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ABSTRACT geous to use heterogeneous groups, e.g., because they give
rise to a more robust system, improve overall task perfor-

We present a physically realizable UAV model for locating mance, or require fewer resources

and tracking chemical clouds. Simulation results are pre-
sented for implementations of this model with two configu- N this paper we address the above concerns and investi-
rations, one that is faster and requires more space to avoiddate the utility of heterogeneous swarms of extremely sim-
collisions, and one that is slower and can cover an area mord!€, physically realizable agents for a clasdaxfal detec-
densely. Heterogeneous swarms of agents are shown to havéon and tracking tasks Potential field-based goal detec-

better performance than homogeneous swarms of similartion and tracking methods are not directly applicable in this
size because they take advantage of the strengths of eacf@se because the objects to be tracked cannot be sensed at a

configuration. distance (which is a prerequisite for standard potential-field
based navigation). As a specific instance of this class of
tasks, we consider a “chemical detection and tracking sce-
1. INTRODUCTION nario”, in which a cloud of chemicals of a particular kind
with unknown density, extension, heading and dispersion
over time has to be detected and enclosed by unmanned
aerial vehicles without collisions among UAVs. Each UAV
has an on-board sensor that can detect chemicals of this type
whenever they come in touch with the sensor surface, but
cannot detect chemicals otherwise. Consequently, it is not
ossible for any UAV to detect the chemical cloud at a dis-
ance using its chemical sensors.

Biologically inspired swarms of autonomous agents have
been used successfully in a variety of applications ranging
from various kinds of ground-based robots, to unmanned
aerial vehicles (UAVsS). The agents employed in swarm sys-
tems are typically governed by simple rules and coordinate
their behavior based on simple interaction principles that
use, among other factors, the distance between all agent
within a given local neighborhood (e.g., variants to Reynold’s ) . . .
three rules “flock centering”, “obstacle avoidance”, and “ve-  Our solution to overcome this problem is to equip each
locity matching” [3]). Theoretical results have been proved UAV with an “attractive beacon” that it will turn on when-

about various properties of swarms governed by such rules8Ver it detects a chemical, thus subsequently attracting other
(e.g., collision avoidance or stability [4, 5]). UAVs to that area. The task is then accomplished in two

From a practical perspective, however, some assump_phases: (1) a detection phase where UAVS swarm, find the
tions about the availability of information about the swarm ¢loud and once one UAV has detected it others will move
are idealized and difficult to meet in implementation. In par- toward it (top in Fig. 1), and (2) an enclosure and tracking
ticular, it might not be possible to get exact distance read- Phase, where the UAVs cover the cloud area as tightly as
ings for all agents within a given neighborhood (e.g., be- POSsible and move along with it (bottom in Fig. 1).
cause of occlusion effects, or simply because sensors that A related study employs biologically-inspired plume-
could provide that information are too expensive or complex tracking mechanisms to allow robots to track odor plumes [1,
to be used in the agent implementation, lack of GPS, etc.).2]. In some configurations, the robots work together in a
Moreover, it might not be possible to determine the overall manner similar to that described below, with a robot de-
goal direction (e.g., because the goal cannot be sensed at tecting an odor plume able to attract other robots to the
distance). Finally, theoretical investigations typically limit plume. One main difference between this work and the
swarms to homogeneous groups, while it might be advanta-present study is that the robotic agents use scent gradients,



whereas the UAVs described below sense only in directcon-  We are now ready to provide some definitions for the
tact with chemicals. The UAVs then impose an artificial control algorithm:

gradient via the attraction beacons to make up for not be-

ing able to sense chemicals out of direct contact. Moreover,

this study examines the benefit of heterogeneous swarms,
whereas the robots used in the scent plume tracking studies _ ]
were all configured identically. wherel, ; is the received power of beacon typeat UAV i

The rest of the paper details our approach. First, we &t locationz; with y & {col, sen}, andA, is the power of
introduce the proposed control mechanisms for the UAVs, YAV beacon of typey. (There are: UAVs, and all beacons

Then we briefly discuss the implications of these controllers ©f the same type have the same power.) Including the direc-
for the whole UAV swarm and the resultasmergent prop- tional sensitivity of two side looking directional antennas,
erties including the motivation and justification for consid- W€ can find the following signal intensity for Ieft and right
ering heterogeneous swarms as well as the limitations of the/©0king antennas of each of the two modalities:

approach. The experimental section then compares homo-
geneous and heterogeneous swarms to demonstrate that (1) R, . — Az — 20 m e — |12
the proposed heterogeneous swarm is capable of detecting v Z o @ —zm)/ (2 =z l2)
and tracking the chemical cloud, and (2) that it performs
3|gn|f|cantl3_/ betFer |n.the track_lng tosk thon homogeneous Ly = Z Ayf(ﬁ — 2, =) /(] o 12)
swarms of identical size. The final discussion briefly analy-
ses the results and provides an outlook for future work.

Li=>Y Ay/(l & — i [I3)
j=1
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with T'eor = {3 || Lj — Ti [2< a}, Tsen = {1, ,n},&
being the right normal vector to the speed vector of UAY
2. THE UAY MODEL AND CONTROL the flight plane, andgf(z, n) being the directional sensitivity
function of the antenna, whereis the vector form receiver
Since we are ultimately interested in swarm systems thatto source and is the direction of highest sensitivity of the
can be directly employed to solve engineering problems, weantenna.
will start with the restriction that sensors, effectors, and the In the case ofy = col, the summation for the left and
employed control of each swarm agent should be realistic,right antenna signal intensit;; and R; respectively are
simple, and easily realizable. Moreover, we are interestedtaken only over those UAV§$that satisfy|| z; — z; ||2< a.
in swarm solutions that exploit emergent group behavior asThis requires certain provisions in the modulation scheme
much as possible and trade it for individual complexity (i.e., that allow the UAV to distinguish each collision beacon. (In
the simpler the individual agent while keeping the overall the attraction beacon receivers, distinguishing between dif-
task performance of the group approximately the same, theferent UAV beacons is not necessary and the above summa-

better). tion can actually be done by the antenna itself rather than in
Each UAV is equipped with two types of beacons, a col- digital hardware.)
lision avoidance beacaw! (to repel UAVs from each other) In order to decide in which direction to turn, one re-

and an attractive signal detection beacen that is only quires the two directional antennas on each side of the UAV
activated when the UAV detects a chemical. The collision facing in opposite directions;( and—»), but in direction
avoidance beacons are always on and each UAV is equippegberpendicular to the vehicle speed vector. Since the turn ra-
with an antenna pair to detect the collision avoidance bea-dius of the UAV is assumed to be constant in both directions
cons of other UAVs. In the same way, each UAV is also (left and right), a simple intensity comparison between left
equipped with an antenna pair to detect the attraction bea-and right directional antenna will allow to derive the new
cons of other vehicles. In essence attraction beacons simphheading of the UAVs, which is either “turn left” or “turn
translate the detected signal into a on/off radio beacon andright”.

thus boost its strength. In contrast to the attraction beacon  Now define the intensity sum and difference between the
receivers, the collision avoidance receivers can extract theantenna pairs asy ; + Ry = Sy,i, Ly — Ryi = Dy,
distance of the source using signal strength. This allows they € {col, sen},i = 1,--- ,n, whereS, ; and D, ; denote
collision avoidance algorithm to react only to UAVs within  sum and difference of left and right antenna signal strength
a certain circle of sizev. This « is the UAV's collision of modalityy at UAV i.

avoidance range, and represents the distance a UAV must The UAV guidance system implementation is shown in
keep between it and its neighbors to leave enough space td-igure 2. It consists of two power complementary antennas
turn. Thereforen is dependent on the UAV’s turning ra- that are used for both, the sensor and the collision beacons.
dius, which, in turn is dependent on the UAV’s speed; given The left and right collision beacon receivers demodulate the
a speed, a UAV can turn only so fast. unigue collision beacon signals and provide at the output
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Figure 1. Different phases in the chemical detection and tracking task: searching for the cloud (top left), at least one UAV detects
chemicals and turns on its beacon (top right), thus attracting others to the area (bottom left), which is subsequently tightly enclosed
(bottom right). Each of the four pictures shows a magnified version on the left of the environment on the right (square on the right)
as well as the bounding polygons of the chemicals (green) and the UAVs (red).

the detected signal strength for each of the n UAVs. Sincenal. This signal results (after the compensator) in a constant
the collision beacon strength of all UAVs are equal, and in heading. This figure only shows guidance mechanisms in
free space the power drops with the square of the distancethe 2-D plane. Altitude control and the thresholding circuit
one can easily determine the threshold for the received col-for activating the sensor beacon are not shown.

lision beacon signal that corresponds to the critical distance

a. This threshold is implemented in the two threshold fil- 2 1. Agent Model

ters, which pass the collision beacon signal of UAwhly

if it satisfies the critical distance (received power) require- Given the above mechanisms, we define an agent model
ment. All the UAV collision beacon contributions that pass that implements the control algorithm in Figure 3. During
the threshold test are then added for the left and right side,the sensing phase, agents detect the presence of chemicals,
and in a second step subtracted to find which side produces &M the attraction vectors of other agents’ attraction bea-
stronger signal. This difference is then converted into a left €ons, and identify the collision vector of the nearest agent
or right turn signal using a (signum) hard limiter nonlinear- within collision avoidance range. These comprise the sen-
ity. The sensor beacon signals are compared in a similarSory informationS used by the control system:

way. However, in this case, all UAV contributions are used
and are summed up by the antennas themselves. If the le
plus right antenna signal strength passes the given threshryle 2: If no chemical is detected, deactivate attraction bea-
old, the left and right turn signal is generated in the same con

way as in the collision beacon case. The channel selector

is a priority selector, that selects channel 0 with highest pri- Rule 3: If some other agent is within collision avoidance
ority (collision beacon generated command signals) if it is range, turn away from nearest agent, resetto 400
enabled, then channel 1 with second highest priority (sensor ) L - .
beacon generated command signals) and finally with low- Rule 4: If no other agent is within collision avoidance range

est priority channel 2 which is the alternating left right sig- gggct;iasg;zfrrzgee;ec,[tsa’ogjm in the direction of the
y C

fﬁule 1: Ifachemical is detected, activate attraction beacon
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Figure 2. The UAV guidance system.
Rule 5: If no other agent is within collision avoidance range, 3. SIMULATION EXPERIMENTS
no beacons are detected, andc > 0, decrement
rwc and turn right ifrwe is even, left ifrwe is odd 3.1. Experimental Setup

All simulations were conducted using the artificial life sim-

ulator SWAGES under development in our faffhe world

in which the agents operate is an unbounded 2000 by 2000

square 2D surface. The number of agemt$ \as varied

from 5 to 30 in steps of 5. In homogeneous experiments,

all agents are configured with = 180 and speed = 10.
These r_ules cause the a.ge-nt to t.ur.n away-from the near, heterogeneous experiments agents are configured this

est agent, if there is one w!thln cplhsmn avmdance range, way, while the remaining agents are configured with —

or turn toward the highest |.ntenS|ty of attrac'qon beacons, 120 andspeed = 5. We will refer to these agllphaigy and

if any are detected, otherwise patrol the environment ran'Alpha120 agents, respectively.

domly as fOI.l()WS: the agen_t IS _equped with a C(_)umtec Each experiment consists of 40 experimental runs, each

that determines how long it will proceed on a given head- : : : I - -

ing (via alternating turns) before choosing a new headin of which begins with a distinct set of initial conditions (e.g.,

Wgr]\en reacheg 0 the agent randomlg selects a left gr placement of agents, their headings, etc.). These initial con-

riaht tgrlgcof 75.105 &e reeg and resets >':he counter Thisditions are consistent across all experiments, so that, for ex-
9 9 ' ample, the initial placement of the chemicals is the same for

can help to avoid simulation runs in which agents never de- .
. . . experimental run 1 of the 15 homogeneoliphasy agent
tect a chemical and simply diverge outward, away from the . L .

. i experiment as it is for experimental run 1 of the 15 hetero-
chemical cloud; eventually, some agent may turn back to-
ward the cloud, although the simulation may terminate be- ISWAGES is an agent-based artificial life simulation experimentation
fore any agent makes it back to the cloud. environment freely available attp://www.nd.edu/ airolab/software/.

Rule 6: If no other agent is within collision avoidance range,
no beacons are detected, andc = 0, resetrwc to
100*random(4), and turn 75-100 degrees (randomly
selected) right or left (randomly selected)




if Scor,i > 0then
if Dcol,i > 0 then
turn right
else
turn left
end if
else if Ssen,i > threshold then
if Dsen,s > 0then
turn left
else
turn right
end if
else
fly straight (by alternating right and left)
end if

Figure 3. The UAV direction control algorithm.

geneous agent (1Qiphaigy and 5Alphai2) experiment.
This allows us to directly compare performance, since we
know that the tasks were the same for all combinations of
agents.

Over the course of the 10,000 cycles for each experi-
ment, we tracked the area of the convex hull of the UAV
agents, as well as the area of the convex hull of the chemi-
cals. This allows us to see how tightly the UAVs surround
the chemicals. At times, however, the UAVS may not com-
pletely contain the chemical cloud, so we also tracked the
number of chemicals contained inside the convex hull of
the UAV agents. The combination of these two measures
gives us a complete view of how well the UAVs are sur-
rounding the cloud. A good solution is defined as one in
which the difference between the UAV area and the chem-
ical cloud area is minimized and the number of chemicals
enclosed by the UAV convex hull is maximized. It is easy
to get complete enclosure of the cloud simply by expanding
the UAV formation indefinitely. In fact, there are cases, es-
pecially when there are few agents, in which that happens.
The UAVs miss the chemical cloud entirely and the area en-
closed by the UAV convex hull increases. We characterize
any experimental run in which the UAV area at the end of
the simulation is greater than the 2000 by 2000 simulation
area as a failure.

3.2. Results

The number of failures for each experiment is given in Ta-
ble 1. When a simulation is classified as failed, its data is not
included in the figures below. Practically speaking, when an
experimental run fails, the area of the UAVs is so large that
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Figure 4. Homogeneous (2&iphai20) configuration. The

top graph presents the average area enclosed by the UAVs
in successful experimental runs, along with the number of
chemicals enclosed by the UAVs. The bottom graph zooms
in on the lower portion of the top graph, allowing a compar-
ison with the area of the chemical cloud.

pronounced in homogeneous experiments, particularly ho-
mogeneousiiphaigg, than in experiments with both agent
types. There were a small number of failures of hetero-
geneous groups with small total size, but other than these,
heterogeneous experiments did not fail. The homogeneous
Alphaigg = 5 and Alphaizg = 10 experiments failed to
produce even one success.

The arearesults presented in Table 1 consist of two parts:
the average final area covered by the UAVs in the experi-
ment and the average maximum UAV area. The final UAV
area is the area to which the convex hull of the UAVs con-
verged. This can be compared to the final cloud area to de-
termine how close the fitis (i.e., how well the UAVs achieved
the first criterion, minimizing the difference between UAV
area and cloud area).

Also included in Table 1 are measures of the minimum
and final chemical enclosures. The cloud consists of 500
chemicals, so configurations that approach this (e.g., ho-

it dominates the areas of those that succeed, and the figur&ogeneousiipha;so = 30 configurations) do well on this

would depict little other than the failure if it were included.
For this reason, we report the failure rates and ignore failed
experimental runs in the remaining results.

The results indicate a tendency for failure that is more

component of performance.

This, however, does not tell the entire story. In some
cases, the UAVs may converge on the cloud only after di-
verging broadly. Figures 4, 5, and 6 compare the “histories”



UAV Max. Final Final Min. Cloud | Final Cloud
Ratio || Failures| UAV Area | UAV Area | Cloud Area| Enclosure | Enclosure
0:5 21 3853130.0| 58320.9 477473.0 103.895 128.579
0:10 3 7101330.0 | 172445.0 | 474930.0 290.459 292.811
0:15 0 7044920.0 | 299943.0 | 476834.0 378.25 387.45
0:20 0 7639880.0 | 443059.0 | 477258.0 425.3 432.6
0:25 0 4397880.0 | 580109.0 | 475186.0 451.85 456.625
0:30 0 4554040.0 | 697956.0 | 477175.0 471.025 471.85
5:0 40 - - - - -
5.5 9 6030390.0 | 322516.0 | 472572.0 346.806 353.065
5:10 2 17785300.0{ 503823.0 | 475191.0 414.342 427.737
5:15 0 6318570.0 | 645109.0 | 476675.0 449.325 449.325
5:20 0 4287510.0 | 797641.0| 475490.0 470.475 476.75
5:25 0 4580980.0 | 953815.0 | 477175.0 479.1 479.75
10:0 40 - - - - -
10:5 2 31505800.0f 654625.0 | 477278.0 445,158 449,395
10:10 1 21042600.0f 796044.0 | 476286.0 468.205 473.897
10:15 0 10100300.0{ 962614.0 | 475517.0 481.925 483.2
10:20 0 4629140.0 | 1129680.0| 477175.0 487.1 487.725
15:0 15 94065100.0 818284.0 | 483257.0 451.48 466.52
15:5 0 16029600.0{ 999767.0 | 477501.0 476.4 483.45
15:10 0 16637000.0{ 1128350.0f 475497.0 486.375 487.675
15:15 0 4646460.0 | 1326000.0| 477175.0 491.475 491.925
20:0 12 43254000.0| 1225820.0| 480183.0 478.143 491.75
20:5 1 4396200.0 | 1319350.0| 473228.0 488.795 493.41
20:10 0 4694200.0 | 1462930.0| 477175.0 494,25 495.375
25:0 2 16174600.0{ 1526080.0{ 472502.0 493 494,237
255 0 4734490.0 | 1653220.0| 477175.0 495,15 496.325
30:0 2 11399300.0{ 1899280.0f 476831.0 496.105 497.842

Table 1. Overall Results

of three configurations with similar final UAV Areas and Finally, for the sake of comparison, Figure 6 presents
Cloud Enclosures (averaged over successful experimentathe same history for homogeneadgha sy = 15 simula-
runs). Figure 4 depicts the homogeneoliphai20 = 25 tions. In this case, UAV area diverges significantly before
configuration. This configuration has good absolute perfor- converging near the end of the simulation duration. The fi-
mance, according to the criteria mentioned before: mini- nal area is somewhat worse, but the enclosure is correspond-
mizing the difference between UAV area and cloud area andingly better. However, as shown in Table 1, 15 of these ex-
maximizing the number of chemicals enclosed by the UAVs. perimental runs failed to complete.
There are configurations that do better on each count, but In all cases, the cloud enclosure value decreases
this has a nice balance of both. The progression of the taskhroughout the simulation. The chemical cloud tends to
is also very good, with the UAV area never growing much become elongated as it travels, whereas the UAVs tend to
beyond its initial size. It converges quickly and remains maintain a roughly circular formation, making it difficult to
tight. enclose all chemicals without exaggerating the UAV area.
Turning to Figure 5, which depicts heterogeneous Including a drifting influence in the UAV control system
(Alpha1gy = 10, Alpha1ap = 5) experiments throughout similar to that of the cloud may be one way to help the UAVs
the 10,000 cycles, we find the UAV area expanding sub- match more closely the area of the cloud.
stantially before converging on the chemical cloud. The fi-
nal values for UAV area and chemical e_ncIOSL_Jre are s_imilar 3.3. Analysis
to the homogeneoudiphai29 = 25 configuration. While
the behavior of the heterogeneous configuration is more un-Overall, the homogeneowipha,gy configurations are un-
ruly, it requires only 15 total agents, compared to the 25 in stable compared with heterogeneous configurations. They
Figure 4. tend to fail more and their average maximum UAV area is
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Figure 5. Heterogeneous (1iphaiso and 5 Alphai2o) Figure 6. Homogeneous (14iphaiso) configuration. The

configuration. The top graph presents the average area en-
closed by the UAVs in successful experimental runs, along
with the number of chemicals enclosed by the UAVs. The
bottom graph zooms in on the lower portion of the top
graph, allowing a comparison with the area of the chemi-

top graph presents the average area enclosed by the UAVs
in successful experimental runs, along with the number of
chemicals enclosed by the UAVs. The bottom graph zooms
in on the lower portion of the top graph, allowing a compar-
ison with the area of the chemical cloud.

cal cloud.

figurations of the same size, by virtue of their highethey

higher. Their enclosure is better than heterogeneous configcannot pack the area as tightly as thiphai20 agents, and
urations with the same number of UAVs, but that is more therefore require fewer agents to enclose the same area.
a reflection of the greater area covered by thiphaso Combining the two in heterogeneous configurations
agents due to their higherthan to a greater ability to track  takes advantage of the strengths of both: Hi@hais
the cloud. Homogeneoudiphaio configurations tend to  agents remain close to home, and are more likely to lo-
fail less often, when given sufficient agents. The reasoncate the chemical cloud. Once the cloud is detected, all
Alphay2o agents are less susceptible to losing the cloud is agents converge on it, and the more spreadAlphasg
partly their lower speed. The random patrol mechanism de-agents contribute greater average area enclosed. At this
scribed above induces agents to change heading after a sgjoint, an interesting emergent behavior is seen (Figure 7):
number of cycles. The fastetiphaiso agents will be able  the Alpha,40 agents cluster in the middle of the UAV group,
to move farther away from the chemical cloud in the course and theAlphaiso agents surround them. The smalteal-
of those cycles, making it more difficult for them to return. lows Alphais agents to “squeeze” in betweetiphaisg
Alphai2 agents tend to stay closer to home, which helps agents, making it easier for them to get to the center of the
them locate the cloud, even when they have temporarily lostcloud, whereasAlphaiso agents very seldom get into the
it. The reduced speed dffipha129 agents is needed to avoid  center because they turn away from other agents sooner.
collisions, given their smaller collision range but it leads The selection of a best overall configuration is subjec-
to an unintentional benefit. Slowing down tiEphaiso tive; the area fit and the enclosure must be good, and they
agents may produce similar effects, however, there is a min-myst find and converge on the could in a reasonable amount
imum speed required to remain airborne, so this cannot begf time with few failures. Moreover, given similar abso-
decreased arbitrarily. lute performance, a configuration that deploys fewer UAVs

Homogeneousliphaigy configurations tend to enclose is preferable, for reasons of cost. A more objective selec-
the chemical cloud better than homogenedishao con- tion would require an assignment of relative importance to
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Figure 7. Heterogeneous behavior: Slower agents with
smaller collision avoidange ranges tend to cluster in the
middle of the UAV formation.

the two objectives. If, for example, the most important ob-

smaller collision range, because the latter tend to cluster
closely together in the center of the cloud. Heterogeneous
systems utilize the advantage of the slower agents to locate
the chemical cloud, and the advantage of the faster agents
to enclose it. This allows heterogeneous systems to achieve
good performance with fewer agents than either homoge-
neous configuration.

For future work, we plan to look into the effect of re-
ducing the speed of thélpha,sg agents; they may be able
to maintain their good coverage properties while improving
their ability to locate the cloud quickly. However, the larger
a will lead to fewer UAVs inside the cloud, in turn leading
to fewer chemical detections. With fewer attraction bea-
cons, the liklihood of losing the cloud will increase; these
tradeoffs should be examined. Similarly, adaptive control
systems that adjust their speed andould address the is-
sue of the cloud growing as it disperses. While one option
would be to deploy more UAVs as the cloud gets larger, it
may also be feasible to simply increasethereby increas-
ing the area enclosed.
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