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Effect of Divisional Cooperation on Robustness in Multi-Agent Continuous Cooperative Patrolling
Problem
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In this paper, we address the continuous cooperative patrolling problem by autonomous multi-agent who have
limited activity time. We showed that agent with our method could construct a divisional cooperation in bottom-
up manner by autonomous learning and simple one-to-one negotiation. In this paper, we focus on the effect of
divisional cooperation created autonomously on the robustness of environmental changes, and evaluate our method.
The results showed that the divisional cooperation improved the robustness of environmental changes since some
agents respond to the changes and others continued their specific task. And more, we analyzed the reason of the

improvement in detail.

1. 00O0o

0000000000000 0DO00O0ooDOUOoooooo
o000oO0o0ooO0o0oooOo0ooOoUoooOoooooooDdg
oo0oo0ooOoO0oOoooUooooooooooooooog
oooooOooooOoOOOO0OO0DOO0OOOO0OOO0OOOOOO
ooooO0oo0oo0oo0oooOoooo0oooooooo
000000oO0o0o0o0o00o0ooo0oooUooooOooog
00000oo0o0o0oo0o0U0ooOoOoUooD 1ooooo
000000000000 000O0ODavid 111000000
goooooooOoOoOoOOOOOOOOOOOOOOOO
oooo0o0ooo0ooOo0ooooo0oooooooooo
pogboboooobobooboooboboobobooboo
0000o000o0oOo0oo0oDooOo0ooO0oooOoooUOooo
0000000000 Continuous Cooperative Patrolling Problem
(CCpP)OOO0O0ODODODOOCCPPOOOOOOOODOO
o0o0ooo0oooooOoooooooooOooooooooog
pogboboooboobboboobobobooobobooo
o0o00o0ooOooOooooooooo

cceeOO0O0O0O0O0O0DODDOOOOOOODOOODOOOO
oooooOoO0O0o0DO0o0o0oOoOoOoooooooOooO 200
o0oooooooolooooooooooooooooo
ooooo0o0o0o0o0o0o0100000000000000
000000000 [Ahmadi06, Elor09]02 0000000
ooo0o0o0oO0O0o0O0o0o0o0O00O0DO0o0DOoOoDOoOooooog
oooooOoOooOoOoO000O0oOoOoOooooOooooooog
O [Sampaio 10, Cheng 07]0 0000000000000 O00OO
oo0oo0o0ooo0oo0ooooooooooooooo
gogbooboobooooboboboooobobobooo
0000000000 [Yoneda 15], [Sugiyama 15]0

O0o00o00o0o0o0oO0oooooooooooooooo
o00oooooooooooooooooooo 1o0ooog
00000000000 @ones 03,Suseki 05100000000
ooooO0oo0ooO0oooo0ooooOoooooOooo
0000000o0o0oU0o0ooOoooOoUDooooUoooo
o000o0o0oo0ooOo0ooOoUooOOoOoooUODOobooUOoOoo

000:000000000000000000000 169-8555
000000000 3-4-10 sugi.ayumi@ruri.waseda.jp

00ooooooo0ooooooooooooooooooo
O0000000000ooooooooon [Sugiyama 16]
0dooooooooooooooooooooooi1o 10
J000o0o00oooo0odooooooooooooooo
J000d0ood0ooU00oooooooooogooog
000000000 0O0O0O0oO0O000 [Sugiyama 16]000
ooooooooDooooDooooo0—ooo0ooooooooo
0o00—0000doooooooooooogooooooo
0000000000000 O0Mavid 1110000000O00O0O
0000000000000 00D00000D000 scalability,
flexibility, resource utilization, interference, communication load
orworkload 0000000000 OOOOOOOOOOOOO
00ooooooooooooooooooooogooooo
J00ooooooooooooooooo0OdlSugiyama 16]
Jdooo0ooooooooooooooooogoooo
J0o00ooooooo0oO0ooooooooooooooo
00oooooooooooooooooooOoOoooooo
00oo00oooooooooooooooooooooag

2. OO0

ccepO0OO0O00O0OCOOOOOOOCOOOOOOOOO
gobodoobooooooooooobooooobooooboon

21 OO
0000000 tick 000000 tickD0O0OOOD0O0OOO
0000000000000000000000000000
00 G=(V,E)cR?O000000V ={v,...v,} 000
00000000000 v000 2,0y, 0000FE0000
0000000000000000000000000000
00000000000000000 »00000 R, C R?
0000000000000000000000000000
00000000000000 p(v) (0 <p) <1)0000
O0¢0000+0000000000000000000
00000 Le(v) 0000 Le(v) O plv) 000000 tick O
0o0o0oo000ooo0oon
LMOH{leyH(DDDDDDD) 0
Li—1(v) (DOD).



goboooooboboo00obooooooboobooobogoon
00ooooo Lyv)y=00000

ccepUbOdbDoboOoOOoOOOOODObOOOOOnn ¢
00t 000000 Dy, OODDDOOOODODO

Do) =30 3 Lulw), @

veV t=ts+1

0000t <t 0000s0221000000000000
000000000D,,, (s)00000000000000
0000000000000000000000000000
00000000000000

22 000000

0000000000 A={1,...,n,}00000000 tO
000000000+00000 eVOO0000000000
0000000000000000000000000000
00000 w,,000000000000000000000
0000000000000000000000 [Sugiyama 15]
0000000000000000000»0000 pi(v) 0
0000000D0000000 P! = {(v,p()|lve VOO
0000000000000000000000000000
00000000 p(v) 00000000000 000000
0000000000000000000000

00000000000000000000000000
00000D0000000000 deow (>0000000
0000+0000000 00000000000000
00000000000 m(v,») 0000000 ¢t0000
m(vi,v]) < deorn 00000000000000000000
000000000:0 j00000000000000 T34, 0

last

0000000000 77, (> 00000077, >t-1.7,

00000000000000000

221 000000
0000000000 (D00 s00000000 vger O

000Q) v 0000000003 000000000 vtar

0000000000000000000000000000

0000000000000000000000000000

0000000000000 [Sugiyama 16]00000000DO
goooo «ouobooboouoboooobooobooooobooboo

000 000000 ELi(v)000 N,O0ODODOOOO
ooooo

goooooo sobooboobooboboobooboobb
OIi(v)OODO N;00ODDDOO0O0D0DD0O000

oooooooo :00b0o0oobooo0ooboooboon EpO
0000o0oooooooooOoO0O0O0 ppOO0OOC0DBDODO
gobooooooooooo

gooooOoUooooooOoUoogoooooooooooog
0 Adaptive meta target decision strategy with learning of dirt ac-
cumulation probability (AMTDS/LD) O O O O O [Sugiyama 15]0
AMTDS/LDO0ODOCOCOO0ODODOD ;00D0D00O0O0ODOO §S=
{s1,...,8,} 00000000000 s"O0O00OOOOOO
000000000000 plv) 0000 pi(v) 0000
goooooOo0oOoO0o0oO0ooooUooopDOooopooooog
poooooooooooooo
0000000000000 0000oo0ooooooon
0000000oooooooooooooooooooon

3. oooo

O00 AMTDS/LDO00OO0O0OCOO0ODO0OOO 101000
oooooooooooooDOoogoooooooooog
0000000 AMTDS with learning of event probabilities and
enhancing divisional cooperation (AMTDS/EDC) 0 0 OO OO
00000oO0oDooOoO0oO0o0ooooooooooooooog
o000o0ooooooooDOooooooooooooog
000010100000 0oogoooooooooooo

31 0000 (@)oooooooooa
0000000000 »00000000000 ¢4, 00
obooooobt+t+boonboooo Iti(v)EIDEIDEIDEI[ID
oogd
L) =t —tyisi- (3)

00000000004000000000000I(v)00
00 p'(v) 000000000

o) + Bl
R (O

(1= B)p'(v) (Li(v) =0000),

(Li(v) >0000),

“4)
O0D00a(0<A<1HO0D0O00ODOOO
000000000 :00000000 Vi, (CV)OOOo
0000000000000 sO00000000 vl 000
000000 VOO0O0ovVe,00000000000000
000000000000 00000000000Dooog
00000000000 0000000ooooooooog
00000000000 v, 0VOooooDoooooooo
000000000000V, 000000V,,0000
0Ve,=V0O0O0O0OV,,00000 N.,,00000000
0 N, =|V|0DOODOODODO0OOO0O000040 PPOOO
0p'(v) 00000000000 N,y 0O0OD0O Ve, 00
OD0000p' (v) D0D000D0D00OO0O0DO0DO0O0
0Doooooog
000000000000000000000000 Vi
0000000 200000000001000000000
UoUoooood pl,, (>000000000000000

Peum = Di(v).

vEV iy
000 pi(v) 000000000000000000000
pl..0i00000000000000002000000
00 C' = (2L,y)) 0000p (v) 0D000DOO0ODO0O
ooooog

i 3 P mayi= 3 20, )
p:‘ﬁ"u/’n 1_)6‘/7 p:LSle

veV? self

self
0000v = (20,y0) 0000000 v, 00000 v, 00
000000 d(vp,vg) 00000d(v;,v) <dvi,v) 0000
D000+ 0000000+¢0000000000000 400
0000000000000000000000000000

32 000000000
0000000000000000000 Vi, 00000

000000VE,00000000000200000000

1000000000000000000000000000



000000000D0000000000000000000
0000000000000 0D0000000000000
000000000000000D000000 1000000
0000000000000000000000000000
0000000000000000000000000000
0000000000000 000000000000000
000000000000 D0000000000000000
P, C'O000000000O0OOOOOOOOOOOOD
321 0O0OOOOOOO

0@ 0000000000000 D000000O0O000O0
000000000000000

(6)

T.0<T.<1)00000000000000000000;4
0p'(v)000000 VY, ={ve Vi d(Cv) > d(C7,v)}
00000040 V)0 p'(v) 000000 0eg(0<eg) D
00000000000 pi(v) 000 0000000000

P’ (v)

p'(v)

1 + Tc < pium/pgunr

— p(v)+p'(v) x 8
— p'(v) x 6.

(N
()

§0<é<1)D000O0OD0O00OOOO0O (7),@® 000
p'(v) 00000000¢:00000000000 0000
00000D0Oe, 0000000000 DOODOOOODOO
oooop,,Op,,.00O0OOODOOODODOODOODOO

\‘p;um >< ’YJ) ,
psum

0000 N,mae (0 < Nimaw < Niy)0DDDOOOOOOO
000000004 0000000000000000000
00000000000 0000000000000 40 50

Vi,0000 N, 00000000

1
Ngmam

€g = min <Nsielf -1, )

N;elf

N.Zelf

(10)
an

— Nsler —€g

— min(\V|,N§elf+eg).
322 00000000
O@aoooooooooooooooooooooo

1= Te < plum/Plm < 1+ T. (12)
i0 vy

w0000 p'(v) 0000000 e, 000000
p'(v) 00 (7),(8) 000 j0000e, 00000000
¢g = min (Niup = 1, Niaa ) (13)
O00O0ON.,.(>0000000000000000000
0000000000 N, 00 (1000000000000
0p'(v) 000000 N, 4 0 Njo,k 000000000
00000 (12)0000000000000000 ¢0 50
ooooooooo

4. 00OOO0DOO0

o000 (AMTDS/EDC) D 00O0D0OOO0OOOO000DOO
goooooooooooooooooobobooobbooo
gobooooooooooooooooooooooooon
ooo AMTDS/LDOOO0OO000000

Room 0 B [Room2] Rooms [
[
O
= O
©0,0) [
— — X
0
O
Room 1 Room 3 Room 5
010000

010000000

gooooo goooo O
000 N, 5
ooooooon N; 5
AMTDS/LD o 0.1
Jé] 0.05
ooo € 0.05
AMTDS/EDC Nymaz 100
Nemaz 10
T. 0.05
0% 10
0 0.5
goooo deom 5
Tlimit 10800
41 0O0O0OO

00000000000000000000000000
0000000 pi(v) 000000000000000000
000 RoomN(N =0,...,5) 0000000 101x101 00
0000D00000000D0000000 ()0000000
00 p(v) D000 (HOD0000000000010°°000
0000010‘0000010°°000000000000 20
000000000000000 vpase =(0,0) 000000
000000000000000000000000000
000D0D00000000000000000000000
0090000 00000000 2700tick 00000000
000000 100000000000000000000
0000000000 3600tick 000000000 Dy, (s)
0 3600tick 000 000000000000000000
0 AMTDS/LD 000000 AMTDS/EDC 00000000
000000D00000000000000000000 10
0000000000000000000000000000
0000000000000000000000000000
000100000000000000 10000000000
00002000000000000000000000000
0000000000000000000000000000
00000000000000000000000000

42 0000DOODDOODOOOOOOOO

0000 D(s) 0000 O00ooUoooooooo
uoooooooooooboooobooboooooooooooo
00000000 D(s)0 366%0 000000000000
goboouoobDOooODO(Sugyama l6]O0000O00O0OOOO
goooooooooobooooo @uooooooooo
ooooooooooooooooooooobooooooon



4500000

— AMTDS/LD — AMTDS/EDC (REFi%)
4000000

3500000
3000000
2500000
2000000
1500000
1000000

500000

Cumuative existence duration of events D(s)

0 500000 1000000 1500000 2000000 2500000 3000000
Time (ticks)

02:0000 D(s)000

12000
(a) VE2EBSRY 3

5 Room 2
(2,000,000-3,000,000tick)

®Room0  ®Room 1 (b) BEERFDE@FEADAE E (3,000,000tick)

£
10000

1 Room3 mRoom4 mRoom5
L] I i e
i 1

01056 211 4139141716123 18157 1 8
AgentID

"

H

: | nllHlJ
ol llanann 1

01056219 1 4139141716123 18157 118
AgentID

O30 RomOOOOO0O00O0O0O0O Nsielf

00000 200-3000 tick 0000000000000 Room
0000000000000000 N.,,000000 3)0
0000000000000000000000000000
0000000000000 0D00000D00000000
0000000000000 N, 000000000000
000000000000 0000000000000000
0000000000 000000000000000000
0000000000000 000000000000000
0000000000000000000000000000
000000000000 0000000000000000
00D000000000D00000000000000 101
000000000000 000000000000000
0000000000000 00000000000000
0000000000000 000000000000000
0000000 pl, 00000 4200000000 Ny
00000 400000 4200000000 p, 000
0000000000000000000000000000
00000000000 D00D000000000000000
000000000000000000000000 4(b) 0
0000000000000 000000000000000
000000000000 (@O0000 1,3,1200)000
00000000 N, 00000000000000000
0000000000000000000000000000
000000000000 0000000000000000
0000000000000000D000000000000
0000000000000 000000000000000
0000000000000 000000000000000
0000000000000000000000000000
0000000000000 000000000000000

@ EEORE

§
&
2w
s

The total amount of importance g,

Time (ticks) Time (ticks)

0 4:pl,, 000 Ni, 000

gboboobooboooboobooobobooboooboo
goboooooOooooooooooobobooooo

5. 00

uoooobooooooboooooooooobooboooa
g1o0000ccepOooooooobooooboononoon
gooooooooooobooboboooooooooooo
gooooooooooooobooooobooboooooooo
ooooooboooooooooooooboobobooooooo
ooooboboboooooooooooboobobooooooo
goooboooboooooooooooobooboooooooon
goooooooooooooooooboobooooooooon
oooooooooooooobooooboobooooooooon
gooooooooooooooooooobooooooooo
goooooooooooooooooobooooooooo
oooooooooooooobooobobooooooooo
gobooobooooooooboooboooooo

EEN

ooooJsesOOO0OO0OO0IPI6JII980 000000
ooooooo

gooo

[Ahmadi 06] Ahmadi, M., Stone, P.: A multi-robot system for continuous
area sweeping tasks. In: Proc. of the 2006 IEEE Int. Conf. on Robotics
and Automation. pp. 1724 — 1729 (2006)

[Cheng 07] Cheng, K., Dasgupta, P.: Dynamic area coverage using faulty
multi-agent swarms. In: IEEE/WIC/ACM Int. Conf. on Intelligent
Agent Technology. pp. 17 23 (2007)

[David 11] David, P., Rui, R.: A survey on multi-robot patrolling algo-
rithms. In: Proc. of Second IFIP WG 5.5/SOCOLNET Doctoral Conf.
on Computing, Electrical and Industrial Systems, DoCEIS 2011, Portu-
gal. pp. 139-146. Springer (2011)

[Elor 09] Elor, Y., Bruckstein, A.M.: Multi-a(ge)nt graph patrolling and
partitioning. In: Proc. of the 2009 IEEE/WIC/ACM Int. Joint Conf. on
Web Intelligence and Intelligent Agent Technologies. pp. 52-57 (2009)

[Jones 03] Jones, C., Mataric, M.J.: Adaptive division of labor in large-
scale minimalist multi-robot systems. In: Proc. of the 2003 IEEE/RSJ
Int. Conf. on Intelligent Robots and Systems (IROS 2003). vol. 2, pp.
1969-1974 (2003)

[Sampaio 10] Sampaio, P., Ramalho, G., Tedesco, P.: The gravitational
strategy for the timed patrolling. In: 22nd IEEE Int. Conf. on Tools
with Artificial Intelligence. pp. 113-120 (2010)

[Sugiyama 15] Sugiyama, A., Sugawara, T.: Meta-strategy for cooper-
ative tasks with learning of environments in multi-agent continuous
tasks. In: Proc. of the 30th Annual ACM Symposium on Applied Com-
puting. pp. 494-500 (2015)

[Sugiyama 16] Sugiyama, A., Sea, V., Sugawara, T.: Effective task allo-
cation by enhancing divisional cooperation in multi-agent continuous
patrolling tasks. In: IEEE 28th Int. Conf. on Tools with Artificial Intel-
ligence. pp. 33—40 (2016)

[Suseki 05] Suseki, K., Mizuguchi, T., Sugawara, K., Kosuge, K.: Propor-
tion Regulation for Division of Labor in Multi-Robot System. In: Proc.
of the 2005 IEEE/RSJ Int. Conf. on Intelligent Robots and Systems. pp.
2339-2344 (2005)

[Yoneda 15] Yoneda, K., Sugiyama, A., Kato, C., Sugawara, T.: Learning
and relearning of target decision strategies in continuous coordinated
cleaning tasks with shallow coordination. Web Intelligence 13(4), pp.
279-294 (2015)



