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ABS TRACT 
W e  discuss an approach to  effectively control a large 
swarm of autonomous, robotic vehicles, as they per- 
f o r m  a search and tag operation. In particular, the 
robotic agents are to  f ind the source of a chemical 
plume. T h e  robotic agents work together through dis- 
tributed sensing and cooperative control. Distributed 
sensing is achieved through each agent sampling and 
sharing his information with others. Cooperative con- 
trol is accomplished by each agent using its neighbors 
information to determine a n  update strategy. 

INTRODUCTION 
There is currently considerable interest in expanding 
the role of robotic vehicles in surveillance and inspec- 
tion; searching, following and tagging; and locating 
and identifying targets. In particular, researchers are 
beginning to focus on using small autonomous robotic 
vehicles for these tasks. This focus has been brought 
about largely because of the many recent advances in 
microelectronics and sensors, which include small, low 
power, CCD cameras; small microprocessors with ex- 
panded capabilities; autonomous navigation system 
using GPS; and several types of small sensors. It seems 
likely that these technological advances will lead to in- 
expensive, easy to fabricate, autonomous vehicles out- 
fitted with an array of sensors. This, in turn, will allow 
researchers to consider teams, or even swarms, of these 
agents to perform a particular task. It is natural then 
to wonder how one might effectively control a team, 
or even a swarm, of robotic agents. 

In this paper, we discuss an approach to effectively 
control a large swarm of autonomous, robotic vehicles 
as they perform a search and tag operation. In par- 
ticular, the robotic agents are to find the source of 
a chemical plume. The robotic agents work together 
through distributed sensing and cooperative control. 
Distributed sensing is achieved through each agent 
sampling and sharing his information with others. Co- 
operative control is accomplished by each agent using 
its neighbors information to determine a control (or 

update) strategy. 

LITERATURE OVERVIEW 
There was considerable research done during the late 
1960’s and early 1970’s in the area of multilevel opti- 
mization. In multilevel optimization, units (i-e., sub  
systems or agents) in a process are uncoupled and 
optimized individually, while subject to equality con- 
straints that require a match of certain conditions be- 
tween the units. This is an attractive approach, how- 
ever, Avery and Foss [l] showed that this approach 
is not applicable to certain systems. The problem is 
that the special objective functions for each uncou- 
pled unit may possess a saddle point, and it may not 
be easily determined whether an encountered station- 
ary point is a true minimum or a saddle point. As 
a side note, the multilevel optimization approach is 
somewhat aligned with the multiple shooting method 
technique used to solve trajectory optimization two- 
point boundary-value problems, like the one discussed 
by Park and Vadali [2]. In the multiple shooting 
method technique, a trajectory is divided into subin- 
tervals, and the parameters within each subinterval are 
found which optimize the overall trajectory, subject to 
matching conditions between the subintervals. 

Our approach is contrary to  the multilevel opti- 
mization approach in that while the agents are un- 
coupled and optimize individually, they utilize each 
other’s information for their update strategies. 

More recently, Jennings et a1 131 have investigated 
cooperative behaviors for teams of robotic agents. In 
their applications H cooperate^' is taken to  mean “help 
manipulate.” That is, a robot is essentially saying to 
the others, “Provide an additional force or dexterity 
that I do not have so that we can accomplish the 
task.” Thus, their robots cooperate during the rescue 
phase of the mission, but not during the search phase. 
In our work, “cooperate” is taken to mean “share 
information.” That is, a robot is saying to the others, 
“Provide me with additional information so that I 
can make a ‘better’ decision.” Our robots cooperate 
during the search phase of the mission and we have no 
rescue phase. 
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TECHNICAL DEVELOPMENT 
In this section we highlight the technical development 
of our distributed sensing and cooperative control a p  
proach to  effectively control a large swarm of au- 
tonomous, robotic vehicles. Recall that the agents are 
tasked with locating the chemical plume source within 
a chemical plume field. 

In our simulations, we a s m e  that the agents are 
outfitted with a GPS sensor, which provides their cur- 
rent location, and a chemical “sniffer,” which allows 
them to detect the strength of the chemical plume at 
their current location. Furthermore, we assume that 
the robots have onboard processing capability, and are 
able to communicate with one another via RF modems 
together with bit packing and error correction tech- 
niques, like those discussed by Lewis et a1 [4]. Thus, 
each agent is able to communicate and share informa- 
tion with all others (i.e., there is global communica- 
tion). In this mode, at a particular instant in time, 
the agents sample the chemical plume field and post 
this information and their current location for the oth- 
ers. The agents then assemble the information and de- 
termine a projected target of where they believe the 
chemical source is located. The position update for 
each agent is then based upon its current position and 
the position of the projected target. 

Example 1 
Some simulation results of our method are illustrated 
in the following figures. Figures 2 through 4 show 
the behavior of 16 agents cooperating to  locate the 
target of a chemical plume model in the z,y plane. 
The plume model is given by 

G(r, 0) = 

- exp ( - 2 ~ ~ )  x (COS(T + 20r + 58) - 4) (1) 
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FIGURE 1. PLUME MODEL. 

Figure 1 shows a three dimensional illustration 
of the plume model. Notice that the plume folds 
softly away from the source at the origin, but sharply 
very near the origin. This makes finding the target 
at  the origin challenging. Figure 2 shows the agent 
movement for updates 1 through 3. The agents are 
initially in the lower left region, and movement is 
denoted from ‘x’ to ‘0’. The agents sense the chemical 
plume and they immediately begin towards the origin. 
Figure 3 shows agent movement for updates 7 through 
9. Notice that the leading agents actually overrun the 
target. Figure 4 shows agent movement for updates 
16 through 18. The agents have found the target and 
remain in the vicinity of the origin. 
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FIGURE 2. EXAMPLE 1: AGENT MOVEMENT 
FOR UPDATES 1-3. 
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FIGURE 3. EXAMPLE, 1: AGENT MOVEMENT 
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FOR UPDATES 7-9. 
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Example 2 
We are also investigating the overall group behavior of 
the agents when there is only local communication. In 
this mode, an agent only uses the information from his 
nearest neighbors to determine his update movement. 
It is interesting that in the local communication mode, 
each agent produces his own projected target, whereas 
in the global communication mode, the agents combine 
to  provide one projected target for the group. 

Figures 5 through 7 show the behavior of 16 agents 
in local communication mode for a plume model de- 
fined by two radial basis functions centered at (z,y) 
equals (0.5,0.5) and (z, y) equals (-0.5, -0.5). The 
agents are initially distributed over the entire region. 
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FIGURE 4. EXAMPLE 1: AGENT MOVEMENT 
FOR UPDATES 16-18. 
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FIGURE 5. E,XAMPLE 2: AGENT MOVEMENT 
FOR UPDATES 1-3. 

Figure 5 shows the agent movement for updates 1 
through 3. Figure 6 shows agent movement for updates 
7 through 9. Notice the agents have autonomously 
split into two groups to find the two possible source 
locations. Figure 7 shows agent movement for updates 
19 through 21. All but two of the agents find the 
two targets-the two agents are left stranded because 
they are out of the local communication range with 
the other agents. 

The results from these examples are encouraging, 
and some key features of our approach are: 
1. Everyone’s position and sensor reading helps deter- 

mine the position update for each agent. 
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FIGURE 6. EXAMPLE 2: AGENT MOVEMENT 
FOR UPDATES 7-9. 
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FIGURE 7. EXAh4PL.E 2: AGENT MOVEMENT 
FOR UPDATES 19-21. 



2. The position update of all agents only requires one 

3. We currently assume the agents have no memory 

4. The computational and informational processing 

sensor -eialuation per agent. 

of previous data. 

requirements of the agents are not exorbitant. 

SUMMARY 
We have discussed an approach to effectively control 
a large swarm of autonomous, robotic vehicles, as 
they perform a search and tag operation. This is a 
distributed sensing and cooperative control approach, 
wherein distributed sensing is achieved through each 
agent sampling and sharing his information with oth- 
ers, and cooperative control is accomplished by each 
agent using its neighbors to determine an update strat- 
egy. We have investigated global and local communica- 
tion modes, and have found that the latter is a suitable 
strategy to locate multiple targets. 

We are beginning to  investigate different control 
algorithms to “guarantee” that the team of robotic 

agents will succeed in locating a plume source. More- 
over, we are looking to benchmark the performance of 
our method against other “search and tag” algorithms. 
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