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ABSTRACT 

This work considers the problem of causing multiple (1 00's) autonomous mobile 
robots to converge to a target and provides a "follow-the-leader" approach to the 
problem. Each robot has only a limited-range sensor for sensing the target and also larger 
but also limited-range robot-to-robot communication capability. Because of the small 
amount of information available to the robots, a practical approach to improve 
convergence to the target is to have a robot follow the robot with the best quality of 
information. Specifically, each robot emits a signal thqt informs in-range robots what its 
status is. A robot has a status value of 0 if it is itself in range of the target. A robot has a 
status of 1 if it is not in range of the target but is is communication range of a robot that is 
in range of the target. A robot has a status of 2 if it is not in range of the target but is 
within range of another robot that has status 1, and so on. Of all the mobile robots that 
any given robot is in range of, it follows the one with the best status. The emergent 
behavior is the ant-like trails of robots following each other toward the target. If the 
robot is not in range of another robot that is either in range of the target or following 
another robot, the robot will assign -1 to its quality-of-information, and will execute an 
exhaustive search. The exhuastive search will continue until it encounters either the 
target or another robot with a nonnegative quality-of-information. The quality of 
information approach was extended to the case where each robot only has two-bit signals 
informing it of distance to in-range robots. 

Keywords : cooperative behavior, multiple agent, emergent behavior, fuzzy logic, 
multiple target n 
1. Introduction 

There has been significant recent interest in the use of multiple robotic agents or 
robotic vehicles to achieve tasks that a single robot could not achieve alone or that could 
be accomplished much more efficiently or robustly with multiple robotic devices. There 
are various approaches to controlling multiple robotic devices. One is to have each 
behave independently or autonomously, but receive information fiom its neighbors. The 
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receipt of such information could be limited to neighbors that are within a certain 
communication range (for covertness) of the robotic device. The other extreme is to have 
a centralized base station, either mobile or fixed, that collects position and other 
information on all of the vehicles and commands them to move to certain locations. 

Reynolds [SI considered the formation of flocks, herds, and schools in simulations 
in which multiple autonomous agents were driven away from each other and other 
obstacles by inverse square law repulsive forces. Part of the motivation behind Reynold's 
work was the impression of centralized control exhibited by actual bird flocks, animal 
herds, and fish schools, despite the fact that each agent (bird, animal, or fish) is 
responding only to its limited-range local perception of the world, in Reynold's opinion. 
Reynolds stated "Natural flocks seem to consist of two balanced, opposing behaviors: a 
desire to stay close to the flock and a desire to avoid collisions within the flock." He also 
stated "A bird might be aware of three categories: itself, its two or three nearest 
neighbors, and the rest of the flock." The desire to be close to the flock while avoiding 
collisions was modeled by force fields that attracted a bird to its two to three closest 
neighbors but prevented it from getting too close to these neighbors. 

Arkin [ 11 studied an approach to "cooperation without communication," for 
multiple mobile robots. He states that "by enabling many simple robots to cooperate 
together on a large task, it becomes possible to solve a problem that would be infeasible 
using a large-scale machine." Arkin also points out that centralized masterhlave or 
hierarchy-based approaches have drawbacks of potential communication bottlenecks and 
less robustness than completely decentralized approaches in which each agent is 
autonomous and has the same control law. Arkin demonstrated such an approach for 
robots that are supposed to forage and retrieve objects (in a hostile environment). 
Anticipated applications mentioned were "housekeeping on the exterior of a space station 
or undersea base" and "mining operations at remote locations." Kube and Zhang [6] also 
considered decentralized robots performing tasks "without explicit communication." 
Much of their study examined comparisons of behaviors of different social insects such 
as ants and bees. They considered a box-pushing task and utilized a subsumption 
approach as well as ALN (Adaptive Logic Networks). Asama [2] intelligently points out 
that "an autonomous and decentralized system has two essentially contradictory 
characteristics, autonomy and cooperativeness, and the biggest problem in the study of 
distributed autonomous robotic systems is how to reconcile these two features." 

Noreils [7] conducted work toward achieving cooperation between mobile robots 
for indoor environment applications. He dealt with robots that were not necessarily 
homogeneous. That is, one subset of the robots may have capabilities that another subset 
does not have. His architecture consisted of three levels: functional level, control level, 
and planner level. The planner level was the high-level decision maker. He developed a 
special purpose language for his application. 
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Chen and Luh [5] examined decentralized control laws that drove a set of mobile 
robots into a specific formation. In particular, a circle formation was considered. 
Similarly, Yamaguchi and Arai [9] studied line-formations, and so did Yoshida et al, 
[101. 

The work contained herein will present a cooperative behavior in which robotic 
vehicles are able to achieve much better convergence to a target via the ability to have the 
distance to the target of other vehicles communicated to them. With more information 
available to it, each vehicle is better at converging to the target. 

2. Problem Statement 

This section describes the problem of interest and section 3 discusses a proposed 
solution to this problem. We have N mobile robotic vehicles. Each vehicle has a sensor 
that informs the vehicle of its distance to the goal or target. Also, each vehicle is able to 
communicate only with vehicles that are within a certain range ( rf). For such in-range 
vehicles, sensors are available that inform the vehicle of its distance to these other 
vehicles, but only to within a resolution of 2 bits: Near, Medium, Far, No Signal. Also, 
the distance to the target information is also available only to within 2 bits, and a 
compass bearing to in-range vehicles and the goal (if in range) is available. 

Again, each vehicle has 2 bits of distance information, from both the source and 
to other vehicles. A vehicle can communicate with another vehicle only if it is within 
distance yf of this vehicle. A vehicle knows only whether it is Near, Medium, or Far 
distance away fi-om another vehicle. In particular, if we let r be the distance to the other 
vehicle, then 

Near: r <  y, 
Medium: y, 5 r  S r, 
Far: rm<r I yf 

No signal: Y > rf 
Likewise for distances R to the target. 

Near: R <  R,, 
Medium: R,, 2 R S R, 
Far: R,<R I R,  
No Signal: R > Rf 

An example set of values that will be used in the simulation results of section 4 is: 

R ,  = 1000 
R,= R,  f 2  
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R,, = R, I 2  

ij = Rf*10 
r , = i j / 2  
r, = r, I 2  
(The sensing range to the target typically much less than vehicle-to-vehicle 
communication range.) 

Each vehicle has a compass so that it knows which direction it is pointing (North, 
South, East, or West, or anything in between). Again, presently each vehicle is assumed 
to know relative bearing (direction) to vehicles that are within distance 9 of itself. Each 
vehicle has three possible velocities: v-, v = v- / 4, and zero. The objective is to get 
as many of the vehicles to converge to the target as possible. 

- 

3. Problem Solution Approach 

This section describes a proposed solution to the problem of section 2. The main 
idea is to try to use the larger vehicle-to-vehicle communication range to overcome the 
small vehicle-to-target sensing range. One approach is to have a vehicle follow the 
communication-range vehicle whose status is best. A vehicle has the best possible status 
(status=O) if it is within range of the target. A vehicle has second best status (status=l) if 
it is not within range of the target but is within range of another vehicle with status=O, 
and so on. (That is, of all the vehicles that are within communication range, the vehicle 
chooses to follow the one that has the best status.) Vehicles that are out of range of the 
target are drawn into the target by following other vehicles that are in range of the target 
or by following vehicles that are following vehicles that are within range of the target, 
etc. Vehicles that are within range of the target simply move toward the target at velocity 
v- /4. 

If the robot is not in range of another robot that is either in range of the target or 
following another robot, the robot will assign -1 to its quality-of-information (Le., its 
status) and will execute an asterisk-shaped exhaustive search pattern otherwise. The 
center of this asterisk is intended to be the initial position of the robot and the radius of 
this asterisk is some assumed bound on the distance the robot could possibly be from the 
target. If this bound is correct and if the vehicle could (although unrealistically) perfectly 
control its velocity and compass heading, all vehicles would eventually reach the goal. 

Each vehicle is programmed with a few simple rules. The rules used for 
following another vehicle is to move toward the vehicle being followed, with the 
following velocity rules (where again r is the distance to the best detectable vehicle to 
follow). 
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v=v,,ifr=Far 
v = V= v,,/4 if r = Medium 
v = vmax /16 if r =Near 

Each vehicle assigns itself a status. Statuses are defined as follows: 

Status = - 1 if R > R , (out of range of the target) 
Status = 0 if R I R,  (in range of the target) 
Status = 1 if the vehicle is out of range of the target but within distance rf of a 

Status = 2 if the vehicle is out of range of the target but within distance 9 of a 

Status = 3 if the vehicle is out of range of the target but within distance 9 of a 

vehicle with status 0. 

vehicle with status 1.  

vehicle with status 2. 

and so on. Again, of all the vehicles that a vehicle is within distance 5 of, the vehicle 
chooses to follow the one with the best status. (Status = 0 is best, status = 1 is next best, 
etc., and status = -1 is worst.) And the vehicle declares his own status to be 1 more than 
that of the vehicle it decides to follow. Vehicles that are neither within range of the 
target nor within range of a vehicle that is range of the target perform the exhaustive 
asterisk-shape pattern search described above. 

4. Simulation Results 

In this section, simulation results for the problem of section 2 and the solution 
approach of section 3 are presented, for three initial conditions. These simulation results 
are in Figures 1, 2, and 3 below. Dots are used to illustrate both the initial and final 
position of each vehicle. The lines in these figures illustrate the paths taken by the 
vehicles. Here, in these figures, the emergent ant-like behavior can be discerned through 
the bundled nature of the spoke-like sets of paths that converge to the target, which was 
at the origin of the figures' x-y axes. 

As a vehicle follows another vehicle who is following another vehicle, who is 
following another (etc.), the resulting paths start to look like ant-like trails or paths. The 
approximately three bundles of paths leading to the target in the figures are representative 
of this type of emergent behavior. We see that some of the vehicles have status -1; that 
is, they are not in range of the target and have no vehicle to follow. These vehicles are 
performing the asterisk-shaped exhaustive search. This exhaustive search starts with a 
move southward followed by a northward move back to its starting position, etc. 
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Figure 1. Simulation Results, Case 1 
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Figure 2. Simulation Results, Case 2 
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Figure 3. Simulation Results, Case 3 

5. Conclusion 
This work considers the problem of causing multiple (1 00's) autonomous mobile 

robots to converge to a target and provides a "follow-the-leader" approach to the 
problem. Each robot has only a limited-range sensor for sensing the target and larger- 
range, but also limited, robot-to-robot communication capability. Because of the small 
amount of information available to the robots, a practical approach to improve 
convergence to the target is to have a robot follow the robot with the best quality of 
information. Since the range-to-target sensing capability is small compared to the 
vehicle-to-vehicle communication range, it makes sense to utilize the longer vehicle-to- 
vehicle communication range in a follow-the-leader type of approach, in which a vehicle 
follows the communication-range vehicle whose distance to the target is smallest. 
Specifically, each robot emits a signal that informs in-range robots what its status is. A 
robot has a status value of 0 if it is itself in range of the target. A robot has a status of 1 if 
it is not in range of the target but is in range of a vehicle that is in range of the target. A 
robot has a status of 2 if it is not in range of the target but is within range of another robot 
that has status 1, and so on. Of all the mobile robots that any given robot is in range of, it 
follows the one with the best status. The emergent behavior is the ant-like trails of robots 
following each other toward the target. Simulation results were presented that illustrate 
the emergent anti-like behavior. 
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