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Abstmcl--In this paper, we investigate energy-time-efficient 
dispatching methods for ant-like rohots to cover an unmapped 
region effectively. These ant-like robots have very limited energy 
and sensor ability, making them practical and inexpensive to 
build. Our dispatching model was based on bio-inspid algo- 
rithms from an ant colony system. We assumed that all the ant- 
like robots will start from their home starting point, the nest, 
and the region is composed of floor tiles that can be modelled 
as vertices in a graph. In this dispatching system, the ants-like 
robots leaye pheromone on the tiles and use this information 
to cover the region. We developed and analyzed two diffemnt 
adaptive dispatching algorithms with different communication 
methods to the nest. We further compared these two adaptive 
dispatching algorithms with two non-adaptive methods. Extensive 
computer simulations validated the proposed adaptive algorithms 
can dispatch ant-like mobile rohots in covering an unmapped 
region in energy-time efficiency. 

1. INTRODUCTION 

Exploring an unmapped terrain by mobile robots is a 
fundamental and complex problem [I ] .  The research results 
have found many potential real-world applications in cleaning, 
mowing, search-and-rescue operation, and planetary explo- 
ration 12-61, If the terrain is known and represented in a metric 
graph, the single-mobile-robot-exploring problem reduces to 
finding a path covering all the venices with minimal time. 
This is a special case of the travelling-salesman problem 
(TSP) - a known NP-complete problem 171. If the terrain is 
unknown, the unmapped exploration by a single mobile robot 
has also been treated as a graph construction [SI. To effectively 
speed up the unmapped covering, a popular on-line search 
algorithm, Learning Real-Time A* (LRTA') [9] ,  has been 
developed to cover an unknown region in .polynomial time 
[IO]. If multiple cooperative robots were used, they provided a 
different perspective and approach to reducing the exploration 
time [ I l l .  

Bio-inspired algorithms extracted from an ant colony pro- 
vide excellent strategies to solve the unknown terrain covering 
problem. The ants have simple sensor ability, limited com- 
putational power and a decentralized control system. These 

t This work was supported in paR by the National Science Foundation under 
Grant US-0329061. 

features make it practical to build a large number of ant- 
like robots to explore an unknown terrain. Several covering 
algorithms were developed for ant-like robot systems [IO], 
[13], ,[14]. In [15]. the authors found two factors affecting 
the covering time significantly. The first one is the number 
of robots employed ( k )  and the other is the cut-resistance, 
p(G), calculated from the environment as a graph G. The 
covering-time hound is O(;+p(G));  where R is the number of 
vertices. This time bound shows that increasing the number of 
cooperative ants can significantly increase the covering speed. 
When the number of ants is large, the environment becomes 
the dominant factor. 

Most of the past research focused on finding .the time- 
efficient covering methods for a fixed number of robots. In 
[16], the author used a cost function and optimized the robot 
group size in the planar-plane-search tasks. Once the tasks 
began, the number of robots was fixed. Hence, the adaptiveness 
of the number of the robots and the environment information 
were not fully utilized. A similar problem can he found in 
Mobile Agent Planning (MAP) [17], which can adaptively 
send out agents depending on the fluctuation of network traffic. 
Here MAP only deals with minimal searching time and the 
map (or the graph) is well-known. 

In this paper, we present two environment-based adaptive 
dispatching algorithms to minimize the energy consumption 
and the covering time simultaneously. We first formulate 
our dispatching problem by introducing a performance in- 
dex called energy-time-product, ETP. We then discuss the 
characteristics of ant-like robot and the environment that will 
affect the ETP index. The vertex-walking model and LRTA* 
as the covering method are adopted to test our adaptive 
dispatching algorithms. Computer simulation results showed 
that the proposed adaptive dispatching algorithms can produce 
energy-time-efficient covering in an unmapped region. 

11. CHARACTERISTICS OF ANT-LIKE ROBOT SYSTEMS 
AND PROBLEM DESCRIPTION 

Since our ant-like mobile robots behave slightly different 
from the physical ants, we need to clearly define their char- 
acteristics in our problem. To get the biggest benefit from 
the bio-inspired ant system, we maintain the most important 
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characteristics of the ants: the pheromone and adaptive task 
allocation in our systems. Next, we define and introduce 
a performance index called Energy-Time-Product (ETP) to 
help us evaluate our adaptive dispatching strategies. 

where ET and TT are the total energy and time consumed 
in the covering process, respectively, Nact( t )  is the activated 
number of ants at time t ,  and P, is the power of ant,. When 
an ant is activated, P, is set to one. 

A. Behavior of an Ant System 
From (I), we want to determine the parameter, Nact( t ) ,  

to minimize ETP. We shall present two environment-based 
We use an ant-like mobile robot as a simplified robot 

model from a real ant*. In this model, ant-like robots and 
the environment have several important attributes: . An ant-like robot lives in the discrete-time domain. 

The map and obstacles are composed of tiles that can be 

adaptive dispatching algorithms to send out ants dynamically 
depending on the environment and the covering situation. In 
these strategies, NaCt( t )  and TT are taken into consideration 
at the same time, and thus ETP can be minimized in different 
unknown environments. 

seen asvertices in an undirected graph G in Fig. 1. 
The environment is finite and has boundary. . In each time cycle, ant-like robots do not perform actions 
at identical time instants. They move in a random fashion 
within the time period to avoid the conflict of occupying 
the same tile within the same time period. . An ant can only travel to four neighboring tiles or 
vertices. In case of a tie, the ant will make a spiral- 
movement decision. 
Each movement costs one unit of time and one unit of 
energy. . The communication among the ants is based on the 
pheromone (marks) left on the tiles. . An ant has limited memory. 

111. ENVIRONMENT-BASED ADAPTIVE DISPATCHING 

Before analyzing and developing dispatching algorithms, we 
shall first study the impact of the environment. This informa- 
tion will lead us to develop appropriate algorithms. We shall 
then develop and analyze two dispatching algorithms with 
different communication restrictions. The first one assumes 
that the ants can remotely communicate with the nest and ask 
for assistance without going back to the nest (is., to control 
NAct( t ) ) .  The second one is more realistic. Like physical ants, 
they can only communicate face to face with other ants. Thus, 
in this dispatching algorithm, the ant needs to go back to the 
nest and request assistance from the other ants. 

A. Impact of the Envimnment 
According to the research in [15], the covering time highly 

depends on the number of ants and the environment. We con- 
sider two maps to demonstrate how the environment influences 
the covering time and energy consumption. In Fig. 2, (a) and 
(b) are two different maps needed to be covered by ants. In Fig. 

ALGORITHMS 

2(a), an& start from the center of the planar plane and disperse 
quickly in [he direction shown by the arrows. ant has 
contributed to reducing the covering time. By increasing the 

Fig. 1 .  The ant can move to tiles or venices, TI, T2. T3, and T4. (a) The 
circle is the effective sensor range of the ant. (b) The equivalent form in an 
undirected eraob. 1101 - .  - .  

number of ants from N to N + 1, the covering time can 

B. Definition of Energy-Tinie-Product Index 
be improved about e until the number of ants starts to 
saturate the map. This phenomenon has been confirmed in a 

Our problem is to dispatch ant-like robots to cover an 
unknown region with energy-time efficiency. However, there 
is a trade-off between energy consumption and covering time. 
For example, one can send out all the ant-like robots at the 
beginning to search the region. Obviously, this dispatching 
method can minimize the covering time but cannot minimize 
the covering energy cost. Thus, we define a new pexformance 

30 x 30 planar plane simulation result shown in Fig. 3. Figure 
2(b) shows a single-file path, where all the ants can move 
only in one direction and one tile at a time. This means that 
no matter how many ants axe sent out, the covering time is 
a constant, and the other ants are only wasting the energy. 
Hence, a good energy-time-emcient covering method must 
take the environment into consideration. 

index, Energy-Time-Product (ETP). to measure the quality 
of a proposed dispatching strategy. This is the same concept 
of Power-Delay-Product (PDP) 11.31 in the hardware design 
that uses PDP as an index to judge a device or circuit. The 
ETP is defined as 

t=1 i=l 

'U there is no confusion, we shall use "ants" and "ant-lib mbols" 
synonymously in the remaining of this paper. 

B. Environment-Based Adaptive Dispatching Algorithm I 
(ENAD-I) 

In the covering problem, one needs to determine NAct(t) by 
discovered environment information. Because the environment 
is unmapped, a basic approach is that if an ant has observed a 
large enough uncovered vertices then it will request the nest to 
send out an additional ant. Thus, the dispatching algorithm is 
adaptive to the explored environment. Since this additional ant 
consumes energy and time travelling to the needed location, 
pan of the found uncovered venices might be covered by other 
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the nest, and an additional ant is requested to sm exploration. 
By solving (3), we obtain the condition A, 2 nu. In our 
proposed environment-based adaptive dispatching algorithm 
I (ENAD-I), the ant transmits the request remotely to the 
nest. With this communication capability, the environment 
information can be reponed to the nest quickly. The ENAD-I . .  

(a) (b) algorithm is described below: 
Environment-Based Adaptive Dispatching Algorithm I 

to one tile and one direction on a oath. ne shaded (ENAD-I): Given a number of ants N ,  an unknown region 
Fig. 2 .  (a) The m w s  show the ants disperse quicUy in a planar plane. (b) 
ne ants OW 
squares represeniobstaclcs or the wall. as a graph G, and one vertex as the nest u,,.~. This ENAD- 

I algorithm determines an adaptive dispatching of N ants 
to cover the region G while minimizing the energy and 
coverage time according to the ETP index. The algorithm also 
determines when the ant should call for help and an additional 
ant will be sent out from the nest. The algorithm terminates 
when the coverage is done or the running time equals to the 
maximum execution time TmaZ. 
El. [Ant system initialization.] For i = 1 to N, initialize 

the current position of Ant,, CPz t u,,,,~. Set Ant, 
to the sleeping mode, Modeant, - Sleeping Mode. Set 
the count of the accumulated number of found uncovered 
vertices to 0, A,,,, t 0. Activate one ant to the covering 

Rg. 3. T k  coverage rate with different number of ants in a 30 x 30 planar 
plane. 

ants. According to the ants’ behavior, most of these vertices 
are covered by the ant that requests for assistance. Therefore, 
we can use the accumulated number of found vertices and the 
travelling time of this additional ant to estimate the ETP cost 
and determine whether to request for assistance or not. 

The travelling time of the additional ant can be seen as 
a single-pair shortest path problem. Using the modified Dijk- 
sua’s algorithm, the shortest distance to the nest can be found. 
The modification means when the ant covers a new vertex 
or goes through an old vertex, it updates the shonest path 
mark according to its neighboring vertex. Thus, the discovered 
shortest distance might not be the real shortest distance. In (Z), 
Tu< is the time to cover the found uncovered vertices with the 
help of the additional ant at vertex U denoted as ant number 
2.01 Anti (i.e., it takes Ai time steps to cover the region by 
one ant). Tug equals to the travelling time of the additional ant 
(the.known shortest distance to the nest) plus the time which 
is required to explore uncovered vertices by two ants, where 
A, is the accumulated uncovered vertices by Anti, and T” is 
the found shortest distance from vertex U to the nest. 

~~~ 

mode A40deant, e Covering Mode, and the number of 
activated ants is set to I ,  AdNum +- 1. 

EZ. [Environment initialization.] V is the set of vertices of 
G. For all U E V, the pheromone on the ground is set 
to empty, Ph, +- 0. Set.the shortest distance from each 
vertex to the nest to m, excluding unest. for all U E 

E3. [Main loop.] For i = 1 to AdNum,  execute Steps E4- 
E7. 

E4. [LR?A* covering algorithm.] For Ant,, run the algorithm 
LRTA* for one time step [IO]. It decides the next 
movement of Ant, and updates the pheromone on CP,. 
(Phcp,,CP,) LRTA’(Phcp.,CPi) 

E5. [Modified Dijkjtra’s algorithm] Update the shortest dis- 

v, T” +- M, TY,xs,t + 0. 

tance to the ne% 
rnin (Tu) + 1 

“cp’ weneighbor of CP, 
E6. [Estimation of uncovered venices.1 Accumulate the num- 

ber of found uncovered vertices, where Wcp. is the num- 
ber of uncovered neighboring vertices of CP,, t 

A$ace - 1 + IYCP,. 
Estimate the actual number of the found uncovered 
vertices, Ai t 4 d m .  

E7. [Determination of calling for help by ETP cost.] Check 
the calling for help condition. 
IF A d N v h  < N and Ai 2 TCP, ,  THEN {transmit the 
request for help to the nest, A d N u m  t ActNum+ 1 
and Mode,&t,,,,~n,+, t Covering Mode and reset 
the accumulated number of found uncovered vertices, 
A ; . ~ ~  + 0.) -“cc 

In (3). the left inequality term is the ETP cost of not calling 
for help and the right inequality term is the ETP cost of 
calling for help. When the ETP cost of calling for help is 
smaller than not calling for help, the ant sends out a message to 

m. Pmiination of Main loop.] 
IF T 2 T,,, or the coverage is done, THEN stop. 
ELSE T e T + 1 and go to Step E3. 

END ENAD-I Algorithm. 
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C. Environment-Based Adaptive Dispatching Algorithni I1 
(ENAD-II) 

In nature, the ants communicate to each other by antenna 
contact (i.e., face to face communication). We assume the ant- 
like robots will have the same behavior. Hence, if an exploring 
ant needs further assistance for exploration, it must travel hack 
to the nest and request for additional help from other ants. 
Figure 4 illustrates how this process is being carried out. 

,.~ 

ShoMtDinsncelolhrNEat 

Fig. 4. Three different modes of operation for an ant in covering an unkoown 
region. ( I )  Fist, the ant is in the covering mode. (2) When the ant discovers 
that the uncovered region is large enough. it switches to the going-home mode 
and leaves rhe pheromone on the ground. (3) After the ant reaches the nest. 
it and an additional ant change to the tracking mode to follow the mace to 
the found uncovered location. 

Although the exploring ant in Algorithm ENAD-I can 
request help remotely from the nest, the additional ant cannot 
recognize the shortest path to the uncovered region immedi- 
ately. In Algorithm ENAD-II, the ant that is going home can 
leave traces on the ground, and the activated ant can follow 
the traces to the uncovered vertices. We develop Algorithm 
ENAD-I1 by extending the same concept from Algorithm 
ENAD-I. In (4). T,,, equals to two ants' travelling time plus 
the time of covering the found uncovered region. In (3, the 
energy cost is the summation of one ant going home, two ants 
coming back and two ants covering the uncovered vertices. 
Similar to (3), we re-formulate to estimate the condition for 
requesting help from the nest from (6), and the condition is 
A, 2 4 . 9 5 ~ ~ .  

(4) 

(5)  

(6) 

Ai Tu, = ZT, + - 

EUi = Pi x (T" + ZT, + -) 
2 

A: 
2 

AT x Pi 2 ETP,> =Eui  x Tu, 

The Environment-Based Adaptive Dispatching Algorithm II 
(ENAD-11) is described below. 
Environment-Based Adaptive Dispatching Algorithm I1 
(ENAD-11): Given a number of ants N ,  an unknown region 
as a graph G, and one vertex as the nest vneSt. This ENAD- 
I1 algorithm determines an adaptive dispatching of N ants 
to cover the region G while minimizing the energy and 
coverage time according to the ETP index. The algorithm 
also determines when the ant should go back to the nest and 
request assistance for an additional ant to help the exploration. 
The algorithm terminates when the coverage is done or the 
running time equals to the maximum execution time T,,,. 
N1. [Ant system initializarion.] Initialize the ant system as in 

Steps E1-E2 in Algorithm ENAD-I. For i = 1 to N ,  

{the Ant; knows that the number of ants in the nest is 
not empty, Antiemp c 0. For all U E V ,  the tracking 
pheromone on the ground is set to to empty, Pt,,, +- 0.) 

N2. [Main loop.] For i = 1 to A d N u m ,  execute Step N3. 
N3. [Cliecking Anr's Mode.] IF Modeant. is in 

Covering Mode, THEN execute Steps N4-NS 
IF Modeant, is in Going-Home Mode, THEN execute 
Step N6; 
IF Modeant ,  is in Tracking Mode, THEN execute Step 
N l .  

N4. [Covering Mode.] Execute Steps E 4 E 6  as in Algorithm 
ENAD-I. 

N5. [Determination ofcalling for help by ETP cost.] Check 
the calling for help condition. 
IF Antiemp equals 0 and A; 2 4.95~cp<,  THEN 
{Modeant ,  t Going-Home Mode, and reset the accu- 
mulated number of found uncovered vertices, A;=<= + 

N6. [Going-Home Mode.] IF the Ant; reaches the nest 
(CPi equals to vnest), THEN {IF A d N u m  < 
N ,  THEN {increase the activated number of ants, 
A d N u m  t A c t N u m  + 1, and set these two ants' 
mode to the tracking mode, dfOdeAnta.t-N..,.+l +- 

Tracking Mode, Modeant. t Tracking Mode. Set two 
ants to track the pheromone of Ant;. AntT'racki t 
i ,  Ant-TrackA,tfiu,n+l +- i. Two ants leave the 
nest to the uncovered vertices.} ELSE {The nest is 
empty, Antiemp - 1. Set the Ant; to the tracking 
mode and track the pheromone of Ant,, Afodea,,, +- 

Tracking Mode, A n t r r a c k ;  c i.}} 
ELSE {find the next closest vertex to the nest, 

0.1 

w :  min (T,,,), Ant, moves to vertex w,  

CP, - w. Leave the tracking pheromone on CP,,  
weneighbor of CP, 

PtCP.,i + 1.1 
Nl .  [Tracking Mode.] 

IF Anti amves at the location of the found uncovered 
vertices where there is no neighboring vertex w such that 

THEN {set the ant's mode to the covering mode 
AlOdeA,t, t Covering Mode.} 
ELSE {find the next closest vertex to the uncovered re- 
gion, w : max (Ptw,AntLTTroel;i). Evaporate 

the tracking pheromone, P t w , A n t r r a c k l  +- 0. Move to 
vertex w, CP, t w.} 

N8. [Terminarion of Main loop.] 
IF T 2 T,,, or the coverage is done, THEN stop. 
ELSE T +- T + 1 and go to Step N2. 

P t w , A n t l m c k ,  equals 1, 

weneighbor ofcp, 

END ENAD-I1 Algorithm. 

D. Estimation of Uncovetrd Vertices 

In this subsection, we discuss our reason in estimating A; 
from A,,, in Algorithms ENAD-I (Step E6) and ENAD- 
E (Step N3). Because each ant has limited memory, it 
accumulates the number of uncovered vertices, A,,, and 
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Fig. 5. The estimation of found uncovered region. The mow indicates the 
ant’s walLing behavior in a planar plane. (a) The shaded tiles are the obsaved 
uncovered region. At T = 3. one tile with bald boundary is double counted 
by the ant. ’I~E estimated uncovered region is the rounded recwngles minus 
the covered region with tiles marked with numbers. (b) The shaded tiles m 
uncovered tiles at T = 16. 

cannot distinguish which vertices have been encountered. The 
accumulated number of found uncovered vertices is not the 
actual number of uncovered vertices. Therefore, we need to 
estimate Ai from A,,,, to establish the condition for calling 
for help. The estimation is based on the behavior of an ant. 
It explores the nearby vertices first. For example, as shown in 
Fig. 5, the Anti starts from tile 1 and goes to tile 2 and so on. 
The = { 3 , 5 , 7 , 8  ...} correspond to T = {1 ,2 ,3 ,4  ...} 
and the number of actual uncovered tiles can be estimated by 
Ai = 4 d m ,  where T is the elapsed time s t e p  At 
T = 16, A,,, = 24, and Ai = 20, the actual uncovered tiles 
are the shaded tiles in Fig. 5 (b). 

IV. SIMULATION RESULTS. 
We compared two non-adaptive dispatching methods with 

ENAD-1,II for different number of ants in our computer 
simulation. The first non-adaptive dispatching method is called 
“Fixed Dispatching” in which the system dispatches all the 
ants at the starting time. The second one is “Linear Dispatch- 
ing” in which the system dispatches the ants at a fixed time in- 
terval. (e.g., we have IO ants in the nest at the period, t,=3. We 
dispatch the ants one by one according to the time sequence, 
T = 1,4,7,  lo...). We choose these two non-adaptive methods 
for several reasons. First, the fixed dispatching is optimal for 
a known planar plane (see Section IU-A). Second, the linear 
dispatching has a strong sense in “If the covering mission is 
not completed yet, keep dispatching ants to cover the unknown 
region.” If the dispatching period and the number of ants are 
correctly selected, they can achieve minimal ETP. The major 
problem of these two non-adaptive methods is that these two 
parameters cannot be pre-determined before the ants explore 
the region. Hence, in many cases, these two methods fail to 
achieve minimal ETP. 

Four different maps (a planar plane, a single-file path, 
a planar plane with two U-shaped obstacles, and an office 
layout) are generated to test these four dispatching methods. 
The period of linear dispatching is set to 2 time units. In 
Fig. 6, as expected, the best dispatching method is the fixed- 
dispatching method for a planar-plane map. In Fig. 7, the 
single-file-path map is the worst case for the two non-adaptive 
methods. Algorithms ENAD-1,II only dispatch one ant and 
perform quite well. In Fig. 8, as the number of ants increases 

~ 
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at the nest, ENAD-11 is the best one among them. This case 
also provides an interesting result; that is, “If we only have a 
small number of ants and we know the map is large, then the 
best strategy is to dispatch all of them at the starling time.” 
We also simulated our adaptive dispatching algorithms in a 
real 40 x 40 office map and the results are shown in Fig. 9. In 
the office map simulation, when there are more than 16 ants 
in the nest, ENAD-11 only uses 16 ants to cover the region. 

Fig. 6. 
plannar-plane map (The lower the better). 

The ETP cost of four different dispatching methods in a 30 x 30 

Fig. 1. 
file-path map. 

The ETP cost of four different dispatching methods in a single- 

Tables I and II show the comparison of the average of 
activated number of ants and the average ETP cost in fifty 
simulations. The first simulation has only one ant in  the nest 
at the beginning and the fiftieth simulation has fifty. From 
these tables, the averages of ETP of ENAD-1,II show that 
they produce minimal ETP i n  a single-file-path map and a 
reasonable ETP cost in a planar-plane or office map. In the 
office map, the average number of activated ants in ENAD- 
II is 14.3, which is much smaller than 25.5 in the non- 
adaptive methods. Hence, the ants are dispatched in an efficient 
way. These results show that the performance of ENAD-II 
is adaptive to the environment and produces a good ETP 
performance in general cases. Furthermore, if the number 
of ants is very large in the nest, ENAD-11 is a practical 
dispatching algorithm to cover the unknown region. 



Fig. 8 
planar 

Methods 

Fixed 
Linear 

ENAD-I 
ENAD-II 

Planar Plane Single-File Palh 
Avg. ETP Avg. Ants Avg. ETP A vg. Ants 

1.46E45 25.5 3.09E45 25.5 
3.588+05 25.5 2.20845 25.5 
2.67EX15 24.6 1.21E+04 1.00 
2.54EcOS 7.40 1.21Ec04 1.00 

- 
[4] K. Suruki. S .  Mukami, I. U t a .  and E. Osawa. Development of 

cooperative small mowing robots. lo IEEE l!irernarional Symposium 
on Compurorional Inrelligence in Roborics orld Auronrorion, volume 3. 
pager 1498-1502. July 2003. 

151 M. Herben, C. Caillas. E. Kmkov, 1. KWMR and T. Kana&. Tmaiin 
mapping for a raving planelary explorer. In IEEE Intcrnorionol Con- 
/creme on Robotics and Auronrafion, volume 2, pages 997-1002. May 
1989. 

161 1. lennings, G. Whelm. and W. Evans. Cwperative search and rescue 
with a team of mobile robots. In 8rh Inrenmrionnl Conference on 
Advanced R O ~ O I ~ C S  /CAR '97. oaees 193-200. Julv 1997. 

9 '  
A.1 

I 
us 

N h r o l  A*d.tmA"b . _  
~ i ~ ,  9. me  ET^ 
1ayO"t. 

of four dieerent dispatching mefinds in an office I71 E. M. Arkin and R. Hassin. Approximation algorithms forthe geomeoic 
covering salesman pmblem. DAMATH: Discrete Applied Mothemtics 
mtd Combinarorial Opemrionr R m m h  ond Co!npurer Science, 55, 
1994. 

V. CONCLUSIONS 

This paper described two adaptive dispatching algorithms, 
ENAD-I,II, for an ant-like robot system to cover an un- 
known terrain. We introduced a performance index called 
energy-time-product, ETP, to evaluate the performance of 
the dispatching algorithms both in energy and time. The 
strengths of our algorithms are that they are adaptive to the 
environment and they utilize fewer ants to achieve energy- 
time-efficient coverage. Computer simulations have validated 
the performance of proposed adaptive dispatching algorithms 
in different unknown maps. Experimental verification on a 
team of  mobile robots will be scheduled and performed in 
the new future. 
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