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Stable Social Foraging Swarms in a Noisy
Environment
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Abstract—Bacteria, bees, and birds often work together in
groups to find food. A group of robots can be designed to coordi-
nate their activities to search for and collect objects. Networked
cooperative uninhabited autonomous vehicles are being developed
for commercial and military applications. Suppose that we refer
to all such groups of entities as ‘“‘social foraging swarms.” In order
for such multiagent systems to succeed it is often critical that they
can both maintain cohesive behaviors and appropriately respond
to environmental stimuli (e.g., by optimizing the acquisition of nu-
trients in foraging for food). In this paper, we characterize swarm
cohesiveness as a stability property and use a Lyapunov approach
to develop conditions under which local agent actions will lead to
cohesive foraging even in the presence of “noise” characterized
by uncertainty on sensing other agent’s position and velocity, and
in sensing nutrients that each agent is foraging for. The results
quantify earlier claims that social foraging is in a certain sense
superior to individual foraging when noise is present, and provide
clear connections between local agent-agent interactions and
emergent group behavior. Moreover, the simulations show that
very complicated but orderly group behaviors, reminiscent of
those seen in biology, emerge in the presence of noise.

Index Terms—Biological systems, foraging, multiagent systems,
stability analysis, swarming.

1. INTRODUCTION

WARMING has been studied extensively in biology [1],

[2], and there is significant relevant literature in physics
where collective behavior of “self-propelled particles” is
studied. Swarms have also been studied in the context of engi-
neering applications, particularly in collective robotics where
there are teams of robots working together by communicating
over a communication network [3], [4]. For example, the work
in [5] on “social potential functions” is similar to how we view
attraction-repulsion forces. Special types of swarms have been
studied in “intelligent vehicle highway systems” [6] and in
“formation control” for robots, aircraft, and cooperative control
for uninhabited autonomous (air) vehicles. Early work on
swarm stability is in [7], [8]. Later work where there is asyn-
chronism and time delays appears in [9]-[11]. Also relevant
is the study in [12] where the authors use virtual leaders and
artificial potentials.

In this paper, we continue some of our earlier work by
studying stability properties of foraging swarms. The main
difference with our previous work is that we consider the effect
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of sensor errors (“noise”) and errors in sensing the gradient
of a “resource profile” (e.g., a nutrient profile). We are able
to show that even with noisy measurements the swarm can
achieve cohesion and follow a nutrient profile in the proper
direction. We illustrate that the agents can forage in noisy
environments more efficiently as a group than individually,
a principle that has been identified for some organizms [13],
[14]. The work here builds on the work in [15] and [16] where
the authors provide a class of attraction/repulsion functions
and provide conditions for swarm stability (ultimate swarm
size and ultimate behavior), and [17] that represents progress
in the direction of combining the study of aggregating swarms
and how during this process decisions about foraging or threat
avoidance can affect the collective/individual motion of the
swarm/swarm members (i.e., typical characteristics influencing
social foraging). Additional work on gradient climbing by
swarms, including work on climbing noisy gradients, is in [18].
There, similar to [17], the authors study climbing gradients,
but also consider noise effects and coordination strategies for
climbing, something that we do not consider here.

The remainder of this paper is organized as follows. In Sec-
tion II, we introduce a generic model for agents, interactions,
and the foraging environment. Section III holds the main re-
sults on stability analysis of swarm cohesion. Stability analysis
of swarm trajectory following is done in Section IV. Section V
holds the simulation results and some concluding remarks are
provided in Section VI.

II. SWARM AND ENVIRONMENT MODELS
A. Agents and Interactions

Here, rather than focusing on the particular characteristics of
one type of animal or autonomous vehicle we consider a swarm
composed of an interconnection of IV “agents,” each of which
has point mass dynamics given by

it =
vt = Mul (1)

where ' € R” is the position, vt € R is the velocity, M; is
the mass, and u* € R™ is the (force) control input for the sth
agent. It is assumed that all agents know their own dynamics.
For some organizms like bacteria that move in highly viscous
environments you can assume that M; = 0 and if you use a
velocity damping term in u* for this you get the model studied
in [15]-[17]. There, the authors view the choice of u’ as one
that seeks to perform “energy minimization” which is consistent
with other energy formalisms in mathematical biology. Here,
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we do not assume M; = 0. Moreover, we will assume that each
agent can sense information about the position and velocity of
other agents, but possibly with some errors (what we will call
“noise”’), something not considered in [15]-[17].

Agent to agent interactions considered here are of the “at-
tract-repel” type where each agent seeks to be in a position
that is “comfortable” relative to its neighbors (and for us all
other agents are its neighbors). Attraction indicates that each
agent wants to be close to every other agent and it provides the
mechanism for achieving grouping and cohesion of the group
of agents. Repulsion provides the mechanism where each agent
does not want to be too close to any other agent (e.g., for animals
to avoid collisions and excessive competition for resources).
There are many ways to define attraction and repulsion, each
of which can be represented by characteristics of how we define
u® for each agent. Attraction here will be represented by a term
in u® like —kli, (ml — ) where kzi, > 0 is a scalar that repre-
sents the strength of attraction. If the agents are far apart, then
there is a large attraction between them, and if they are close
there is a small attraction. For repulsion, we let the two-norm
||zl = V2T 2 and use a repulsion term in u* of the form

, AT A
i oxp (M) (o — )
Ts

where ki > 0 is the magnitude of the repulsion, and r: > 0
quantifies the region size around the agent from which it will
repel its neighbors. When ||z¢ — 27]| is big relative to 7% the
whole term approaches zero. The combined effect of repulsion
and attraction terms influence the so-called “equilibrium of at-
traction and repulsion” that represents that two agents are at a
“comfortable” distance from one another. Many other types of
attraction and repulsion terms are possible; see the references
cited earlier.

@

B. Environment Model

Next, we will define the environment that the agents move in.
While there are many possibilities, here we will simply consider
the case where they move (forage) over a “resource profile”
(e.g., nutrient profile) .J(z), where x € R™. We will assume that
J(z) is continuous with finite slope at all points. Agents move
in the direction of the negative gradient of .J(z) (i.e., in the di-
rection of —V.J(z) = —(9.J/0x)) in order to move away from
“bad” areas and into “good” areas of the environment (e.g., to
avoid noxious substances and find nutrients). That is, they will
use a term in their u* that holds the negative gradient of .J(z).

Clearly there are many possible shapes for .J(x), including
ones with many peaks and valleys. Here, we simply list two
simple forms for J(z) as follows.

* Plane: In this case, we have J(z) = J,(x) where
J(x)=R 2+,

where R € R™ and r,, is a scalar. Here, V.J,,(z) = R.
* Gaussian: In this case, we have J(z) = J,(z) where

Jg(@) = Ty exp (=7, [lo = Rell?) + e

where 7., , 7', and . are scalars, r,,,, > 0and R. € R".

Here, VJ. (%) = =27y, Ty €Xp (=7, || — Re|?) (22—

R.).
Here, we will assume that each agent can sense the gradient,
but only with some errors, which we will refer to as “noise.”
When we want to refer to agent ¢ as following a possibly dif-
ferent profile than agent j, 7 # 4, we will use, for example,
Ji, R', and r;, for the plane profiles. Throughout this paper, we
will in fact study this case where agents follow different plane
profiles, since these are simple yet representative. Moreover, lo-
cally, typical profiles will have a constant slope.

III. STABILITY ANALYSIS OF SWARM COHESION PROPERTIES

Cohesion and swarm dynamics will be quantified and ana-
lyzed using stability analysis of the swarm error dynamics that
we define next.

A. Controls and Error Dynamics

First, assume there are N agents in the environment and let

1<
I=— x'
v &
1L
D =— V"
PP

be the average position and velocity of the swarm, respectively.
The objective of each agent is to move so as to end up at & and
U; in this way an emergent behavior of the group is produced
where they aggregate dynamically and end up near each other
and ultimately move in the same direction at nearly the same
velocity (i.e., cohesion). The problem is that since all the agents
are moving at the same time, Z and v are time-varying; hence,
in order to study the stability of swarm cohesion we study the
dynamics of an error system with

Other choices for error systems are also possible.
The error dynamics are given by

i i
e, =e,

S TP R
el = Eu" -5 Z Euj. 3)
7j=1
We assume that each agent can sense its own position and
velocity relative to z and v, but with some errors. In particular,
let d;, € R and d! € R be these sensing errors for agent i,
respectively. We assume that d,,(¢) and d,,(t) are any trajectories
that are sufficiently smooth and fixed a priori for all the time
(but below we will study the stability for the case when the d;,
and d, trajectories can be any of a certain class). We will refer
to these terms somewhat colloquially as “noise” but clearly our
framework is entirely deterministic. Thus, each agent actually
senses

s i i
e =¢p —dp
AL 1 7
ev_ev_dv
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and below we will also assume that it can sense its own velocity.
It is important to highlight here our motivation for studying the
addition of noise. On the one hand it adds another element of
realism to have a sensor for e’I‘; and e might operate and the
results below will help quantify the effects of the noise on co-
hesion. We also view our approach as progress in the direction
of not requiring that each agent can sense the variables of all the
other agents or even the accurate values of T and v.

The ith agent will also try to follow a plane nutrient profile J;
defined earlier. We assume that it senses the gradient of .J*, but
with some sufficiently smooth error d (t %(t) that is fixed a priori
for all the time (as with d’, and d!, we will allow below d} to
be any in a certain class of trajectories) so each agent actually
senses

VI, (z') — df.

In fact this can be viewed as either sensing error or “noise” (vari-
ations, ripples) on the resource profile.

Suppose the general form of the control input for each agent
is

ut =—M;ki el — Mkl el — Mkv'
. A
+ Mk Y exp (—) (&~ )
J=1j#i "s
— Mk} (R — dj). 4)

Here, we think of the scalars k;, > 0 and k¢ > 0 as the “at-
traction gains” which indicate how aggressive each agent is in
aggregating. The gain k. > 0 is a “repulsion gain” which sets
how much that agent wants to be away from others and 7% rep-
resents its repulsion range. The gain £ > 0 works as a “ve-
locity damping gain”(note that we use the same such gain for
all agents). The last term in (4) indicates that each agent wants
to move along the negative gradient of the sth resource profile
with the gain kl > 0 proportional to that agent’s desire to follow
its profile. Obv1ous1y if dl = 0 for all ¢, there is no sensing
error on repulsion, and a repulsion term of the form explained
in (2) is obtained. The sensing errors create the possibility that
agents will try to move away from each other when they may
not really need to, and they may move toward each other when
they should not. Similarly, the attractions gains k7, and k;, dictate
how the attraction forces operate but the presence of the noise
results in additive noise terms to u* that are multiplied by kL
and k. Hence, raising the attraction gains also has a negatlve
influence on «* in that it results in more noise entering the con-
trol and hence poor aggregating decisions by individuals (e.g.,
if [lz* — x| is small but d is relatively large, noise will set
the control value). Clearly, this complicates the situation for the
whole swarm to achieve cohesiveness.

Note that by writing the repulsion term as in (4), we are
assuming each agent can also sense the positions of all other
agents relative to T; however, the sensed values for other
agents are only needed in the repulsion term and any term
corresponding to a distant agent will be close to zero due to
the exponential term. Alternatively, we may construct this term
by replacing é; — éi with #¥ — 27, with 2° and 47 defined as
the noise-contaminated positions of agent ¢ and j, respectively.
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Then, we have 7 — 39 = ¢ — 2J + d;j , d;j being the
measurement noise. In physical sense, these two options of
constructing the repulsion term are significantly different from
each other since different variables are required to be measured.
But note that

G-t = (o' =) =) — (= 2) ~ )
= @ =) = a7 + (- ).

It turns out that in our proof, we will obtain the same stability
properties with either option. A quick explanation is that the
repulsion term is bounded by the same constants (in both direc-
tions), whether we adopt ézi) — ég; or 2 — #7. This will become
more clear by inspecting the proof in Section III-B. From now
on, we will use the one in (4) throughout the paper.

To study stability properties, we will substitute the above
choice for u’ into the error dynamics in (3). First, consider the
o' term of ¢! = %' — ¥ and note that

1

o= Muz = k';e;, +I<;”dZ —kiel +kid — ko'
X —Le el
kY exp | 2Pl
=L "s
x(é;—éf)—k-i (R = df). (5)
Define k, = (1/N) Z] L kI and AkJ = kJ — k. Since
N N N
S A=Y =N Y=o
J=1 Jj=1 j=1
we have

N
Zk el —ZAk e1+2k e) =" Akjel
7=1

Similarly, define k, and AkJ,
SV Ak

vt

so we have Zjvzl kiel =
Then, substituting * into ¥ and we have

@:——ZAkie; ZdeJ ZAH@J
k{,d{, kfuj
1 N 1 N _%
+ N ZkT ) Z exp (

Al N

— €

H R
- r12 (ep - e;’)
=1 j=1,j#l s
N
1 . . :
J 7
O ACETAP ©)
i=1
. . . T T
Define E' = [} ', ¢ '] and E = [E'T,E2T ... EN"]

Since
R T A , ,
kvt — NZW = kv’ — kv = ke,
7j=1
from (5) and (6) we have

by = 0" =0 = —kye, — (ky, + k) e, + 9"+ p(E)+6'(E) (7)



LIU AND PASSINO: STABLE SOCIAL FORAGING SWARMS IN A NOISY ENVIRONMENT 33

where

g =kid, + ki di, + k;;di

N
ZAkJeJ + = ZAkjej
1 1:N
‘NZ”“NZ ( ) ©)
N

e -l , .
o (—) @ -2)
o1 Ts

2
)

— k4R’ (®)

7
1L
N
x (el — (10)

which is a nonlinear nonautonomous system. With I an n x
n identity matrix, the error dynamics of the sth agent may be
written as

;4&
o I ;
B —[—k;;f —(k-;;+k-)1}E
B
—~~
7] o+ om)+ o).

(1)

Note that any matrix

0 1
—kiI  —kol

with k&1 > 0, k2 > 0 has eigenvalues given by the roots of
(s% + kas + kl)n, which are in the strict left half plane. Thus,
the matrix A; above is Hurwitz with &7, > 0, k}, > O and k > 0.

B. Cohesive Social Foraging With Noise

Our analysis methodology involves viewing the error system
in (11) as generating E* () trajectories for a given £¢(0) and the
fixed sensing error trajectories dj(t), di(t), and dj, (t),t > 0.
We do not consider, however, all possible sensing error trajec-
tories. We only consider a class of ones that satisfy forall ¢ > 0

I} (6)] < D
Idy(t)] < D
(o)) < D,

LIEN @) + DL,

HEl (1) || +D1,2 (12)

vy

where D]L)1 ,Di . Di ,Dj and D; are known nonnegative con-
stants for¢ = 1, ..., N. So we assume for position and velocity
the sensing errors have linear relationship with the magnitude
of the state of the error system. Basically the assumption means
that when two agents are far away from each other, the sensing
errors can increase. The noise d} on the nutrient profile is un-
affected by the position of an agent. By considering only this
class of fixed sensing error trajectories we prune the set of pos-
sibilities for E* trajectories and it is only for that pruned set that

our analysis holds.

1) Uniform Ultimate Boundedness of Interagent Trajecto-
ries:

Theorem 1: Consider the swarm described by the model in
(3) with control input «* given in (4). Assume that the nutrient

profile for each agent is a plane defined by V.J!(x) = R’ and
the noise satisfies (12). Let
1= i (i
2k} (ki + k)
i 2 N 2 _ 2
(kp +(k+ k) 1) . Lz 13
2R, (K + ) m
fori = 1,...,N.If for all 7 we have
Y} i) 1
k,D, + kD, < ﬂ—l (14)
and the parameters are such that
N Bi <k;D;1 + KDL+ Ak + Ak-f)
<1l (15

N (1—6%) (1 - pi (ki Ds

PP

+kiDi )

i=1
for some constants 0 < #* < 1, where
i=1,...

i* = argmax (3, N
K3

then the trajectories of (11) are uniformly ultimately bounded.
Proof: To study the stability of the error dynamics, it is
convenient to choose Lyapunov function for each agent

V,(B) = B BE (16)

with P; = P,T a 2n X 2n matrix and P; > 0 (a positive—definite
matrix). Then, we have

. T .. . T .
Vi=E' PE +FE PFE
—Q;
—E' (P A; + A] P,) Ef
T . . .
+2E" PB (¢ + ¢'(E) + 6'(E)) .

Note that when Q; = Q,” and Q; > 0, the unique solution P;
of P;A; + A] P, = —Q; has P, = P," and P, > 0 as needed.
Choose for the composite system

= Z%(Ei)

where V; (El) is given in (16). Since for any matrix M =
MT > 0 and vector X

Anin(M)XTX < XTMX < A (M)X T X

a7

where Amin (M) and A\pax (M) denote the minimum and max-
imum eigenvalue of M, respectively, from (16) we have
1)

S (ol ) V18 < 3 (et
function

i=1 i=1
easy to  show  that the

exp (=1/201lP/ri”) [l with ¢ any

It is

F) =
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real vector, has a unique maximum value of exp(—1/2)r!
which is achieved when |[|1|| = ¢ [15]. Defining

. . 1 N .
A" =k} exp <—§> E 7
(18)

we have ||6’ H < Affori=1,.

Then, substituting (11) into (17), and using (18) and the fact that
||B]| = 1 we have

—_EQ,Ei +2E P,B

x (¢ +¢'(B) +6'(B))]

19)

N
+ 1B (a7 2]
=1
with ¢i, ¢ and a*/ constants and

i 2Amax (5
Czl :)\min(Qi) (1 (

) [ oY) ey )

— 2wl (i DE 4 kLD
)\mm(Qv) ( P1 1)

67:2 = 2)\max(PL')

x (kyD;

+ kD, + k}

i
P P2 +‘

ZkJD

kiRi—RH
LN hipi
+—Z P P2+
Jj=1
1 N
J J
+ oy LD+ )
J=1
a" = = Apax( (kJDJ + kDI 4\ Ak +Ak;]>

Obviously, 02 > 0, a* > 0, and if we have

U Y] P Y] 1
kap1 + ka < ﬁ_L (20)
where
i 2)\max(PL)
By = N (O
/\mln(Q’L)
then ¢ > 0.

Before we proceed, note that in (20), we want ,86 to be as
small as possible so that the system may tolerate noise with the
largest possible bounds (DL and D! ,) while keeping stability.
Notice that we can 1nﬂuence the size of the ,80 by the choice of
Q; > 0. In fact, we can show that ming, 35 = f3i. To see this,
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note that from [19], 3% is minimized by letting Q; = k I with
kl > 0 a free parameter, and it can be proven that

. i 2)\max(P1) k;ﬂl
0= 3 @) g K

Thus, from (20) and (21), if (14) holds then by choosing Q; =
k‘”I the corresponding constant ¢ for (19) is positive.

Now for simplicity, we choose Q; = I for all i (so kZ =1
and use (21), so cj, c5 and a'l of (19) are simplified to become

=pl. @D

¢ =1-p; (k,D, +kiD.) (22)
¢ =B | KD, + KD, + KD} + [k R — R
1 N N )
+ 5 O kD], + Z kLD,
j=1 j=1
1 N
J N %
+ ¥ Z k4 D} + A (23)

7=1

al = i <I<;ZJ,DZJ,1+k3DJ /AR + AR > (24)

Now, return to (19) and note that for any #%, 0 < §* < 1

(1—9
—(1 =8¢, ||EZ||
=o' ||

_HL 7 El
B =

(25)

where 7' = ¢} /fici and ¢ = —(1 — 6%)ci < 0. This implies
that as long as || E¢|| > r?, the first two terms in (19) combined
will give a negative contribution to V (E).

Next, we seek conditions under which V(E) < 0. To do
this, we consider the third term in (19) and combine it with the
above results. First, note that the third term in (19) can be over-
bounded by replacing a*/ by a7 where

(26)

a'’7 = max a"
1<i<N
which were defined in the statement of the theorem via (24).
Next, we consider the general situation where some of the £*
are such that || E*|| < * and others are not. Accordingly, define
sets

o ={i:|E'||>r",i€l,...,N}
:{z}), 2,..., g}
and
I, ={i:||E’|| <+",i€l,...,N}

_Ja o2 Ny
—{I,I, S }

where No and N7 are the size of I and 11y, respectively, and
N0+N[ = N.AISO,HOUH[ = {1,7N} andHOﬂHI =
¢. Of course, we do not know the explicit sets I and II;; all
we know is that they exist. The explicit values in the sets clearly
depend on time but we will allow that time to be arbitrary so the
analysis below will be for all ¢. For now, we assume No > 0,
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that is, the set I1 is nonempty. We will later discuss the No = 0
case. Then using analysis ideas from the theory of stability of
interconnected systems [20] and using (19), (25), and (26), we
have

vE) < 3ot B 30 LIET YD o )
1€llp 1€llp J€llp
+ 3 (K Kaa ) | B + K + K
1€llo

where we use the fact that for each fixed N, there exist positive
constants K1 (No), K2(No), K3(No) and K4(No) such that

Ki(No)> ) o'/ || B
Jell;

Ka(No)2 Y (=i [|E°]* + ¢ || £'])
1€Ily

K3(No) > Y ||EY|
1€Ily

ko> X (IS aripl]. e
1€Ily Jelly

Letw' = [||E’O|| |E®],....||Eio ||] (the composition of

this vector can be different at different times) and the Np x Np
matrix S = [s;,] be specified by

Sjm = { ~(o%o +a"0), j=n (28)
—at"io, j#n
so we have

1€llp

For now, assume that S > 0 in the above equation and, thus,
Amin(S) > 0. We then have

) > IEIF

LEHO

+ 3 (Ko Koa) | B + Kz + Kao (29)
i€llp

V(E) <

[IllIl

for ¢ € Il are sufficiently large the sign of
V(E) is determined by —Apmin(S) 32 ity ||EZH and V(E) <

0. This analysis is valid for any value of Np, 1 < Np < N;
hence for any Np # 0 the system is uniformly ultimately
bounded if S > 0, so we seek to prove that next.

A necessary and sufficient condition for S > 0 is that its
successive principal minors are all positive. Define |S,,| as the
determinants of the principal minors of S, m = 1,..., Ng.
Then, we can show that

|Sm|: 1+'§:

— O'

So, when the ||E7

ahEo!

. ik
Since —c*0 > 0 for k = 1,...,m, to have all the previous
determinants positive, we need

that is

2
B <k1,0D1,1—|—kOD IRV +Ak0>

=N (1-0%) (1 _ gl (kﬁo Do + ki fo;))

forallm =1,...,Np.Since 1 < m < Np < N, the equation
above is satisfied when (15) is satisfied and thus, S > 0 for all
No # 0. Hence, when || E?|| is sufficiently large, V(E) < 0
and the uniform ultimate boundedness of the trajectories of the
error system is achieved.

To complete the proof, we need to consider the case when
No = 0. Note that when No = 0, ||[E?|| < r* for all 4. If we
have No = 0 persistently, then we could simply take max; 7 as
the uniform ultimate bound. If otherwise, at certain moment the
system changes such that some || E%|| > max; 7, then we have
No > 1 immediately, then all the analysis above, which holds
forany 1 < Nop < N, applies. Thus, in either case we obtain
the uniform ultimate boundedness. This concludes the proof. B

Remark 1: Uniform ultimate boundedness is obtained when
(14) and (15) are satisfied. Note that these conditions do not de-
pend on k! and r¢; these two parameters can affect the size of
the ultimate bound but it is the attraction gains k;, and k! and
damping gain k that determine if boundedness can be achieved
for given parameters that quantify the size of the noise. The con-
ditions also do not depend on Di and D,,Q, but these too will
affect the size of the ultimate bound. The conditions do not de-
pend on k} R and Djf since our error system quantifies swarm
cohesiveness, not how well the resource profile is followed.

Remark 2: From (13), if both &/ and k;, are fixed, when
k is sufficiently large, increasing k will increase (37, which
means D; and Dj have to be decreased to satisfy (14). This
means that although we may expect a large k to dampen the
error system faster, it could make the system more vulnerable
to noise.

Remark 3: Note that when all other parameters are fixed, ﬁ{
goes to infinity when ki either goes to infinity or approaches
zero. Thus, when kZ is the only free parameter, there exists some
upper bound for DZ beyond which (14) can never hold what-
ever kl is. This is because when Dl is large enough, kZ has
to be sufflclently small to decrease the product k,, DL in ( 14),
while the 3} corresponding to this sufficiently- small k’ will be
so large that (14) cannot be satisfied. Basically this means that
if D‘ is too large and leads to potential instability, it cannot be
remedled by merely tuning kL In comparison, if k! is a free pa-
rameter with other parameters fixed and Dl sufficiently small,
then for any arbitrarily large Df)l , We can always find some k¢
such that (14) still holds. This is because & and k always ap-
pear together in 3% and, thus, for any large Di , we are free to
decrease k! such that the product of k! D? L s small

Remark 4: We can see that the smaller Akﬂ (Akf) is,
meaning &, (k) and kJ (k) are closer to each other for all

<1
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1 and 7, the easier it is to meet the condition specified by (15).
This means better approximations of the agent parameters may
facilitate the boundedness of the error system. In fact when all
agents are identical, the sufficient condition (15) can be imme-
diately simplified to

/61 (kPDpl + k'UD'Ul)

(1—8) (1~ B (kpDpy, + kuDyy)
by letting k;, = kp, k! = ky, B = pi, Dj,l = D,,
Di = D,, for all i. Note the term \/Akf + Aki? s zero
now since k; = Ep and kf) = k, for all i. Furthermore, when
D, = D, = 0 for all i, the conditions (14) and (15) will
always hold. This means when agents are identical and noise
is constant or with constant bound, the trajectories of the error
system are always uniformly ultimately bounded. Also, note
that since the agents are in general not identical and have dif-
ferent parameters, the conditions stated by the theorem are ac-
tually quite conservative.

Remark 5: Although we start with plane profiles, the nutrient
profile can actually be extended to more general cases. In fact
any profile that is smooth and has finite slope at all points, pro-
vided the upper bound of its slope is known, can be fit into the
framework. To see this, denote the slope upper bound by V.Ji
for agent i, and replace all “R"” in the system with “V Ji .~
then all the proofs follow.

Remark 6: Note that with arepulsion term of the form defined
in (2), collision avoidance is not guaranteed. Theorem 1 does not
say anything about collision avoidance either. However, as we
have found that larger k' and 7%, meaning stronger repulsion ef-
fect, will resultin larger swarm size, we expect they may also help
reduce collisions between the agents. See additional discussions
on this point in Section V-A. Moreover, as in [12], [16] it is pos-
sible to extend the results of this paper to consider a “hard repel”
case by using a different form for the repel term.

2) Ultimate Bound on Inter-Agent Trajectories: So far, we
have shown that the swarm error system is uniformly ultimately
bounded when certain conditions are satisfied. We have shown
that the bound exists but have not specified it. If we define the
bound as R, > 0, then the set

<1

and

Q. ={E:|F

<Ryi=1,...,N}

is attractive and compact. One such bound is given by the Corol-
lary that follows. Before we state the Corollary, some new no-
tation needs to be introduced. Notice that for each given N,
1 < No < N, the set IIp can have Ny, = Cf\Vro types
of compositions, where C}:{O is the number of combinations
of choosing Np members from a set with N members. (Note
that the special case of No = 0 will be considered separately
at the end of the proof for the Corollary.) Let H(Ok ) be the set
ITp corresponding to the kth composition, k& = 1,..., Nn,.
Let the No x No matrix S*) be specified in the same way as
S, defined in (28), but corresponding to the kth composition,
k=1,...,Nn,.Definefork =1,...,Ny

a5 (No) = Amin(S8) v
ba(No) = K1(No) + K3(No)a
ca(No) = K2(No) + K4(No)

@]
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where K1, K>, K3 and K, are defined in (27), and

a” = max a*’
1<j<N

a= max

e et

with a’"7 defined in (26). Note that in Theorem 1 we do not
highlight the difference between compositions because it does
not matter, while in the proof for the Corollary below it will
make things more clear to do so. Also note that b; and ¢y are
not affected by the composition because we may choose K1,
K,, K3, and K, in such a way that (27) always holds for any
composition with 0 < Ny < N — 1 (and, thus, 1 < Np < N).
In the following Corollary and proof, all notation is the same as
those in Theorem 1 unless otherwise specified.

Corollary 1: Define r* = maxj<;<n 7%, with ¢ defined in
(25) via some set of #* that satisfy (15). When the conditions in
Theorem 1 are all satisfied, there exists some constant 0 < 04 <
1 such that the uniform ultimate bound of the trajectories of the
error system is

Ry, = max{ry, 7"}

b+ \/ Nb52 4 dacy

Ty = *
Zade

where

(30)

with a;, b}, and ¢} are all constants and

* . k
= N,
0 = min aq(No)
bz = max bd(No)
No
¢ = HJ{T%X ca(No)

for No =1,...,Nandk =1,...,

Nn,.

Proof: Note that when the conditions of Theorem 1 are
all satisfied, a set of constants 6’ exists and can be found. Also
recall that both ¢ and ¢} are constants, then r¢ = ¢4 /fici and
o' = —(1 — #%)ct, defined in (25), are constants for all i and
can be found. Thus, numeric values of a, b}, and cj can be
found in terms of known parameters. Now we will first show
that this Corollary applies to a fixed No # 0 with a particular
composition k.

With V(E) defined in Theorem 1, for No # 0 and 1%,

from (29), we have
V(E)<-dai Y ||F +ba Y |1
iem'®)

etk
i€lly o

a0 ba \P b2
> |- (11 5) + o

(k)
ZGHO N

+Cd

+ca 31)

Fi
with a’j, bq and ¢y all positive constants. Notice we want to find

a bound 7} such that V(E) < 0 so long as there exist some
)

||E7 > 1,1 € ch . Before we start to solve for this 77,
note that F* in (31) can be visualized by Fig. 1, where F" is

a parabolic function with respect to || E*|| and crosses || £?|| axis
at two points 74 and rp, respectively. To have V(E ) < 0, one
possibility is such that ||E‘|| > 7p and thus, F* < 0 for all
1 € Hg ). (Note that due to the nature of our problem, we do
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not consider the case of || E¢|| < r4, though this also results in
F? < 0.) We call this situation the “best situation.” While in a
more general case, we have some || E*|| > rp while all the other
B < 7rg.i € Hg“) and we call such a situation the “normal
situation.” For the best situation case, each || E£%|| just needs to
be a little bigger than r to achieve V(E) < 0, which means
74 is just a little bigger than . In comparison, to get V(E) <
0 for the normal situation, generally it means those || E?|| that
satisfy || E'|| > 7 have to be further to the right on || E*|| axis
(i.e., much bigger than rp) to counteract the “positive” effects
brought in by those ||E¢|| with ||E?|| < rp, meaning 7} needs
to be much bigger than . With this idea, we can see that the
worst 7, happens when there is only one F*, call it i = 7', free
to change while all the other F*, with i = i}), cee ,igo and
1 # i, are fixed at their respective maximum (or most “positive”
value). Basically this depicts a situation when there is only one
agent having its norm of error ||E%'|| slide along || E*|| axis (to
the right) to bring V(E') down to negative value while all other
agents in H(;C stay in positions as bad as they can (in the sense
of keeping stability).

From (31), we can see that each F** achieves its maximum
of b3/4ak with || E*|| = bg/2a%. Then, based on the previous
analysis, we can solve for the 7} by letting all F* = b2/4ak
except for 7 = 4. From (31), for some constant 0 < 6, < 1 we

have
) by \2 B2
V(E) < |—d HE )
(B) < |~adq < 2ak + 4ak
b?
D
a
enth iz d
<—ak(1—6y) HE v HE > 7
where

bg + \/Nob?l + 4&5061
Ty = .

g 20,59(1

Note that in setting || E?|| = ba/2a% to get F* = b%/4ak, we
may violate the prerequisite of 7 € I, since it may happen
that 7* > by / Zas for some 7 € Hg). However, this violation
only adds more conservativeness to the resultant 7, and does
not nullify the fact that r} is a valid bound. Specifically, when
7t > bg/2ak for some i € ch ), the corresponding F become
“less” positive, as seen from Fig. 1, and thus, the actual bound
will be smaller than the 7, obtained above. Hence, rj is still a
valid (upper) bound.

Since 7, > r} with 7, defined in (30), and the positive con-
stant o’ < ak, we have V(E) < —aj(1 — 6,) “E1H2 when
||E'Z || > 1. Now, note that the choice of N and composition
k in the above proof are in fact arbitrary (except that No # 0)
and can be time-varying. So we actually have R, > 7, > r} for
any 1 < Np < N and any composition at any time ¢. That is,
the proof above is actually valid for the general case when Np
(No # 0) and the composition are time varying.

To complete the proof, we need to show that R, is also a valid
bound for the case of Np = 0, i.e., an empty set II. Notice

o
;\
&

Fig. 1. F"vs||E"|.

that No = 0 means ||E?|| < 7¢ fori = 1,..., N. Also notice
that r* < maxj<;<n 7" < Ry for all i. Then, by definition, as
long as No = 0, the trajectories of the swarm error system stay
within the bound R;. This concludes the proof. [ |

Remark 7: The value of Ry is affected by two components:
rp and r*. We will discuss 7}, first. It is easy to see from (30)
that increasing a; helps to decrease 3. Notice a; is a function
including many parameters, so it is difficult to provide clear rela-
tionships to their effects on 7. But we may get some ideas based
on intuition. Note that a}; is related to the minimum eigenvalue
of matrix S defined in (28), where the components — (o’ +a’ ?),
1 € 1,..., N, on the main diagonal reflect the stabilizing effect
of the isolated parts of the composite system, while the cross
terms —a’ * reflect the destabilizing effect of the interconnec-
tion parts of the composite system. (By abuse of notation, above
we use —(o” +a' ?) instead of —(c'0 + @' ?0) as in (28). This
is because we are discussing the general case and each i, can
be any value from 1 to N. Similarly, in this Remark and the next
Remark, we do not tell the difference of a* * and at’i , since both
¢ and j range from 1 to N.) So, the larger magnitude those main
diagonal components have (or relatively, the smaller magnitude
those cross terms have), the “more stable” the composite system
is and, thus, we may expect the larger a}; is. Based on this anal-
ysis and (22), since smaller D;l and ijl gives larger ¢} and,
thus, larger o* in magnitude (implying “better stability”), it may
render larger a; and thus, smaller 7,. When o' are relatively big,
from (24), we may deduce that smaller N and thus, larger at't
(implying “worse stability”’) may lead to smaller a; and thus,
larger 7.

Remark 8: Note that b7 is affected by a’ 7 via a,
j € 1,...,N. Larger o'’ may lead to larger b and
thus, a larger bound 7. This is consistent with the analysis in
the previous remark. Similar conclusions may be drawn by
inspecting ¢’ since it includes K4, which is affected by a’ 7. It
is interesting to note that from (30), smaller N means smaller
rp, while in the previous remark we mention that smaller NV
may lead to larger a* 7 and, thus, larger ;. These seemingly
contradictive conclusions in fact make sense intuitively. Too
large N does not help reducing r;, because with each agent de-
siring to keep certain distance from others, large N means large
swarm radius. Too small N does not always help reducing r
because the effect of noise becomes more significant when N
is small. In the other words, with smaller NV, the swarm cannot
“average” out the noise and thus, the bound on the trajectories
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is not reduced. This “noise-averaging” idea will become more
clear in Section III-C, when we deal with identical agents, and
later in other simulations.

Remark 9: The value of Ry is also affected by r*. Note that
r* is determined by ¢} and ¢} for all i. Specifically, smaller c}
and larger ¢} are helpful in decreasing 7*. Then from (22) and
(23), we can see that all the noise bounds (D Df)l s D;,z s Df)z s
and Dl) affect *. Smaller noise bounds help decrease * and
thus, may decrease R;. So do smaller k;}, ki and 7i. All these
are consistent with the previous remarks.

Remark 10: Similar to Theorem 1, lots of conservativeness
is introduced into the deduction of Corollary 1 . One example
is, K1, Ko, K4, and thus, b} and cjj, are actually functions of
No. When No increases, b} and c; will generally decrease.
This fact is not considered in the above deduction because of
the complexity that originated in the use of both heterogeneous
swarm agents and resource profiles in the environment.

C. Special Case: Identical Agents

Here, we will study the stability of the system when all the
agents are identical (i.e., with k, = kp, ki = ky, ki = k,,
ri = r,, and k = ky, for all z) but with different types of

noise and nutrlent profiles. Equation (4) becomes

= —M;kpé) — Mikyel, — M;kv'
N _1lgi — il
2 D g ~
+ Mk, 37 p( L )<ep )
J=Lj#i °
— Miky (R" —dj). (32)

Also, A; = Ain (11) 'for all 1. Note' that with all agents being
identical, we have Ak, = 0 and Ak, = 0 for all <. Also

]\T
iZk Z exp( 2“ “) Al é;f;):(].
N =1 j=1,7#l1 S

Let JP = I/sz 1 s d, = 1/sz 1 s =
1/]\/’25\;1 } and R = 1/N Zi:l RY. Then, (6) can be
simplified to

v = —kv+ kpd, + kod, + kpdy — ks R (33)
=(1)
and
¢y = —hpe, = (kv + k) e, + 9" + ¢(B) + 8'(E)  (34)
where g%, ¢(E), and 6'(E) are, respectively
9" =kpd, + kydl + kydy — kyR' (35)
¢(E) = —kap - ]CU({U - k‘fCZf + k‘fR (36)
. N el —ed||? L
§'(E) =k, Y  exp <7{°—2) (e —él).
J=15#i 8
(37)
Using the idea of deriving (18), we have
‘ 1
|6°(E)|| < krro(N — 1) exp <—§> : (38)
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1) Noise With Constant Bounds: In this case, we assume that
di,(t) and di(t) are sufficiently smooth and bounded by some
constants for all ¢

I, |l < Dy

|di|| < D, (39)

where D, > 0 and D, > 0 are known constants. The sensing
error on the gradient of the nutrient profile is assumed to be
sufficiently smooth and bounded by known constant Dy > 0
such that for all ¢
ld%|l < Dy. (40)
Theorem 2: Consider the swarm described by the model
in (3) with control input u’ given as in (32). Assume that
the nutrient profile for each agent is a plane defined by
vJ ‘( ) = R'. Also, assume the noise satisfies (39) and (40).
Let [|[R*|| = max;||R' — R||. Then, the trajectories of the
swarm error system are uniformly ultimately bounded, and £°
for all 7 will converge to the set €2, where

={E:||E| < Bife, i=1,2,..., N}  (41)
is attractive and compact, with
g, = Bot1° + (ko + F)°
' 2k, (ky + k)
K2+ (k, + k)2 -1\ 1
+ 2k (ko + k) + k2
and

B2 = 2k, Dy, + 2k, D, + 2k Dy
1
+k||R*|| 4+ kers(N — 1) exp <—§> .

Moreover, there exists some finite 7" and constant 0 < 6 < 1
such that
[o()]| < exp[—(1—=0)kt][[0(0)]], VO <t <T

and

~ o
@l < ve>T

with § = k, D, + k,D, + ks Dy + k|| R]|.
Proof: To find the set €2, from (17) and (34) to (38), we

have
(I =23

Following the idea in Theprem 1, we have by letting Q; = 1,
(1 as the counterpart of 3] in Theorem 1. So we have

Vi< =B (|12 - £rfa) -
That is, V; < 0 if || E*

Vvi S _)\min(Qi> ||E1

(42)
> (3102- So, the set
Sﬂlﬂ% 1= 1727"'7

is attractive and compact. Also, we know that within a finite
amount of time, £* — (). This means that we can guarantee

O ={E:|E

N}
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that if the swarm is not cohesive, it will seek to be cohesive, but
only if it is a certain distance from cohesiveness as indicated by
(42).

To study the boundedness of 7(t), choose a Lyapunov func-
tion
o' v

Vi =

l\DI»—\

definedon D = {v € R" | ||9|| < 7y} for some r, > 0, and we
have

Vo=0"0=—kto v+ 2(t)

with z(t) defined in (33). Since de || < D, for all j, we have
||| = ||/~ =y di|| < Dy simitarty, |14, < D, and
deH < Dy. Thus, we have

@O < ([Rody | + Rpdo || + |[frds || + [ B < 6.

If 6 < kbr, forallt > 0, all v € D and some positive constant
6 < 1, then it can be proven that for all ||v(0)|| < r, and some
finite T" we have

B0 < exp[—(1 — 6)ke] [5(0)]|, VO < t < T

and

Since this holds globally we can take r, — oo so these equa-
tions hold for all #(0). ]

Remark 11: The size of (2, in (41), which we denote by |{2],
is directly a function of several known parameters. If there are
no sensing errors, i.e., D, = D, = D¢ = 0, then §2; reduces
to the set representing the no-noise case. For fixed values of NV,
kp, kv, k, and k. if we increase 7 each agent has a larger region
from which it will repel its neighbors so |€2;] is larger. For fixed
ky, kp, kv, k, and 75 if we let N — oo, then Q| — o0 as we
expect due to the repulsion.

Remark 12: Tt is interesting to note that in some swarms N
is very large and when there is no biasing of sensing errors, we
have d, =~ d, ~ dj ~ 0. This reduces the bound defined by
Ba. Also when || R*|| is decreased, implying that R’ is closer to
RJ for all i and J, then (5 is smaller. In the special case when
all R® are the same, we have |[R*|| = 0 and the set || is
minimized with respect to resource profiles. This means when
||R*|| is large, the agents pursue resource profiles that are far
different from each other and the swarm is spread out, while
when those profiles are equal to each other, all the agents move
along the same profile and smaller swarm size is achieved.

Remark 13: If ¢ and 6 are fixed, with increasing & ||o(t)]|
decreases faster for 0 < ¢ < 71" and has smaller bound for¢ > T'.
o(t)|| has larger bound for
t > T'; hence if the magnitude of the noise becomes larger this
increases ¢ and hence there can be larger magnitude changes
in the ultimate average velocity of the swarm (e.g., the average
velocity could oscillate). Note that if in (33) z(¢) = 0 (e.g., due
to noise that destroys the directionality of the resource profile

R), then the above bound may be reduced but the swarm could
be going in the wrong direction.

Remark 14: Regardless of the size of the bound it is inter-
esting to note that while the noise destroys the ability of an indi-
vidual agent to follow a gradient accurately, the average sensing
errors of the group are what changes the direction of the group’s
movement relative to the direction of the gradient of J,(x).
In some cases when the swarm is large (/N big) it can be that
d, ~ d, ~ dy = 0 since the average sensing error is zero and
the group will perfectly follow the proper direction for foraging
(this may be a reason why for some organizms, large group size
is favorable). In the case when N = 1 (i.e., single agent), there
is no opportunity for a cancellation of the sensor errors; hence an
individual may not be able to climb a noisy gradient as easily as
a group. This characteristic has been found in biological swarms
[13], [14].

Remark 15: Note that there is an intimate relationship be-
tween sensor noise and observations of biological swarms (e.g.,
in bee swarms) that there is a type of “inertia” of a swarm. Note
that for large swarms (high V) there can be regions where the
average sensor noise is small so that agents in that region move
in the right direction. In other regions there may be alignments
of the errors and hence the agents may not be all moving in
the right direction so they may get close to each other and im-
pede each other’s motion, having the effect of slowing down the
whole group. With no noise the group inertia effect is not found
since each agent is moving in the right direction. The presence
of sensor noise generally can make it more difficult to get the
group moving in the right (foraging) direction. Large swarms
can help move the group in the right direction, but at the expense
of possibly slowing their movement initially in a transient pe-
riod.

2) Constant Errors: In this case, we assume each agent
senses the velocity and position of other members and the
nutrient profile with some constant errors.

Theorem 3: Consider the swarm described by the model in
(3) with control input U’ given as in (32). Assume that the nu-
trient profile for each agent is a plane defined by V.J l( ) = R
Also, assume the noise dL di, and dL are time-invariant for
each agent so that dp = 1/N SNidid, = 1 /NS di,
df = 1/N Zi:l %, and R = 1/N 27:1 R! are constants.
Then, the error dynamics of the swarm system are uniformly
ultimately bounded and e 1,..., N, will converge to the
attractive and compact set {2, defined by

O ={E:| ‘Pr,i=1,....,N} (43)
where [3; is defined in Theorem 2 and
o = [y (= dy) + o (s — ) + kg (dy - d)

— ks (R = R)|| + kyrs(N — 1) exp (—%) :

Moreover, ei, — 0 and

’Ui(t) . kpcip + kvciu + kaf — kfR
k

for all 7 as t — oo.

(44)
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Proof: 'We may obtain the set {2; by following the method
in Theorem 2 , * as the counterpart of 35 in Theorem 2.
To find the ultimate velocity of each agent in the swarm, we
consider €2, and a Lyapunov function V°(E) = Y2 | Vi° (EY)
with

where the constant v =k, (d) —d,) + ko (d} —dy) +
kg (d; - Jf> — kg (R — R). Note that this Lyapunov func-
tion is not positive definite, but V°(E*) > 0. Here, we think of
the swarm moving so as to minimize V°(E) with the ith agent
trying to minimize V;°(E*). Agents try to place themselves at
positions to reduce the first term in (45), achieve a velocity to
reduce the second term, and move to a distance from each other
to minimize repulsion quantified in the last term. There is a
resulting type of balance that is sought between the conflicting
objectives that each of the three terms represent.
Using (34), we have

7o il i
Ve =—(ky+k)e, el.

K2

Hence, Vo = — (ky + k) 2N, [lel||> < 0 on E € Q for any
compact set £2. Choose 2 so it is positively invariant, which is
clearly possible, and so 2. € 2 where

Q. ={E:V°(E) =0}

={E:¢ =0, i=1,2,...,N}
From LaSalle’s Invariance Principle, we know that if £(0) €
then E(t) will converge to the largest invariant subset of ().
Hence ¢! (t) — 0 as t — oo. From (33), we have

kyd, + kod, + kpdy — ks R
o(t) — telr + Z fo5 — Ff

as t — oo since in this case z(t) is a constant with respect to
time. Thus, v*(#) approaches this value also for all i as t — oo.
|

Remark 16: From (44), we can see that all agents will ulti-
mately be moving at the same velocity despite the existence of
constant errors. Contrast this with the earlier more general cases
where it is possible that ¥ and v ultimately, for example, oscil-
late. Next, note that even if Rt = R7 for all 7 and 7, the presence
of d;,, dy, and d ¢ represent the effects of sensor errors and they
can result in the swarm not properly following the direction of
the profile even when they all intend to go in the same direc-
tion. In the case when we have d,, ~ d,, ~ d; ~ 0 with N large
enough, then all those agents will be following the “averaged”
profile —k¢/kR. That is, due to the desire to stay together, they
each sacrifice following their own profile and compromise to
follow the averaged profile. In the special case when R = 0 or
R = 0 for all 4 (no resource profile effect), and no sensor er-
rors, both o(#) and v*(¢) will go to zero as t — oo, representing
the aggregation of the group independent of the environment.
The size of ; in (43), which we denote by ||, is directly a
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function of several known parameters. All the remarks for the
previous case, i.e., noise with constant bounds, apply here.

IV. STABILITY ANALYSIS OF SWARM TRAJECTORY FOLLOWING

In this section, we briefly analyze the stability of the swarm
error system when each agent is trying to track their respective
trajectories. This is done by applying the same idea as in Sec-
tion III to a slightly reformulated system model. Specifically,
redefine the errors as

i

e, =2" — Iy
i i 7
e, =v" — vy

where :vfl is a sufficiently smooth desired position trajectory for
agents, ¢ =1,..., N, and v; = ;. We assume that there exist
known bounds for 2 and ©; such that

|

Tq < D:rzd
i
l5all < Dy,
where Dmi and D'Ui are known positive constants. Assume the

nutrient profile for each agent is a plane defined by VJ;’(J:)
RE. Also let éé, éf,, ézi,, ei), ut, and E* be defined in the same
form as in Section III-A. Then, the error dynamics of the it"

agent is

w5 |0 I i |0 i i

e R M
where
9" =kydy + kid,, + kydy — K} R 47)
N ~q ad 112
i i ~3 e — & | s aj
G(E) =k, Y exp| 2Lt ) (¢ —éh)
i=1,#i "s

— kol — . (48)

Let dic(t), d;,(t), and di(t) be specified in the same way as in
Section III-B. Then, we have the following theorem.

Theorem 4: Consider the swarm described by the model in
(3) with control input u given in (4). Let 3: be defined in The-
orem 1 . If for all = we have

k,i DL

iy 1
"D +k,D; < 7 (49)
then the trajectories of the error system, specified by (46), are
uniformly ultimately bounded. Furthermore, E* for all ¢ will

converge to an attractive and compact set ¢ defined as

Qf:{E:||Ei||§§—:2,i:1,...,N} (50)
1
where
& =1-pi (kD;, +k,Dj ) (51)
& =01 (k, Dy, + ki Dy, + k; D
8} [ B || + kD + Dy +67) (52)

with &' = kiri(N — 1) exp (—1/2). Moreover, if we have for
any ¢ and j

<D, (53)

i J
de - xd



LIU AND PASSINO: STABLE SOCIAL FORAGING SWARMS IN A NOISY ENVIRONMENT 41

where D, is a known constant, then the swarm will stay cohe-
sive and

T S A
ot —all < G+ 5 25 + - (54)
=

for all 3.

Proof: Note that g* and §*(E), defined in (47) and (48),
are bounded by k;, D}, +k, D, + k% Dy + kY || R'|| and kD,.: +
D,Uii + &, respectively. By following exactly the same method
in the proof of Theorem 1, we obtain

Vi(E) < =& | BV + & || E| (55)
and define V(E) = Y, Vi(E?) as the Lyapunov function for
the whole error system, as specified in the proof of Theorem 1.
Then the uniform ultimate boundedness of the error system and
the set £ are easily obtained via (55).

When (53) is satisfied, we can show that the cohesiveness of
the swarm is conserved. To see this, note that for arbitrary ¢ and
J withe # j

o' =] = | a2) = (.23
S
< [[B]+]17] + . 56
so, from (50) and (56), we have (54). [ ]

Remark 17: Comparing (19) with (55), we can see that the
latter one does not include any cross term. This is because the
errors for the swarm cohesion case are defined as the difference
between an agent and the swarm centers (Z and v), which are
affected by all the agents in the swarm, while the errors for the
trajectory following case are defined as the difference between
an agent and the given position and velocity trajectories, which
are not affected by the behaviors of other agents. This absence
of cross term significantly simplifies the proof for the theorem.

Remark 18: By comparing Theorem 1 and Theorem 4, we
can see that Theorem 4 will hold whenever Theorem 1 holds, as
long as Dﬂ”i and DUZ exist. This means cohesion property of a
swarm in a certain environment guarantees the stability of that
swarm in following any bounded trajectory in the same environ-
ment.

Remark 19: Similar to Remark 1, when (49) holds, the uni-
form ultimate boundedness is obtained. This condition only de-
pends on k;, ki, Dy, and D,, . Although the remaining param-
eters, including k7, r, k}, D,,, Dy,, Df,and R’, do not affect
the boundedness of the error system, they do affect the ultimate
bound. In the special case when D;l = ijl = 0 for all 7,
(49) always holds and, thus, the swarm error system is always
bounded.

Remark 20: Smaller HR‘ may decrease the bound. Smaller
magnitude of the position and velocity trajectories also help in
decreasing the ultimate bound. Our analysis includes the pos-
sibility that the resource profiles indicate that the agents should
go in the opposite direction that is indicated by (z), v’}). If there

is an alignment between where the resource profiles say to go
and the (%), v}), then the size of the bound decreases.

Remark 21: In the special case when v, and all sensing errors
are constant, we have that ef) — 0 ast — oo for all ¢, meaning
v’ of each agent will be precisely following the given constant
velocity trajectory ultimately in such a case. To see this, let v* =
k;d; + kidi — kvl + k}d; - k}Ri and construct for all ¢ a
Lyapunov function

1 N A
V;o (El) — Ek;’ (e;‘) — @) (6;, - k_z) +

) w -3 ||é |I?
DY exp<2—

J=1,37i

Note v, = 0 when v} is constant. Then by following the method
in the proof of Theorem 3, the aforementioned claim holds.

V. SIMULATIONS

In this section, we will show some simulation results for both
the no-noise and noise cases. Unless otherwise stated, in all
the following simulations the parameters, which we refer to as
“normal parameters,” are: N‘: 50, k; =k, = 1, kfu =k, =1,
k =0.1, kjf =k =01k =k, =10,7, = s = 0.1, gnd
the three dimensional nutrient plane profile V.J)(z) = R' =
[1, 2, 3] for all 4.

A. No-Noise Case

All the simulations in this case are run for 20 s. The position
and velocity trajectories of the swarm agents with the normal pa-
rameters are shown in Fig. 2. All the agents are assigned initial
velocities and positions randomly. At the beginning of the sim-
ulation, they appear to move around erratically. But soon, they
swarm together and continuously reorient themselves as a group
to slide down the plane profile. Note how these agents gradually
catch up with each other while still keeping mutual spacing. Re-
call from SectionlII that for this case v’(t) — —ky/kR for all
1 as t — oo, and this can be seen from Fig. 2(b) since the final
velocity of each swarm agent is indeed —[1, 2, 3] .

Next, we change the value of some of the parameters to show
their impact on the system behavior.

Fig. 3(a) and (b) show the results of keeping all normal pa-
rameters unchanged except for increases of k,. to 1000 and 7
to 1, respectively. Since both k,. and r4 are parameters affecting
the repulsion range of each agent, as expected we find that the
final swarm size becomes larger than in the previous case, while
the swarm velocity and settling speed do not change much. We
also investigated the number of collisions occurring between the
agents. As expected, when k,. and r, increase, the number of
collisions decreases. Effects of other parameters are also as ex-
pected.

B. Noise Case

Now, we will consider the case when noise exists. In our sim-
ulations the solutions of Duffing’s Equation are used as “noise”
so that the noise is guaranteed to be differentiable. Of course
many other choices are possible, e.g., ones that lead to errors on
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Fig. 2. No noise case with normal parameters. (a) Agent position trajectories.
(b) Agent velocity trajectories.

a higher or lower frequency spectrum. Duffing’s equation is in
the form

9+ 8pd — 9 + 9% = yp cos(wpt).

In the simulations we use §p = 0.25, yp = 0.30 and wp
1.0 so that the solution ¥J of Duffing’s Equation demonstrates
chaotic behavior. We will simulate many such equations to gen-
erate noise on position, velocity, and resource profile gradient
sensing. We denote by ¥J; the solution to the ith Duffing’s Equa-
tion that we simulate. Note that the magnitude of ¢ is always
bounded by a value of 1.5. Thus, we can easily change the noise
bounds with some scaling factors. For example, in the case of
noise with a linear bound, the position sensing noise is gener-
ated by di = D, 91 /1.5||E*||+ Dp,9%5/1.5 so that (12) is satis-
fied. In this case, we run the simulations for 80 s. All the normal
parameters used in the no-noise case are kept unchanged except
the number of agents in the swarm in certain simulations, which
is specified in the relevant figures. Figs. 4 and 5 illustrate the
case with linear noise bounds for a typical simulation run. The
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Swarm agent position trajectories

(a) Agent position trajectories (k, = 1000, rs = 0.1).
(@

‘Swarm agent position trajectories

(b) Agent position trajectories (rs = 1, k. = 10).
(®)

Fig. 3. No noise case with parameters changed. (a) Agent position trajectories
(K, =1000,r, = 0.1). (b) Agent velocity trajectories (r, = 1, K, = 10).

noise bounds are D,,, = D,, = 0.05, D,, = D,, = 1, and
Dy = 10, respectively. According to the Grunbaum principle
[13], [14], forming a swarm may help the agents go down the
gradient of the nutrient profile without being significantly dis-
tracted by noise. Fig. 4 shows that the existence of noise does
affect the swarm’s ability to follow the profile, which is indi-
cated by the oscillation of the position and velocity trajectories.
However, with all the agents working together, especially when
the agents number N is large, they are able to move in the right
direction and thus, minimize the negative effects of noise. In
comparison, Fig. 5 shows the case when there is only one agent.
Since the single agent cannot benefit from the averaging effects
possible when there are many agents, the noise more adversely
affects its performance in terms of accurately following the nu-
trient profile.

VI. CONCLUDING REMARKS

We have derived conditions under which social foraging
swarms maintain cohesiveness and follow a resource profile
even in the presence of sensor errors and noise on the profile.
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Fig. 4. Linear noise bounds case (N = 50). (a) Agent position trajectories.
(b) Agent velocity trajectories.

We also studied special types of noise and the case where all
agents are identical. Although we only studied one type of
attraction and repulsion function, the results can be extended to
other classes using approaches such as the ones in [12] and [16].
Moreover, while we only studied the plane profile, extensions
to profiles with other shapes such as those studied in [17]are
possible. In fact any profile that is smooth and has a known
finite slope can be fit into the framework without changing
our major results except part of Theorem 3. Specifically, the
conclusion that the velocities of all agents approach a constant
[prescribed by (44)] may not hold any more.

Our simulations illustrated advantages of social foraging in
large groups relative to foraging alone since they show that
a noisy resource profile can be more accurately tracked by a
swarm than an individual [13], [14]. Moreover, the simulations
produced agent trajectories that are curiously reminiscent of
those seen in biology (e.g., by some insects). It would be inter-
esting to determine if the model here, with appropriately chosen
parameters, is an acceptably accurate representation for some

Swarm agent position trajectories

y -20 250 .

(a) Agent position trajectories.
()

Swarm velocities, x dimension

10 20 30 40 50 60 70 80
Swarm velocities, z dimension

10 20 30 40 50 60 70 80
Time, sec.

(b) Agent velocity trajectories.
(b)

Fig. 5. Linear noise bounds case (N = 1). (a) Agent position trajectories. (b)
Agent velocity trajectories.

social organizms and whether the predictions of the analysis
would also accurately represent their group-level behavior.
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