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AR T B EE AR AR S5 P 1R R

B AR T AR S R B TR AR A i B0k, 5, @it SPINUS! I LTL2BAMY 45 T H AR
P, FAESS A R HONHENE Robin B BINLEIAEREME Biichi HaIHL. HIK, KA IRINBE &
gy 181, Ly R] Rk SRR AR 20 B Petri W 21 S0 0A R RE (AR HOBE Y, 72 22 2R B SNV e 2 [a]
QIR A BIHL. fFea, K B R AR B S h B S L AT s i 4z, VROV R AR it
R 221l TR E S LIRS B £ B R e BRI TR BB D91, 9 et & 18647 7
N7 T St AETSRAR B AL AR T 5K, EEISR ATRAR A7 32 23 I AR i o B B, B 2 T T
T ARSI T i P PR BEUINE B B B T AR GRAR A B, SERE B ShBLIA S 2 8 TAESS,
FFF PR SE AR 53 A7 T AT: 55 18] 132 8 U PR AR BRAH & R AL I BV AT A 55 40 I, Ll 4y S5 5t
2 WAk 2] JR R KTk 2O A AE Bk T, BT R R M7 VA B T W A i IR B AL,
THE RS, SRR, L B AR, AR BT A I A LA DME F R S5, T2 T A& AL
RNFE SRR, SRR AR, Jtb B, 2 HAEMII A A B85 S, sz X318k
RIFfERERE 7. AL, Gl e OR B HEBEAE D B D0, SEBURABERRE (K i RCRAE S5 AR, A TvE
R AR AR R FR) B i) AL

BT EIRTHE, A 28 BE A sUACAE 55 1 ik [F) KL 170 T et 7. R RE AR AR B AR 1
SLRE PR R B AE B AT B BT S A, TS EE. R G AR B S LR R, PRI T R
PARYEPAT SR A HEBAN TR AE SRR RE ). JRSS S H S MR TE, Bt T B2 FP AR B 20K
AT SR FE RS BT k. D SRR A AR S A A EE, M T EEH
T8N FRMEZE. SR SRy B4 R T VR A AR 4 R AT AL S5, FF I T R AL RAEAE 55 AT 1 R v 1) 8 A
M. B, A HUE AT AR AN L, BOE T SR SHe U R s A R

A EETRAE T 1) i T ERE 5B RASE LRSI 5%, S8l TGS
N AAEISF AN RE AR v RHE B 2) SR 1 2 Tl A A A R i (e B RD AR i, T S AR T
DA B 2R 3) R T T4 55 5 1A 8 HOR ) Ik ) R AE 2ol BT AN - ARIRIZE 5.

2 [EREENX

2.1 ZMFFIZLE

AR P28 (linear temporal logic, LTL) 20 H — 2L - f, A1 7”318 H AT A 3518 FAT 4K,
Forp i A r] B RE A e, R e st TR PRES S, LTL Mk [13] prik, & ON:
¢ = TIpler Apal=0| O plprUspa, R T £ True, p € AP, O(F—%1), U(EZR]), BLE L2 -T. HAR{
WP EA T H EIRFF S A op £ TrueJ p(lZ), O £ =0 —p(EJ2), o1 = @2 = —p1 V o (BUH).
AR, AT ER LTL A o, 75— 3EME M Biichi H3I#l (mondeterministic biichi automaton,
NBA).

EMX1 (NBA) NBA £&—MUJCH B2 (S,%, 6,(S, Sp)), Hd S MIRE; © £ AP R Fdni
£ 6: 9 x X = 25 NIREEFER KR So, Sp C S A NHIIERE L ZRE.

TERR B (word) w A& —NHJEF @A R LR TH] w 2 0109+, 04 € 247, Hid w /£ B W
[F3EAT (run) MEERZE—DNTLERTFH p £ sps1s2--+, so € So, HIBHEB KR sip1 € 6(si,00). WL
inf(p) N Sp # @ WIBIT R AH53Z1 (accepting). X H inf(p) Z1E p T HILLERIXFPRE LS, B
BT REVIHIEZIRE. o KBS MHITATE o KR EEES, B L(p) £ Words(p) =
{wlw E o}, HH E RRHLERR.

=1
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—FRRF R A B LTL A X BEFONEE D R % 2 A 30 (syntactically co-safe LTL, sc-LTL), 7] PAH
—HKEARK AR C. ENALSNEZERT O, U Mo, JFHUFERARE, IS e -
AN o VF Y IRAE I PP ia AT 2 A

2.2 HRFEES

MRPEFRA VAT B TAE [17], Z£—4 NBA B, Lnf LIS R Z MR/ TF 4 (relaxed partially ordered
set, R-poset).

EX2 (WMEFFE) BWFE P, 2(Q,,<,.#,) £ M= Q, £ {w = (L04,07),V =

L LY RAAESES, Bl ¢ ZFAES w RG] 00 C X RIEFSHPATER; o) C T RAESHITHT

Eﬁkmwgﬂwduﬁﬁmfi%ﬂwﬁwwm <o MATE wy JFUIEATIR, w A RESIT
RIET. #, C 2% FoRMIRR, MR wn - wr € £ W wn, - wp ARERIHUT

i P2 (9,%,4) WS L(P) 2 (wlw = P} IR BRI o (084, X F—4 LTL
AXE @, AT LATHE H I P A A AR 75, ARG TR BRARI Prina TGS
L(Pfinal) € L(Po)) N+ NL(Py), Bl Prina BEH NN ©.

E X3 (MR 7)) 4558 —ANERI A wo, BANMRITEE Py, Py BITRARME & XN —
YU mF5E Pr & (P, Py, }, RINN P" = P @ Py, o wow € L(P),w € L(P2) & wow €

U £(P) B nBgit.

P, ePr

2.3 ZEEAKRSG

FZRZHRERGE N & {1, N} FETAEZE W e R? b, Jo g M ANEK /\fﬂ_ﬁ’ll:ijﬁ%j“jj

WE (W, Wil @HFTHEX 4 IR R S8 (WTS). EIX I m N A BEAEICE —
WH Ry 2 {1, ,m},l € R, Hi ry <0 MRERRERE | FEXIR m H5E, R REHH TR ’ﬁﬁﬁk
KRECN C. R — RY. T 2R ARG L RN, BAEEE n AMLER B, N IE X
5. BAEREE n e N EWSIRMIE—HBNE A n e N. FTHEIMERSEEN A2 U A, ={a1, - ,ar}.

neN

B duy + A — RY FRANETERATHA, JREIE a) € A 7T BA—4UE BRI AA NG C v
e, FLBBUTI RIS S 0 = dula). AN BH Ca s A > R AORIGT A TR

B 2o FEFR B 1 U -

RN (RECHRD)  FRHH AR R ML B RS WTS: T 2 (W0, AP, Lo, G}, 3kt W J2
A S0 CW W BB R, AP BTG, L, - W — 24P RAHERE, G W x W o RY
EERL A B HL

EN5 (iR % o BRI £ (50,5 00 Ca). S,
RAAE, s BB BTk n HIEITESE, -+ S7 x A, x 5" BEMERBER, N, RIIE
AR RE L, Ca W@A-% R A VA 2, Fe B 2 R T B
FTE

Bl w1 poR, A CEIRET BRRATE IR A B L, HAeREE st IR, i
Bk, BHEK, BEEY, sp N VIIRE . ShIESE A, 3RBUK, 14K, BRER -, 7 “l_iﬁnk”
REPAT GRHK” NEE 2B R WK FRICERE N\, GREUK)=gw, FIEAREL C 4
Ehff FRBUK” 75 B FE— K.
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Officiate match(om)

S (19)

pooy jo 3eq T

I Jes Jo Seq 1 : (se) jes ppy
4

Get water(gw): 1 pail of water v
_ Disperse crowd(dc)
Supply water(sw)

B 1 (MEREE) SEES R ER

Figure 1 (Color online) Agent model of the volunteer

2.4 [EIFEENX

HRELLFFIRR T (1) MBI REARAL T X W, € W, py NE; 2 p 2 {pim, YW, € W
(i) H3ME a; FEXI W, PATH, @i NE; 2 a 2 {aiy,, YVa; € AVW,, € W}; T X qy@iny LA
EMAN ¢ = sc — LTL(p,a). 2R BERRANIES TLLE XN ANARE @ 2 {p1,--, 00,0041
seut @, Vo < O FEPATZ RIS E, 00, VO < u < U FEPUTERE LS . N T#HiL @ F
AN AT, 2R BERIINE S8 e SN

jé(‘]h‘]Q?”'a‘]N)’ (1)

Kb g, € 7 RBANEERBIES T, B RTc R FRTERATEME, B 3.2 Frd iEgiE L.
N T VHEENMERR A 7, Bt T =ANEEE R PR RIFAS AT RBOR, SR SE U TR] ¢, TRIRROA ¢, A RE
RERAR cp. D04 HBRREE R

Ir§n {aty, + Ber + ver b (2)

Hordr o, B0y S AH N ) SR EL

DRI, A) REAT DA IR s @ AR 25 A SN @, ILRIIF SR & s iR s E e o1 7 LA 2 3, [F
i B METE R 2 ISR G A

WK 2 Frow, Prif AP T R =80 . 5k, 18w e ekl % A AT 55 2 2 4 940
7S S RUAT 55 03 A, BARSEVRAESCHR [27) . IR, FEBSER AR 23, i i 40l e S AR e A4
AMER A S I A1 R, BeAE BRI BNAE - BRARHE; SRJE R 70 S FHEXT B E - BRAR Bt
ITAES 43, WAS 3 5. &)a, @it Ja i RANBRAE S BT 55, LAILAEZR [R5 O PAT AN s P, ILER
4 B,

3 FZEERIEERNBLAK
3.1 EfF - BEREHE
B, HXGEEATE T A &, MRIESCHR [27] Fril i 7 afeis, # i e U B
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Task decomposition Offline task planning Online adaptation

Now formula o " Eivitonment modd 7}
ol A o 178 Lt 71 [
B 3 I L 1 L Y

....................................................................
Local search

E Dynamic  cut-off Time-verying atten- E

* condition uation coefficient

H combination value
e 2
B E
® update  “mmmmseses l ............. . . valns ’ -—5
poset product H H ' £
Lo ot et SECK S OCOCOCCORIC0 memsmmmmae . ; g
R-poset P, H *  Related environment & % ' ) ' ]
/ g ' —> g ' ' time :
E H E H H Thme " Time® &
: : P : T p——. — T
- : : S I : Online synchronization :
--------------------------------------------- H Master agent P—1 Master agent H
pmEEesssssssssssesa . +  Motion action chain 772 1 1 | : = = S H
v Agent action model E,, * H H as ) - Communication H
k. @ il  [e)iEe—)mE : :
NN — . ] + = | Cooperative Cooperative
— oo : a1 i+ | agent agent
P i [ — P -
H -

2 (MEIRFE) BEEARN

Figure 2 (Color online) Overall architecture of the algorithm

TRFFSE, HFRIUE AT Prina 2 (7, <5, #,). BIETE <5 A £; LR FPITFIES Qp, AR &
L. AT TAES wi 2 (i, {aim}, {}) € Qp, BRERTEAEXKIR W, ATED a; 1ELASLIUES T
B EF M ;. (HRXTT —MNMEFEIRES s, H 2, ai, 87 & —,,Vs? € S, FIRREMAR, B0 E
TFENME ai, T BT HARIZIE LR BT AT HORTS 57y, (s34, i 575) € —vn. [FVEE, ZESATENNE
a; ZJ5, A MEURA sp £ sn, M EHATHSMIEE LR IVIRIRAS si. T3 6 oAt B iy
TS (IR, TT RS TR SR AE B AT, R, X IR ek B, AR T (EE, HAE
W TAES w; BIZIE - BRI, BN B REIR n RESREBLIIE HWE TE% wi TIBIME - BRIRHE.

EX6 (BIF - B F - BREER—HEfE - BRI 2 2 (0, W) - (a5, Wing),s
TR IR 7E X 38 N PAT S BN PE. BIFE BT FE R VR S 3R AAR T AL, B0 Ca(ay, Winj) € R;.
w2 ay - ay] REAVE AR IKIRZS I so R B RSN 5o, FRONBIIERE. FIREME B, T EIE
BE4 w, BIBNTEREAE G0N T, B - BRR BRI At A T,

2 EEaE 1 s RE ARSI 3 BRI 7, N T SEELFAES (1, {sw,, },{}), BP
TEX3H, 01 BPATIME “GRALK? (sw), M BEAR DI PATEINE “SREUK? (gw), X RFIZITEREN [gw, sw).
FEREE) K AFALE ry X, X R —FPEIAE - BAREE 70t A [(gw, 1), (sw, 01)].

TS w MERAR B, 505 1ol TN IEIE - BRsERTH50E. B, £58 19
AT RSP AL LU E SR BE SR T, BIXEFBIEEE st A B, BIRIARIRAS A, T HhAT I
BRI RAESS wi, IZR BIFIIRIRES. BILEESE 1 AT MRIsa I, ZR MR RERAIIAIRES so K. I
HH 4 AT 2R B, THIFEBLHR, A RBIRIERIRE so, RIENEREAATGAERR B,. 5 6 17
K pE o Rl pE of RIERAME TAESH 05,08 BISEREA SBENSIERESE 110 . Fr 2 Al
P RMIRES s I A Heigte. SRIGAESS 7~9 1T, SelUBN1EBrRt BLFK JL 1 i R g 2 71255, Ik
R REMCIRS IR I BIWIAR IR st MIBITER S o/ AENEhIEEE. RIS WsE 12~28 47 R, fES/EHESR
BLhit AR RENME - BRARHELR TIRet. A% 13 AT PR, B Je b B AR 4E b AL 3 1 BT 5 2 A5G BRI
fRIIX 38, 31X — 20 BEAE DR B A5 2 IR 00 KR /N e AR R4 W) SRR AR I SEmT R 2 (1 X 3, E
2N - BAREE o A AR B AT RS B BT AR 5. b, SRS 22 AT M IR AR AL X I W,
HAVCECI 5, SRS LS 23~25 AT 20 L AT XIIAT R 5E B EAE. 25 24 AT AW ORIE 1 473
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604

@ 1 12 t3
t12 71 T3]

40
f2 f3

E
> 201
5 fé6
o Q r3 4]
@ t9 t8 t7
-201 , , : , , , ,
-25 0 25 50 75 100 125
X (m)

3 (MKHRFE) BREFAHNEE

Figure 3 (Color online) Simulation environment of the “smart” track field

RTAES 0 M o BISIE - BREEA SPOMABIE - BARBEAR & Tt B 2 oot $diAT 58, MTE
%5 wi WL L, SR 1 B RIEITE - BAREE oot BEl 2 THESS wi, BAFERRENR n ZH1ER
M E, MPAERER T 5 IRZR.

ERERERAE, shEEE s RS RS RS MG K, manfk - etk met Mr£ 5 1shfE
PARAESS X IRARAG 2. R, shif - BRAesE AR R A fi ook, RAE IR MRA 58, RIS A
SEEE R RERBENS KME. T REA SIS ESERAME 55 X IERHGZ A IR, XA HIEAT
SRHCR A FTREMIZNAE - BAR BRI I, (N SRS B IRE, CLg/ b IR e (B I A5 B Rk AR
AL, W5 AR BT AT T BT S a M - BT Tt

ETMERRFAR. T TEShaifEEh —E 8 WafEr A, Ry ES P, K74
W =2y, Ao B RLRBERE T, AR R AT ES BAESS. WUPAR <, AESNTEREXS BN SE PR 21 U
T

ti,ml < tj,mg;v(whwj) Gjtpa (3)
S, by SEEERE L Ao fma]) = o; OBTE 7m0t fma] SRR, T 1,0, S50 106 o i A2
ARt [ma)) | oy HE wotmy] FFRARTIAL, no,my RSN - BEFEEE mimot, mmet FFX A0 P
TP RAH £, EBNVEREXT RIS BR A A

ti,m,l + d(ﬂ-mOt [ml]) g tj,mz aVqub e#tpv Elwlaw_] € qub7 (4)

o, b, REEIERE L A7 ) b= o BIBIAE mnotfmy] BITFRAI ], d(xot[ma]) Joxt REBhE
AT I
3.2 ETahEmES o

FEARH BB - B4R st 25, TR M A g $8 BEMORPAT mne®, JFTHS0x B AT i
(6], BRI 2 B BIRZI A, 18BN 20K, [R5 L9 ANy SR 2R I AL S LA 1) L 25 FE BN AE - B
BERAT I E L ERETHE, &2 R B R S BT A BAE, FONERRER. RN, BE P 1B
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BE 1 9ifF - ARSI

BN T1E% w = (6,04, 09), HEMHEE B,

W 55N et

L WRTI g = (5,7 = [,p={})] , SIEBESE 20 = {3}, BhfF - BRAREESR It = {3
2: while ¢ do

3 s, p=q.pop()

4 for (s,a,s’) € =, do

5 7w =[mal, p =pUAin(a)

6: if p' Eoy,p' Fof,s’ =so then
7 o IAE] roct

8 else

9: ¥ (s, m,p) MIN ¢

10: end if

11: end for
12:  for m® € Hfﬁf do

13: W; = {Wn|Ca(a) € Rm,Va € 7},

14: q=[(Wm,0,[(&, Wm)])]

15: while ¢ do

16: Wi, §, ™ = q.pop()

17: if 7*[—1][1] # @ then

18: for W; e W;, W, # W, do

19: (Wi, 4, [, (2, W3)]) T ¢

20: end for

21: end if

22: if wo[j] BETE Wi AT # THRITF— 22 1E then
23: if j+1=|7% then

24: if Ap (7)) E 07, An(7®[j], Wm) F o; then
25: 44 [re, (x2 (5], Wan)] JA TIRSE

26: end if

27: else

28: (W, j + 1, [, (7], Wm)]) MO q

29: end if

30: end if

31: end while

32: end for

33: end while

34: return H‘;?fl’t

VRSN T LA b FA R R A Bl 7] AR SRAT IS TR, X 8 10 [R] ) e A PR M R REAR. DRI, g
W ny WIEMEFFS Jn1 € T ATRLE XN

Jnl £ [ﬂ—mOt [k]7 T ﬂ—mOtL (5)

,Mn2 s Ning

Fobt ot k] £ (g, Wi) REE LR, FR B no K62 Wi SATEIE ax, LLPMBhSE BB RE 1
ny WENME - BRRRE mmot. BOop oot MUZRREVAENR ny SERHUTENIERE nmot. (/REERIOR, & - B
(R AR R B (A S B B PR IE R B, RIS EER 1. BIZERTENIE o 75 B R R 24
RE 5 REBHTXRIIOZNTE, BIHE o € 5™ (643 (5,0, 5') €.

FRAR 99 3258 Tk M T SR AR 4 B, BERE IR L TE TR e e (e 2, R
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Search tree
Add to search
tree
<
Node
expansion
Calculate lower
—> bound z; ‘
Yes No Calculate upper
bound z;

Delete v;
! update optimal

value z* = max{z*, z;}

4 (MBREE) 2XERERERN

Figure 4 (Color online) Architecture of the modified branch and bound algorithm

WP AT ST 007 N STREAT YR R, JFRRER T A d w20 3, Il i B 5. TSSO
TR AT BRATIE - BRATEE, TOME R ek R B — 3, Z AT R O E AT

WUt 7 48 52U o Sk B 5 vk DU - 5
3.2.1 ETENMEBEREMRENT AR

BEER T 0 2 [ryye ooy WIRTEE SR (5) —5L, (EHIAME 5 5rRERLE B WIHA1Y 5
ARAEOTIES, B0 o 2 [0, 0,---). FRZR TP, B SR SLATY S T S B35 25, 2 s
IR AT T S BTN SR X5 T vy, 15 AR T BLAS TR Y
AR AR TAE S T TROZIE - BRREE nnots s pMA_E A RROEIE - B4
]

hE - BRIEEENEC. thTahfE - AR AR R IT 20, I HAR T 208050 AR S HAT T A 2K,
45T B 24 45 £ T 4 0T 26 AT B OB )

Qf £ {wr|V(wj, wr) €X,wj € A}, (6)

A, u NEET A v A IS RS BRI IR Qp HHI0TE55 BERIE T35 AR5
PR — R TFRR < AR, EIER MBI TS w e Qp J5, tHE TR R M1
- HEREESR:

I & et An (70") E S50,V € N}, (7)

SO, A (ot FORIIE - BRI, 5% = Uuien, of, BTV AT TAE5 AT FLAR.
5% HE L R S RE, 0 G A S PR O S 7 24 R A0 ¥ U
I 2 (P OF () + CF (A1) < Ry Vs € TPV W, € WY, (8)

i,mn
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v e Vi1 — Vi+2
Agent 1 [ T e
Agent 2| [[B1L =577 Bo B =5 By aq B w57 Bo aj
Agent 3 a9 Qg 51

Bl 5 (MEMRFE) shiFikinFEIEHIZEHIER

Figure 5 (Color online) Deadlock during the assignment of action chains

Hrp, C(T) Rom ZHT 73 FeJ7 RAE KR W, FHBFERIASEBIR, O (mpnet) Ron W - BARBErEIX
W, FTIEAERIAEE TR, Ok 1] AR RS TN, R CRIEARBAAT (0 AT 55 (K A0 B 75 SR AF 200 2.

ENMEMRE. EILRBIERE D BT 0 P [ R RER I, 2 BEAL A LI C 22 BRI S A BEAT B[], 7T RE
SHBATATRSEBUEOL. s 5 fros, W T o2 il 7 ADaifE - BRAREE angt, 7ot BT vy,
JeT R wet P ERI Y E R REAR, SR apet AUPREVE B, IR RE AT AL vige. T AL vigo
HEA WA RISIER FLR ag < Bi, b1 < ag, IIMTFASEBE A KLY ] DAL R St 5L g
RO ASTTAT, (B2 RS T ST 4.

PRI, D S A R 2 TR U RIS A A AR B8, W R SevF o BC BB a1 - BRAREE mimot ok 70 id
(IEH1E mnot (k] LA HLAb A R, XA TR BRI & N/, IR 5250 H AR ANE A B 7 R0 2038

an 2 /| A\ (7 [K]) E E}emn' eN,n' #n}, (9)

PAE 73 B AR AT BLORIE T s ¥ P 2R BRAIAE 55 72 81— S A2 RTAT 14, AT J8E G AN RTAT (0749 it AT s i o
B, PREAT R,

3.2.2 HEEXHIIEEF

FEAH T miJn, kB T RESRINE SR 0 B A5 TR — R IR, IR BRI RE R
NIYSCEFE. BT RRRY R ER SRS 2 A AL, TR B HE AR PR ORI AL Y IR R A
19 71, RMRSEIEFPATRCR =, HORIRES DR, XERE 78RN T%, BHZ I E
REZE T AW R PP EREATIZACTT 5, DARIE TSR ACR.

FARYE, W T ERVIET 8 vo, ERFEEREN ho = 0. X TAREMAT A v, ERTA v,
FIVFASAEDA by 35 SRTT R T AT R BE T — BT IS ESE 7mnot, A8A X R PF AL

hi 2 (hyzy + at(mt) + Ben(m0") + yee(m9Y)) /20, (10)

Horr 2, BT A EFE, 2, RWERY A EFE, by W RKTEAEE. t(reh), o ("),
co(mot) 3 A AR AT RUB 73 BC RN 8], BEURATERARVE MG, A AT AL v REET WAL v, B
VEBEH HIBIE 7ot (k] 70 BC S 2 PR Redk, PP E T 150y

hi £ (hezy + e ({7 (K1})/ 20 (11)

A, PR 2 VRSN IR RE, ELAE 25 HOM G KRS, BRI (1) SR ot (et
[K]) A1 Be, (nmst k).

DAL A7 I TE TP AT RN E B R 9, 2 (7) Bk LA A T AT AT S Q) BT
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Figure 6 (Color online) Diagram of the online synchronization algorithm
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Figure 8 (Color online) Trajectories of all agents in Case 2 at 400 s
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Figure 9 (Color online) Gantt charts of the planned execution (a) and the actual execution (b)
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Figure 10 (Color online) Searching results of simulated annealing search process in Case 2 (a) and Case 4 (b)
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#=1 HEH
Table 1 Simulation results
Case 1 Case 2 Case 3 Case 4
Number of tasks 9 19 24 26
Number of actions 11 26 33 36
Optimal value 1227.8 2617.7 4657.7 3197.3
Time of offline calculation 10.12 s 27.71 s 79.19 s 1680.3 s
Time saved by incremental computation 0.208 s 0.518 s 1.732 s 55.31 s
The computation time of replanning 6.320 s 14.18 s 18.35 s 107.1s
The computation time of the first solution 0.023 s 0.026 s 0.065 s 0.073 s
The calculation time of action-chain 0.012 s 0.011 s 0.019 s 0.012 s
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Figure 11 (Color online) Comparison of the planning time (a), the number of actions (b) and the optimal values (c)
among baseline methods

SERL/INRISR A E B

FERE] 11(a) HPidsR T AR SIEE SNSRI PRI, Horh, il T R Aok 10 = 20 LR R fE
PRBCRIREIE N, Em SRR 1, AR T IRESEGE 10* (R E S, BT R S
HAAT. NET LR, EHARE PR TR 1 AR BRI AR, FE A ik, R G B
MR BT SR RE T ST TR A SR RISy, REALER R AR 3 A 4. S5 4b, AERE 11(b) Hid
X ASH UTL A EA SRR, Horh, BERRAR i, RAEEMBEATRIZE - #
TRBE LA RESS A 8 RE AR Y RE VB AE 10 75 2T RIBh AT, (H AT 2 SR MR R TOVE A B N B
MR, TR S BERORRI TR R AT LTL AP L shfE, shZHEBLRE /), mA&PATHIZIIEEL
EYOTHAS . &5, £ 11(c) Hidsk 7SR RIE. b, R BARI GE RS E R
DULE, (H A2 i T L 20E 1 BB R I $AT 1 S8 IEh 1, IERIDT SRR A TR 1. Hk, FATHI3h
E - BRARBESEIN Fe 20 A T REMR IR U R L, TSRS 2058 AR R A, RIRT5ET, WA
JHEREAC BN R R NS0 =, A i TR LI R RIE VAR 2T AT . 25 1, Prde i 38 F23h 1k -
BRARBER TR REOR B 1 R R SR 0 B RE R AR A HEZELRE 7, SCRE DR ATVR & BE B RIARIE ) T 55
.

2638



HERBYEERE Boa s H 1M

6

& 4

k3= =]

ARSCRER R AR AR, PRI B Zh A A (0 Bl A 55 M0 1R AL, 2t T — b B R B 1Y

AR ST IR T ik, T B e AR rh S AR S AR ISR, IREE T B RITT BRI
FESSHOHERLRE ). R TR T AR ML LT i, 183 T A S AR ENE RIS R E . s
Bk TAELAE N 59, SEBL T S AL AL F AR R B Sl 07 O B, AR SO SR I ST SR
RN T K2 BRI, iR e BRI, HIRE 1Az E R e

FEARRIHTFT, TR BL— & MR AR B2 LR S5, # S R T R R SO R A& LA

ANBFE2 .

SEHk

10

11

12

13

14

15

16

17

18
19

20

Tamio A, Pagello E, Parker L, et al. Advances in multi-robot systems. IEEE Trans Robot Autom, 2002, 18: 655-661
Alejandro T, Eva O, Antonin K, et al. Cooperative multi-agent planning: A survey. ACM Comput Surv, 2017, 50:
1-32

Zhe C, Javier A, Xiaoshan B, et al. Integrated task assignment and path planning for capacitated multi-agent pickup
and delivery. IEEE Robot Autom Lett, 2021, 6: 5816-5823

Hou X L, Yang J N. A two-level scheme for multi-objective multi-debris active removal mission planning in low earth
orbits. Sci China Inf Sci, 2022, 65: 152-201

Wu G H, Wang T Y. Large-scale constellation tt&c resource scheduling algorithm based on adaptive simulated model
cling. Acta Aeron Astron Sinica, 2023, 44: 265-286 Hﬁﬂé, FRF. T HIE AR KR R AR A2 R 2 %
R 5%, iz 24, 2023, 44: 265-286)

Wells A M, Dantam N T, Shrivastava A, et al. Learning feasibility for task and motion planning in tabletop
environments. IEEE Robot Autom Lett, 2019, 4: 1255-1262

Omidshafiei S, Pazis J, Amato C, et al. Deep decentralized multi-task multi-agent reinforcement learning under partial
observability. In: Proceedings of International Conference on Machine Learning (ICML), PMLR, 2017. 2681-2690
Chen M, Zhou T L. Data fusion using bayesian theory and reinforcement learning method. Sci China Inf Sci, 2020,
63: 170209

Keshanchi B, Souri A, Navimipour N J. An improved genetic algorithm for task scheduling in the cloud environments
using the priority queues: formal verification, simulation, and statistical testing. J Syst Software, 2017, 124: 1-21
Yan M, Yuan H M, Xu J, et al. Task allocation and route planning of multiple uavs in a marine environment based
on an improved particle swarm optimization algorithm. Eurasip J Adv Sig Process, 2021, 2021: 1-23

Liu Z S, Guo M, Li Z K. Time minimization and online synchronization for multi-agent systems under collaborative
temporal logic tasks. Automatica, 2024, 159: 111377

Dimarogonas D V. Multi-agent plan reconfiguration under local LTL specifications. Int J Robot Res, 2015, 34: 218-235
Baier C, Katoen J P. Principles of Model Checking. Cambridge, MA: MIT Press, 2008

Yu XY, Yin X, Li SY, et al. Security-preserving multi-agent coordination for complex temporal logic tasks. Control
Eng Pract, 2022, 123: 105-130

Tian D Y, Fang H, Yang Q K, et al. Two-phase motion planning under signal temporal logic specifications in partially
unknown environments. IEEE Trans Ind Electron, 2022, 70: 7113-7121

Tumova J, Dimarogonas D V. Decomposition of multi-agent planning under distributed motion and task LTL
specifications. In: Proceedings of IEEE 54th Annual Conference on Decision and Control, New York, 2015. 7448-7453
Li L, Chen Z Y, Wang H. Fast task allocation of heterogeneous robots with temporal logic and inter-task constraints.
IEEE Robot Autom Let, 2023, 8: 4991-4998

Mordechai B A. A primer on model checking. ACM Inroads, 2010, 1: 40-47

Gastin P, Oddoux D. Fast LTL to Biichi automata translation. In: Proceedings of International Conference on
Computer Aided Verification (CAV), Paris, 2001. 53-65

Ding X, Smith S L, Belta C, et al. Optimal control of markov decision processes with linear temporal logic constraints.

2639



AR T B EE AR AR S5 P 1R R

IEEE Trans Autom Control, 2014, 59: 1244-1257

21 Kloetzer M, Mahulea C. Accomplish multi-robot tasks via petri net models. In: Proceedings of International Conference
on Automation Science and Engineering (CASE), Gothenburg, 2015. 304-309

22 Leahy K, Serlin Z, Vasile C L, et al. Scalable and robust algorithms for task-based coordination from high-level
specifications (SCRATCHeS). IEEE Trans Robot, 2022, 38: 2516-2535

23 Kantaros Y, Michael M, Zavlanos M M. Stylus*: A temporal logic optimal control synthesis algorithm for large-scale
multi-robot systems. Int J Rob Res, 2020, 39: 812-836

24 Faruq F, Laccrda B, Hawes N. Simultaneous task allocation and planning under uncertainty. In: Proceedings of
International Conference on Intelligent Robots and Systems (IROS), Madrid, 2018. 3559-3564

25 Li H, Han C Q, Liu Y R. Mission planning for small satellite constellations based on improved genetic algorithm. Chin
J Space Sci, 2019, 39: 129-134

26 Peng Z H, Cai J Q. A multi-mode multi-skill project scheduling reformulation for reconnaissance mission planning.
Sci China Inf Sci, 2022, 65: 169201

27 Liu Z S, Guo M, Bao W M, et al. Fast and adaptive multi-agent planning under collaborative temporal logic tasks
via poset products. Research, 2024, 7: 3-37

28 Van Laarhoven P J M, Aarts E H L. Simulated Annealing: Theory and Applications. Springer Netherlands: D. Reidel
Publishing Company, 1987

29 Luo X S, Zavlanos M M. Temporal logic task allocation in heterogeneous multi-robot systems. IEEE Trans Robot,
2022, 38: 3602-3621

30 Makhorin A. GLPK (GNU linear programming kit). http://www.gnu.org/s/glpk/glpk.html, 2008

31 Schillinger P, Biirger M, Dimarogonas D V. Simultaneous task allocation and planning for temporal logic goals in
heterogeneous multi-robot systems. Int J Robot Res, 2018, 37: 818-838

Collaborative planning of formal tasks based on action chains

Zesen LIU, Zhongkui LI & Meng GUO"

College of engineering, Peking University, Peking 100871, China
* Corresponding author. E-mail: meng.guo@pku.edu.cn

Abstract Multiagent task planning based on formal methods has attracted considerable attention due to its
ability to handle diverse task specifications and complex systems. However, as the number of agents increases, the
planning complexity grows exponentially. Existing search-based methods can only handle medium size fleets while
integer program-based algorithms cannot incorporate collaborative actions. To address these issues, this paper
proposes a novel planning scheme based on action chains, where tasks are assigned via partial order optimization.
Furthermore, an online adaptation and synchronization algorithm is proposed to handle contingent tasks that
are generated online and uncertainty during task execution. Extensive numerical simulations are conducted to
validate the effectiveness and reliability.

Keywords multiagent task planning, formal method, linear temporal logic, online self-adaptation, partially
ordered set
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Table A1 The definition of agent, action, resource and interested region

Agent Capacity Label
Volunteer Get Brine, Supply Brine, Add Salt, Get Water, Supply food, Get Vo
food, Officiate Match, Disperse Crowd
Referee Officiate Match, Statistical Achievement, Disperse Crowd Ju
Sport Doctor Get Illness, Put Illness, Diagnose, Get Brine, Supply Brine Do
Resource Water Food Brine Illness
Action Requirement Action Requirement
Get Brine Brine: 1, Time: 70 s Get Food Food: 1, Time: 30 s
Supply Brine Time: 30 s Officiate Match Time: 150 s
Add Salt Time: 10 s Disperse Crowd Time: 120 s
Get Food Time: 30 s Diagnose Time: 120 s
Get Water Water: 1, Time: 30 s Get Illness Illness: 1, Time: 100 s
Put Illness Time: 150 s Statistical Achievement Time: 300 s
Supply Food Time: 30 s - -

F= A2 ZBfIPH sc-LTL EE 2R
Table A2 The sc-LTL formulas in the cases

Formula Description

oswr1 A 0swra A o(ders A o(omes A 0sagz)) @ Supply water(sw) at region r1,72; disperse the crowd(dc) at

a1 t3 and then officiate the match(om), and finally statistical achievement(sa).
o(deta N —omea A oomea) A odegs A 0s frs + Disperse crowd(dce) at region t4. After that, officiate match(om)
¥2 at region t4; disperse crowd(dc) at region t5, and supply food(sf) at region r3.
o(dees A osbr1 A 0sbra A 0sbrg) A o(omes A osarg) : Disperse crowd(dce) at region t3, then supply the brine(sb) at
w8 region r1,r2,rs; officiate match(om) at region ts, then statistical achievement(sa) at region tg.
o(dcga N —Doygy N (0om g7 A ~Dogr)) : Disperse crowd(dc) at region f4, then officiate match(om) at region f7,
o the sport doctor(Do) should not enter related regions.
©s osagy A osbyy @ Statistical achievement(sa) at regin fi and supply brine(sb) at region fi.
o(di; N —gi; A ogii) A —=Vo; A —Re; | gi; : Diagnose the illness(di) at region ¢, then put the illness(¢i) to
o region i; the referee(Re) and volunteer(V o) should not enter region ¢ until the illness is removed.
w7 o(de; A —om; A o(om; A osaj)) : Statistical Achievement (sa) at regin j.
s osf; :Supply food(sf) at region i.
©9 osw; : Supply water(sw) at region .
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