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Abstract— We identify sustainable sizes for a multi-agent sizes for a multi-agent system by producing a simple, yet
system that consists of two classes of agents: one class isexpressive model that can be applied to engineering applica

responsible for searching an area; the other for providing iong sych as search-and-patrol using teams of autonomous
perimeter security for that area. In this context, sustainaility vehicles

means the ability of the system to accomplish the task while . . .
balancing shared resources. Bio-inspired rules based on ¢h The rest of the paper is organized as follows: Section Il
pride structures of African lions are developed to determire  describes how connections are made between the search-and-

the sustainability of a group size. patrol task and the social structures of African lion prides
I. INTRODUCTION In Sect|on_ [l we present our model qf the. pride thgt is use_d
to determine a set of sustainable pride sizes and in Section

Problems such as formation control, consensus, and coRy \ye introduce a notion of utility for a group and identify
tainment have been exhaustively studied in the field of multy, o optimal group size. Finally, conclusions are preseirted

agent systems (for a representative sample, see [1], [B], [Zgction v.

[4]). These problems typically involve issues pertainiog t

multi-agent classifications such as heterogeneity, digtkie- 1. BIOINSPIRATION

ness, communication, etc. However, the size of a multi-agen African Lions, Panthera leo live in well-defined social

system is rarely addressed outside of the multi-robot f0®g gir,ctures known as prides. Typically, these prides consis
Ilterature_. i ) _of 1 — 3 adult males an® — 9 adult females along with
Foraging, as understood in the multi-robot context, iNgejr dependent cubs [10]. Males that attach themselves to
volves agents that search and contain objects in the eny-45un of lionesses, also known as the resident males,
ronment, with applications found for example in search angd,in significant reproductive advantages over solitaryesial
rescue scenarios. For pure foraging tasks, the issue of SPsy|. a5 a result, resident males must frequently defenid the
tainable sizes for a multi-agent system has been previouglynesses from non-resident males [11]. If a group of males
addressed (for a representative sample, see [5], [6], [¥]) agyccessfully take over a pride, by defeating the original
the idea is to let the number of agents be selected based @Rigent males, it first ejects the original group of males
social foraging theory, in which the performance of a grougng then kills their cubs [11]. They breed new cubs with
increases with size until a critical number is reached [6]. {he Jionesses to start their own pride; thus, territoridedee
This idea is applicable only dll the agents are performing js an important task for males to protect their cubs from
the same task. The novelty of this work is that we determingtanticidal males and in turn, increase genetic fitnesg. [10
sustainable sizes for a heterogeneous multi-agent syS@Mm t \yhen fionesses have a low success rate of catching a
consists of a forgglng team tqgether Wlt.h a team providinggrtain prey, they utilize a highly-coordinated group fingt
_boundary protection by patrolhng the perimeter of the épra technique where lionesses in the “wing” positions will eptr
ing area. Our setup can be applied to a network of unmanngglir hrey by driving them towards the lionesses in “center”
vehicles, e.g. UAVS, that (_:0n5|_sts of a team of searchers aBSsitions [11], as shown in Fig. 1(a). Prey caught by females
another team that maintains air supremacy for the searchelgs shared by the entire pride, with males being the first to
To find sustainable sizes for our engineered system, we draW5im their share” [8].
inspirati_on from natural sy;tem;; in particular, we coesid 144 many females reduce the ability to coordinate and
the so<_:|al structl_Jres O_f African Ilpns. catch prey [13], whereas, too many males result in frequent
A pride of African lions contains up 9 males andl8  , fighting to gain access to females [8]. We take such
females [8]. If the size of the pride grows too large, memberg.tors into account, along with other parameters such as
often break away and factors such as food availability ang,q avajlability to develop our model of the pride. However
the ability to ward off intruders influence the size of a pridgacqi that our goal is not biomimicry, i.e. to replicate
[9]. Females are usually in charge of foraging for f00dg) agpects of the natural system: instead, our goal is to
W_h'le males are responsn_ale fpr t_err|tor|al defense. V\M_St extract characteristics and draw on biology for engineered
biological system as our inspiration, we analyze sustdnab, gy jications. However, it is important for our model to be
M. Haque and M. Egerstedt are with the School of Electricadl an rich; in fact, we will show that when W? apply biological fif-}ld
Computer Engineering, Georgia Institute of Technologyarta, GA 30332, data, such as the encounter rate with prey, our sustainable
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> hunting a large prey like a buffalo requires males to join the

hunting group as well [11], [15]. We assume that the pride

is specifically hunting zebras, a medium sized prey that is
large enough to require a group of females, but small enough
to exclude the participation of males.

The success rate of capturing prey increases with group
size if the success rate of a lone hunter is low [13]; however,
a foraging group too large becomes conspicuous to prey and
takes away its ability to stalk prey [8]. The type of prey kon
hunt can out run them [8] and this is why “stalking” prey is

@ ®) important to a successful hunt.
Fig. 1. In (a), the pride structure is shown; males (triasjlgatrol the Let Pr(F) € [0, 1] be the probability of an encountered
pride area, whereas female lions (squares) are in chargeragifig for  prey being captured when there drefemales in the pride.
T e e oy ey, P77, Inspited by the group performance curve in Soca
searching for vehicles (labeled EAD). foraging theory [16], is quadratic iR’ with maximum value
at I’ = F’. More specifically,

{ FRF-F)-QF'-1)  jt | o p cof _1,

S5,

AR

. . F) = (F")2—2F"+1
air defenses (SEAD) missions conducted by teams of afr(F) 0 otherwise

tonomous vehicles. This mission involves gathering intell 1)
gence on the enemy’s air defenses (e.g., nature, locatiol, € here 1 is the optimal number of hunters. This is a simple
[14]. The intelligence gathering aspect of the mission is 1@, jation that captures the following key ideas: a single
be carried out by a team of UAVs known as the Intelligencgjgness cannot capture a medium sized prey, the amount of

Reconnaissance, and Surveillance (ISR) team and anothge, caught generally increases with the number of hunter,
team known as the Joint Combat Team (JCT) maintains aif,q yet too many hunters takes away their ability to remain

supremacy for the ISR team, as shown in Fig. 1(b). Thug,conspicuous to their prey (typically — 8 lionesses are

with engineering applications at the back-end of bio-ir&pi ,pcarved in the hunt according to [8]).

work, we requir_e the developed model to be transferable as1pe 5 in [9] lists the encounter rate with zebras for

well as expressive. , , Serengeti lions during both prey scarcity and abundance. Th
Our main contribution in this paper is the following: for a ,ncounter rate), is measured in 2000 km? area and has the

given number of males and females, we determine whethghit 1,c,.q /1,y For that area) = 0.008 herd/hr represents a
the group is sustainable and by sustainable, we mean that f)&,ce zepra density and= 0.245 herd/hr was considered
females can forage sufficient prey to feed the entire pride any, ghyndant zebra density. The number of individuals in a
at the same time, there are an adequate number of male\lg4 and the average weight of an individual prey is also
patrol the territory. provided in [9] and with these data, we can calculatin

I1l. PRIDE MODEL units of kg/km?/hr. With this formulation, the encounter
Jate with zebra would become€ [0.8, 24.6] kg/km?/hr.
We assume that the foraging area is a circle with radius
(M, F) and thus, for a given number of femalds, and
Sncounter rate), the expected amount of prey captured is

According to our notion of sustainability, a sustainabl
group size should successfully forage enough food for thﬁ
entire group and at the same time provide territorial defens
We will present metrics for both these tasks and provid

simulations for different values of the parameters usedis t Peop(F) = Pr(F)ATR(M, F)?, 2

model, such as the number of females a male will consort ) _

at a time. measured inkg/hr. If we assume that the lionesses select
the size of the foraging area such that,, = P, then

A. Foraging the radius of the foraging area is given by

Assume that a pride consisting &8f males and?” females
requires a minimum ofP,,;,(M, F') of food to survive. R(M,F) = M, (3)
If a lion and a lioness needs an averagepdf and p Pr(F)Ar

kg/hr of food, respectively, then the minimum energy intakeneasured irkm and a size is sustainable from a food avail-

required by the pride i#,i, (M, F) = Mp" + Fp” kg/hr  apility point of view if 0 < R(M, F) < co. Even if a pride

(typically, p = 2.5 andp™ = 2.2 according to [9]) . is sustainable energy-wise, it might still be defense-wise
We will assume that only lionesses are responsible fQinsystainable. Next, we look at the factors that deternfiae t

foraging and hunting prey. Lionesses are capable of huntingility for males to protect the pride from potential intaus.
small prey like warthogsRhacochoerus aethiopicisnd

wildebeest Connochaetes taurini®n their own. However, B. Territory defense
their success rate is low with larger prey, such as zebraWe described how the lionesses specify the radius of
(Equus burchel)i and buffalo Syncerus caff@r in fact, the foraging areaR(M, F'), to meet the energy demand of



P, (M, F). If we assume that the foraging area set by thaddress this idea of assigning values to group sizes within
females is indeed the pride area, then males need to defahé sustainable set in the context of engineered systems.
a circle with radiusk(M, F') from intruders. Furthermore,  Simulations based on this model are shown in Figs. 2-
we will also assume that the males reside in the boundasy In Fig. 2, the effects of varying the number of females
of this circle, equidistant from each other. each male consortg;, on the sustainable sizes are shown.
Lions communicate through roars, that can be heams k increases, each male guards more females and this
about8 km away during territorial advertisement and whenincreases the number of non-consorting males in the pride.
intimidating intruders [8]. With this notion of a limited Thus, in-fighting increases wittk, which distracts more
communication range of a lion, we can define the minimummales from patrolling the territory and makes the pride more
number of males needed to patrol the pride ardg,;,,, as susceptible to intruders. As a result, the set of sustagnabl
follows: prides decreases asincreases, when, F’, A are all held
Mgn’n(R) — M, constant.

A In Fig. 3, the effects of varying the optimal number of
whereA is the maximum allowable arc length between tWQ‘oragers,F’, is shown. AsE” increases, from (1) we notice
males that prevents intruders from entering into the pridgat the support of the functioRr(F) increases; thus, the
area and the subscript “d” is used to denote defense. Najgt of sustainable group sizes increases too. The encounter
that our notion of territory defense does not depend on &ctugte with prey, ), is varied in Fig. 4. For a large, the
confrontation with intruders, rather it depends on theigbil foraging radius is small and as a result, the foragers can
of the males to “plug holes” in the boundary of the pridgneet the energy intake for larger prides compared to those
area. under smaller values of. Our group sizes mostly consist of

In a pride, males are also competing with each other tp_ 3 males2 — 9 females, using field data recorded in [8],
mate with females and we model this “constant competitiorfg) [13] for A, F7, k, andA. Thus, our simple mathematical
[8], or in-fighting, by assuming that each male consortgodel is in fact expressive enough to capture the underlying
k females and each non-consorting male is involved in &yyctures of lion prides.
fight with a consorting male. According to [17], there can |, the next section, we assign a utility to each sustainable

be “serious. fights” between consorting ar!d noniconsortir@,wp size and consequently, identify an optimal group.size
males and in our model, we regard such in-fighting among

resident males as a distraction from their primary role of
patrolling the pride area.

We let the number of males patrolling the pride be given
by the functionG(M, F'), and only require tha&(M, F') =
M when M < F/k and thatG(M, F) is decreasing with
increasingM — F'/k. One formulation that satisfies both of
these requirements is

IV. OPTIMAL GROUP SIZE

In the previous section, for a given group sizd, F') we
developed a method to characterize it based on parameters
like the communication range of maled, For engineered
systems, it may also be useful to know the optimal group
size, (M*, F*), from the set of sustainable sizes. We define
M if M < % , a utility function based on our multi-agent search-andeiat

M —2(M—£)  otherwise. task as follows:

G(M,F) = {
A pride size is sustainable from a territory defense
perspective ifG(M,F) > M¢, (R). Finally, a group
size, which we denote by the ordered pdi¥/, F), is
considered sustainable if it is both energy-wise and defenswvhere w € [0, 1]. With this particular choice of a utility

wise sustainable. More precisely, we have the followindunction, wherw = 1, the optimal size minimizes the radius

U(R,G) = wm (=GO F), (4

definition: of the foraging area for lionesses and for a group of UAVs,
this corresponds to the size that minimizes the radar fadtpr
Definition 3.1: (Sustainable set): The setS = of the joint ISR and JCT fleet described in Fig. 1(b). Also,
{(M,F) | 0 < R(M,F) < 0o, G(M,F) > MZ%_ (R) w = 0, could corr_espond to the scenarip that reqyires the
denotes the set of sustainable group sizes. JCT team to provide the maximum possible security to the

ISR team. Optimal group sizes for different values.ofire
Within the sustainable set of prides, a smaller radius ighown in Fig. 5.

more desirable by the lionesses since a smaller area reduceRecall that S is the set of ordered pairs that

encounters with intruders, which will in turn ensure morgepresent the sustainable group sizes. Giv8n we

safety to their cubs [8]. Also, within the set of sustainablelefine M = {M | (M,F) € &}, i.e. the projection

prides, more patrolling males will guarantee more “cushionof S onto the first coordinates (males) and define

from non-resident males; thus, it is likely that the bioksi F = {F | (M,F) € &}, i.e. the projection ofS

system itself has a preference on the size of the group, bonto the second coordinates (females). With this notation,

since we intend the artificial systems to draw from naturave are now ready to present the results of this paper:

(and not the other way around), in the next section, we
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Fig. 2. Sustainable group sizes for different values of thelper of females a male can consort at a tilneare denoted with an dot, while unsustainable
group sizes are denoted by a cross. In (a)-(c), the valueshef parameters are as follows:= 6, F/ = 4, and A = 10.
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Fig. 3.
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(c) F/ =5

Sustainable group sizes for different values of thénwal number of foragers’, are denoted with an dot, while unsustainable group sizes ar

denoted by a cross. In (a)-(c), the values of other parameter as followsA = 6, £ = 2, and A = 10.
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Fig. 4. Sustainable group sizes for different values of theoanter rate with prey), are denoted with an dot, while unsustainable group sizeslemoted
by a cross. In (a)-(c), the values of other parameters arellasvé: F' = 4, k = 2, and A = 10.

Lemma 4.1:(Maximum security): Ifw = 0 in the util-
ity function given by (4) and we denoté&),,, as the
largest element inF, then the optimal group size |is
(%a Fmam)

Proof: If w = 0 in (4), then the utility function is given
by U(R,G) = G(M, F). For a given sizé M, F') € S, the
function G(M, F) is is maximized when/ = £, as shown
in Fig. 6. As a result/ (R, G) is maximized oveiS when
F = Fpee and M = Ezee where F,,q, is the maximum
element inF. [ |

Lemma 4.2:(Minimum footprint): If w = 1 in the utility
function given by (4), and we denofd,,;, as the smallt
est element inM, and let £ minimize £min(min.I)

. . . PCGP(F) '
then the optimal group size §V/,,in, F).
Proof: If w = 1 in (4), then the utility function is given
by UR,G) = m. For two sustainable sizdd\/;, F)

and (M, F'), it is obvious thatR(M;, F) < R(Ma, F) if
M; < Ms. Thus, for the optimal group sizéM*, F*),
M* = M,,in, WhereM,,.:,, is the smallest element i and
from the definition ofP,.,, (¥) in (2), U(R, G) is minimized
over S when F* minimizes% VFelF. [ |
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Fig. 5. The optimal group size (ring) is shown for differertiues ofw. The sustainable group sizes are denoted with a dot, whiestainable group

sizes are denoted by a cross. In (a)-@)= 15, k = 2, F/ = 4, and A = 10.
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Fig. 6. A plot of the functionG(M, F), which represents the number of
patrolling males is shown.

V. CONCLUSIONS

African Lions, Panthera leo, live in well-defined social
structures known as prides, that can contain up toales,

to biological field data, our sustainable group sizes closel
resembled actual pride sizes.
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