTERMEIC X 2 EXL21T5 729D, MICP %
IERAEALZE WAl 27 2% 85T Lz, MICP 2fW3 22T SOB3) cikExh 3
BAF I 7 RACHEEIESR " RIEEZEOS AT LEBMES A7 L LTERRETE, IBRAEH
MRIZETHERTEIC X 2 EREDEHCE 2 22 2R L7z, £, IEKES R T2 2HWS Z
YT, D ZL DI AT LRI AT L LTRIETE 2 229, MICP LHHAED
528 THIRIEE > X7 2020 LT HIRARBEREHEREIC X 2 @XM EATE %
TR FD, MICP, IEKMERIE S 2T A% FIWT2EELS 27 220 U CTIREE
FRIZHIMEZ R 22T, LTL @ TR I N X R 7 2E T 2HENER SN Z &
PRMES I 2L —a ilkoTRIFL

AETRRLEZEXNMEZHWS 2T, 5B aX 2R R oMb A7 LTIE
MBS AT LARBRATAZeNTES. ZAUCED, IOEBOrRY b R T L0 ER
RMLLU 723 2T 22 MR LR T8 LTHWS Z 2T, &L ULHIEEIC CTEAN R
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HUEZRAERT 2 Z e AREE 725, — /T, FSBIEFEBR TORIIL— TR TOFHET B IH S %
HEI AP AT AL EBEDOS AT ATOREICIERERD Z. MRS 2T 2IZEL
T MICP OiifllfEEZED % Z &=, IERKE S X7 L DIRBEDEEHFIRIC X - T, ;B
EOBWS AT LARWRTZ e AA[RETH B. — 5T, MICP OEUEE DM FiditE a
2+ DMEIMEES L\ Wo 2RER DD, A7 I8 D XS AN AT LWL NE
P OHWHAEISHRORETH 5.
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F4E AEDLBGHANERICEAT SmEN
DYLE =B

4.1 ELC®IC

AT, Ry PORREELIER Ry b DIRZFWZE L 72BERAINITHRTTE 3 % FitHqm
MBI T2 X2 A7 2R e Uiz, — /7T, EBED XX Z1ZENED» S DIEREZ R TT
T2 Vo RIGHMBFET 2. 2O, AR>S DIERLESIZERY P A7 L DIRE
WIKFE T RETINNERE L TEZILNS.

IN%5F R, RETIIHERZD N HED BRAMIESICEE T 2 thd 2 Z R T 5 72 OB i
ELFEERET 5. 23, SV ERICEH T 2 a2 idhn] gE R RHERI T & % Event-based
STL IZOWTHIHT 5. 2%, AAVERORERZNCEE T 2 0B TH 5 LIREL, Z
DRMICEDE, BHORERLANEZEEL CHG X oNmELZERT 2ELZERT L
MAJRE R B RGEL 2 IR L CERL T 5. &RIRIC, PHEI AN ERICE T
LENE Z oNTBEa Ry MIHT2EES I 21— a ViZ T, HEFEOFMEE
AN

4.2 Event-based STL

Event-based STL (& STL Z#LiR L 7-RtHeREICTH D, MIVERICE T 2 Z RIS 5
ZEA[EETH 5. Event-based STL DandH U I Pl DRRIEFR S NS [44):

@ u=m | o | o1 A p2
an=v|ala Aoy
Uo=Gro|Fro|e Ureps|

Gla= V)| Glp= V) [V AT,

T IZT o l3RGEME v € AP ICBEH3 2inBlandETH 5. v O EERIEINVESRORES
77— LRAA v F T Vo i ANI R I X o TIREZINSE. ZD 7=, Event-based
STL TREXIN/-MEE S AT L2DIREICH L CFHMAis 2558, X7 DIKE Y L CTHERL

37
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ZR a2 GO0 EDH 5. Event-based STL DEMEmIE, STL &[RRI TRt DRRIITOI 5!
x, t) F —a & ((x, t) Fa)

(x, 1)
(x, 1) Eaq A ag S X t)Ea A (xt) Ea
(x, ) FGla=V¥) Vi, (x,t)F-a V (x,t) EV
(X, t) ):\1’1/\\1]2 <:>(X, t) ):\Ill N (X, t) ):\112

ARETE, IFPEETHERE e L TOEREEIT S 20, B VIR WA ERICE S
DN A AR RETH 5. ZD7=, RETIX Event-based STL i IZ»f 3§
BIRDHPIZANZ N AR ER L, MBI LTS,

4.3 Event-based STL DO/\X b ABEK

$ LBHEME v DEHRONNERS S X T L DBESURREICIRIE S 2354, BN b 2B
&@%%tﬁﬁ)ﬁgﬁé NEEICR S, AETIEFTEOEMEIZHS T7/-D18, ROIREEE
Z5:

IRFE 1. NUERICET 2EEME v OEBIZE—DODNNERIKEL, FROFEEIX
HGABOEIC X > T TE 3.

ZOYE GEGREMERERWERDR LN PR RAEBMELTO XS ICERT :

P (X, X0, 1) = pu, (2,,(1)), (4.1)
Z :Ta Xy = [:BV1’ s 7xl/nl,]T € Rnua Ty, € Xl/i = [xui,minaxui,max] € Ra (Z = 17 s 7nl/) ci@ﬁ

BAIZRL, po, 2 X, — RIZZD BRI, T0in & Topmae BERE T3, MET, K
XTEUTEIRET 3.

RE 2. BAEL p,(x,) 13 X, TERLBEKTDY, |p.(v.)| <6, v, € X, ZHilzTER ¢, €R
DEET 5.

Example 2. B p,(z,) = z,, X, = [-0.1,01] Z&FZX5%. ZDOr X 1, > 0 %53,
p(1,) > 00D v BFRELTS. —HT, 2, <0BBIF p(z,) <022 v IFRELTVER
W IAT, 6, =013 |p,(2,)| <6, ZWiZed

Dt &, Event-based STL OfEICTT 22N b 2 ZABBELLTD LS ITERTE 3.

Pa(X, Xy, t) 1= = pa(X, Xy, 1), (4.2)

Poy han (X, Xy, t) i=min(pg, (X, Xy, 1), pay (X, Xy, 1)), (4.3)
PG(a=1) (X, Xy, t) =

m[ln {max(p-a(x,%,,t), pu(x,%,,t))}. (4.4)

t, T
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4.4 AEHITZFONNEBERICXTT D Event-based STL 6p
ED - DITENETEFE
Event-based STL DfnE U 1Z¥3 2 WlE o LM 2 RO IERE RELE e L TER
3 %:

HIZiIl — ,O\I:(Z) + Zk: )\ka(Xk, uk)
s.t. Eq.(2.2),  pu(z) > €y. (4.5)

Z IR EER TR I R T ML (S 2T L DIREE, AN, WiBHER %0, ..., XN, U, . . ., uy,
X0, - Xy n), N AIFTEEITS 27 v 78, J), SHLEOHREICBE T2 a2 ML L, )\, X
FhoDaR VEBICHET2EAL TS, g BEDERE T2, G200 mET oA
A b 2 ZABIBDIEDME & 72 2 HIFNE, KIS RERE L 51308 b 3 AR DO ED EDEIC
RBEEEZONETD, FATHRTIEZOHFINE R I A TVRW [10]. LA L, RETII,
B oNERRFTNREREDOSETH a AN b3 ZBEMOMEPIEDEE 725 X 512, Z Dl
RS2 G RELETE R T 2 2 8T 5.

DL E, RELIE (4.5) ORI o DIFICHE L THRITATREMIC 12 5 ATREVEDS B
5. ZDD, o BPELETHRE D 1IEIIHAETE I 2IREL, ROWMHSEEZ MR 5.

jnax  Pog (2) = €a,, (4.6)

ZZT ey WNERIEDEHE T 5.

AREETIX, MIERORERZDEREICITHHL TOWRWEREL, ROREERE L

RE 3. SMYER v OFAERZNCEET % 701653 p, (1) THZ S5 TWVWS.

NTHERDOFAERZNEE T 2 0 MICEED N T, DD S 2ROV HRITH T 2 HaE Ko
{LHEZ XD & 5128 LT %:

min — py(z) — Z Z Aoy, () Lo (05)) (4.7)

+ Z)\ka(xk,uk)
s.t. Eq.(2.2), (4.6), pu(z) > €g. (4.8)

TZT N, (1) > 0 3FAECBIT 200 p,, (1) ICIKTFLAEAL TS, L:R - RIERAT—
PaAXMTHY, HFEMEEE T2 (Bl: L(x) =2/(1 +exp(—x)) — 1).

RE 2 &0, RF—=Ya XM L Z2ECHE 2L, v PRELGEINEREL72 5. B
B Ap,, V&, po, (1) BREREE L 2RI TIEIRERMCHET 2 2L T, ZOKLTD v; D
FAIH L TREREAE DTS, TOMRE LT, Fud ki@ (4.8) ORI, 531 p,,(t) I
o Tl U 27 TANER v, IS T 2EBOF V) A2 FRULPEIERIND.
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FoNTMBPER DS >V A 2E B TE AN, vl U WICBIN 2 S HESRICE T 26
B Giy(a = V) DEOATH D, ZRZNDIMIFERDIEAITH LT Z D7z S
NERERDH2TDTHL. 20D, BRTIE X > THFEROFELICHE S 2 D >
FUFHRLUTHE U 2l 5anNX s B2 ER T2 BN TE 3.

4.5 FEXRER

COETIX, 2 O00KBMEEBRICIREFELHEHAT 2. £3, 1 UTOEBR X R 7 ICHREFIE
PEHT 5. R, KO BEMRRRAITHE 200D FIFTEX A7 ICIREFEREAT 5. &
B, BEFEO T ER2HICHE L TEREZ RN 3.

AETOLETOHEIL, 3.6GHz Intel Core 19 THEIT L 7=, 2 TOREILIIEIZ MATLAB
T CasADi [42) 12X o THEEL, YL NX— LT Ipopt [45] ZHWz.

4.5.1 1RTTDBEIBERXRY

IR AT LDEBER AT & L TRDMEEZEZ 5 “LWOohraRy MIIT—LxT) 7
FREL, 2oWICuRy PASEBT Y 7ITIHET E 2 DEFFAES apermitt PREELRD
FEDIEDATH 2" (Fig.4.1).

ZDEZ LT D Event-based STL iy L CTERT 5

‘I’pas = F[O,T](%xist)
A G(apermit,t = (G[O,t)_‘SOcross A G[t+T’,T]_‘SocrOSS))7
Z 2T Qexists Peross EATE “BAR Yy 32— )LHEEICW S 7 “B Ry N ASEEFERIC WS
ZARLTWS. MAT, apemit ¢ [3R% ¢ TORR Y FOERET Y 7 TOFERFFAIS 25
HRELT2. 0Ry bOXAFIZRAL LTIRTD2ERBDBREEZL, VAT LDIREL L
THIEB z, € [-2.5,2.5) CR L&EE z, € [-4,4] C R, HlHIA S & UTNEE v e [-1,1] CR
£95.
BWMEICH L TROOANZ b R RBEREEET 5

Pooyigt (X) =min(z, — 2, —x, +2.5,2, + 0.1, =z, +0.1),
Pecross(X) =min(z, — 1, —z, + 2),

po‘permit,t <X”) :xapermit (t)’

%7, nRy FOYMIREY LT [1),2,] = [0,0], @REICHEN2FRGIKE T =4, T' =
2, BTHIZIT S AT v 7H%E N = 40 £ §5%. R7—YaRL% L(xapermit) = 2/(1 +
) =1,k =30 & L, HIYREEIXRA & 5 %:

~Ppas (z) - Z )\p"‘permit (j)L<xo‘permit’j) + Z Auu?a (4.9)
j j

exp(— Kon‘permit
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TZTAN=106 3%,
KD 3ODT — 23 LT, WoEkE{bZ21T - 7=

D) apermit PRTHEIR T v F2ET—HRICHET 5,
II) Qpermit DEHEIR 7 v ORI T—RRICHERET 3,
M) apermit 23aTEIZ T v FRAFTHRICHELET 5.

r— 2 1) T3, Apapermit(j) =107 (j =0,...,N) & L, BuEHEIc X > THRLNLH
B Figd.2 123, EEOBHRIE Topermit DHEZRLTED, B LICHRAELTVWS
Qpermit V& Upas 272 LTV b2, 77— 1) TR, Ao it ) = 107 (5 =
0 IN/2)) Ao () =0( = IN/2] 41 N) 2 L WUERHEIIC & o TR S 7l
E% Fig.4.3 117 . Topermit DB, 7 —R 1) OHEZ R AFETTICS 7 P L k5%
BB IZ 2> TW5. 7 — 2 ) T3, /\papermit(j) =107 (j=0,...,|N/2)), Apapemﬁt (j) =
0(j=|N/2] +1,...,N) & L, $UREbIic X > THLNEHER Figdd 1IIRT. 7 —2R
II) [AIBRLZ, Toermit DYLIEIZ T — R 1) OEZ R TR GICS 7 b L, ikl T 0%
WKWEoTU DI SNZ XS RHGEICKR>TWS.

INSDRERD S, THZND T — R LT, 55 NTHEBEBD apermit,, DFEES
F VAT UTEE Upas 272 LTWD ZEDDRS. 2D, apermit, DFEERZIHA
D RIGETSH, ERINZPEIZZ L DO F UV AH BV TE X b m@Ez3 2 e
Ohb. TOBERBICBNTIEX, Zhzhonsr — 22 LT, #uE LIl mE U &2
723 & 975 apeymit DIEERZNIFIE L Rd o 7.

Z ORIEFEER T, ol L% < BRI o R 2 M L3 2 - DIcwiHfg 2 ZH % L
BOOEMEEEZITo 7. ZOHBETDH, BRI 3 EIANORELFEOFAE TP L, G5t
DFFREIRRNE 5 HLIAICINE o TWn 5.

b ross
= A— —

ao
1 2 2.5

Fig. 4.1: The case of the passage task for the 1-dimensional robot
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B 4 T D RAMYERICEE T % anE A O BB R E L

0.5 1 15 2 2.5 3 3.5 4
Time (t)

Fig. 4.2: The trajectories of the passage task in case I).

0.5 1 1.5 2 25 3 3.5 4
Time (t)

Fig. 4.3: The trajectories of the passage task in case II).
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0.5 1 15 2 2.5 3 3.5
Time (t)

Fig. 4.4: The trajectories of the passage task in case III).
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4.5.2 2XTDFITFREXRD

Q2RIED PITFHEXR 7 2 LTRDOEEZEZ 5: “LWoi, aRy MIY v 7 mEBucEE
L, »2o8RKRy MIBET— T NLVDRICEINT 26T —TINAANFZET S Zoam@EZLTO
Event-based STL fifE Y L TERT 5:

Vsry :F[O,T}(SOSink)
ANG(acall,, + = (Flee1)Ptable,)) (4.10)
AN G(cally s = (FlerPtables )

Z 2T, ¢Sinks Prable; (0 = 1,2) Ff “0Ry b3S Y ZHBUCHEIET 2, “arRy b2
T i BEICEFES 57 ZBRLTWD. $7, acan, (1 = A, B) BRI ¢ T “mRy bAH
TN i KFHENTWE” ZEZRINERE TS, aRy POXAF I 7 RIF 25T
D2EMBAERE L, YA T LADREIE Ry FOAE x, = [2,,,2,,]" €[0,3] x [0,3] C R?,
HE x, = [T4,,20,]" € [-0.5,0.5] x [-0.5,0.5] C R? & L, HIBEASNINEE u = [u,,u,]" €
1,1 x[-1,1]]CR2 & F 3.

FRENOGEICHR LT, ROONR b 2 AR ERT 5

Pogyy (0 = min(z, — 2, =z, +2.5,x,, — 2, —z,, + 2.5, —[jx||> + 0.1%),
Pegapie, (X) = min(zp, — 1, =z, + 15,2y, —2p, + 0.5, —[|x[[* +0.3%),
Petable, (X) = min(zy, — 0.5, =y, + 1,2y, = L5, =1, + 2, —||x,|[* +0.3%),
Pacarl, . (X) = Tagy (1)

Pocall t(x) = Tocan, ().

T/, vk y FOFHPIKEE [xT,vT] =[0,0,0,0], mEICEENZREGEIKNE T =30, T =
45, GHEZEITS ATy T8E N = 100 &5 2. AT—=YIARAM%E Lz, ;) = 2/(1 +
exp(—KrZa,,y ) =1 (i=AB), k=30 &L, HAVEEE I XA & 5 5:

—Pusry — ZZ pacau Lo,y 4) ZA [luyl%, (4.11)
ZZTAN=10°0233.
RD2DOD — A LT, BubRE(LZIT o720 acan, SFEIREICFAEL,
1) ean, EITEIRHEIHARIRTEIC —BRICFAET B,
i) ocan, EITEIRTEIHARI LI —RRICHEAET 5.
HAh% )\ (j) =107t x 5exp(—j) (j =0,...,N) ERET 5.

Pocall,
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r—2 i) T, /\pacauB(j) = 107! (j = 0,...,[N/2)), /\pacauB(j) =0(j = |[N/2] +
1,...,N) e L, EmEtic k> TR o z#E % Figd.5, 4.6 IZRT. B Ry MA@ %
ERL, T—TNWV A T—T) B, Y IHEBOIEETEELTWS Z e bhrs.

7 — A i) T, ApacauB (j) = 107 (j = 0,...,[N/2]), ApacauB (J) =00 = [N/2] +
1,...,N) e U, W@t X o THRELNIHLEZ Fig. 4.5, 4.7 1T, 7 —X ii) DGHE
THrARy MIMmEEZERLTED, fTHe LTWET7 -7V A, > > 7, 7—7)V BFEEBOD
JEETENZEL TWA I e2brs. MAT, BoNLHIEDR S, acy,, & dcan,, PFEEITH
THEMDYF Y BT Uy 2 SHUEB R LN Z EBDH 5.

REFEOANEZ R T 272012, HANER Ocall 4 ¢ & callp t ORAERAE LT, D5
[E7E U 72— DR % E LHERE(LE2 1T - 7B o 80l & DR E1T - 7. RGE
U7 RAERANZ, acan, , 13t =0, agan,  EF 7 —ATHRAEL 5 5 XHE OO &
L7-.

HEDT=DIZ, acar, ¢ & Ccan, s PFEES F VU I 2 ZREND N> TERL, B> 5V
AN B THEED T U gy 27z 3 0FHE L7z, 2Rl Pacay, (t) ~ exp(—1/0.3t),
r—2 1) Tl Pocall, (t) ~ 1, (t € [0,T/2)), Pogal, (t) ~ 0, (t € (T/2,T)), 7 —RA ii) Ti&
Pogal, (t) ~ 0, (t €[0,7/2)), Pocall, (t) ~ 1, (t € [T/2,T]) ¥ L7=. 10000 @D F V4%
R LM Z2 1T - 724558, MEE2T e TERLSF ) ADEE% Table 4.1 1R, i
R0, F =2 i) TBWTIREFEZ Lo TmEZA T IO TE2RES TV A HMEM
LTW3 ZEDHERTZ 3.

Case i) ii)
fixed occurrence time | 76.21% | 65.94%
proposed method 76.21% | 86.33%

Table 4.1: Comparison of trajectories of the proposed method and the optimization with

fixed occurrence time

UL, ZOBERGCREUE LICEHNTaE U 27T acn,, (0 = A, B) OFEERZ]
PIFETS. 2D 2IZOWTIE, RO/NEINC THmzITS.

Z ORESEER T, Fol{bRE % < BRSO REM 2 M L3 2 7- DI E ZH % L
R SEBEETEZT- 7. ZOHETH, X 3 BIUNORELEEOFE TR L, &5
DFTERFENE 4 TN E > T\ 5.

4.5.3 EEFEDTIE

3
COFITIE, IRBTFETHE SN 2PN ERORELERZLNI LTtk z2RoZ L Z2x
T ZIT, Pt BBICEN B HERDFEERL D30T, G X ol il X 7%
WIRZIDFIE LR W Z e TH 5. IRRFIETIE, R L TR NLHEN DR v; DFAEIIN
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LT, fRe LTHELNLHEIZGZ b m@ il LTWa. L2L, KX THOWTWS
max BRI D 128 & 227230 AY under-approximation Tld7a W7z, EEOFREILFTEIC X -
THEOLNTRE T HEZ M X WATREED D 5. Z OREEICES L Tl under-approximation
THEIRDOPRIAMER NS Z e THIRT 2 Z 8N TE S [46]. — /4T, IBEFIETHEON
BRIV, BRI BEFEOME LTEoh2HE RicHN T mE v
i3 k5% v; ORERLIDIFET 2720 TH 5. BEFEMNTEEMEE ML VY
DO LD, FEIZRRTEORBIIRERZF2 oL VWL THEEZIONS.

3
25
i
Table B e Sink
2 “_.ﬂ" C———
:,_. ......................................... ‘_‘.ﬁ._f.“"“
15 - L
.‘."r.. .-
1 ; ‘_
05 o I_‘ﬁ
< o S = Situation i
------------------ Table A Situation ii
i
0 0.5 1 1.5 2 25 3

Fig. 4.5: The trajectories of the service task in 2-dimensional space for each cases. Green:
case 1). Orange: case ii).
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0 5 10 15 20 25 30
Time (%)

Fig. 4.6: The trajectories of the service task in case i). We can see that the robots visited
the table A, the table B, and the Sink area in that order.

0 5 10 15 20 25 30
Time (t)

Fig. 4.7: The trajectories of the service task in case ii). We can see that the robots visited
the table A, the Sink, the table B area in that order.
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4.6 FC

RETIX, THED» AN ERERICEI T % Event-based STL fird D7z D F1 L \WIERRE et
WX AITEIETEFIEZIRRE L. £7, Event-based STL @i D728 50072 1 N2 + 4 2B
BorER L. RIS, PHERRNNESRE & Event-basd STL i D 7= OHERELT
ERIRRE L. BRI, BiEY I 21— a VICE D ARFEOENE 2 FHIEL 7=

ARETIE, NNEROREICHET 2 0MPHERNIHEONTVWEIEZRELTWS. Ly
L, EBRIIZR A7 DFATHICOHMNENT 2 e BEZONS. ZD7=8, 5140 2 BRITER
ZPRHOWTEHF TS T, Khu"X MRBGEZERL, HENR S —RITNIET 5 Z e
AEETHZ L EZIOLND.




F£58 KEHHNZDH OESEHEHEICK
g % il

5.1 EL®HIC

FAAHRIE TR INSZZ A7 BE R T 2720120, IRb Lz A7 A THEKRL -80E%R
HICHEBED S X T 4 ETHIEIZITV, BIEZFEITT 208N D 5. AT, EFEouaRy b
2T 5 ETHIEZIT OB, 2 27 ZER T 3 72 ORI A2 HIH LR8I B 5 2 Hil# 5tk %
ERT 2 REERTORDEND S,

INZ3RF 2, RETIIRMEGRZ & OMEEAZR 2 S OESRHRE L ZR T 272D 0
HIEANY 7 B2 O HIHTEZIRR T 3. 27, ABETEZ 2REHTE2#H> STL &,
ZAUTRIE T 2R A — b= b IO WTHHT 2. R, RETRE T 2 1% 3H
T3 LT, FLHIEAY 7R T 2 WL O DES L RREZE I O W TR 3.
FD, ABETHERT 24HEEOEEICOWTHAL, HREMTHNOAREELEABRL X
572D DHIHANY 7B ILR L KIS 2 RE T 5. AT, BBOMEIC X - THEITR
EMNZLT 2R 2 ER L, BiA— b~ by LORREBRICHIG T 2 mE2 ER T
37D DI EIRET 2. &L, BEoRy MIRHT23EES I 21 —2 a2 T, %
FEOEMEERT.

5.2 %A
5.2.1 XNRIXATL
ARETIE, LTOANT 74 VS RAT L ENRE T 5.
X = f(x) + g(x)u, (5.1)

2T f(x): R™ — R™ g(x) : R — R [ ZFFTY 7oy Vil e §5.

5.2.2 BEA—rT b~

STL FmHs (2.4) CRtid N2 ZmEICN LT, IS LzREA -~ b 2EZH2 L
HTE2 [29]. B4 — b~ EERI— b~ b DIKRTH b, FH5 e KRR O 4
2k 2IREEBIEE S DETILTH S (Figh.1).

49
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EE 3. (KA — bt~ b2 [47]) B+ — <~ b > A3 A = (Q,Qu, C, Inv, E,F,AP) i
FoTERINS. 2Z2TQEur—YaryofEs, QCQuRMinsr—>a v nES, C
3y 708G Inv: Q= = ()@7u;7ﬁ%?é%ﬁ’x)M7D/7K%?5ﬂ%
DEG ECQxQx2P xZ(C)x2¢ By YOEAE FCQ I ar—>a vy ok

T5.

A — b~ h >V DIRFE (¢,0) Zunsr—>arqeQbZ7uy Z70fH c D L TERX
ns.

T/, AETIX STL OJR FinBEmEOEBIIn Ry b AT LDREEZF (L T2,
AMFABEBIC I > THREZINDZ ERETS. ZOLE, 0Ry AT LDHENEZ S
N7z & Wl LKL ORI LTINS 2R A — b~ + > DIRENFIE L, WiHE
ST AA— b D EDRRAZFETEZENTES

= ]5‘[5,10]7r

Fig. 5.1: An example of a timed automaton for STL

5.2.3 ZbHIE/ND 7Bk
ZLHIEANY 7EBOWTERT 2R e LT, LTOMES 2 EHT 5.

Cs = {x e R™:b(x) >0}, (5.2)
0Cs = {x € R™ : b(x) = ¢}, (5.3)
Int(Cs) = {x € R™ : b(x) > 4}, (5.4)

TITo:R™ — R IO ATREZREBRIRL, 6 > 0 3SR b(x) 2 01T 53—
T2.727L=00 % CsofkbhicC eidhd 5.
R, PER 7 9 A K BEEIILTO XS5 ICERSND.
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EE 4. (JLRZ 7 2 K BAEL [48]) EHREEK ¢ : (11, 1) — (—o0, 00), I, Iy > 0 DIEEEITH
FEML C(0)=0 2T E, (IR 72 K BEICET 5.

ZZT, ANT 74T RT 4 (5.1) LT, FLHIHEANY 7E8% (ZCBF) 2T D X
INTERT 5.
E&E 5. (BLHIFE Y 7 BIEL [48]) W57 PIREZREHBLBIEL b - R™> — R I L TR (5.2)-(5.4)
TERINIEECCR™* 223, ZOLETiOAREREHME TR 22 K B ¢
PEETHEE bDIXEA D, CCDCR™ IINT % ZCBF TH %:

sup[Lsb(x) + Lyb(x)u+ ((b(x))] > 0,Vx € D, (5.5)

ueld

ZCBF b 352607 &, x € D TN U THRE Ueup(x) Z TRLDIRICERT 5
Usery(x) = {u € U| Lyb(x) + Lyb(x)u + ¢(b(x)) > 0}. (5.6)

L b A DITNT S ZCBF 2o, EEDV 7>y vl Rfli#ligs u : D — U, u(x) €
I/lzcbf(x) L:J: - T C 0iﬂ<§§§/ﬁ?ttié

5.2.4 Kzt

IR A U IERRIE & 2 7 2 DRl ATV ST w3 [49]. (AR Z W2 Z &
T, VAT LERORTVEICE T 2 Z e REF LWRE R 532 e T& 5. )
R 7 € T 2 XD XS ITERT %:

dt
dr
T T s(x,t,7) (FHFHEEEAE & ML, ROAFEX 27T EIRET %:

= s(x,t,7), 7(to) = 70, (5.7)

0 < s(x,t,7) < o0. (5.8)

B LW - VTS 27 4 (5.1) RO LS ICRHTE 3.

dx

7 = s, 1,7) (f(x(8) + g(x()u(?)). (5.9)

5.3 RA8KE%Z AL c -FbmliE/N 7R (e-ZCBFs)

Fig. 5.2 WAEORREFEOME LR T. IEFEIISE R [50] OFIEITIE L ko
% L TWa. BE [50] £ DK ERBEWV, GIESRORGTETH 2. REHRE O
STL fd%ZEM T 572D CBF OFFHFRIIM L RFEIMERINTWS [50,51]. &%
SCHR [51] Tld, CBF 2l Z5 5 3288 L TERT % Z & T, mdOFFORERHHlHIC
XIS LTWS. ZECHR [50] TlX, CBF 2KZ518 e 758 LTER L LT, AR
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STL Task Timed Automaton
[ FI]_q)l/\G’Iz(I)Z/\...] “/. '\.
STL for Control

System
Proposed Controller ¢
[e-ZCBF + virtual time] ;_L_.-»: b

Fig. 5.2: Overview of proposed method in Chapter 5. First, we consider a timed automaton
of given STL task. We assume that we can obtain an accepting run (green run) of the timed
automaton. We convert the accepting run to a new STL specification (blue underline) which
has STL propositions (pink underline) corresponding to each transition between locations of
the accepting run (orange enclosed parts). Then, we set e-ZCBF's and the virtual time from
the new STL specification. The proposed controller controls a system and finally achieve
given STL task.

R EE AR HEZ: CBF Z W THIHIZ T -T2, — 5T, AETIE, BT 3 X 5 ICHAZE
RBEBTH B - ZCBF ZEFEL, HlfHZ1T5 Z & T DFF DRGNS LT 3. F7,
CBF 2#&GT T 2BOu AR b 32 A Bz ->TED, ZF K [50,51] TIREBICET %
2 ODMEIZEET 3 softmin FHWZRBEBICE S WTHEI L TWBOX LT, AEDOFETIX
FamEIZN LT CBF Z&&aEt3 5 28T, %3 2 X 5 WREREZEAL, ROHEKD Y X
IR TE 3. 2070, REDOFIETIEISE I IZRL D, il RHEEREERT 3
WD K AT, IRAERF R 2B A U 7= Hlds 238Gt T & 5.

RBETFETE, 3520602 STLIHNT KA — b~ b 2E X 2. KETIE, K
F— b P L TREEINZE S0, BFOFRICL > TRONS LIRET S [13,52].
BoNZHINE R LT, X LEOKHA -t~ o sr— a VEOERSEM
ZENENFLL STLZHWTEHAR T 5. FEEDOS X7 4 ETH U AR L STL %z
ERT 3 & ICHIE R T, Fnr—2 a VEOBBEERT S Z L TARD X R 7 #iEK
FTEHEIEYMTES,

ARETE, BEFEORBERICIOWTHHT S, £3 ZCOBF 2EFE L, ZCBF W/
HilfEdR 2y, ARFFETIREBZ HWOESITERIE 2 Z e 2T, K, KK ZEN$ 5
72 DRFREEIZA U O WTHH T 5. 18R T 2 REEZ T & - T, BB OME » Rk TE
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L CHEENZL S 2 NEREZ EFRET 5. 20Dk, e ZCBF bR 2 A S DY, IRAEE
W T eZCBF %W HlHERA, 58 SN -REH 2570 20 HIRERZ HINO A ZES
WERXE S ZE2RT. RRIC, IREHE%E STL Ttk X Nz 2 X 7 A § 3 k%R
3. 2O, RABKRH LT -ZCBF ZHWAHI#EZIRZHEET 2212k D, ERTHIRED
r—a YEOBBICET A2HNERBRT 2 2T, HICZeHIcHE T amErEzso e
RN

5.3.1 ZbHIE/N1) 77 BEEL

IRBEESICHET B3R R BE R0, FDXR A7 RN D 275513, IREZ AR
REEIPNC HIDOARZE S IR X 20BN D 5. REEHFID D 2FE X 2 7 2ER T 57
HDHHITFIEE LT ZCBF 21883 5. ZCBF ZXD XS ITEERT 5.

EE 6. (e-FLHIEANY 7EE) B> 27 2 (5.1) 3K (5.2)-(5.4) TEFKE XN 2 M ATkE
IR L X - RICAHATZ2HEAECCR™ 252 5. dLEK ¢, o PEEL, LTOR
FEWMZT RO IIEA D,CCDCR™ T3 ZCBF Th 5:

sup[Lsb(x(t)) + Lyb(x(t))u + o0.(b(x(t)) —€)] > 0, (5.10)
ucel
MZ T, BH e, oo \IRDKM %I
bnaz > € >0, 0. >0, (5.11)

Z 2T bpar = maxyey b(x).

e-ZCBF b 352 oz & &, KEE x 10 L TARE (5.10) 27T ANOEAE U.(x) =
{fucU|Lb(x)+ Lyb(x)u+ g (b(x) —€) >0} ¥F 3. XROMEICT U DHEEEBRNS.

WHRE 1. B 27 4 (5.1) &K (5.2)-(5.4) TERS N DM ATREIZEHEAE b : X — RIC
BT2HACCR> 2E2%. L DPEEG DDOCIIMNT S ZCBF o, £FEDOV 7
>y W HEHRHIEL u: D — U, u(x) € U(x) I FHIRFRE 0 < T* < oo TIREBERES CI1TE
BXE5: x(T) eC.

v E, FHERE T 1, B LY AT LOYHHRIED x(0) € D\C % 51F, T* = L In(=2xOx)
TH5. x(0)€eCRBET =0THb. B, YRATLDIRAEIX, RTORZI t > T* T
C \ZF#IET 5.

Proof. FEF& 6 0>5, Vx € D\Int(C),b(x) <0 THD b(x)—e <0 &7R%. DD, U. DIE
FEDH Vx € D\Int(C),Vt € Ry, %(b(x(t)) —€) > —o.(b(x(t)) —€) > 0 BEDILD. ZDL
= VX LT,
td
b(x(t)) — e = b(x(0)) — e + /0 E(b(X(T» —e)dr
> e (b(x(0)) ),
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Rz g, 602, Bl T = Lin(=220E) © b(x(T7) > e 2T (b(x(0)) — €) + € = 0
20, Vx € 0C,b(x) > 0 B DD, MAT, MEQOEED S, BE C BFELELE L
% [53] [54]. 0

FIED 2 2 7 i, BERME T 13RS EE LTHINCGZA 6N TWS. 2078, Kt
FRZ 72T XD ICE K €, 0. ZUT DX ITRET 5.

A 2. 74— PNy ZHIHIZE u(x) € U(x) LEERE T, € R, EF& 6 TERINL
ANDEES U(x) #FEZS. BL b D ZCBF TEH ¢, 0o PROFRER (5.12) &l
T &, HIEE ux) 3REEK (5.2)-(5.4) TERS NIz b I T 28E Cs ICHRKERH T,
0<T*<Te <ooTERBIES: x(T*) €C;. I, YRATLDIREBIZLTORZ t > T
T Cs WFET 5.

e 2T (b(xg) —€) +€>6,e>0. (5.12)

Proof. €, o. BFER (5.12) Ziii/z 3 & &, i 1 DFEHD S, b(x(T)) > e L (b(x0) —€)+€ >
§ DI T THOL. ZD728, x(T*) € 9Cs itz § T* < Te BFIEL, ¥ AT L DIRER
T* TC BB INS. MAT,Vx e dCs,b(x)>005, i 1 LFEICES C IFEES
LIR5.

U

5.3.2 BEHEICED K BEEHLHE

R LR % iR < B, BROTINSHEITFET 2 X, BOERT 25605 5. b LlH
AN EHE T 27D DR LREDO AN SN WS, AT L %2HIHl$ 2 Z & A AAEE
W22 5. Z D7z, W2 K CRAERFE 2B A L, AJNCEE 3 2§l %2 REREHIRT O 8 s h
SREMIT 2 Z L THREDOHERD Y 27 2T 2. & 2T, flfHgIEA T 2 RAERR O E
FEZORMEITOWTIRRS . BIEL p 1T U CTRAERE 2R D £ 5 IS8R T 5.

E& 7. (BABUEICED RARRR) B0 rIREZ 8 i BI L p - X — R L ELERME T, 2 & 2 5.
Vt € [to, Te), 0o > p(x(t)) > 0 ZIRET 2. ZDE X, p(x) BT 2ERR 7 2T D X
SIERT 5:

% =s(x,t,7) := s51(x) - s2(t, 7), (5.13)
T(to) — th (514)

1
$1(x) = max (— In (Bp(x)) ,O) +1, (5.15)
so(t,7) = %, ty <t <Tp (5.16)

T 2T, AR & KRS 2 BB D 2 85 X — & — A, > 0 3ARARIRF R O LTI BY
DEINRNTA—R—LT 5.
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IR ¢ WS 5 AR - DIEATIRIEI §F = [ TERSNS. dL s(x,t,7) > 17
DIX, 71t KDELHEEA, 1> s(x,t,7) > 051, T&itck’) HHED. LU s(x,t,7)=1
6, T E t IR UEETHED.

{RAEIRE ~ DIFEIME 2 DD ER TR I N TV 5 : HlfIZ IR 218 51 (x) &R Z Fak
DS B s(t,7) THD. bL x & {x|p(x) < 8} HHIE, s1(x) =1 2D s(x,t,7) = sa(t, 7).
HL x € {xX|p(x) < B} BB, s1(x) > 1 THY, MAT s3(t,7) > 1/s1(x) % HIE,
s(x,t,7) > 1 THY, 713t KDEIED. MAT, 723t 1L TENBIZY, sot, 7) 13D
ERB. ZDEE s(x,t,7) <1 THIUX, 7 1F ¢t X H#ELHED.

IRAERERE 712D WT, ROFHEN AL T 5.

1R 3. MR t BXOER 7 TERINAERRE 7, R X =& — A, > 0 & FERH
Te >0 %2E2%. ZOvE FEOFEK o, To + A > o, > 0 1R LT, HBA T,
Te > Te DEAEL, B Tp T 7(Tp) > Te + A, — 0, DSHALT 5.

Proof. ¥7F, H#FEﬁB:Fﬁt € [to,Te) CT7 < Te + A7 Ziili/c T T R s. BBOTEHEIC KD 7

DM G = somimrs Z7() =70 <Te+A, DD ETTIZOVWTRE, t OBIL L
TRAERFS.
t _1 .
7(t) =Tc+ A, — Crexp (/to o) (Te = t’)dt ) (5.17)
=Te+ A, — C10(t), (5.18)

TIZTO, =T+ A, — 1 3HEDER, @()—exp(ftos(xt,—lt,)dt’> 35 DL E,
T(t*) > Te + AT DD t* < Tp Zii/zd t* DEFET I EWRET 5. 2D =, LT OREFRD
IDAIRYASE

—C10(t%) > 0. (5.19)

L2L, —Cy <022 0(t) >02MEED t € [ty, Te) TRY LD, —C10(t) < 0 DIHIL
T3, Lo THEBEIEIZED, 7(t) <Te + AT D3t € [tg, Te) THAL.

R, REIXRE ¢ € [to, Tp), Te < Te 2B 7 OMEREZS. 22T, 7=7—Tpo — AT
RERT D, TR ¢ € [to, Te) TY 7Yy Vg TH 270, t € [ty, Tc] T 7 DIFD
FHET L. ZDD, ¢ e to,T] T 7 @ﬁﬁézﬁﬁfb 7 < 0B ILD. AT, [to, Te] TDZ R

TA@@'LL%J(]LTZD PNETO)] (t) DF/MHE ¢ = min, — — %%K% ERTHID, Z—I = m

dr 1
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oI, Wil A8 7 2 E 25,

dr c
—_— = - T T). 21
o oo .7 +0(t,7) (5.21)

DY E e =7—7 ORI

de, _dr _ d7
dt — dt dt
— AR - (o, 7)
e A
C
- TC . teT. (522)
£oT, e, DHIEIL,
e, = Co(Te — t)°, (5.23)
::f,ce:f( V3RS . & 512, ¢ OBLER,
|
P = (T —t)° | | ———0(',7)dt' + Cy ) , 5.24
10 = (1=t ([ Gttt Mt +.a) (5.21)
2T, 0y = T t) FREDER t € [tg, Te] TT <0, 725 >0HhD 1> oy 2 ¢ DI

DT, TT’ET—J“Z)

<—Tcl—t (1—0)7") > 0(t,7) > <_Tcl—t (C_Cﬁ)
<_ ST ) =0T =0 (5.25)

Te —t
R (5.24) L AERK (5.25) 205, ROFEREES:

() = (Te — 1) ( /t: ﬁ@(t’,f) + 02)

t 1
> _ C . !
> (Tp — 1) (/t O +02)

= Oy(Te — 1)°. (5.26)

DY E tE [ty,Te] T(t) > Co(Tp — t)° ﬁiﬂibjo X (5.23) 226, t € [ty,Te) TO >
7(t) > (Co + Co)(Te — 1)° 5D Co + Cp = S AURIL. £ T, £TD 0, ITHLT,

% TC ﬁ)ﬁﬁbf, (Ce—f—CQ)(T—Tc)C > —0, 7530 Te+ A, >0, >0, T > Tc iz s
WoT, BTD o, Te+ A, >0, >0 1XHLT, HEIEL Tp < Te BFEL, t = Tp @t%,

T(t) > Te+ A, — 0, Z2i7d O
EFT CME 3 D5, t € [ty, Te) T s(x,t,7) W& (5.8) 2z
52T, ROMEERS.

T ZOfEOM R E X
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fHE 4. FFfE ¢, B EFE 7 CTERBSINARERME « EERM T >0 %2FZ25. 20
& %, %5[3#2” t<ie TrT="1¢ DAL T 5.

Proof. i 3 Jib,t:TC<TC0)Z%,T(t) >Te+ A, —o, > T 273 o, & Te D3E
T2 208D, 0, =N, DX t =T, <T.Tr1>1T. Ziil=3. AT, EF>5 LD,
T ORI DMEIHICEDETH 2. LhoT, 7(t) =T DL E, t < Tp < Tp %l
ER O

5.3.3 «ZCBF ANDO{RIERRDER

Z 2T, B L7z e-ZCBF (RAER 2B AT 5. 18823 2 1RAERHE _ETD ZCBF il
HZERL, WS ODDFEHZBRNRS.

EIE 2. (-ZCBF Y IFRHHZEH) e ZCBF b: X = R 2 E# 0. ¥ ¢, 6, EER 7 TERI NI
p(z) B X OENZRR T 120 U TER S NWARABR R 7 2% 2 5. RAEK r LT D -ZCBF
FRIELL T O X 5 ICERT %:

suIU)[s(x, t,7) (Lsb(x) + Lyb(x)u) + 0.(b(x) —€)] > 0. (5.27)
uc

AT, eZCBF LRI 5. 2 oz b & ANEK (5.27) Zitilz T ANOEEZ U, (x,t)
={u e U|s(x,t,7)(Lsb(x) + Lyb(x)u) + g (b(x) —€) > 0} T 5. 74— F Ny Ziil{flds
ux,t) eU._, #EZ2%. ZOr =, Hlflg ux, t) 13> 27 2 DIREETTOR M ¢ L THIR
Rif 0 < T < Tp THRE C; BB XE2: x(t) € G5 (t =T3). MAT, ¥R 7 2DIREIEE
TORAT: <t <T TC; ITHFE 3.

Proof. fifif 256, HilfHl#s u(x, t) 13> X7 2 OIREEZ Fefdfh - L CHRKRRE T, UNICEE
C; IZERBIES: x(1) € Cs(t=T¢). DD, il 4056, x(1) € Cs5 (1 =Tp) DL X,
x(t) € Cs W7z THA t = Tp < T, 7(t) = Te BEETS. MAT, #2056, X7 4
DIRBIFERDOIFL Te <7 <Te+ A, BRUETE <t < T ZBWTC; ICHE 3. O

AR 1 RET BHIEERZ, p(x) DIEIIE U T ZCBF #ilf) 2 M3 5; p(x) DA 5 & D
INEWIGE, T OFEDNEL D iR (5.27) RIS, L, t BRE T 1RO &,
So(t, ) DRELRD, 7 OHEDPHL 2B, ZAUTED, 73 ITBVOL 728, BRI T;
DS AT L2586 C ITBRIE 5.

EE 2. RAERERNERERE X [to, Te) TEFRINTWB 720, EH 2 ORlHITRD [t, Te) TER
INB. Lo T, Kl T OLEFOfIENIX, flffgR 2 ZE 12 XBIET 20ENH 5. ¥
AT L% Cs W E % X 512 e ZCBF & AW #ilflds 2 AWl 3 23548, I T; T4
R DHE % s(x,t,7) = 1ICEEST 2 Z e TEHETZX 3.
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£
5.3.4 STL SpEANDREFZEDEHA

REBFERZ STL Tabh XN X R 2WEHT 5. £3, 526072 STL i iaxt)ss 2
Rl A — b~ D ISR INEZADIR S F N2 RD STL il K > TRFT 5.

/\ F[ti7ti+1]Gwi A G[ti,ti+1]¢i7 (528)

ZZTt < tiyr, & & 0 WSPRIAERAFZEZ LR W STL @ 35, Zoamdld [50] THW
LR TV AL AROIERZ LTw5a. EXHE [t tia] S 2 Zh2h o Bl d R
F—txbtronr—ya YEOBRIZHIGL TW5. [50] THWHATW S fE L DEL
X, RETHW 2 mEIZRR A — b~ b D OERINT VWS 720, ZandEORRHEIERZRICHE
TR XD EHEINICIRE T 25 TH 5. T, ¢ FREMWICHED a0, o \TERT 2
NERT—>a VHOBBICHELZMEEEZ DN TES. 22T, ROMEEE X 5:

IRE 1. SRR [t ti] T, AT 4 (5.1) D (5.28) i3 & 5 WHlE$ 3.

MZ T, KETIE ¢; 1ITBFT 2HIFNE o HlR X D EHR L THICHEINIXRETHD L
RET 5.
M 125, Tacd CBF#iliyEE 2 %:

o ; I 5 % e ZCBF fill#Y,
e ¢ \TFF % CBF #il#y.

RE(CENFEITRATREICR 2 ) A7 2RI S 5 72912, 205 D CBF #il#y % AR
THIET 5. CBF iz SHIEA N 25t HE 3 2 20 OFaE LI Tt ofkiER b
Nn5:

min |[u|? (5.29)
s.t.
$i(%, 8, 7)) (Lypy, (X) + Lgpy, (x)0) + 0c, (py, (x) — &)
>0, (5.30)
$i(%, 8, 7i) (Lypo, (X) + Lgpg,(x)0) + 04,04, (%) 2 0, (5.31)

ZZT, 04, > 0 I FER

(L) = t;, si(x,t, 7)) = sa(X) - sia(t, 71), (5.32)
si1(X) = max (— In (%pqs(x)) ,0) +1, (5.33)
sinlt,7) = — L ! (5.34)

tip1 — T + Ay
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RAERNC K o T py, DIED B L D/INE KT8 B L s(x,t,7) BRE LR D, ZCBF fll#IEI
DBWEPHEMEINDE. ZHUE, DL ¢ BT 2HIHIIERINZ DR D L, ¢ BT 2
HIFIDFERZNE T ZERLTW5. py, BT 2 CBF {22 5, Vt € [t;, tiy1], po;(x) >0
DIREEE AL, ZHUT KD Vit € [t ti41], 8(x) < 0o DI D ILD.

W DT E A, Rt D3 b0 1TTR o 7o & & ROKFEIX D CBF il %2 H W=l 2 12 U]
DEZD. ZNEZRXRNTEDRL, RiiA—r~brour— a VREOEBRENEMR SN
% . ZHUREEAN DB IER I N, TTDO R AT DHER IS Z 2T, M 1 kX 3.

5.4 FUEZRER

CITR BEFEETE ST 4 770 —Xay ba—uiZxts % 1 >R EEZ o
R AT 5. RKETIX, £ TORHEIX, 3.6GHz Intel Coreid THEITL /2. MAT, &T
DB CRIEIZ MATLAB I X o TEEEIN, ¥ I 2 L — 3 Y& Simulink [55] TEITL .

GOAL

XG *

- L

- Ll Lt

b

Fig. 5.3: Model of an adaptive cruise control

5.4.1 [ERTE

LRICDT X T T 4 T N—Rayra—L%z2EZ 5 (Fig. 5.3). MR FTEHZRAT7T6L L
T, RDEXAFIVRAREZS:

T =u, T, =v; —u, (5.35)

T T, w G ATIEEE, o 3HIES 2 HONIE, v, 1ZH1T/7 DH & DEERE, vy 13817 DHEOHE
&3 %, W7 OBEDEZIZBIAFEE LTS 5.
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R2Z7 2 LT WO, HilfHlls 2 HEIERER T £ CICEHENE v IFBEL, HICHT DEH F
TOMEEZ 05 L FITRED” twWomERZEZS. ZOMmELZUTO STL Mm@y L TEE
35

F[()’T]GQ/JA A G[07T](Z5B, (5.36)
Py =T — TG, Py = To — 0.5. (5.37)

CDRRZTE, AIEED ERIZATTOEF TOHRMOLEMFIC X - THIR X, AJIEE
D TFIRIGIEE XN FE T TICHENEICEIEST 2720 DEMFIC X > THIREN 5. 207
b, FEENCEE§ 2 HIIC & b AJDEED TR ERZEZ 2 0[6EMEL D D, Z DG, EITH]
BER AN DK T 3. BRFIRICEK D, ZOHKIEANDERT 2V R 7 B2EBT 3.

AR X 2 ATTDHEKD Y 27 DK 1R R FIE T STL R RV PERINDE Z 2 %
MRS 2728, ROKIICH LT I aL—yaryi&iTo/.

o CBF 8T X —&— o, 0, ZRIEIE B D L RAER 72 L DG E TN L TEE T %
o HIDHDENEEZZLEET %

20fHD CBF "I X —X—%2HEL, BiFDHEHD 3 DDEWERX - LTI 2l —

YavkiTol. ¥, B LIENFATAAIREIC R o 156, I a2 b= a v &EIE LT,
ZOBRICHEA L CBF 87 X =& =13, BIfEKX—2 1 TRR I ZER L, hOEHE X —
> OFHPREE CROBEILE D CBF filf 223 X217 Y X aIWER L. 2o 5
X—=&—=1%, 20) =0,2,000 =2, T=10,26=156=01, A, =01BXUp=2,L7.
Flzeld, 00, T BT SITHLT, i 2 DAER e 0T (b (2g) —€) +e=0, e > &/
FTESICHREL -,

5.4.2 HER-ER

Fig.5.4 1%, i DHED 3 DDEE X -V ZRLTS. 3 DDENWE KX -1, THIAFDH
EEIWCH L TR OBEIIRINIE L, KiZWw - < b A, RiBcH ey | TR
FOBEIIEMNZW > D L KITHE #EL) D3 K- Lk K511, ¥Ialb—
2aY LRI X =R —DHOBUIX T 2 X R DaEEIER L T28F X — R — DO %
MRLTWS, REX—2 1T, MEEERLIEANTA—X—DHOKIZ, >IalL—vav
LTI XR—RX—DHOE LR T 20 TH S, & —2 2 TlE, AR Z L CldamEz Zm
L7285 X =R —DDTIE LR o =03, IREER I Z W58, 15 o7 X —-%—-0D
MR ZZER LTz, £z, &= 3T, REKREZHWS Z & T, tidrER T 587
X =R —DHOBHBEM LTz, 2D, R LEHIHBEHCTI AT LANRRAITH S
STL fEZEM L= MR TE 2. X512, MEEENRT 237 X — X —DHDOEHR
MR ZE AT 2 Z 2 THEMLZZ 220, IREEFRFEDHIE A DHID ) 227 %KL T
W3 Z bbb, AT, eZCBFIZ T XA —&—¥r a2 b3 ZABBHHIE 2 2723 &
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I, BANZ DA ZRBBEHEHL TV O0DRI X=X =25t T 5 2 L TRBIERT
x5.

X 51T, Figh5d, R =2 3DRFD 1 DD F X — X — DI T2 m N2 b ZEE
Doy & oy DHEERLTWVS. py, EHICIETHY, py, & T = 10 DRHCIEIC R B 720,
eZCBF 232 a> bu—5 =@ ZER L TW2 I 2bhrd. K7z, —RIZ py,
DIED 5 & D /N WHARIDFE L, £ DB RAE MW®LH#E<KDWM®ﬁﬁmﬁM
R WIEE L D D EETFLTWE Zebh s, Ui L, KRN R 2 R %D 3
BIHDFEIC X 5 mnd iz X o T, RABREDITTORRITEWD X | fidZ 2 L
TW3.

w/o virtual time | w/ virtual time
Behavior 1 20/20 20/20
Behavior 2 0/20 15/20
Behavior 3 15/20 20/20

Table 5.1: Solved parameters ratio in the simulations

== Behavior 1
——Behavior 2
Behavior 3

--=X

G

Time Et)

Fig. 5.4: Three behaviors of car in front: 1) fast, 2) slow at first, and 3) fast at first and last.
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°l / —p,, W/o virtual time ]
)

S— w/o virtual time
p, W/ virtual time

— w/ virtual time

Time (1)

Fig. 5.5: The Trajectories of robustness functions of ¢4 and ¢p with and without virtual
time in behavior 3. We can see that 14 is a positive value at time 7" and ¢p is always

positive.

55 FL&

ARETIZ, FEHEIRZ S OMEERZE 2 & STL % EZR T 2 72D OHlHFiE LR
L7z, ¥7, 5 XN RGN Z 5T D 223 5 R E 2 HIWOERASICEEZ B 572912 «ZCBF
REF LTz R, T ASIDERT 2V R 7 28T 5 7=, HlRISM 2R3 5 (RAERH
REA L. 20K, RRIC, BEIa Ry MINT MBS I 21— a 2T, fEFED
BaMEE R LT

AEOBIEEBTIE, RA LICHEET 2 — a VEDOBBR 1 ODXZA 7 20Re L
TW5. 207, BROur— a YEOBEND 5 STL i TRHEINIX A7 TOH
SIEMERE S B OBEEEZ NS,



F6E FEFHEMRIEICN T SEREIE
TVIT1TDOBES

6.1 [FL®IC

RAY ZIENT B 7=DIE DS AT LDPMTENT 208, @ERCICE > TEBHEVWDIRER
HETZ2ZDRTERWVWEERH . FHIZ, v Ry bW AR L FERHCITEIS 2581201, 1
Ry FOBABOITEIZHEEL, A Lo TMTH A LHT 20BN D 5.

INEREZ, AETIREXRATZERT 27-0DEBD S AT LADITHINE X 502K,
o> 27 L DTN EDLETHEDITHZBIET 37-00FEE2EET 2. WHHHE TR
HEXNERRA7BERT 27-0DEBDS AT LT 2227 OB FEICEL Tk 4
72T [56,57) PIRBEINTED, RETIX, XR 7 DELDHIEICOWTIEBIHFOFEE A
TELNIVIESBNTERIN TV EIRET 3.

DT, $3REFETHOVAHERNENET Y 2 7 4 ZI2OWTEHHT 5. RIS, B
NT-FERNENETY 274 72V, o> X7 A DIREEDE L TV B HEREIES Y 3
TATHINRY T 4NV ERCTHEES 2 FIELRET 5. 20K, #E I N ERNH)
E7V) I 74 7%, BEHOWRNEES ) I 74 72 EHTEHZ T, O X7 24D
THZER L TEZoNmEEZNRT 2HELENT 2 HERIRE T 5. &R, BEn
Ay MIHTAHIEY I 21— 3 YI2T, IBEFEOENEZ =T,

6.2 MHEERMNEFETVIToT

FERIENE Y X7 4 7 (ProMP) 30Ky M 27 AOHE L TOMRDMEZRET 5
FIETH S [58,59]. ProMP ZHWT, 0y T A7 ADHIE x(t) 1ZLATD X 5ITRHT
=5 [59):

x(t) = ®(H)W + ny, (6.1)

T IT, ® e R (ZRIRBI TR S NATH, w = [wf, ..., w, ] € R™"™ w; € R"™

’ Nx

KRBT 2EANY FL, nyg ~ N (0, Ex) W FRBICBEHT 2 /74 X855, @ 3L

63
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DHRDIRICEFRE XN
Q1(t) -+ Oixng
O T
O1><nW . Can (t)

ZIT, &(t) BRAIZG18 e § 2 A RBEBMODEETHNINLRZ PV THS. AETII,
RIRBIE e UTERARBERZHWS. AT, HAXRZ PV w, KOWTHUTZIRETS %:

p(wi’uww Ewi) = N(Mwﬂ Ewi)

Z 2T, fhw,, Bu, 1& ProMP 2RE T 2720D I X =KX —TH 5. £z, w DFMAEILLTD
EOICRHTE S

w1 Hoawy Ewl,wl thwnx

N : o : : (6.2)
Wy o Ewnx,uu anx,wnx

ProMP 13> 27 L DOWET — XD O EHEEZHWTHEE T2 2 e TE 5. AEDOKHE
FERTIX, BE SR [59] TIRESIN TV S FELZHWT ProMP Z2FE LTW5.

6.2.1 MEXRNEHET)ITo TOEE

BED ProMP 2352 6N X, ZNOZEET 2 2 2 I X o TH LWLE I 2 4K
TR TES [58). ZITWX, MED ProMP 2ELAT 2 %2E X 5. 7=, it
7% [58,60] £ E D, ProMP DEANY ML OR%EEKT % Z & TH LW ProMP % EFH
T35, FMLVHEDMORMEE LT x(t) = ®(6)w* + ny, p(w*) = [[;p"(w:),7: € [0, 1] %
RETS. ZOLE FHLOWHESHOEANY bLOS3T p(w*) ZXA 45,

W'~ N (Hw, Zw) 5 (6.3)

—1
1 1 -1
EW*:<Z f”‘) R (Z (55) ““):TW“W’ .

- 3
(2

ZIT, Tw = B (E5w) ™ B B )7, ptw = [y iy, )T
FFED v & 1 ISEWHE, ZDOMD ~; & 0 ISIEWEICT 2 2 8T, iLEa Xz ProMP 1
FPED ProMP IZEWITHIZIR 5. AT, v 2RI 5 Z & T, LA I/ ProMP %l

RICIR> T2 LI BB 2 bR[EETH 3.

6.3 \EEHNDILIVT1ILA

WERA NV~ > 7 4 V& (Uncented Kalman Filter, UKF) 13IFHHE S 2 7 4 DIRAED 731
EYUINVEERACTHEST 2 22T, BWEETOMZEMT 2FIETH % [61] [62).
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6.3. BERAHINL~<Y T 4 L&

6.3.1 7JILdUIL
UKF D73V XLIZDOWTERS [62]. RO AT L LTUTORTEREENS

BERREEIIERRIE S R T L 2B 2 5,
x(t +1) = F(x(t), n, (1))
y(t) = H(x(t), n,(1)),

T, F, H 3EBER BB n, 3Zheh x, y KT 2 /4 XTH 3

#fim
ﬁﬁ‘ﬂlbe‘\/X%A¢:5ﬁbf, BN Xpygrp € RPUKF %%KZ),
x(t —1)
XUKF(t — 1) = l’lx<t — 1) y
n,(t—1)

MAT, KL A RIS 2 H0HATHZ AWT, MBIER Xykr OH-THATHZ E

ERAY
Y O 0
Yukp= |0 X, 0
0 0 X,

7i2l, 2 A XOFEEEE e L RELTWS

SURIRA Y COER
HEATH 2 FNT, 2nue + LD S 77 RA ¥ b 2T D X S IEMT 5,
XUKF(t—l), 1 =0
Xpgp(t—1)= xurkp(t —1) + /1S, 1=1,... Nuxe
XUKF(t - 1) — /1S, = Nuke + 1,0 2ngke
ZZ T @ifT?'JS VEUKF @Zﬁ”ga)ﬁ”‘/\“y ]‘]I/'CZ@%) 357:_,:‘431 Gi)"\ﬁ"—‘) ./7)\7
X —R—TH5 [63]. DT RA Y MRIREEY A4 XIZBEHT 2ESICLLT D X 5 1275E|
j—
Xi(t—1)
XzUKF<t - 1) = X;m(t - 1)

X:, (t—1)
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UIRA Y NDEFH
IR RA Y M ENFIUCOWT, BREKE W TIREEOERH 2175
= F(XL(t—1), X} (t—1)).

%
x,t/t—1

B LR HWCHAT 27T 5:

2nyKF

a i ~i

Xy = E A x,t/t—1)
i=0

2nuKF
' —\T
Xt)7

Y = Z >‘Z ;t/t 1 _)(X;,t/t—l -

ZIZT, REA N NI TO LS ICEREIND;

K9 .
Ay = ————, i=0
Nykr + K2
Rg
1=20

N gy,
¢ Nuxr T K2 ( 3)

N, = N =

K2 .
—_— 1=1,...,2n
2(nUKF + ’i2) veE

ZT Ko, K3 Ci%}ﬁ?&/\"?x_&_faﬁé

REDHTE
PIRRA Y POEFEFRRIZ, < RA Y MRS B H, FEH e G EEE T 5,

= H( ic,t/t—thny(t - 1))’

)
t/t—1
2nyKF
nA— 7 1
Y = § A t/t—1>
=0

2nyKF

Z;z = Z )‘Z( i/t_l - }A’t_)(Yi/t—l - )A’t_)T7
2nyukr ‘ .
Y,y = Z )‘Zc(X;,t/t—l - X;)(Yi/t—1 - S’t_)T
i=0
ZDrE AT A VIIRATEEEINDS;
Kt = th,)'t (Z;t)_l'
F 7z, HEMEE BTN XA TEHREZ NS,

)A((t) =x; + Kt( i/t_l - S’t_)u

Sy, = Sy, — K3, K/
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6.4 BABHMICEDCHERNIHET)I T+ TOHE

BEDOY 2T ATHET 3, o> 27 L0782 EE L TITEREZIT O DERD 5.
ZDVD, AT LHBEEL TVWBITEION, EDITEIZ1T > T\ % D22 BHlEHRD & #E
ET 5. 2T, AT LDITENCET 23 ProMP 2352 60 TW\W2 2 RE L, BlllERZ
HWTHLY 7 4 VRIZK > THREDITEHDEL TWD ProMP % ZERINHEE T 25 Fik
PRET 5.

6.4.1 EEIN-HERMNENET) I T TICHITIEFTEADILI T ILA

INTY T 4 NRERERT 2% E LT, #E T2 ProMP OBELAICEET 289 X —&—
v = I,y v €10,1], (i =1,...,M) ¥ ProMP TR X N/-#E5 1 _ETORXI
7> 0 OHEEMEIZOWT, U T AT L ZIRET 5.

Yi(t + 1) = () + n,, n, ~N(O,%,), (6.5)
T(t+1) =7(t) + dr + n,, n, ~N(O,%,,), (6.6)
y(t) = C(7T)pe (7(1)) + ny, ny ~ N(O, Xy, ). (6.7)

2T, dr > 0 WFER n, 134X, ui F g oK (6.4) THEINSEE X417z ProMP
DEANZ MLVOHARHE, O(1) 13 7 2 HEtE XN 2 BRIEEEITIZ 80T 35, MZ
T, RNIRX=R— 3 12, Y v =1 DHRZIRET 2. ZOTRAT LI, HET 287 X —
R— 5, T WU TCIERE RS AT L TH S 720, UKF ZHOCTHEIER y 225, 87 X —
R— 4, 7 BHEET 5.

v OEIRIZEL LT, SV 1 = 1 2IGEL TV 5720, FIRIRHEEE R L THEE 2175 &
EndHb. 22T, vGi=1,...,.M) 25 vy BEV v (i=1,...,M —1) LT, &
(6.7) DI RT LEREEL, Y My, < 1— ¢, BHRIGIFICMA TS 2T & L CHEERTTS .
ZZT, e, > 03T/ NEREBTHS. AT, ¥R A ¥ b RERT 2 BRICHlRISEMN:
i THEBICN L THEEITS . BRI TOFIEIC L > T, ¥ 27 <RA ¥ bR
55.

L. v, T Dl 27 535G, FIHZET
2. v D ZE R L TW B 55!

(@) % <& BB A =e,.
(b) % > 1= (M —1)e, B, 7f =1 — (M = 1)e,.
() M v > 1— €, B5IE, vIy + ¢, = 0 NI

T
5

W(V — V),

V=7
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ZZT,y=[s il

3. 7 BRI EER L TWAES, 1 =0.

6.4.2 HEESNIHERMNINET) T T2AVIH5

UKF 12 & o THEE L7z ProMP OECEIZEET 285 X =X — %2 HW\WT, ¥ X7 L DITEIH
JELTW3 ProMP ZHI3 2. 22T, Sw, fiw ZHBILT ProMP &5 5. HHISHEE L
T, #ESINTZRAD 4, 1ICHIET B ProMP 282 DS A7 L DITEIDE S % ProMP &3
2 Ji MR UL A Xz ProMP Bik%Z & 27 A DITEIME T % ProMP &5 2 /571D
H5.

— T, AT LADITEIMBELAICH WY D ProMP IZHE L TWRWEERD L. Z0D
728, ProMP IZBH$ 285 X — X —%HEE L 721, HF L 72 ProMP 12Xt L THIUETH %
WEIPEHINTZ 8T, YRATLDIRENE D ProMP 1238 L TWARWEGEZH5HIF
%, AUl dppo IR TEEL 72

dpro = (y(t) = C(O) ()" (CODCT(1) " (y(t) = CH) (1)) (6.8)

6.5 BHABWICLSIHERNEETII T+ TOBES

HEE LMD > X7 2 DIERNENINE Y 27 4 72 HWT, STL % iENK T 2 720 D)
BEAERT 2 7-DTHEIHTEEERT 2. BHROP AT LE2HWTRRAZ BERT %5
B, VAT LABIRTRRAY ZERT 572D, D> X7 L DITEZEE L TITEIETEZ1T
IRENDD. Z DI, #E L7z ProMP 226> X7 L DHIGE X.(1:T) ZAEKL, o>
2T LDITEN R ST 2. AR SN 2T 2088 X (1: T) ZHWT, STL @mE%E 2z
FTHEZ KT 572012 ProMP OECAEICEET 289 X =X —Z RiEIC K > THEHT 5.
ProMP OBELEIZEET 387 X — X —DEE(LRIEIEUT O X 51 2EAMETE %!

min —pe(x,X) + L(7,a) (6.9)
s.t.

x(t) = (7 (t)) 1 (7), (6.10)

ta (V) = T (1) 1w (7), (6.11)

pe(x, Xc) 2 €, (6.12)

(1) = XL: ant", (6.13)

d

—7x(t) > 0. (6.14)
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ZIZT,a=lay,...,ar]" € R IWEREIREE 7 : T — Ry DIREL, p, & STL @i o 120G
TN MR, L(y,a) 13Z0MOHBEKTH 5. FEEEK . 2BAT S 21
FoT, AT LOYEDOHHEZED 5 Z EDAJREL R o TV,

ZDRBLIIEDIRTH 287 X =& — v, a D25, K (6.10),(6.13) ZHWT, STL fn@ %
W7 T RT LOHELRFAET L ENTES.

6.6 HERER

CITR, BETEZ 28080 Ry NOXZAZICHEHHT 2. KETOETOEEIL,
3.6GHz Intel Core 19 THFATL 7. ®TORELHEIZ MATLAB T CasADi [42] IT& -
THEIEL, Y=t LT Ipopt [45] ZH W .

6.6.1 MMERTE

2EDOBEHR Ry hOXZAZ L LT, Figbl IRTREICBEVWTROMEREZ%: "28H
ouRy NOA, I 1,280y 1 AERL, ZOREM 3 ICREIT S . ZomE
ZLITO STL i LTERT 5:

©=p1 NP2
Y1 = F[O,T}(Spl,l = F803,1) V F[O,T](<P2,1 = F903,1)
P2 = F[O,T](@m = F903,2) \ F[O,T](%,z = Fos)

ZZT, o \Fand "HIE  1ICa Ry b OFEET S ERDLTWS. B Ry PDOXA F3
IR LTHN 2B E T V2 E X, S AT 2 2KORELZ x = [(x)T,(x*)"]", Fahr vy b
DIRAEZ x! = [wiz,xiy,xg]T ERP L, ANTZu=[uy,u,]", u, €[0,1], u, € [-1,1] &F

5. ZNZTROMBIIN LT, ROuANR b x REBEEET 5:

Per,;(x) =min(zd — 1.1, —2) +13,2) —1,—x) +1.2),
Pes,; (X) = min(xjm -1, —xiz + 1.2, xiy, —xgy +0.2),
Pes,; (X) = min(xjm -2, —wiz +2.2, x;y -1, —x;y +1.2).

%72, v Ry bOFHEE x' =[0,0,0]T, x2 =[0,1,0]", mEICRET 2RREGIKE T =8 &
L 7. ProMP O E D712, A Du Ry MIOWTHHMEIL , 4 X% A 72 IREED & DL
TOTENZEN T 2HEZ I (4.5) L AR RECEZ R 28 IC ko TERT 2. AE
BT, SRy NOITENE A X7 D HICFH TEX A7 DR ZiTo72. AT, XA
7oHIENLBAR Yy FOREFFO Ry FOVHERE ) , o) DATHZ®H, FuKy
NEZ 2], o) OBIEZEHWT ProMP 283 5. Z OB, SATENI0 LT 20 HO#IEZE
B L, ProMP %8 %217 - 7=,

e IRy k1
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1?§jj l.a: F[O,T](Qol,l = FQ03,1> %gﬁj—éf‘?ﬁb
1781 1.b: Fory(p11 = Fosa) AF (a1 = Fos,) 23T 217H)

e IRy k2

1/']—‘@] 2.&2 F[07T](g0272 = Fg0372) %Eﬁk‘j—%?ﬁﬁb
1781 2.b: Foomy (1o = Fyso) BFERT 5178

ZZTE, v Ry b 1Ry b2 DRELSITEIZEHTL2I2EZ5. Ry b 1
Ry b2 OMEBZBET 2 A TE, FaRy MAXFERNAITE La, 1781 2.a 2E| D
TToNTWiEeT5. 20X Zuky FHBEID B TOENATHZHITT S Z e hHEK
U, T @ BTN TES. ZOrE Ry b1 KRy + 2 OfTEI2HEEL, 17
FEEHTEIETRAVZENT 27-DDHENEOLND L RT3,

6.6.2 RFR -ER

AREERTIX, 1TE12.b @ ProMP Oz Ry + 2 OfiiEE LTrARy & 1 238l
THEREL, BARY b 2 1THIET 2HLE X7z ProMP 2B S % UKF 2 HEH L /zfRDz
BRI L. 0 Ry b 2 OBFEHTTH] 2.4 D ProMP 128 L TAMUE & L CTHIE X7z B
WZaRy b1 OITEZEFRTS. 2ok mii{bEZEIRE T 2E0or Ry D 2 DR
DB, BH T A2RZITORERY b 2 DREPSEL LBV DT 5. £z, AEDH]
ENX dpyo > 4 THIUBEEHIEL, 178 2.2, 1781 2.b 1IZX)5T % ProMP & #EE L7z ProMP
R B NEE dY,,,dS,,,d), T 5.

PIal—YarofiR® Fig62, ¥Ial—Ya YHONUEDEZR Fig.6.3, fHEE X
78Ry b 1,2 @ ProMP OELAICHET 287 X =& — 4l 42 ¥ 7 O#iE% Fig.6.4, 6.5,
6.6 127" . Fig.6.2 T, BIZn Ry + 2 DR, v~ ZoMide Ry + 1 O ProMP k£ T
DOBEDIREE, v~V ZO#iEIZT AR Y + 1 O ProMP O, M EofuEiZa Ry + 2
DHEE E N7z ProMP O#E (dp,, > 4 DRZITIEHK), REOHLEIZRELHEZFHE T 5
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Fig. 6.4: The trajectory of the blending parameter of ProMP of robot 1: ~{



5 6 F [FSRHEmBEIN T 2 HERENIETY 2 7 4 TOREAS

—5
0.9

0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

0 1 2 3 4 5 6 7 8
Time (t)

Fig. 6.5: The trajectory of the blending parameter of ProMP of robot 2: ~?

0 1 2 3 4 5 6 7 8
Time (t)

Fig. 6.6: The trajectory of the time parameter of ProMP of robot 2: 7



Ay i +=A
B 7TE oo

\np

KT, BRI TRIHINEZ R 720 Ry b AT ADERT 5 720 OHE R
bR, HIHTFEOREETo 72, F/-, FifHimamE TR I NI XA 7 ZERT 28
IE LRI 2 IR A EBERE AR E L IERR s TR &I & 2 & kicBWT, @A
RER B Ry P RATARWED Y 7 A%ILR U=, AT, EK L -BuE/ 83 2w
TRAZZERT 5 7-DDHEIFEE LT, RefdR % OS2 23 % 72 D Ofil{H
TIERITH 2 ZHE T 2 FEOIERB X UOMREEOWE R T 2. KX TE LN EE LT
WKEeH 3.

2ETIE, A CHIF§ 2 RIS T 2 WL O DERDEAZRITL, Ry bR
TLADIRD BN RHREZHWCERTE 32 2HAL

3ETIX, IR X7 212003 % LTL i % {72 3 80E % £ 3 % 72 O TE) T E
T REEERYEETEEE: L TESME T 2 FEEHMELL. 3, "M 7V v R AT AT
HBRRES AT 4, MLD &7 IUWHT 21 TEIET RS RREGEEE L CEXMbT 5 2
EDRREIR Z L IZDOWTEA L 2. 208, REBEMFHHZH WS Z e TXA4 FI 7RI
TRIERMREE RO R T A BB AT 48 L TRETE, IR SREBETE
MEICHAAL Z DR TEZ 2 2R L. AT, KL E AW TIL KRS 27 4
F LR IGRE > A T LB KGTT 5 2 8 T, IERE S 27 2 2 RS EEGHE R RIS A0A
DPIENTEBRZRRLE. BESY I 2L — 3 Y THREFROBNEMIEZ1TW, LTL
MR- THELZER T2 ARETH B Z L 2R L -

4 BT, FERLDTHE> BN ESICE T 2 a2 ER S % 720 OB RELTFEE
BRI, EHERFERLDBTRHZANERICOWTRERZINCE T30 MH2REL, 0D
DICHED = | Event-based STL i 2 E N T 2 WEZ AR T 5 Z & 23 gE R BB REL %
FEREETEIRIE Y U CERML L7z, $uBERELZ21T 5 BIiC, A ERORAEICET 2 288%
RECERICED 5 Z 2T, MFEROFEERLNIT T 2HED r AR MERFHES 2 Z &
ZAREIC LTz, BRI, PHEDL RN RESICE S 2@ 5 2 s zBHiaRy M35
BUES S 21— a VT IRERFEEHAVS Z L THNEROFBAEICET 2E B F Y
FIH L THEZONmEMEREINS Z & BHERL .

5 FEClX, FEHIFY 2  OE SRR Z E T 5 72 Ol N U 7 BEU0E v 72 Hil#E
ERRR L. STL IS T 2R A — b~ b Rl A — F~ b > LT STL i %
/=T R2AEEZ, fnr—y a VEOBBREENRT 2 22 HIE U, filf#N ) 7 BECEIE
BLUHIEEE AR L. AT, BBOMEIZ & > TETHEEOZL T 2 (RAER 2 EHE L,
EFR LR ECHER U =HIM8s 2 F W CHIME L 72354, oo FT 3 RREHIK 2

75



-

76 557 B

fi7z3 2 ZRLTz. 20K, AETEZSHIEMEZFHHL, X LTonr—>a v D&
B BRENRT 5 I THEZONLAROMEIZEREINS Z e 2R, &RIC, BEin
ARy MINTEHBYES 2 2L — 3 2T, filfZRz Lgd SR mELIZER T 5 2
CHOR[RETH D, (RAAKRRIZEAT 2 Z & THROHEED Y A7 MRS NS Z & 2R L 7=

6 FETIE, HBDI AT ATRRAZZITHIBIC, D> 2T LA DITENCEDLETHE DITE)
PEIEST 2D 0OHERBELTFEZIRE L. 27, BHIER? S > 27 2 DIRENE L T
WATERNENWET Y I 74 TR AN~V 7 4 VR =2V THEEST 2 F R OWTHIAL 7.
Z D%, HESINIMD I R T L OWMERNENET VY I 7 4 72 HIZ, HERVEETY I 74
TEEHTEHIET, MO AT LOEEEZER L TE X oNi-mdZ ERT 58158 % 4K
T 3HERECEE TR L. &R, 280BE KRy MIHNT28E> I 21— 3
2T, aRy bhAMBoa Ry MZET 2EIIERZZICHEOITHZAERE T 5 Z & DA[HE
e RMERR L 7.

INSHOFERIX, B Ry FOXRIZEITEWHFHED 7 70 —FD—DOTdh 3 RitinE %
FWTATEIRTE TR LT, #7228 i o &Rk e IRM oM EOr[gEMEZ R L2 D
DTHYH, ZOFHOMELZL NIISHZ KX ERESEL EHFLTVWS.

RIZRICAREH L DGR I T 2 5% OEIT OV TN S,

o EfEHOITEIGHE DA
EIROMEEBRIE T, X A7 2FTT 2BCEEO R BRIEOZL R E: LEER 2
HISA3NERDLIGEND B, R TlE, 4 BICTHNEROFEICH L TrAAZ b
PHEFEOHEZEMRT 2 Z &=, 6 T ProMP D#ESRHEAIC X > T, BREOE
LREHELZEICHIGT 2 Z e 2ME Lz, LAaL, BEOR D E LB ERIRN Y,
A TIRELLFETHINT 2 Z e UWVIRIDFET . 25 Vo 7R
LTI 2720D0F K LT, BIfEICHCITHRIEZITS 2o EhBITFoh 3.
Lo L, KX TIRELEFEZED, @mLULIEEE LTEZRTWSFRIIHE
aRMEL, BERFICHETT 2 Z 2 I3HENTEEN Vo 2R H 5. 2D
O, FHE X MR BDIELS 2T AOBETED X &4 2 BaeitEoE#
NRETHZEZIOLND.

o SHFEBIC B B E IR
AHLTI, S 2 2L - 2 Y AW TREFRBICAME LR L 2. HBOR
By LT, EHSEBICK L TARCCE R B HIl 7 —% 7 2 7 v 238 L, REFIEO
HRIERGE S 175 BEA B 5 L EZ TS,



2% Xk

[1]

[10]

REFEERE, ‘aRy P2 BLIERELAM L SROMROTHE~a Ky Mk
5t R FEHEAEFTHE ~ ) https://www.meti.go.jp/shingikai/mono_info_service/robot_
shakaihenkaku/pdf/20190724 _report_01.pdf, 2019.

S. Karaman, R. G. Sanfelice, and E. Frazzoli, “Optimal control of mixed logical dynam-
ical systems with linear temporal logic specifications,” in 2008 47th IEEE Conference
on Decision and Control (CDC), 2008, pp. 2117-2122.

S. Sadraddini, and C. Belta, “Robust temporal logic model predictive control,” in 2015
53rd Annual Allerton Conference on Communication, Control, and Computing (Aller-
ton), 2015, pp. 772-779.

C. Baier, and J.-P. Katoen, Principles of model checking. MIT press, 2008.

O. Maler, and D. Nickovic, “Monitoring temporal properties of continuous signals,”
in Formal Techniques, Modelling and Analysis of Timed and Fault-Tolerant Systems,
Y. Lakhnech, and S. Yovine, Eds. Berlin, Heidelberg: Springer Berlin Heidelberg,
2004, pp. 152-166.

D. Gundana, and H. Kress-Gazit, “Event-based signal temporal logic synthesis for single
and multi-robot tasks,” IEEE Robotics and Automation Letters, vol. 6, no. 2, pp. 3687—
3694, 2021.

C. Belta, B. Yordanov, and E. Gol, Formal Methods for Discrete-Time Dynamical Sys-
tems. Springer, 2017, vol. 89.

X. Ding, S. L. Smith, C. Belta, and D. Rus, “Optimal control of markov decision
processes with linear temporal logic constraints,” IEEE Transactions on Automatic
Control, vol. 59, no. 5, pp. 1244-1257, 2014.

V. Nenchev, C. Belta, and J. Raisch, “Optimal motion planning with temporal logic
and switching constraints,” in 2015 FEuropean Control Conference (ECC), 2015, pp.
1141-1146.

C. Dawson, and C. Fan, “Robust counterexample-guided optimization for planning
from differentiable temporal logic,” in 2022 IEEE/RSJ International Conference on
Intelligent Robots and Systems (IROS), 2022, pp. 7205-7212.

7



78 el
[11] J. Envall, R. Poranne, and S. Coros, “Differentiable task assignment and motion plan-

[12]

[13]

[14]

[15]

[16]

[19]

ning,” in 2028 IEEE/RSJ International Conference on Intelligent Robots and Systems
(IROS), 2023, pp. 2049-2056.

M. Cai, S. Xiao, Z. Li, and Z. Kan, “Optimal probabilistic motion planning with poten-
tial infeasible 1t] constraints,” IEEE Transactions on Automatic Control, vol. 68, no. 1,
pp- 301-316, 2021.

R. Takano, H. Oyama, and M. Yamakita, “Continuous optimization-based task and
motion planning with signal temporal logic specifications for sequential manipulation,”
in 2021 IEEFE International Conference on Robotics and Automation (ICRA), 2021, pp.
8409-8415.

K. Takaya, R. Takano, and H. Oyama, “Metaheuristics approach for mathematical
programs with switching constraints and application to robotic task planning,” in 2022
IEEE International Conference on Systems, Man, and Cybernetics (SMC), 2022, pp.
T7-84.

S. Haesaert, S. Soudjani, and A. Abate, “Temporal logic control of general markov
decision processes by approximate policy refinement,” IFAC-PapersOnLine, vol. 51,
no. 16, pp. 73-78, 2018, 6th IFAC Conference on Analysis and Design of Hybrid
Systems ADHS 2018. [Online]. Available: https://www.sciencedirect.com/science/
article/pii/S2405896318311261

S. Haesaert, P. Nilsson, C. Vasile, R. Thakker, A. Agha-mohammadi, A. Ames, and
R. Murray, “Temporal logic control of pomdps via label-based stochastic simulation
relations,” IFAC-PapersOnLine, vol. 51, no. 16, pp. 271-276, 2018, 6th IFAC
Conference on Analysis and Design of Hybrid Systems ADHS 2018. [Online]. Available:
https://www.sciencedirect.com/science/article/pii/S2405896318311625

V. Raman, A. Donze, M. Maasoumy, R. M. Murray, A. Sangiovanni-Vincentelli, and
S. A. Seshia, “Model predictive control with signal temporal logic specifications,” in
53rd IEEE Conference on Decision and Control, 2014, pp. 81-87.

S. Sadraddini, and C. Belta, “Robust temporal logic model predictive control,” in 2015
53rd Annual Allerton Conference on Communication, Control, and Computing (Aller-
ton), 2015, pp. 772-779.

L. Lindemann, and D. V. Dimarogonas, “Control barrier functions for signal temporal
logic tasks,” IEEE Control Systems Letters, vol. 3, no. 1, pp. 96-101, 2019.



ZE R 79

[20]

[21]

[22]

23]

[24]

[25]

[28]

[29]

[30]

P. Nilsson, and A. D. Ames, “Barrier functions: Bridging the gap between planning
from specifications and safety-critical control,” in 2018 IEEE Conference on Decision
and Control (CDC), 2018, pp. 765-772.

M. Srinivasan, S. Coogan, and M. Egerstedt, “Control of multi-agent systems with
finite time control barrier certificates and temporal logic,” in 2018 IEEE Conference on
Decision and Control (CDC), 2018, pp. 1991-1996.

M. Srinivasan, and S. Coogan, “Control of mobile robots using barrier functions under
temporal logic specifications,” IFEE Transactions on Robotics, vol. 37, no. 2, pp. 363—
374, 2021.

A. D. Ames, X. Xu, J. W. Grizzle, and P. Tabuada, “Control barrier function based
quadratic programs for safety critical systems,” IEEE Transactions on Automatic Con-
trol, vol. 62, no. 8, pp. 3861-3876, 2017.

A. Li, L. Wang, P. Pierpaoli, and M. Egerstedt, “Formally correct composition of coor-
dinated behaviors using control barrier certificates,” in 2018 IEEE/RSJ International
Conference on Intelligent Robots and Systems (IROS), 2018, pp. 3723-3729.

C.-I. Vasile, J. Tumova, S. Karaman, C. Belta, and D. Rus, “Minimum-violation scltl
motion planning for mobility-on-demand,” in 2017 IEEFE International Conference on
Robotics and Automation (ICRA), 2017, pp. 1481-1488.

NEFEERT, RSB oamE HARRmAL, 1994,

M. Bauland, M. Mundhenk, T. Schneider, H. Schnoor, I. Schnoor, and H. Vollmer,
“The tractability of model checking for 1tl: The good, the bad, and the ugly
fragments,” ACM Trans. Comput. Logic, vol. 12, no. 2, 2011. [Online]. Available:
https://doi.org/10.1145/1877714.1877719

S. Dathathri, and R. M. Murray, “Decomposing gr(1) games with singleton liveness
guarantees for efficient synthesis,” in 2017 IEEE 56th Annual Conference on Decision
and Control (CDC), 2017, pp. 911-917.

R. Alur, T. Feder, and T. A. Henzinger, “The benefits of relaxing punctuality,”
J. ACM, w~ol. 43, mno. 1, p. 116-146, 1996. [Online]. Available:  https:
//doi.org/10.1145/227595.227602

H. Dai, G. Izatt, and R. Tedrake, “Global inverse kinematics via mixed-integer convex
optimization,” The International Journal of Robotics Research, vol. 38, no. 12-13, pp.
1420-1441, 2019.



80 S 3K
[31] J. P. Vielma, and G. L. Nemhauser, “Modeling disjunctive constraints with a logarithmic

[33]

[35]

[37]

[38]

[40]

[41]

number of binary variables and constraints,” Mathematical Programming, vol. 128, no. 1,
pp. 49-72, 2011.

S. L. Brunton, B. W. Brunton, J. L. Proctor, and J. N. Kutz, “Koopman
invariant subspaces and finite linear representations of nonlinear dynamical systems
for control,” PLOS ONE, vol. 11, no. 2, pp. 1-19, 2016. [Online|. Available:
https://doi.org/10.1371/journal.pone.0150171

A. Surana, “Koopman operator based observer synthesis for control-affine nonlinear
systems,” in 2016 IEEE 55th Conference on Decision and Control (CDC), 2016, pp.
6492-6499.

D. Bruder, X. Fu, and R. Vasudevan, “Advantages of bilinear koopman realizations
for the modeling and control of systems with unknown dynamics,” IEEFE Robotics and
Automation Letters, vol. 6, no. 3, pp. 43694376, 2021.

M. Korda, and I. Mezi¢, “Linear predictors for nonlinear dynamical systems:
Koopman operator meets model predictive control,” Automatica, vol. 93, pp.
149-160, 2018. [Online]. Available: https://www.sciencedirect.com/science/article/pii/
5000510981830133X

E. Yeung, S. Kundu, and N. Hodas, “Learning deep neural network representations

for koopman operators of nonlinear dynamical systems,” in 2019 American Control

Conference (ACC), 2019, pp. 4832-4839.

E. M. Wolff, and R. M. Murray, “Optimal control of mixed logical dynamical systems
with long-term temporal logic specifications,” 2013.

M. Earl, and R. D’Andrea, “Iterative milp methods for vehicle-control problems,” IEEE
Transactions on Robotics, vol. 21, no. 6, pp. 1158-1167, 2005.

M. Yamakita, K. Jimura, and K. Furuta, “Impedance posture control of robot manip-
ulators using euler parameters,” in Proceedings of 35th IEEE Conference on Decision
and Control, vol. 2, 1996, pp. 1964-1966 vol.2.

E. Sili, and D. F. Mayers, An introduction to numerical analysis. Cambridge university
press, 2003.

L. Gurobi Optimization, “Gurobi optimizer reference manual,” 2021. [Online].

Available: http://www.gurobi.com



ZE R 81

[42]

[44]

[46]

[47]

[49]

[51]

[52]

J. A. E. Andersson, J. Gillis, G. Horn, J. B. Rawlings, and M. Diehl, “CasADi —
A software framework for nonlinear optimization and optimal control,” Mathematical

Programming Computation, vol. 11, no. 1, pp. 1-36, 2019.

L. Niu, and A. Clark, “Control barrier functions for abstraction-free control synthe-
sis under temporal logic constraints,” in 2020 59th IEEE Conference on Decision and
Control (CDC), 2020, pp. 816-823.

D. Gundana, and H. Kress-Gazit, “Event-based signal temporal logic tasks: Execution
and feedback in complex environments,” IEEFE Robotics and Automation Letters, vol. 7,
no. 4, pp. 10001-10 008, 2022.

A. Wachter, and L. T. Biegler, “On the implementation of an interior-point filter line-
search algorithm for large-scale nonlinear programming,” Math. Program., vol. 106,
no. 1, pp. 25-57, 2006.

Y. Gilpin, V. Kurtz, and H. Lin, “A smooth robustness measure of signal temporal logic
for symbolic control,” IEEE Control Systems Letters, vol. 5, no. 1, pp. 241-246, 2021.

R. Alur, and D. L. Dill, “A theory of timed automata,” Theoretical Computer Science,
vol. 126, pp. 183235, 1994.

X. Xu, P. Tabuada, J. W. Grizzle, and A. D. Ames, “Robustness of control
barrier functions for safety critical control,” IFAC-PapersOnLine, vol. 48, mno. 27,
pp. 54-61, 2015, analysis and Design of Hybrid Systems ADHS. [Online]. Available:
https://www.sciencedirect.com/science/article/pii/S2405896315024106

K. Sekiguchi, and M. Sampei, “On multi time-scale form of nonlinear systems,”
IFAC Proceedings Volumes, vol. 46, no. 23, pp. 524-529, 2013, 9th I[FAC Symposium
on Nonlinear Control Systems. [Online|. Available: https://www.sciencedirect.com/
science/article/pii/S147466701631713X

L. Niu, and A. Clark, “Control barrier functions for abstraction-free control synthe-
sis under temporal logic constraints,” in 2020 59th IEEE Conference on Decision and
Control (CDC), 2020, pp. 816-823.

L. Lindemann, and D. V. Dimarogonas, “Control barrier functions for signal temporal
logic tasks,” IEEE Control Systems Letters, vol. 3, no. 1, pp. 96-101, 2019.

K. G. Larsen, P. Pettersson, and W. Yi, “Uppaal in a nutshell,” Int. J. Softw.
Tools Technol. Transf., vol. 1, no. 1-2, p. 134-152, 1997. [Online]. Available:
https://doi.org/10.1007 /5100090050010



82 el
[53] F. Blanchini, “Set invariance in control,” vol. 35, no. 11, 1999, pp. 1747-1767. [Online].

[54]

[55]

[56]

[57]

[58]

[59]

[62]

Available: https://www.sciencedirect.com /science/article/pii/S0005109899001132

F. Blanchini, and S. Miani, Set- Theoretic Methods in Control, 1st ed. Birkhduser Basel,
2007.

S. Documentation, “Simulation and model-based design,” 2023. [Online|. Available:
https://www.mathworks.com/products/simulink.html

M. Charitidou, and D. V. Dimarogonas, “Signal temporal logic task decomposition via
convex optimization,” IEFEE Control Systems Letters, vol. 6, pp. 1238-1243, 2022.

Y. Chen, X. C. Ding, A. Stefanescu, and C. Belta, “Formal approach to the deployment
of distributed robotic teams,” IEEE Transactions on Robotics, vol. 28, no. 1, pp. 158—
171, 2012.

A. Paraschos, C. Daniel, J. R. Peters, and G. Neumann, “Probabilistic movement prim-

itives,” Advances in neural information processing systems, vol. 26, 2013.

S. Gomez-Gonzalez, G. Neumann, B. Scholkopf, and J. Peters, “Adaptation and robust
learning of probabilistic movement primitives,” IEEE Transactions on Robotics, vol. 36,
no. 2, pp. 366-379, 2020.

A. Paraschos, C. Daniel, J. Peters, and G. Neumann, “Using probabilistic movement
primitives in robotics,” Autonomous Robots, vol. 42, pp. 529-551, 2018.

E. Wan, and R. Van Der Merwe, “The unscented kalman filter for nonlinear estimation,”
in Proceedings of the IEEE 2000 Adaptive Systems for Signal Processing, Communica-
tions, and Control Symposium (Cat. No.00EX373), 2000, pp. 153-158.

R. Kandepu, B. Foss, and L. Imsland, “Applying the unscented kalman filter
for nonlinear state estimation,” Journal of Process Control, vol. 18, mno. 7, pp.
753-768, 2008. [Online|. Available: https://www.sciencedirect.com/science/article/pii/
50959152407001655

R. Merwe, and E. Wan, “Sigma-point kalman filters for probabilistic inference in dy-
namic state-space models,” Proceedings of the Workshop on Advances in Machine Learn-
g, 2003.



A

ZERE (RXRIEICIBE)

I RS 3L

Shumpei Tokuda, Masaki Yamakita, Hiroyuki Oyama, Rin Takano, “Reblending of

Probabilistic Movement Primitives for Signal Temporal Logic Specifications,” IEEE
Control Systems Letters (L-CSS). (submitted to L-CSS and CDC). (6 EIZFH5H#)

ANEEEAD
R i% oM

Mizuho Katayama, Shumpei Tokuda, Masaki Yamakita, Hiroyuki Oyama, “Fast LTL
Based Flexible Planning for Dual-Arm Manipulation,” IEEE/RSJ International Con-
ference on Intelligent Robots and Systems (IROS), 2020. (3 & 3.3 #ilZBdH)

Shumpei Tokuda, Masaki Yamakita, Hiroyuki Oyama, Rin Takano, “Convex Approx-

»

imation for LTL-based Planning,” IEEE/RSJ International Conference on Intelligent
Robots and Systems (IROS), 2021. (3 & 3.4, 3.6 HilCEH:H#)

Shumpei Tokuda, Masaki Yamakita, Hiroyuki Oyama, Rin Takano, “Linear Temporal

Logic-based Mixed-Integer Linear Problem Planning with the Koopman Operator,”
Annual Conference of the IEEE Industrial Electronics Society (IECON), 2022. (3 &
3.5, 3.7 HZBEE)

Shumpei Tokuda, Masaki Yamakita, Hiroyuki Oyama, Rin Takano, “Zeroing Control

Barrier Function with Time Scale Transformation for Time Interval Signal Temporal
Logic Task,” IEEE Conference on Control Technology and Applications (CCTA), 2022.
(5 E I BEE)

Shumpei Tokuda, Masaki Yamakita, Hiroyuki Oyama, Rin Takano, “Robust Signal

Temporal Logic-based Planning for Uncertain External Events,” IEEE International
Conference on Robotics and Biomimetics (ROBIO), 2023. (4 FIZFH:H#)

83



BLIHXICBERLEVDHD
ERAERRA

e Shumpei Tokuda, Masaki Yamakita, “Hierarchical Linearization and Output Zeroing

Control for Wheeled Robots,” Annual Conference of the Society of Instrument and
Control Engineers of Japan (SICE), 2019

e Shumpei Tokuda, Masaki Yamakita, Hiroyuki Oyama, “Generating New Lower Ab-
stract Task Operator using Grid TLI,” TEEE/RSJ International Conference on Intel-
ligent Robots and Systems (IROS), 2020.

NERERR

o RILEZ, FEEEK, fokidst, Frilsmfl, [MEEY, LdbB%, “WHEEwREZ AV
B Ry o BEGE” 567 B SIEEFT < L F > Y RY T A (MSCS2020), 2020

o HABSMARM, ENIRKFHEARFTTHEKRY:, B8, Kiltdz, (Ldb B3, EEEE,
“WE> 27 o, HIEFEBXC 07 Z 4,7 FiBH 2023-047980, 2023



L

KR SNIHHE TERFE TS X 7 AHIEIRILALIFE = ¢ HABSHWA R 7—% 34
T ZAGEFT . OEFEFED R Z TCICER SN TE D, AR EFRITT2ICH-D, i
RFEAPLDIHERIRE R EZHD LI

FRiz, 18888 - inXBEABEH L LTIHE - ZHE 223 WVE L LdbERMEZER
WOX DL L B E 3. 2 LiEr SRR TO 6 RO R W, Fedohil T4
72 kR & BRERORERICINZ T, i HESRFERIFAROGIE, MIEOED T2 E Rk 4 12 215
BEBD L7z 6 FHOTIEED BT, Zi2h72 2 58 OHERSHIRICNT 25 277
WEALTZLDZ 2%, IREL LTHRET 22 TELEERKRLTOVET. HAT
B L %S

MXDBEBEZHED TV E, TELMEEDBETHRARIMZELIZIVEL
T BMREEEZ, = FMEl 0%, HPIETEER, M EESHEBIIICR E#R L LI E 7.

HABSHRARM 77— &3 4 =2 AR O BRI FME 21T o T/l E, REB
MERICRD L. MEDAHFAMECARTICHET 22 DmEZEL T, MROEZRKELM
XN TEZ L FESEHE L LT E Y. FroRiitE B, SEEss, ek
WX, Bk A 72 C HEE - R D T Lz, KIUEE, SFRRICEREOOB LT, H
BRICIZZAERMROFEIHI L UC, HFRIBFFELIANT D ZAEETRICBIT 2HKICD > T\ &,
KEBMERICRZD Z LT

F ¥R Y 7 TRRY Sarot Srang 8421, UAV Gl O HFAENTE /22 & Z G L
BIFET. F7, AVARITICBBEVWEEZEHEET IS0 e 2ELLES
TEhE7T.

FROFHEPLHFAMITFOREG TR ZICH L TREBMERICR D £ L/ EEEEE
WO EDBILEL EFE S, (LALARETOMSAETFRICBW TR A REmRE T 52 & BIT,
HiDFELEFEEZICGE D LIt R ZE DA DRI L EIF 3. e, #&
[RfSE 2 N— AW THITHHIL 21T - 72, AU FEER, MR R 2 X B WIS R DWW T
M2 ZeDTE, R LTHREED A2 FHITICH o7 B0nET. H 2L 5 T30
F L7z 72, IHbEBIR O BRI 4 I T R W2 %, REBMEGICR Y L 7.
FEOGHHR L P, mA <, 2Er o LR T ol U TEAE 2 IR D
L7z AKEKREK, FFHIBGR, fORKEK, BIUGZRICEHHL LT E 5.

RIRIC, R - BEMNCAAE XX T AEFFESL I ) BILHL ETFE 7.

¥, ABFFEIX JST SPRING, Grant Number JPMJSP2106 OBk E 272 DTS, Z
ZICECL, BEoEERLFT.

85



