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ABSTRACT OF THE DISSERTATION
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Professor Andrea L. Bertozzi, Chair

In this dissertation, a blob method of measuring spatial coverage by a swarm of agents is
presented, and two models are introduced: a macroscopic model, consisting of a system of
Advection-Diffusion-Reaction equations that govern the spatial distribution of the swarm
at the population level; and a microscopic model, represented by a stochastic differential
equation, describing the individual behavior of each agent in the swarm. Depending on
different tasks, multiple control frameworks are proposed to drive the swarm to a target

distribution, and are proved to be both valid in theory and robust in real world case.

First, we briefly review the history of Advection-Diffusion-Reaction (ADR) system in
the literature. The ADR system models the agents’ motion as drifted brownian motion,
and the agents’ reaction as probabilistic transition between different states. The key idea of
the ADR model lies in the fact that the green’s function of Advection-Diffusion Equation is
the conditional probability density function of the corresponding drifted brownian motion.
The proposed point mass approach verifies that the error between the macroscopic and the

microscopic model converges with respect to the inverse of the square root of the swarm size.

Next, we explores a stochastic approach for controlling swarms of independent robots
toward a target distribution in a bounded domain. The robots are resource-constraint: they
lack both communication and localization capabilities, and can only gather local information

by measuring a scalar field (e.g. concentration of a chemical) from the environment. A simple

i



control law is introduced to govern the diffusion of each robot, so that the distribution of
the swarm converges to a pre-defined target distribution over time. The key point behind
the control framework is that the solution of heat equation converges to the first-order
eigenvector of the Laplacian operator. We further confirm the robustness of the control
law in real world case by conducting simulations in computer and test bed experiments in
multiple cases of target distributions, where the swarm achieves the theorized convergence

to the target distribution despite deviations from assumptions underpinning the theory.

Finally, we presents a novel procedure for computing parameters of a robotic swarm that
guarantee coverage performance by the swarm within a specified error from a target spatial
distribution. The main contribution is the analysis of the dependence of this error on two
key parameters: the number of robots in the swarm and the robot sensing radius, in which
we view each robot as a blob instead of a point mass. We model the population dynamics of
the swarm as an advection-diffusion-reaction partial differential equation (PDE) with time-
dependent advection and reaction terms. We derive rigorous bounds on the discrepancies
between the target distribution and the coverage achieved by individual-based and PDE
models of the swarm. We use these bounds to select the swarm size that will achieve
coverage performance within a given error and the corresponding robot sensing radius that
will minimize this error. We also apply the optimal control approach to compute the robots’
velocity field and task-switching rates. We validate our procedure through simulations of a
scenario in which a robotic swarm must achieve a specified density of pollination activity

over a crop field.
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CHAPTER 1

History and Application: The

Advection-Diffusion-Reaction System

1.1 Introduction

In recent years, the Advection-Diffusion-Reaction (ADR) System has been widely applied to
model the motion and stochastic transitions in a swarm of agents in nanomedicine [HBN13],
coverage and field estimation [EAB16||LFE17], unknown environment mapping [REB18] and
robotic pollination [EB15,BNH11]. A swarm system is often comprised of hundreds or
thousands of inexpensive, relatively expendable agents that perform tasks on large spatial
and temporal scale. They should work quickly, robustly, adaptively, and autonomously
[EB15]. Recent advances in computing, sensing, actuation, power, control, and 3D printing
technologies have boosted the production of light robots, making research and experiments
in robotic swarm more popular. Tasks for robotic swarms include exploration, mapping,
environmental monitoring, chemical source localization, search-and-rescue, surveillance, and

reconnaissance.

The simpler Advection-Diffusion equation, or Fokker Planck Equation, has been compre-
hensively studied in the literature. The Monte Carlo method is a popular way to simulate
the solution of the Fokker Planck equation [MWWO7,/CJLO6|, in which the key idea is to de-
ploy a swarm of independent particles, whose trajectories are generated by the corresponding

drifted Brownian motion of the Fokker Planck equation.

This chapter is organized as following. In section [1.2] we briefly review and prove the

theory of the Fokker Planck equation, and present a numerical simulation using a point mass



approach. In section we include the reaction term and show some examples of existing

applications of ADR system in the literature.

1.2 Preliminary: Fokker-Planck Equation

In this section, we state and prove Kolmogorov theorem [Pav14], which demonstrates the fact
that the Green’s function of the Advection-Diffusion equation is the conditional probability

density of a drifted Brownian motion.

Definition 1.2.1. (Fokker-Planck) Suppose v(x,t), D(x,t) are functions in C*'(R? R,),
D(zx,t) > 0, and X (t) is a stochastic process that satisfies Stochastic Differential Equa-
tion(SDE)

dX(t) =v(X(t),t)dt + \/2D(X (t),t)dB(t), (1.1)
then the Fokker-Planck equation for the probability density p(x,t) of the random variable
X(t) is

pi+V - (vp) = A(Dp). (1.2)
Theorem 1.2.2 (Kolmogorov theorem). Let p(y, t|x, s) is the conditional probability density,
such that V¥ € R%,t > 5 > 0,

PX(0) € SIX(s) =2} = [ ply.te.5)dy
2
Then p(y, t|x, s) is the solution to the initial value problem

pe=—Vy - (v(y,t)p) + Ay(D(y,t)p), Yy € Q

(1.3)
p(y,8|:12, 8) = 5(y - w)?
with the no-flux boundary condition
(—v(y, O)p+ Vy(D(y,1)p)) - T =0, Wy € Q. (1.4)
or the vanishing boundary condition in the case when § = R?:
lim p(x)=0. (1.5)

llz]|—o0
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Or equivalently, the conditional probability density function is the Green’s function of Fokker-

Planck Equation.

We will prove theorem later in section (1.3} Based on the theorem, we obtain the

following corollaries.

Corollary 1.2.3. Let p(y,t|x,s) is the conditional transaction probability density of the
stochastic process defined in (1.1)), then the solution to the initial value problem

pi = —V - (v(x, t)p) + A(D(a, 1)p)
p(x,0) = po(x).

with the same boundary condition in theorem is:

p(x,t) ZApo(y)p(w>t\y,0)dy.

1.2.1 First Simulation: Point Mass Approach

One well known way to simulate the distribution of drifted Brownian motion is the Monte
Carlo method, in which one often view each particle as a point mass. We now suppose there
are N € ZT particles that are moving according to SDE (I.1)) in a 2D plane, indexed by
1 < i < N. The i** particle starts from Xé € (). For a fixed area X C (2, the total number

of particles in ¥ at time ¢ is
# of particles in ¥ = Z 15 (X},

where 1g(zx) is 1 if @ € ¥ and 0 otherwise. Let d(x) denote the delta function in 2D. Then
if we see each particle as a point mass, the corresponding density function of the initial state

of the particle system is
po(x) = 25(33 - X3).

The total mass of the system is conserved since
0
— / pdx = / -V - (v(z,t)p) + A(D(x,t)p)dx = / (—vp + V(Dp)) - dS = 0.
ot Jo Q0 P

Theorem [1.2.2] also leads to the following corollary.
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Corollary 1.2.4. Let p(x,t) be the solution to the initial value problem

. 1.7
po(a:):%ZMw—Xé), .

with the same boundary condition in theorem[1.2.3, Without loss of generality we assume
/ plx, t)de = 1.
R2
Then for any X C Q and t > 0,
1 .
E(portion of particles in ¥ at time t) = N ZE (1n(X))) = / p(x,t)dx. (1.8)
P b

Proof. By corollary p(x,t) = [, po(y)p(z,tly,0)dy, where p(x,t|ly,0) is the condi-
tional transaction probability density of (1.1). Denote X (t; ) be the stochastic process of

(1.1) starting from @, then we have
/Ep(sc,t)d:c :/ng(:c)p(:c,t)dw
~ [ 15(@) [ (wipia.ty.0dyde
Q Q
~ [ mlw) [ 1s@i(e.tly.o)dady
= [ () B (1s(X(t9) dy

Now we plug in po(y) = >, 0(y — X{), and get

/E o, t)da % B (15 (X (5 X)) = %Z E (15(X7)).

1.2.2 Numerical Experiment

We present an numerical simulation that justifies corollary [1.2.3] We choose N = 10000, v =
(0.5x1,0.525), D = 1, ¥ = [0,1] x [0.2,1.2] C R?, all of the particles start from origin. We

discretize the time interval [0, 1] into M = 1000 equal time steps as

O=to<ti <..<ty=T, t,=mAt (1.9)
4



We simulate each particle path independently by

X=X +u(tn)At + V2DALAZ!, Vi € Fp, (1.10)

where X! denote the position of i'* particle at m' time step, and AZ! are independent,
normally distributed random variables with zero mean and unit variance in R?. Figure
shows final distribution of a sampled 500 particles, and the comparison between portion of

particles in ¥ and [, p(a, t)dz.

¢ Portion of Particles in X
— Jg pxt) dx

2 E Tee R .
ol 0.1
_2 b
- e .t o o . 0¢ . ;
-4 s : LI s 0 200 400 600 800 1000
-4 -2 0 2 4 t (ms)

Figure 1.1: Left: Final distribution of sampled 500 particles, where 3 is depicted as the solid
rectangle. Right: portion of particles in X = [0,1] x [0.2,1.2] (diamond) and [, p(x, t)dx

(solid line) over time.

Also we define the error
1 i
() = [ sl Tyde— > 13(X3)
. From central limit theorem we know that
1 . .
VNe(V) = Z= 3 (1s(X) = B (1s(X7))) ~ N (0, o)

Hence we conjecture that e(NN) ~ \/LN In figure , Ine(N) is computed against In N, where
the results are the average of 100 experiments. We discover linear dependency between them,

which will be rigorously proved later in a more complex setting.

1.2.3 Proof of Kolmogorov Theorem

In this subsection, we present the proof of the Kolmogorov theorem A proof for a

1D diffusion process can be found in the book [Pav14], Section 2.5, and the proof here is a
5



+ data
-4 - linear fitting |-
S-45 f
8

g *

-5.57 :
-6 ‘

3 4 5 6 7 8 g

log(N)

Figure 1.2: Different e(/N) with respect to different NN, all the results are average of 100

experiments.

generalization in the 2D case. To simplify the proof, we consider the case when 2 = R%. We

first state two lemmas.

Lemma 1.2.5. With the stochastic process X (t) = (X1(t), X2(t)) defined above, we have:

(i)First moment:

a
—
»
~—
Il

a:) =wv(xz,s)(t—s)+o(t —s) (1.11)
(ii)Second moment:

B ((060) = XN = X,(6)|X(9) =)

=2D(z, s)(t — 5)0;; + o(t — s)

(1.12)

(#ii)Higher order moment:
Vo > 0, E(|X(t) — X(s)|2+5) = o(t — s) (1.13)
where i,j € {1,2}, §;; is 1 when i = j, or 0 otherwise.

Lemma 1.2.6. With the process X (t) defined above, for every fivzed  and every € > 0:
6



(1)
| swtasiay ot~ s) (114)
ly—x|>e
uniformly over s < t.
(i)
| ot sy = vt -9 +olt ) (1.15)
ly—x|<e
uniformly over s < t.

(“Z) Write & = (*1'17 xZ)a Y= (y17y2)7 then
/ | (yi — =) (y; — ;)p(y, e, s)dy = 2D(x, s)(t — s)0;; + o(t — s) (1.16)
y—x|<e
uniformly over s < t.

We postpone the proof of the above two lemmas, and apply them to prove our main

theorem first.

Proof of Theorem[1.2.2. The initial condition follows from the definition. Now for any func-

tion f(y) € C2(R?), notice that p(y, t|x, s) satisfies Chapman-Kolmogorov equation:

p(y,t+k|w,s):/ p(y,t+ k|z,t)p(z, tlx, s)dz. (1.17)
R2

|ttty
=hm1( |ttt Kz - [ s y,t!w,s)dy)

i ([ [ st ke sayds - [ e e, s)iz)
R?2 JR2 R2

(/ (2.t ) (/ fly y,t+k\z,t)dy—f(z))dz>.

(1.18)



Let H f(z) denote the 2 x 2 Hessian matrix of f at z, then Ve we have

/f ply,t + K|z, )dy — f(2)

:/32 )p(y.t + k|z,t)dy
:/| y — f(z ))p(y,t+k|z,t)dy+/|_ | (f(y) — f(2))p(y,t + k|z,t)dy
S/ |< — f(2)p(y,t + k|z,t)dy + 2| f|| c0(k)

-/ (Vf(z)(y ot Ay 2 HAE) - 20+ Oy z|>>)
ly—z|<e 2

Py, t+ K|z, t)dy + o(k)

=V f(z)v(z,t)k+ D(z,t)kAf(2)(1+ O(¢)) + o(k),

where we applied ((1.11)) and (1.12]) in the last step. Taking € — 0 we get

. F@p(y.t+klz,t)dy — f(z) = k (Vf(2)v(z,t) + D(z,1)Af(2)) + o(k).

(1.19)

Now plug ([1.19)) back into ([1.18)), use 2D integration by parts formula, and apply the bound-

ary condition, we get:
f( ) (Y, tlz, s)dy
:/Rzp(z,ﬂ:c,s) (VF(2)v(z ) + D(z, 1)Af(2)) d=
=/, fy) (=V - (v(y,t)p+ A(D(y, )p)) dy
Since f(y) is arbitrarily chosen in C2(R2), we know that

pe= =V, (ol 0p) + 52,(D(y. 1)p).

This closes the proof of the theorem.
Now what is left is to prove the lemma [1.2.5] and lemma [1.2.6]

Proof of lemma[1.2.5. From SDE ([1.1)) we know that

X(t)—X(s):/ U(X(T),T)d7+/ V2D(X (7). 1)dB(r)

8
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So, by property of conditional expectation,

E(X(t) ~ X(s)

X(5)=2) - vla, ><ts>)
X(s)=x).

:m):oj

X(5) =) - vl -

_ (X(t) ~ X(s) — (X (s),8)(t — 5

Notice that

p( [ VDX B x

so the above identity becomes

E(X(t) ~ X ()

E( 7 = o(X(5).5)( - 5)| X (s) =
E(/ v X(s), 8)dr X(s):w)
E(/ o(X <>,s>|drx<s>=as)

But by continuity of v(x,t) and almost everywhere continuity of X (),

/ lv(X (1), 7) —v(X(s),s)|dr = / O(t — s)dr = o(t — s).
Hence

E<X(t) ~ X(s)

X(s) = :13> —v(x,s)(t —s) =o(t —s),

which proves (i). For (ii), consider the case i # j first, if we write B(t) = (By(t), Ba(t)),v =
(v1,v2), then SDE (1.1)) becomes:

dX,(t) = vy (X (), t)dt + /2D (x, {)d B (t)
dX5(t) = v2(X (1), t)dt + /2D (x, )dBs(t)

Since the stochastic terms Bj(t) and Bs(t) are independent of each other, so do X;(¢) and



Now suppose

and X (s) are

with the cons

i =7, WLOG i = j = 1. B(t) has independent increment, hence X (t) — X (s)

independent.
B(000) - X7 x() =)

—£((x(0) - X))

:E([/:Ul(X(T),T)dT—i-/: md&mr)
umption that X (s) = 2. Notice that
e(|/ tm(Xm,T)dTr) = 50— )" ) =oli —9)

[ o] | [ Ve m s )

(1 oxesef  vaneersncl)
< £(cu-9)| [ VaDrx@. s )
<ce-95(|[ md&mrf

—Clt—s)- E(/t zD(X(T),T)dT)é

<C'(t—s)2 =o(t — s);

E( Ut \/Wd&(f)r) = E(/t 2D(X(T),T)d7>

10



with the consumption that X (s) = . Hence we have

E(<X1 (1) - X,(5))

X(5) =) - 2D, )t - )
:E(/: QD(X(T),TMT) —9D(@, $)( — 5) + ot — s)
:E(/: 2D(X (7). 7) — 2D(X(s),s)d7'> Folt—s)
:E(/stO(t— s)dT) +olt—s)

—oft — 5),

which completes the proof of (ii).

2496 249

For (iii), we use the inequality (a? +6?)2 <27 (a®*° + b?*°), so that it is sufficient to

o E(|X1(t) . Xl(s)|2+5) = o(t — s).

By , and use the above inequality again, we get
t t
E(|X1(t) — X1(3)|2+5) = E( ‘—/ v (X (1), 7)dT +/ V2D(X (1), 7)dBy(T)
bis 2+5s t ’ 2446
<2% [E( ) +E( / V2D(X (1), 7)dBi(7) )] .

The first term is O(|t — s|>*°) since v; is bounded. For the second term, we apply Holder’s

249 )

/: v (X (7), 7)dr

inequality F(|X|°*?) < E(|X|*)0+2/2 and get

o(| [ vopm Fano| )

- . o 7(642)/2
< E( / V2D(X (1), 7)dBi (7) )]
- : (6+2)/2
= E(/ 2D(X(T),T)d7’):| = |t — s|'T2 = o(t — s).
which closes the proof. O]

Proof of lemma[1.2.6. Equation (1.13)) is equivalent to:

/ ly — 2 p(y, t]z, s)dy = olt — s),¥6 > 0
RZ

11



So for every € > 0 and take r to be 0, 1 or 2,
/ ly —z[p(y, t|x, s)dy
ly—z[>e
’y _ w’2+6
= TP, e, s)dy
/|ym|>e ’y - m‘2+6
1
S [ Pty ey
€ ly—x|>e
1
Sm/m ly — x> p(y, tlz, s)dy
=o(t — s).
Taking r = 0 gives us (i). Also Equation (|1.11]) tells us that
v(x,s)(t—s)+o(t —s)

| =it )iy

| et s [ e ey

ly—x|>e
The later term is o(t — s) by taking r = 1, which proves (ii). For (iii), we write (1.12)) as
2D(,5)(t — 5)8 + ot = 5) = [ (= w)(us ~ 2,)p(y. e )y
R

:/_ - (yi — @) (y; — ;)p(y, t|z, s)dy +/ (i — ) (y; — 2;)p(y, t|z, s)dy.

ly—x|>e
Combining with inequality |(y; — z;)(y; — x;)| < |y — |?, the later term is o(t — s). This

proves (iii), thus closes the whole lemma. O

1.3 Advection-Diffusion-Reaction System, and its applications

Consider the following system of partial differential equations

9]

% = —vy - Vp1 + D1Ap1 — kiop1 + ka1po,

o (1.21)
6_152 = —vy - Vs + DyApy + kiap1 — ka1 pa.

Compared to the Advection-Diffusion equation (1.2), the system (1.21]) has particles in two

states, namely state 1 and state 2, corresponding to densities py, ps, respectively. Particles
12



in state n(n = 1,2) are moving with advection v,, and diffusing with coefficient D,,, and they
also react with each other, i.e. particle in state 1 switches to state 2, and state 2 also switches
to state 1, with transition rate kio, ko1, respectively. We call system an Advection-
Diffusion-Reaction (ADR) system. A specific example for the application of the ADR system
is in the field of nano-medicine [HBN13], where different species of nanoparticles react with

each other, resulting in an interchange network between species.

In the rest of this section, we briefly present some applications of ADR system that have

been studied in the literature.

1.3.1 Targeted nanoparticles in Cancer Treatment

In cancer treatment, targeted nanoparticles has been increasingly utilized. However, the
penetration of targeted nanoparticles deep into tissue can be hindered by their slow diffu-
sion. In order to increase tissue penetration, S. Huert et al. [HBN13| proposed generaliz-
able ADR model that captures the potency, motion, and binding kinetics of four species of
nanoparticles: N Pr, free nanoparticles; N P;, internalized nanoparticles; R, receptors; and

C, nanoparticle-receptor complexes. The reaction network is:

NPp+ R & C, (1.22)

where k,, kq, k; are reaction rates. The corresponding ADR system, or the deterministic

model, is defined as

( ONP,
0 > " — DANPy: — k,NPp - R+ kyC,
OR
— = —kNPp - R+ k;C + k;C,
S, (1.23)
E :kaNPFR—de—kZC,
ON Py
= k;C,
\ ot ¢
with boundary condition
ONP
Pz, =0
ot €N



In this system, the diffusion term is DAN Pg; the reaction terms are k,N Pr - R, k;C, k;C,
corresponding to 3 types of reactions in ([1.22); there is no advection. Hence this is a
Diffusion-Reaction (DR) system. The movement of free nanoparticles N Pp is modeled as

Brownian motion
dX(t) =/2D(X(t),t)dB(t). (1.24)

The combination of (1.22)) and (1.24)) is called the stochastic model.

In the simulation, the authors explore parameters that affect the distribution of nanopar-
ticles after extravasation. Such particles can be modified through engineering. Toward this
end, they define dissociation constant kp = kq/k,. Fig. shows the number of cells that
are dead after 48 hours of treatment as a function of D and Kp, simulated using both the
stochastic model and the deterministic model. Note that the identical results from both
models validate the use of the deterministic model for prediction and optimization. Based
on experimental work by Hong et al. [HLMO07] and Thurber et al. [TWO08]|, they estimated
the dissociation and internalization rate constants as kq = 1074571, k; = 107°s~! while vary-
ing k, in the range [103,109]M ~'s!. Fig. [1.3B shows the penetration profiles of several
nanoparticle formulations. The results show that most of the nanoparticle formulations
considered are not capable of killing all 20 cells in the model. Nanoparticles with a high
binding affinity (Fig. [L.3B(a,c)), regardless of their speed, accumulate only in cells near the
vasculature, and slow nanoparticles (Fig. [1.3B(c,d)) fail to accumulate at lethal levels in
cells farthest from the vasculature. Fast nanoparticles with a low binding affinity are able to
accumulate at lethal levels in all cells (Fig. |1.3B(b)). However, lowering the affinity beyond
the range explored here could result in nanoparticles that are unable to accumulate at lethal

levels in tumor cells.

1.3.2 Coverage and Field Estimation on Bounded Domain

In [EABI16|, K. Elamvazhuthi el at. developed a generic control framework to achieve and

estimate a certain coverage in a bounded domain by deploying a swarm of agents.

Consider the following background. A swarm of agents that are deployed into a domain

14
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Figure 1.3: (A) Number of cells killed depending on the diffusion coefficient D and dissocia-
tion constant K p. Complete tissue penetration is assumed when each of the 20 cells in the
model internalizes the number of nanoparticles required to kill one cell. (B) Tissue penetra-
tion profiles determined using a stochastic simulator for four combinations of the diffusion
coefficients and dissociation constants labeled in (A). (C) Number of cells killed depending
on the nanoparticle formulation with k, fixed and ky varying. (D) Representative nanopar-
ticle formulations identified in the literature. (E) Minimum injected dose of chemotherapy
required to theoretically kill all cells in the simulated scenario for each nanoparticle formu-

lation. Copyright (©)2013 nanotoday.
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2, a bounded convex open subset of R? with Lipschitz continuous boundary 9). Each agent
switches probabilistically between an active state, during which it explores the domain with
a combination of deterministic and random motion, and a passive state, during which it
stops to take a measurement. The deterministic motion is governed by a time-dependent
velocity v(t) € R? | and the random motion is represented as diffusion with an associated
diffusion coefficient D(x). The Diffusion can model a probabilistic search, exploration, and
tracking strategy or stochasticity arising from sensor and actuator noise. An agent switches
from the active state to the passive state at a time-dependent probability rate k;(t), and
it switches back to the active state at a fixed probability rate k. In summary, each agent’s

position satisfies the following stochastic process:
dX(t) =Y (¢ (v(t)dt + \/2DdB(t)) + do(t), (1.25)

where Y'(t) is another stochastic process that controls the transition between active and

passive states, which satisfies:

P(Y(t+h)=0|Y(t)=1) = ki(t)h+ o(h?)

PY(t+h)=1]Y(t) = 0) = kh + o(h?).

The problem is stated as following.

Problem 1.3.1. Denote puxy be the distribution of (1.25)), and let F(x) be a scalar field,
which induces the target distribution pp = dwa};)dy' How to design the control parameters
Q

v(t), D(x), ki (t), k, such that px ) converge weakly to g, ast — oo?

To this end, the authros develop the corresponding ADR system

0

% = —v(t)Vyr + A(Dy1) — k1(t)yr + kye (1.26)
1.26

0

% = ki1(t)yr — kyo

with no-flux boundary condition

16



Theorem 1.3.2. Denote yy(x,t),ya2(x,t) be the solution of the system (1.26), and WLOG
Jomdx =1. Let v(t) = 0,ki(t) =0,k =0, and apply the following control law

D(x) = ——, z €, (1.27)
x
then yi(x,t) converges in L' norm to F(x), as t — oc.

The proof of theorem will be presented in more detail in chapter 2 According to
theorem [2.2.2] the solution of the ADR system (|1.26]) will converge to target distribution with
certain control law, hence in order to solve problem we need 1 x () converges weakly to

y1 (2, t)dx, which will be proved in chapter [3]

The field coverage control law is validated in two different simulated scenarios. Figure
and show the target scalar fields, Fj(x), and the dynamic distribution of swarm in
both scenarios. The scalar fields Fj(x) are numerically constructed as shown in the lower

right of both figures.

2
33'05

1

0

3

2
@‘05

—

0 0.5 1 0 0.5 1
X I

Figure 1.4: Simulated agent densities at three times t and the underlying scalar field with

ring pattern. Copyright (© 2016 IEEE.
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Figure 1.5: Simulated agent densities at three times t and the underlying scalar field with

letter ‘ASU’. Copyright (©) 2016 IEEE.

1.3.3 Robotic Swarm Pollination

In [EB15], K. Elamvazhuthi et al. studied an optimal control framework for deploying
swarms of robot bees to pollinate a flower field. The goal is to achieve a target pollination
distribution with effective control on resource-constrained robots that cannot localize or

communicate with each other.

Consider deploying a swarm of N robots into the flower field €2. Each member of the
swarm performs the following actions during a flight. Upon deploying, each robot flies with
a time-dependent velocity v(t), and a random movement with diffusion coefficient D, which
arises from inherent noise due to sensor and actuator errors. The position X () at time ¢ of

each robot satisfies the following SDE, which is the microscopic model.
dX(t) =v(t)dt + V2DdB(t). (1.28)
The above SDE is simulated by

X=X +v(tn)At + V2DAIAZ!,, 1 <i< N,

18



where X! denotes the position of i’ robot at m!" time step , Z! are independent, normally

distributed random variables with zero mean and unit variance in R2.

Each robot has two states: F', flying state; H, hovering state. While a robot is flying
over a row with flowers of type i (i = 1,2) , it decides with a time-dependent probability per
unit time k;(¢) to pause at a flower in its sensing range and hover for pollination. The robot
resumes flying with a fixed probability per unit time k; , which determines the time taken
to pollinate. The pollination is measured by another species: P, whose number increases by
1 whenever a robot transits from flying state to hovering state. The reaction network is:

k(t)

F — H+ P
o r

Denote the flower bed as I' = I'y UT'y, where I'; representing the region that flower of type ¢

occupies, and denote the target distribution as yo(x). A simple example of yo(x) is
yo(x) =1inand 0in Q — T,

which requires uniform pollination over the flower bed.

The optimal control problem |EB15| aims to achieve yq(x) by designing the control pa-
rameters {v(t) = (v1(t),v2(t)), k1(t), k2(t) }. To this end, consider the following ADR system,

or the macroscopic model:

( 2
OF
— = v VF +DAF - > kilp,F + kyH,
=1
OH <
oy = D kil F ke H, (1.29)
=1
Y-
— =Y kilpF,
\ at i=1

with no-flux boundary condition
n-(DVF —oF)=0.

The authors formulate the optimal control problem as following.

19



Problem 1.3.3 (Optimal Control Problem). Let u = (v1(t), vo(t), k1(t), ka(t)) be the collec-

tion of all control parameters, then the optimization problem can be framed as

. 1 A
min J(u) = S||P(,T) = yolli2we) + 5 lullzom),

u€Ugq

under the constraint of system (1.29)). Here Uyg = {u € L*(0,T)? : u"™ < w,(t) < u"™® Vit €

(0,7)} is the set of admissible control inputs.

In [EB15|, problem is solved in a gradient decent manner, which requires the fol-

lowing proposition.

Proposition 1.3.4. Denote the map M : uw — y = (F, H, P), introduced by system ([1.29)).
Then the map M s Gateaux differentiable at every u € U,q, i.e. its Gateaux derivative

e—0 €

exists.

The proof of proposition can be found in [EB15].

In the following simulation, a swarm of robots is tasked to achieve a specified spatial
distribution of flower visits over five crop rows, with flower of type 1 occupies the 1st, 3rd,
and 5th row, and flower of type 2 occupies 2nd and 4th row. In [EB15], two objectives are
considered: one in which visits were required along all five crop rows (Objective 1), and
another in which they were required only along two of the crop rows (Objective 2). For both
objectives, the authors simulate an environment with and without obstacles. Hence there
are 4 scenarios in total. For each scenario, N = 1000 robots are deployed into a normalized

-1

domain of size 1 m x 1 m. The transition rate k; is set to be 0.2s7", so that the expected

pollination time is 5 s, which is a realistic value for certain bee species [BNH11|. In the

1 and the transaction rates k;(t)

optimization, the robot speed is bounded in [0,10] m - s~
are bounded in [0,1.25] s7'. In the microscopic model, the field is equally discretized into
21 x 21 cells, and the author compute number of pollinations in each cell, where each robot is

considered as a point mass. In the macroscopic model, the ADR system is numerically solved

20



over a grid 51 x 51 cells. Figure shows the decay of the objective functions of the optimal
control scheme in the 4 scenarios over time. Figure|l.7]and|l.8 show the distribution of flower
visits of microscopic and macroscopic models for objective 1, without and with obstacles,
respectively. Figure [1.9] and show the distribution of flower visits of microscopic and

macroscopic models for objective 2, without and with obstacles, respectively.

0.12 T T T T T

—=—Objective 2, no obstacles
01l ——Objective 2, obstacles |
' —e—Objective 1, no obstacles

——Objective 1, obstacles

Objective Function
o o o
o o o
T2 9

Il 1 Il

o
o
o

L Il Il 1 Il Il L 1
50 100 150 200 250 300 350 400 450
Time (s)

OO

Figure 1.6: Objective function over time for objective 1 and 2, with or without obstacles.

Copyright (© 2015 IEEE.

1.4 Discussion

In section [1.3, we presented numerical simulations of a few tasks, including scalar field
estimation, and robotic swarm pollination. However, there are many real-world complexities
that are not accounted in the model, some of which are ignored in order to simplify the
model. For example, due to the finite clock rate of the microprocessor, the robots have
a finite maximum speed, while in the simulation they do not; The friction between robots’
wheel and body makes the robots ‘inertial’, which hinders the accuracy of the robots’ motion
at low speed; The robots’ path may deviate from the desired one due to the sensor error.
All of these uncertainties makes us doubt whether our control law or framework is robust
in the real world case. In chapter [2| we present test bed experiments with a real robot to

study the control’s effectiveness and robustness.
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In this chapter we reviewed the proof of the Kolmogorov theorem, and also presented
a simulation using a point mass approach to verify the theorem. We viewed each particle
as a point mass and computed the density by counting the number of point masses in a
region. This method is sub-optimal from two aspects. First, the accuracy is very sensitive
to the choice of the region. If the region is too small, it may not contain any particle; if the
region is the whole space, the error will always be zero. Second, it does not provide a global
measurement between the microscopic and macroscopic models. In chapter [3], we solve these
problems by introducing a ‘blob’ approach, in which we treat each particle as a blob with
finite volume. The new approach generates an actual density function for the microscopic
model, which then leads to a global error metric as the L! norm of the difference between

the densities from the microscopic and macroscopic models.
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CHAPTER 2

Decentralized Stochastic Control of Robotic Swarm

2.1 Introduction

Distributed control laws for multi-agent coverage strategies have been widely investigated
[CMKO04], [SRS09]. Applications of coverage strategies include environmental monitoring,
surveillance policies, source localization problems [HMGO02], and vehicle scheduling [PFB11].
In this chapter, we explore a stochastic approach in controlling the distribution of a robotic

swarm toward a predefined target distribution in a bounded domain.

In many modern tasks, individual robots may often lack capabilities that are assumed
to be essential for robot control, which is a trade-off between the cost of the robotic swarm
and the accuracy of the control. For example, In [BKN11], S. Berman et al. proposed using
robotic bees to perform commercial pollination, who can only acquire local information.
In [MCF13], K. Y. Ma et al. introduces a set of insect-sized flying robots, among which even
the most advanced robot is extremely weight-constrained. For this reason, we are interested
in a resource-constrained robotic swarm without localization or communication capabilities.
In our model, the robots only have the ability to measure a scalar field from the environment,

from which they follow a control law that drives them toward a target distribution.

The use of stochastic methods in a similar vein has seen much work in literature recently
[AB12], [APB14], [BCH13|. An important characteristic of many of these methods has been
the index-free/permutation-invariant nature of the control laws, which can be beneficial for
scalability in design [BK04], [KE11]. The reason for using stochastic control is two-fold. On
the one hand, the control of robots is not absolutely accurate due to inherent sensor and

actuator errors, which can be modeled as stochastic motion; on the other hand, stochastic

27



control can be more stable and less sensitive to errors [DBK12] .

This chapter is organized as following. Section presents a brief mathematical back-
ground of the control law. Secion [2.3| shows the detail of our computational simulation in

MATLAB. Section describes our experiments on the testbed of our laboratory.

2.2 Control Law and Analysis

2.2.1 Problem formulation

In [EABI16|, Karthik et al. studied a swarm of N robots that are deployed into a domain
Q1 Cc R?. Each robot explores the domain with random motion, which is modeled as a
2D Brownian motion with a location-dependent diffusion coefficient D(x). The robots’
position is denoted by X*(-) € Q(1 <1 < N), which is a group of stochastic processes with
independent and identically distribution (i.i.d) that satisfies the following SDE:

— /2D(X (£))dB(t) + dé(t) (2.1)

where d¢(t) represents the robots’” mirror reflection at the boundary 02, and 0 elsewhere.

We now present the problem of coverage of a predefined scalar field F'(x) : @ — RT. We
obtain the target distribution pur by normalizing F"

J F

pp = de—————.

g fQ F (y)dy

We desire to find a diffusion coefficient D(x), so that the distribution of SDE ({2.1)), which

we denote as x4, converges weakly to pup, as t — oo?

Since (22.1) governs the micro level of the swarm, i.e. the behavior of each individual
robot, we call (2.1) the microscopic model. According to definition |1.2.1} the Fokker-Planck

equation of ({2.1)) is
dy

ot

with the no-flux boundary condition n-V(Dy) = 0, which corresponds to the mirror reflection

= A(Dy) (2.2)

do(t). Since ([2.2]) governs the group behavior of the swarm, we call (2.2)) the macroscopic

model.
28



Now according to corollary [1.2.4] we know that for any region ¥ C €2, we have
1 i
E(1s(X(t) = N ;E (1s(X7)) = /Ey(a:,t)dw,

where we assumed total mass to be unit: [, y(x,t)de = 1. Hence uxq) = y(x,t)dx for all
t > 0, i.e. the macroscopic model and the microscopic model agree with each other. So the

above problem can be reduced to the following problem.

Problem 2.2.1. Determine whether there exists a control law D(x), such that the solution

to the macroscopic model (2.2)) limy_,o, y(x,t) = ¢- F(x) for some constant c.

Toward this end, our specific choice of control law is given by
D(x) = ——. (2.3)
In the rest of this section, we solve problem by proving the following theorem.
Theorem 2.2.2. [EABIG] With the choice of the control law (2.3), we have
| et = e Plajlde < Me,

for some constant ¢ > 0,M > 1,A >0, and all t > 0.

2.2.2 Preliminaries

In this subsection we recall some standard notions from theory of operator semigroups. Let

H be a Hilbert space and L(H) be the space of bounded operators in H.

Definition 2.2.3. A family of operators (T(t)),s, in L(H) is a strongly continuous semi-
group on H if

o T(t) =1,
e T(t+71)=T()T (),

o limy ., T(t)z =2, Vz € H.
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Definition 2.2.4. The linear operator A : D(A) — H, defined by

t )

t—0

D(A) = {zeH:lim

T _
Az = lim % Vz € D(A)

t—0

is called infinitesimal generator of semigroup T(t).

Definition 2.2.5. An unbounded linear operator A : D(A) — H is said to be dissipative if

Re(Az,z) <0, VD(A). (2.4)

We define the space of square integrable real-valued measurable functions with respect

to function w(x) on, L2 (), with the weighted 2-norm as

LA(®) = { |||f||zw—(/|f )1/2@0},

and the induced inner product ( - , - ), : L2(Q) x L2(2) — R as

/f
Define H2 () as
H2(Q) = {f € L2(): il € L2(Q),Va € {1,2}.},

2
0x?

which is equipped with the inner product

(o) = [ f@)gta) @z +3 S [ 20D )20 ),

7j=1 =1

Then it is easy to see that H2(f2) is a Hilbert space. Note that for w = 1, H2(Q) is the

same as the usual Sobolev space H*(2). We can then write the macroscopic model in the

form of operator A : D(A) — H2(Q) as following.

dy
ot

y(x,0) = yo(x)
Af = Awf), Vf € D(A),

= Ay

where D(A) = {f € H2(Q) : n-V(wf(x)) =0, YV € 00} .
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2.2.3 Analysis of Control Law

Proposition 2.2.6. Defined in (2.5), A is a dissipative operator on L% (Q) and generates a

strongly continuous semigroup on L2 ().

Proof. Using integration by parts and the boundary condition, (Az, 2), = — [, |V(wf)|[*de <
0, so A is dissipative by definition [2.2.5] Next we define a bilinear form

Then we have

| B(u,v)| < cllullmyollv]l#z@) (continuity),

| B(u,u)| > C,HUH%Q%(Q) (coerciveness).

By Lax-Milgram theorem, for each f € L2 (£2) there exists a unique solution v € H} () such
that

B(u7 U) = <f7 U)H%J

for all v € H} (). This means that the range of operator (I — A) is the whole space L2 (Q).
Therefore, the result follows from the dissipativeness of A and Corollary 3.2 in Chapter II
of [EN99]. 0

Suppose the semigroup that A generates is T(t), then theorem can be restated as

following.

Theorem 2.2.7. With the choice of the control law , we have
/Q IT(t)yo — c/w|de < Me™,

for some constant ¢ > 0,M > 1,A >0, and all t > 0.

Proof. Define a linear map R; : D(A) — R by

Ry(u) = /Q (T(H)u — ) da.
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Then, by conservation of mass, it is easy to deduce that R;(u) = 0 for all u € D(A),t > 0.
Due to the boundedness of R;, and that D(A) is dense in L2 (), R; can be extended to a
bounded linear operator from L2 () to R. Since the Laplace operator A has eigenvector,
constant function, for the eigenvalue 0, A has a unique one-dimensional subspace of eigen-
vectors, spanned by the function 1/w = 1/D(x), corresponding to the eigenvalue 0, and 0 is
the first-order pole of A. The equilibrium of solution y(x,t) is then the eigenvector 1/D(x)
as t — oo, according to [EN99|, Chapter V, Corollary 3.3. ]

2.3 Simulation of Two Target Distribution Examples

In [LFE17], we simulate the microscopic model in MATLAB for two target distributions that
are chosen as performance benchmarks for our testbed experiments, presented in Section [2.4]
We specifically choose two scalar fields of different patterns, ring and row, in our simulation.

The scalar fields are plotted in figure 2.1} The equation for the scalar field is

36 if xeQNT,
1 if xeQ\T,

F(x) =

where:

e O ={x:121 €[0,w],zs €[0,h]},
° (I‘ll’lg) I = {X : ’]”% < (.Z’l — %)2 + (l‘2 - %)2 < Tg}a

o (rows) I' = {x: 2, € [d,2d] U [3d,4d] U [5d, 6d]}.

with (21, z5) Cartesian coordinates of x, w = 48in and h = 70in.

For T big enough, we discretize the time span of swarm deployment [0, 7] into M equal
time steps.

O=to<ti <..<ty=T, t,=mAt,

and simulate the microscopic model (2.1)) by a difference equation

X" = X"+ \/2D(X)AtZ", (2.7)
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I s O |—|—|©

Figure 2.1: The Scalar Fields. Each pattern above specifies a scalar field, which induces
a target distribution. Left: ring pattern. Right: row pattern. Copyright (©2017 IEEE.

where X denotes the position of i'® robot at m'™ time step, and Z, Vi, m is a group of
independent, normally distributed random variables with zero mean and unit variance. A

real robot has a finite maximum speed v hence the speed of the i** robot at the m!" time

max)

step is defined as
’U;n = m]n <\/ 2D(in)At_%|Z;n| 9 Umax) .

Moreover, a real robot with only a local scalar sensor cannot easily determine the orientation
of the boundary relative to its current velocity, and thus cannot reflect specularly. Instead,
when the robot senses contact with the boundary, it simply reverses direction for the duration

of the time step. Therefore, if X" calculated according to equation (2.7)) is found to be

At —Aty,

N TAL where At, is the duration
a

outside the boundary, we calculate a coefficient a =
until the robot would reach the boundary at its present speed, and At, = At — At, is the

remainder of the time step. Then

v = amin <\/2D(X[")At_%|Zim| ; vmax) :

For both scalar fields, we choose v,,,, = 17.5in/s to reflect the maximum speed of the physical
robot, as described in Section [2.4] and At = 0.5s. Because the maximum achievable speed
of the physical robot depends on the direction of movement, v,,, is really the minimum,
over all movement directions, of the maximum achievable speed. The time step At = 0.5s is

chosen to be relatively small to avoid error due to time discretization, but large enough to
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permit the robot to accelerate to each new velocity well within the time step.

Suppose p(x,t) is the density function of X (¢) defined in SDE ({2.1)), which satisfies

/P(m,t)diB:/dMX(t)-
> >

In Chapter [1] we compare the actual distribution of the swarm at a specific time T with
p(x,T) by counting the number of robots in a specific region ¥. This comparison is sub-
optimal from two aspects. First, this method is restricted in one region, while a good metric
should be able to measure the difference between these two distributions. Second, this
comparison is sensitive to the choice of ¥. For example, if we choose ¥ to be the whole
region {2, then the difference will be 0 under any control law. In order to have a better

comparison, we define the actual density field by

sl t) = 3" Galw = X'(0), 2:8)

where 0 represents the radius of the region in which the robot effectively performs its task,

and Gy is the Gaussian function

That is, we center a Gaussian ‘blob’ at each robot’s position, instead of viewing them as a

swarm of point mass.

2.3.1 Simulation Results

We show the simulation results of ys(x, T), for large enough 7. We choose N = 200, § = 2in
and T = 800s for both target distributions of figure 2.1 Figure shows the positions
of robots and the actual density field ys(x, T') at different time. To evaluate the result, we

define the error
es(t) = [ i(a.t) - Fla)ldo
Q
Since N = 200 is not a large number, we first compute an upper bound of the minimum error

that one can achieve in both scenarios by manually distributing the robots in our domain.
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Since it is mathematically impractical to rigorously find out the best position of each robot,
we choose the most ‘reasonable’ configuration according to each scalar field. This minimum
error would be seen as the best performance. The two simulations yield es(7) = 0.4295,

with minimum error value 0.3089 for the ring pattern, and es(7") = 0.5366, with minimum
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Figure 2.2: Top: Robot positions at ¢ = 601.5s for ring distribution with N = 200 robots
(left) and at t = 361.5s for row distribution with N = 200 robots (right).

Bot: Gaussian blob function ys—o;,(t = 601.5s) for ring distribution (left) and ys—g,(t =
361.5s) for row distribution (right). Copyright ©2017 IEEE.

2.4 Testbed Experiment

In [LFE17], the authors further test the robustness of our control law with a real robot in

the lab.

2.4.1 Setting

We design and build a new holonomic drive robot, who can translate in any direction in-
dependent of its orientation [RF06], for our testbed experiment. The holonomic drive is
realized by three 58mm Nexus Robot omni-wheel (RB-Nex-57), which rolls like a typical
wheel but also slides freely relative to the floor along the axis of rotation. The complete

robot is shown in figure [2.3
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(a) View from above (b) View from bottom

Figure 2.3: The Kiwi-drive Robot. For clarity of other components, identification tag
visible in Figure [2.4] is not shown. Copyright (©2017 IEEE.

We achieve the behavior a swarm of many robots by performing many trials on one robot,
which is valid on our spatial coverage experiment because robots have no communication
abilities and thus are independent with each other. We also do not consider collision, due to
the assumption that the domain €2 is large and our robot is very small compared to it. The
scalar fields of figure [2.1] are printed in RGB color, which are then placed on the ground. The
scalar field are sensed by a digital RGB color sensor (TCS34725) under the chassis of the
robot: black represents a high value of the scalar field, white represents low value, and red
represents the boundary. Two overhead cameras are used to collect data throughout time,
which processes OpenCV in python to track the position of the centroid of the robot. The
detection error between the position measured by the computer and the real position of the

robot is within 2cm.

2.4.2 Results

Figure [2.4] shows the convergence of the ‘swarm’ to the desired distribution through time-
lapse images in the scalar field of ring pattern. The results are obtained by running 1 robot
200 times rather than 200 robots at once. This avoids worrying about collision control. Each

subfigure is produced by superposing the images of a random subset of 50 runs.

In order to evaluate the result, we take the centroid of the robots as their positions in each
frame, so that each robot becomes a point. We then measure the actual density distribution
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(a) t=0s (b) t~25s (c)t~80s (d) t =170 s

Figure 2.4: The convergence of the swarm to target distribution over time. Notice that the
robot is the same as Figure [2.3, and it is additionally obscured by identification tag, visible

as a solid black rectangle within a white rectangle. Copyright (©2017 IEEE.

of our testbed experiment by Gaussian blobs, as in ([2.8]). The point mass distributions and
the actual density distributions are shown in figure 2.5] The times chosen for the figure are
those at which the error metric e5 is minimized. The result verifies that the control law guides
the robots toward the target distribution. However, the experiments did not run long enough
to achieve a steady state, at which e’ reaches an equilibrium. The concentration in the top
right remains higher than elsewhere in the row pattern, since the top right corner is where all
the robots started. Figure 2.6 plots the error metric over time e4(¢) from both simulation and
testbed experiment in the ring pattern. Despite many real-world complexities, the testbed
experiment agrees with the simulation in the scale of the error metric at convergence, and
even in the time of convergence. This justifies that our control law in robust in real world

applications.

2.4.3 Extension: N convergence

In chapter [1, we observe the N~1/2 convergence of the number of robots in a specific region.
We show here that the error metric es(t) has the same convergence rate with respect to N.

In the ring distribution, we specifically choose five values of N: 10, 20, 40, 80, and 190,
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Figure 2.5: Robot positions at ¢ = 175.5s for ring distribution (left) and at ¢ = 160.5s for row
distribution (right). Notably, there are two robots in the row pattern that does not show in

the figure, because they are still outside the boundary and in the process of bouncing back

in. Copyright (©2017 IEEE.
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Figure 2.6: Error metric es(t) over time for both simulation and physical experiment with
the target distribution as the ring pattern. We also include @), and ()3, which are lines for
the minimum and maximum error achieved by manually displacement, labeled e,;;, and

emax, respectively. Copyright (©2017 IEEE.
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and use the average of es(t) of last 60 seconds. We plot the results of the simulation and

the testbed experiment with respect to N~'/2 in figure , and draw the best fit line of the

simulation.
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Figure 2.7: Relationship between the error metric es; and number of robots n (6 = 2in, ring
pattern). Note that as n increases, the error tends toward a nonzero value, which is due
to the nonzero d. Nonetheless, the decrease is quite linear with respect to \/Lﬁ, as expected.

Copyright (©2017 IEEE.

2.5 Conclusion

In this chapter, we analyze a decentralized stochastic control law, which drives a robotic
swarm towards a pre-defined target distribution. We also present a testbed experiment
validation of the control law. Despite the significant differences between the real world
platform and the theoretical simulation, we still achieve expected convergence at a practical
time rate. The reason lies in the robustness of stochastic control, which is not sensitive to
the inherit errors from the sensor, controller, etc. The error metric is experimentally justified
to converge as \/LN’ as hypothesized in Chapter The result of our experiments suggests

that this control law is an effective choice for distributing source-constraint robots with no

localization or communication abilities.
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CHAPTER 3

Analysis of Advection-Diffusion-Reaction System

Modeling Spatial Coverage by Robotic Swarm

3.1 Introduction

In recent years, there has been a growing interest in the development of robotic swarms
[BEB13| for a range of applications, including environmental sensing, exploration, mapping,
disaster response, surveillance, cooperative manipulation, and even nanomedicine [TFL14].
Indeed, advances in manufacturing, computing, sensing, actuation, control, and other tech-
nologies have already enabled the development of a variety of low-cost robotic platforms that

can be deployed in large numbers, e.g. [MCF13,|CCD16,GDG16].

While the technology to create robotic swarms is progressing, it remains a challenge to
predict and control these systems’ collective behaviors when they operate in uncertain, un-
structured, GPS-denied environments. Another constraint is that inter-robot communication
may need to be minimized or excluded in order to conserve power and reduce the possibil-
ity of detection by adversaries. Importantly, control policies and verification methods for
robotic swarms must accommodate non-deterministic behaviors that arise in autonomous
systems |Roa|. Stochasticity in robots’ motion and decisions can arise from inherent sensor
and actuator noise, especially in small, highly resource-restricted platforms. Stochasticity
may also be intentionally introduced, for example when robots are programmed to perform
random walks for probabilistic search and tracking missions [RL15], or to switch probabilis-
tically between behavioral states or tasks in a manner similar to social insects. Social insect
colonies provide a useful paradigm for robotic swarm control in that they display robust

collective behaviors that emerge from the decentralized decisions of numerous individuals,
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which act on locally perceived information [BDT99].

Control methodologies for robotic swarms should be scalable with the number of robots
and reliant on limited human supervision, since situational awareness decreases with large
robot populations. Toward this end, we employ a methodology that is based on models
of the robots’ decision-making and motion at multiple levels of abstraction. The multi-
level modeling framework is adopted from the disciplines of stochastic chemical kinetics and
fluid dynamics, and it has been used by others [PCM11,[HWO08] to describe the population
dynamics of large numbers of robots. This framework has also been used to model collective
behaviors in biological swarms, such as flocking, schooling, chemotaxis, pattern formation,

and predator-prey interactions |[OL13].

In our modeling framework, the microscopic model is a discrete model that represents the
actions of individual robots. We consider swarms of robots that display stochastic motion
and decision-making as described above, while also moving according to a programmed
deterministic velocity field. Each robot’s stochastic movement can be modeled as a Brownian
motion with an associated diffusion coefficient. Since the motion of each robot consists of
a deterministic advection and a stochastic Brownian walk, it is governed by a stochastic
differential equation (SDE). A robot’s stochastic transition between two behavioral states

can be modeled as a chemical reaction with a programmable transition probability rate.

Implementations of the microscopic model can be computationally expensive to simulate,
requiring exhaustive parametric studies, and intractable for analysis as the number of robots
increases. To overcome these limitations, the microscopic model can be abstracted to a
lower-dimensional continuum representation, the macroscopic model, which consists of a set
of advection-diffusion-reaction (ADR) partial differential equations (PDEs). These equations
govern the spatiotemporal dynamics of density fields of robots in different behavioral states.
The macroscopic model enables a quantitative characterization of population behaviors, since
it is amenable to analytical treatment and numerical experiments. In addition, techniques for
control and optimization of PDEs can be applied to compute values of the model parameters
that produce a desired global objective. These parameters define the robots’ programmable

control policies for motion and state transitions, and the resulting collective behavior of the
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robots follows the macroscopic model prediction in expectation. Scalability of this “top-
down” control approach is ensured by the fact that the dimensionality of the macroscopic
model is independent of the number of robots. Human supervisory control can be exercised
in the specification of the global objective and the set of tunable model parameters and state

transitions.

In recent years, there have been various applications of control-theoretic techniques to
PDE macroscopic models of multi-agent systems for the purpose of synthesizing agent con-
trollers that produce desired collective behaviors. ADR PDE models in particular have been
proposed to design robot control policies that achieve target spatial distributions of robot
activity over a bounded domain [EB15] and that drive the swarm to a distribution that is
proportional to a locally measured scalar field [EAB16]. ADR PDEs have also been used to
control the probability density functions of multi-dimensional stochastic processes [AB13],
develop multi-agent coverage and search strategies that are inspired by bacterial chemo-
taxis [MH12|, and maximize the probability of swarm robotic presence in a desired re-
gion [MLO6]. Other work on PDE-based analysis and design of agent control laws includes
a study of multi-agent consensus protocols in an Eulerian framework [CFTOS8|; strategies
for confining a population of agents, represented as a continuum, with a few discrete leader
agents |[CP12; and an approach to flocking control for a group of agents governed by the
kinetic Cucker-Smale model [PRT15].

The literature above addresses the problem of designing the rules that govern robots’
behaviors and decisions. However, there has been relatively little effort toward a principled
approach to determining the required number of robots and optimal robot specifications, such
as sensing and communication ranges, for a desired collective task. An impediment to
developing such an approach is the absence of a rigorous and generalizable analysis of the
correspondence between continuum and discrete models of a swarm [BV15]. Recent work
on mean field games [LLO7,BFY13|FS14] demonstrates the convergence of optimal controls
of a large number of agents to optimal controls of a mean-field limit system. However, the
work does not analyze the convergence of the agent-based model to the mean-field model for

a fixed set of controls.
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In this chapter, we address this challenge for robotic swarms that can be modeled as
ADR PDEs at the macroscopic level. We derive a rigorous error bound on the discrepancy
between the microscopic and macroscopic models, which depends on the swarm population
size (alternatively, the number of swarm deployments), the robot sensing radius length,
and the time discretization of the microscopic and macroscopic models. Our derivation
employs a representation of each robot as a circular “blob function” [CB16,MB02| with a
small parameter that represents the robot’s maximum sensing radius. We formulate the
discrete density functions of robots in different states and robots’ cumulative activity over
the domain by summing all of the corresponding blobs. We show that as the number of
robots approaches infinity, the discrete density functions converge to the continuous solution
of the macroscopic model. We illustrate our approach for a simulated scenario in which a
swarm of micro-aerial vehicles must pollinate a crop field, similar to the problem in [EB15|.
We apply the optimal control approach in [EB15] to compute vehicle control policies that
achieve a target spatial distribution of pollination. We also use our derived error bound to
estimate the required swarm size that will achieve the target pollination distribution within
a specified percentage of accuracy. In addition, we demonstrate the effect of the maximum
sensing radius on the swarm performance and show that an optimal radius length exists
for a given swarm size. Notably, the analysis performed here can also be applied to other

stochastic control strategies for robotic swarms, such as [PCM11,HWO08, EAB16].

In summary, the novelty of this chapter is two-fold:

1. We provide a rigorous analysis of the error bound between the aforementioned mi-
croscopic and macroscopic models, which is still absent in the literature on stochastic
control of multi-agent systems with state transitions. This analysis, together with
our optimal control approach in [EB15] which approximates the target distribution
using the macroscopic model, provides a formal mathematical validation of our swarm

control strategy.

2. Based on the scaling laws that are observed in the error estimates, we propose a prin-

cipled approach to determine the required number of robots and optimal robot sensing
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radius that will achieve a target distribution within a specified error.

This chapter is organized as follows. Section [3.2]describes our task objective and the robot
capabilities and behaviors, and Section outlines our design procedure for computing the
number of robots and the robots’ sensing radius, velocity, and pollination rates. Section (3.4
defines the microscopic model, the blob function, and the actual density fields of robots and
their pollination activity, and Section formulates the macroscopic model, an operator
splitting method for numerically solving this model, and the expected density fields. Section
summarizes our optimal control approach, first presented in |[EB15], to designing robot
control policies for target spatial coverage. In Section we provide our convergence
analysis of the estimated error between the actual, expected, and target density fields. We

validate our analysis and design procedure with simulations in Section [3.8 and conclude in

Section [3.91

3.2 Task Objective

In this section, we present the task objective of the robot control scenario defined in [EB15|,
which is the basis of the analysis in this chapter. We consider a crop field Q € R? with
several rows of flowers to be pollinated by a swarm of /N micro-aerial vehicles. There are ny
types of crops in the field, and I'; C €2 denotes the region of the field that is occupied by
crops of type j € {1,...,ns}. The task objective, which must be completed within time
T, is to achieve a spatial distribution of pollination activity over the field within a specified

error 7y, relative to a target pollination distribution pg (), where x € Q.

The swarm originates from a location in the field called the hive. The robots are assumed
to have sufficient power to undertake brief flights from the hive, and they return to the hive to
recharge after a complete flight. Each robot is equipped with a compass and thus can fly with
a specified heading. However, the robots’ stringent power constraints make it infeasible for
them to use inter-robot communication or GPS sensors for global localization. A computer
in the hive serves as a supervisory agent and calculates the parameters of the robots” motion

and state transitions prior to their flight.
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Each robot ¢ € {1,..., N} performs the following actions during a flight. Upon deploy-
ing from the hive, each robot flies with a combination of a time-dependent velocity field
v(t) € R? and a Brownian motion, which is characterized by a diffusion coefficient param-
eter D > 0. We assume that the flowers are distributed densely enough such that a robot
can always detect at least one flower within its sensing radius 0 when it flies over the crop
rows. The sensing radius can be adjusted within a maximum radius, which is determined
by the capability of the robot. When a robot is flying over crops of type j, it decides with
a time-dependent probability per unit time k;(t), the pollination rate, to pause at a flower
within its sensing range and hover for pollination. The robot resumes flying with a fixed

probability per unit time %y, which determines the time taken to pollinate.

3.3 Design Procedure for Target Performance Bounds

Here we present a procedure for computing the number of robots N, the robot velocity v(t),
and the robot pollination rates k;(t) and selecting the robot sensing radius ¢ to achieve the
task objective defined in Section [3.2] The details of certain steps in the procedure are given
in subsequent sections, as referenced below. We illustrate this computational procedure in

Section [3.8] for an example pollination scenario.

1. Set values of the parameters ng, I';, T, pa(x), 74, D, and ky, defined in Section ,
and At, X, defined in Section [3.4]

2. Compute the robot control parameters v(t) and k;(t), defined in Section [3.2] by apply-
ing the optimal control technique described in Section to the macroscopic model,
defined in Section [3.5

3. Choose a value of § and two values of V. Simulate the microscopic model, defined in
Section [3.4], for each value of N with the chosen § and the computed control parameters
v(t) and k;(t).

4. For each value of N, compare the actual distribution of pollination in the microscopic
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model to the target distribution pg(x) and compute the discrepancy between them.

5. Use the convergence analysis in Section to estimate the required N such that the

discrepancy is less than ;.

6. Simulate the microscopic model for several values of 9 with the estimate of the required

N, and select the ¢ that yields the minimum discrepancy.

3.4 Microscopic Model

3.4.1 Robot controller

We use the same robot controller as in our previous work |[EB15]. We discretize the time

span of swarm deployment [0, 7] into M equal time steps:

O=ty<t1 <..<tu=T, t,=mAt (3.1)

The controller that drives each robot is illustrated by the state-transition diagram in Fig.
3.1} Robots switch stochastically between two states, Flying and Hovering. We define the

index sets of robots in each state at time t,,:

F,, = {i : Robot i is Flying},

H;,, = {i: Robot i is Hovering over crops of type j}.

All of the robots start from X, € Q in the Flying state. At the start of each time step
At, each Flying robot that is over crops of type j switches to Hovering at a flower with
probability k;(t,,)At, and each Hovering robot returns to Flying with probability ksAt. We
choose At to be small enough such that k;(¢,,)At < 1 and kyAt < 1, since these probabilities
can at most be 1. The robots’ state transitions can be modeled as the following reactions,
where ¢ € [0, 1] is a uniformly distributed random number:

) if ¢<k;(tm)At .
1€ Fm #} 1€ Hj,m+1

, if p<kjAt (3.2)
i€ Hjyy ——— 1€ Fppg
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¢~ U([0,1])

¢ < k;(t,)At and flying
over type j crop
Flying state \ ?

\

Hovering state

Move according
to (5)

Stay stationary

F 3

¢ < kyAt

Figure 3.1: State-transition diagram of robot controller for pollination. The diagram outlines

a program that would run on a single robot. [ZBE18] Copyright (©2017 IEEE.

After generating ¢ and switching states if ¢ satisfies the condition associated with its
possible reaction in , each robot executes the motion controller that is defined for its
current state over the duration At. We define the domain as unbounded, and robots may
exit and re-enter the bounded subregion of the domain that represents the crop field. The
position of robot 4 at time ¢,,, the beginning of the time step, is denoted by X! € R% Each

Hovering robot stays at the location of the flower that it is pollinating, i.e.

X, =X, VieUl Hj,.. (3.3)
Each Flying robot moves according to the stochastic differential equation,

dX (t) = v(t)At + V2DdB(t), (3.4)

where B(t) is the standard Brownian motion. We simulate this motion using a first-order

discretization of Eq. (3.4),
X! = XL +v(tn) At + V2DAIAZ!, Vi € Fa, (3.5)

where AZ'! are independent, normally distributed random variables with zero mean and

unit variance in R2.

3.4.2 Density fields of robots and pollination activity

In this section, we define the density fields of the microscopic model. During a deployment,

when a Flying robot switches to the Hovering state for pollination, it randomly selects a
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flower that it identifies within its sensing radius 6. In order to compute the density fields
of robots and their pollination activity, we model the probability density function of the
location that the robot chooses to pollinate as a blob function Gs(x). We define the blob

function as:

%exp <;) if |x] < ¢
Gs(x)={ ¢ |z[?/6% — 1 ’ (3.6)

0 otherwise,

where Cy ~ 2.1436 so that

/R2 Gs(z)da = 1.

G5 satisfies the following properties:

1. G5 € Cg°(R?), and its support is {z : |z| < d};
2. Ve, |Gs(x)] < Che 1672 < 572
3. Ve, |0,,Gs(x)| = O(07%) and |0p,0,G5(x)| = O(671), 0,5 = 1,2.

Fig. illustrates a domain with three blob functions, each with the same sensing radius

parameter 9.

Remark 3.4.1. The blob function serves as a mean field approximation of pollination ac-
tivity. That is, instead of modeling a robot’s selection of a particular flower to pollinate,
we consider the probability density of the robot’s flower visits over multiple deployments, or
alternatively, the flower visits by a large number of robots over a single deployment. Each
crop row is modeled as a continuum of possible pollination locations, and thus a robot can

choose to hover at any position within the support of its corresponding blob function.

For all ¥ C R?, we define the indicator function as

1, ifxed
Is(z) =

0, otherwise.
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Figure 3.2: A domain with three blob functions Gs(x), where 6 = 0.15. [ZBE18] Copyright

©2017 IEEE.

We also define

dis(x,Y) := inf{|x —y| : y € T},
¥ = {x: dis(x, %) >}, (3.7)

38, = {x: dis(x, ) < (Y, (3.8)

for some constant ¢ > 0, where X¢ is the complement of . From these definitions, Egn and
Egut are obtained by shrinking and expanding, respectively, the boundary of ¥ by a layer of
width ¢. Hence, ¥ C ¥ C X8

in out:*

Let X (t) be a stochastic process in R? that satisfies the SDE (3.4). For all ¢t > s > 0
and x,y € R? we denote the transition probability measure by P(X,t|y,s) = P(X(¢) €
Y| X (s) = y) and the transition probability density function (pdf) by p.(x,t|y,s). These

functions satisfy
P(3ty,s) =/pe(w,t|y78)da:,
)

1 z —y — [ v(r)dr]?
pe(@,tly. s) = ArD(t — s) P {_ 4D(t — s) } '
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In our simulation of the microscopic model, we discretize the velocity v(t), and hence the
transition pdf from time ¢, to time t¢,,,1 is given by

exp {— = = y;DvA(im)Aﬂz } . (3.9)

p(wathrl‘yatm) = Ar DAt

We now define the actual density fields of Flying robots and Hovering robots, respectively,

at each location x € (2 and each time t,, as:

Pl (@, b Z Gs(x— X)) (3.10)
lGFm

p5(x, Z Z Gs(x — X)) (3.11)
] l1ieH;m

To confirm that these are robot density fields, note that
[ Gste - Xi)de ~ 15(;,),
b

The above identity strictly holds only when X! ¢ %9  — %9 :

m)

otherwise, the range of the

blob will exceed the boundary and will cause coverage outflow, an error introduced in Section

3.7 Hence

/ pl(x, t, Z 15(X?) (3.12)

lEFm

/pz(mt Z > 1u(X)) (3.13)

] 1i€H;jm

which are the numbers of Flying and Hovering robots, respectively, that are in region X at

time t,,, divided by N.

We also define the actual density fields of Flying and Hovering robots, respectively, that
are present after robots execute state transitions according to reactions but before they
execute their motion controllers during the time step At:

1 .
P L 7
pl(w7tm) T N E G5(m - Xm)7

ieFm+1

ﬁgmt Z Z G(sil?—Xl)

] li€H; m+1

20

(3.14)



Note that by Eq. (3.3)), the positions of Hovering robots is unchanged during the time step,

and therefore

P2, t) = P32, tinsa). (3.15)

We denote the density of robot state transitions from Flying to Hovering between times
tm and t,41 as FTH(x,t,), and the density of transitions from Howvering to Flying as

HTF(x,t,,). These densities can be expressed as:

FTH(x,t, ZZLW (XI)Gs(x — X)),
] 1ieF,,

HTFIBt Z Z Jz]mG6 )
] 1i€H;m

where Lj(x) = 1r,(x), and I;j;m, Jijm are independent random variables with

P(I@jﬂn = 1) = At - kj,ma P(L’,j,m = O) =1-—At- k?j,ma

with indices ¢ = 1,...,N, j = 1,....nf, and m = 1,..., M and k;,, := k;(t,,). According to
the reaction network (3.2]),
P, tm) = po(x, ty) — FTH(x,t,) + HTF(x,t,,), (3.16)
3.16
p(x,ty) = pS(x, tm) + FTH(x, t,,) — HT'F(x,t,,).
At each time t,,, the total number of state transitions from Flying to Hovering in the region

) is given by:

/FTH(a: tm Z > LjmLi (X)) 1s( X)) (3.17)

] 1ieFn,
Since each transition from Flying to Howvering indicates a robot pollination visit, F'T H(x, t,,)
is also the actual density field of pollination activity at time t,,. Thus, the actual cumulative

density field of pollination activity by the swarm from time 0 to time t,, is given by:

m—1

ph(@,tn) =Y FTH(w,t,). (3.18)

7=0
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We define the tuple of actual density fields as

P/ (@ t) = (D@t (@ ). (. ) (3.19)

The goal of our analysis is to compare p to the expected density field of pollination, which

is defined in the next section.

3.5 Macroscopic Model

3.5.1 Definition

The macroscopic model consists of a set of advection-diffusion-reaction (ADR) PDEs that
describe the time evolution of the expected spatial distribution of the swarm. The model
presented here was first defined in [EB15] for a similar pollination scenario. The states of the
macroscopic model are pi(x,t), pa(x,t), and p3(x,t), the expected density fields of Flying
robots, Hovering robots, and cumulative pollination from time 0 to ¢, respectively. Using
the parameters v(t), k;(t),j = 1,2,...,ns, kf, D, and L; that are defined in the microscopic

model, the macroscopic model is given by

¢ n
% =—v-Vp + DAp; — jz_f;k:ijpl + kytpa,
Opz _ ier-pl — kypo (3.20)
ot = ’
9ps — i kiL:p:
ot ’- 345 P1s

\
with initial conditions specifying that all robots start in the Flying state and are distributed

according to a blob function centered at Xj:

p1($,0) = Gg(w — X()), pg(:c, 0) = 0, pg(ﬂ?, 0) = 0. (321)

The initial conditions of the macroscopic model and microscopic model are consistent,
ie.
pi(x,0) = p(x,0), i=1,2,3. (3.22)
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We define the tuple of expected density fields as

p(.’B,t) = (pl(wvt>7p2(w7t>7p3(w>t>>‘ (323>

3.5.2 Numerical solution

We use the operator splitting method to numerically solve the macroscopic model with the

same time discretization as in Eq. (3.1). We define the following three operators:

ADV,,(p) =( —v(tm)-Vp1, 0, 0),

DIFF(p)=(DAp,,0,0),

(3.24)
nf ny ny
REACT,(p) = (kfm = kjmLipr, Y kjmLipy = kppa, Y kj,ij,01>~
j=1 j=1 j=1
We split the macroscopic model (3.20)), (3.21)) into three parts:
% _ 4DV, (p). (3.25)
ot
Z—? = DIFF(p), (3.26)
0
a—? — REACT,(p). (3.27)

Denote the solution operators of Eq. (3.25)), (3.26)), and (3.27) with respect to time step
At by Hi(At), Hy(At), and Hz(At), respectively. That is, p(x,t,11) = Hi(At)p(x,t,,) if
p(x, t,11) is the solution of Eq. (3.25) with initial condition po(x) = p(x,t,,).

Using these operators, we can compute the expected density fields at time t,,,; as
This is a first-order splitting method, i.e.

|pe(x,T) — p(x,T)|de < CsAt, (3.29)

R2
where p,. is the exact solution of model (3.20) and p is defined by Eq. (3.28). We note that
Cs depends on 0 and that lims_,qg Cs = co. We choose the values of At and ¢ based on the

numerical simulation results in Section 3.8l to ensure that the above error is small.
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We also define the expected density fields of Flying and Hovering robots that are present

after the reactions but before robot motion during a time step,
pi(x, ty,) == Hy(At)pi(x, tm), 1 =1,2, (3.30)

which correspond to p¢(x,t,), i = 1,2 in the microscopic model. Equations (3.28) and
(13.30) also yield

From the definitions of H;(At) and Hs(At), we have that

1T, tmg1) = /2 1Y, t)D(T, L1 |y, T dy, (3.32)
R
P2(T, tmt1) = p2(®, ). (3.33)

Equation (3.32]) holds because the transition pdf p(x, t,,11|y, tm) is also the Green’s function
of the advection-diffusion equation, see theorem in Chapter 1, or Theorem 2.1 in [Pav14]

for a one-dimensional case.

We numerically solve the three operators over a square domain € with Neumann bound-
ary conditions. The domain is defined to be large enough to contain all the robots almost
surely over the entire duration of the deployment. For the advection operator (3.25]), we use
the following Lax-Friedrichs scheme.

p]r-ijnl - %(pjrlr%#l,n + pf'nfl,n + IO‘Zn,n+1 + pin,nfl)
At

(vp)fn—l,n - (Up)gn—i-l,n I (Up)gn,n—l - (vp)gn,n—i-l
2h 2h

with CFL condition:

At 1
—< )
h = [[vllo

For the diffusion operator (|3.26|), we use the Crank-Nicolson scheme

(p]njnl B p]mn) _ (p7jn+1,n - 2p]m,n + pin—l,n) + (pim,n—‘rl - 2p¥n,n + pzn,n—l)

DAt ' 2h? ' .
(v = 20000+ 0h20) + (Ol = 20000+ ol )
+ o2 '

(3.34)
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Method ((3.34) is semi-implicit. To avoid solving a large scale linear system of equations, we

apply the discrete cosine transform

Aj [
pgcl Zzp]mn M—|— 1 Nﬂ-fla

m=1n=1

so that (3.34) turns into the explicit form

where

D - At k l
At = —(2(305 T + 2cos T —4).
n -

Then we apply the inverse discrete cosine transform to solve p from p:

T nl
mn A4+1N+1§;;;% SlHM+-1 N+1

Lastly, we solve the reaction operator (3.27) using the forward Euler scheme:

Qﬁiifil- REACT,(p))

mn *

3.6 Optimal Control of Coverage Strategies

We briefly summarize the optimal control problem that is solved in our previous work [EB15].
We use this approach to compute the optimal robot velocity v(t) = [v1(¢) va(t)]" and pol-
lination rates k;(t), j = 1,...,ny that minimize the error between a target distribution pq
and the expected pollination field ps at a given time 7. Note that the performance of the

optimal control method is not the focus of this chapter.

For an open subset X C R? L?(X) refers to the space of real-valued, square-integrable
functions. The norm [|-||z2(x) is defined as || f|| z2x) = ([ |f(az)|2da:)1/2 for each f € L*(X).

The notation (-, -) refers to the inner product on L*(X), defined as [, f(x)g(x)dx for

L2(X)

m

each f,g € L*(X). For a natural number m, || - ||z2(x)= and (-, ->L2(X) refer to the natural
extension of the norm and inner product on the product space L?*(X)™. The vector of control

parameters is defined as

w = (U, Ug, oy Unpy2),
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where u; = vy, ug = v9, and uji9 = k; for j =1, ...,ny. Then the optimal control problem is

the following;:

. 1 2 A
mﬁgg%;ﬁmu)z Slos(T) = pallzage) + Slulzeory &= ns+2 (3.35)

subject to Eq. (3.20), (3.21)). Hence, this is a PDE-constrained optimization problem.
Here, Y = C([0,T1], L*(R?)3) is the space of vector-valued continuous functions f : [0, 7] —

L*(R?)3, and U,q is the set of admissible control inputs given by

Uad — {U c L2(07T)nf+2 . u;nm S Uz(t) S u;naz Vt c (O,T)},

min
i

where u and u"** are real-valued scalars defining the lower and upper bounds on the
control parameters. These bounds are determined by the physical limitations on the robots,
such as their maximum velocity. The bounds on the pollination rates k;, j = 1,...,ny,

additionally depend on the time step At, according to the constraint k;(¢)At < 1.

The necessary conditions for optimality are used to derive a gradient descent method
for numerically computing the optimal robot control parameters. We consider a reduced
objective functional J corresponding to J in the optimal control problem . We define
the following reduced problem:

Z:Uyg— Y, min J(u):=J(E(u),u),

u€Uyq

where = is a control-to-state mapping which maps a control, w, to p, the corresponding
solution of the macroscopic model (3.20)), (3.21]). The directional derivative of J is used in a
gradient descent method to numerically compute the optimal robot control parameters. The

expression for this derivative is given in the following claim, which is proved in [EB15].

Claim 3.6.1. The reduced objective functional J is directionally differentiable along each h €
L>=(0,T)" %2 where L>=(0,T) is the space of essentially bounded functions on the interval
(0,T). The directional derivative of J has the form

T nst2

dj('u,)h = / <Z h;B;p, y>L2(R2)3 -+ )\(u, h>L2(0’T)nf+2,
0

=1
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where y is the solution of the backward-in-time adjoint equation

Oy EW:
0ya
ot U Y2,
ys
—_—— T 0
ot ’

with the final time condition

yl(w7T) = yQ(w7T) = 07 y3<va) = p3(w7T) - pQ(w)

and the input operators {B;} defined as

The solution y of the above PDE plays the role of the covector in optimal control the-
ory. However, a straightforward application of the maximum principle for finite-dimensional
control systems to infinite-dimensional systems is not possible in general. Although there
does exist a more general maximum principle for infinite-dimensional control systems such
as those governed by PDEs [Fat99|, this result is not applicable to our system due to the
unboundedness of the control operators B; and B,. An alternative approach to derive nec-
essary conditions based on the first-order derivative of the control-to-state map is to use the
Lagrange multiplier technique to formally derive the optimality conditions, and then rigor-
ously prove the necessity of these conditions and the differentiability of the control-to-state

map. This approach is outlined in [Trol0] and was applied in our prior work [EB15].

57



3.7 L!'-Convergence Analysis

In this section, we present the main result of this chapter: a rigorous convergence analysis to
estimate the error between the expected density field p from the macroscopic model and the
actual density field p? from the microscopic model. Our result shows that the error depends

on the number of robots N, the time discretization At, and the sensing radius ¢.

In our analysis, we use the L' norm, which is the most natural norm for particle trans-
portation, to quantify the degree of coverage by the swarm. This is because the L' norms of
08 and p) directly measure the numbers of Flying robots and Hovering robots, respectively
(see Eq. , ), and the L' norm of p§ measures the cumulative number of crop
visits (see Eq. , ), which is the metric of interest in the application. Note that
in the optimal control method in Section , we use the L? norm in the objective function
since it is convenient for optimal control. This is due to the inner-product structure of L?
spaces, which makes them self-dual; L' function spaces lack this structure. Since our do-
main is a finite region, bounding the L? norm also bounds the L! norm according to the

Cauchy-Schwarz inequality || - |1 < C|| - [|2.

The error bound that we derive in this section consists of four components: the time-
discretization error, the coverage outflow, the coverage insufficiency, and the sampling error.
The time-discretization error arises from our time-splitting method. The coverage outflow
happens at the boundary of the region of crop rows I';,j = 1,2,...,ns: if a robot is polli-
nating in a row I'; at a position that is very close to the boundary of I';, then part of the
corresponding blob may exceed I'j, which generates some loss of coverage. Coverage insuf-
ficiency arises when there are too few robots in the swarm to cover the entire field, given
the size of §, and can be improved by deploying more robots. The most significant error
component is the sampling error, which arises from the stochasticity in the robot motion and

task switching. The error bound indicates the existence of an optimal ¢ for a fixed swarm

size, which we verify in simulation in Section [3.8

Let p’(x,t,,) and p(x,t,,) be defined as in Eq. (3.19) and (3.28)), respectively. We also
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define the L' norm of a function f : R? x [0,7] — R and the error functions as follows:

I£60s = [ If@Dlda, vE R
>
ei(x,ty) - = pi(x, t) — P2 (x, t), i=1,2,3
By o = max{|[er (-, tm)ll1, le2(-, tm) |1}

Theorem 3.7.1. Assume that v(t) € C*(]0,00]), D > 0, and k;(t) € C([0,]), i = 1, ..., n;.
Suppose that Q C R? is a large enough square such that Q C Q, and 3¢ > 0 such that

X e VYm=1,...M, i=1,...N

almost surely, and § < ¢, At < (. We define |Q| as the area of Q, C as an independent
constant, I as U;ilfj, and TS and T, as in Eq. (3.7) and (3.8). We also set

K = kf—l—Zman:

te[o T]

Ps =max P (X, €T

out

—TI79) = 0().

Then when N is sufficiently large, the following estimates are true with a probability greater

than

T 2
1— %N[—(IHN)At +2] ) (336)

(i) (Error in distributions of Hovering and Flying robots)
In N
oot £ CeT | VDI 4y A = 1.2 (3.7
Vi
uniformly in m.
(ii) (Error in distribution of cumulative pollination)
les (-t |1 < OKT@KT[ 4\/_|Q| N Ps + At] (3.38)
Vi
uniformly in m.

Remark 3.7.2. In the inequalities (3.37) and (3.38]), the error terms are interpreted in the
following way.
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SN Sampling error;
2. 6~*: Coverage insufficiency;
3. Ps: Coverage outflow;

4. At: Time-discretization error.

The sampling error is the main source of error in this model, due to the significant stochas-
ticity in the robot motion and state transitions. The time-discretization error arises from
the diffusion of the blob functions outside of Q in the macroscopic PDE model. This error
is not as significant as the other errors, since ) is chosen to be large enough to contain the

entire swarm almost surely throughout the selected time span [0,T].

Note that the task-switching and the motion of the robots depend on each other, i.e. the
motion depends on which state a robot is in, and the task-switching depends on whether a

robot is above a crop region. We formulate the error of motion as

EM(«’L‘):/RQ P (Y, t)P(E, b1 [Y, En )y — 03 (2, ). (3.39)

The first term is the expected density of Flying robots at t,,,1 based on the actual density
that is present after the reaction at ¢,,, and the second term is the actual density at ¢,,,1.

We also formulate the error of reaction as
= —AtZk]mL x)p}(x,tm) + FTH(z,t,,)

+ Atksp (e, ty) — HTF(x,t,,). (3.40)

Here, FTH (x,t,,) and HTF(x,t,,) are the actual densities of robot state transitions be-
tween Flying and Hovering, whereas the other two terms are the expected densities of state
transitions. To prove Theorem [3.7.1] we track the iteration of the error FE,, over the time

span [0, T| using the following proposition.
Proposition 3.7.3 (Iteration of error). For allm =0,...., M — 1, we have that

Epnii < (1+AtK)E, + || ER()|1 + |EM(-)]1. (3.41)
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Proof of Proposition[3.7.5. We can decompose the error in the following way. First, using
Eq. (3.32)), we derive the inequality:

‘el(watm+l)| = ’pl(wathrl) - p(ls(w7tm+1)‘

/RZ PL(Y, t)P(E, b1 [Y, tn )y — 0 (2, b (3.42)

<

[ 19t = ool )| + | BN @)L
R
Then by taking the L' norm of both sides of Eq. (3.42)), we obtain
lex (s tme)lh < 171 (i) = 29 Gt [l + 1EM ()] (3.43)

For abbreviation, we omit (x,t,,). By Eq. (3.16) and the definition of ER(x) in (3.40)),

171 =24l < (|51 = p1) = (25 = P, + Nl = pdlls
nf
< |FTH = AtY kjmLipy + Atkgpy — HTF

j=1

+ By,
1

+ || Atks(p2 — o)l + |ER(C)|l1 + Enm
1

ng
< ALY kjwnLs(pr = pY)
j=1
< (14 AtK)E,, + [|[ER()]|1- (3.44)
Now we combine Eq. (3.43]) and (3.44)) to obtain

ler( tmi)lln <(L+ ALK)Ep + | ER() |0+ [[EM(:) |1 (3.45)

Similarly, by Eq. (3.15)) and (3.33)),
lea (s tmen)ll =[lp2( tmit) = P5( tmat) [

= 1520 tm) = A3, t) 1

(3.46)
< (52 = p2) = (25 = Pl + llp2 = 3l
< (14+AtK)E,, + [|[ER()|-
Combining Eq. (3.45) and (3.46|), we arrive at
B < (14 AtK)E + [[ER() |1 + [[EM()]]1-
O

In the remainder of this section, we will focus on estimating ||[E'R(-)||; and ||[EM(-)||;.
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3.7.1 Error of Motion ||EM(-)|1

To estimate the L' norm, we utilize a spatial discretization. Denote Q by [ag, as] X [bo, bf],
where by — by = ay — ap = +/ \Q Select the spatial resolution to be

_ V19
= T/ (3.47)

and discretize Q into cells of size h x h as follows:
Qp, = {(ao +ih, by + jh) € Q: 0 <4,j < [VN]}. (3.48)

We note that there is no spatial discretization in the simulation of the microscopic model,
but the selection of h matters in the analysis. The choice of h involves a trade-off: smaller
h yields a more accurate estimate, while larger h provides a higher probability that the
estimate is true. By Eq. , there are (\/N 12 cells in all, and hence each cell contains

one robot on average. For F(x) : R?> — R? = (fi(x), fo(x)), we introduce the infinity norm

IF()lloe = sup{|fi(@)], |f2(2)] : & € R*}.

Then we have the following quadrature error.

Lemma 3.7.4 (Quadrature error). Suppose that f € C*(R?). Then the following inequality
holds:

1fOla = > 1f(@k?] < 290V () ]sh

OLEQh

The proof of Lemma is based on the mean value theorem. A similar estimate can
be found in [MB02], Lemma 6.2. In the rest of the section, we always assume that N is

sufficiently large for our estimates.

Claim 3.7.5 (Error of motion). There exists an independent constant, C, such that

~ Jn N
EM)||; < CAHOQIWWDS == + A#?

with probability greater than 1 — N[-smNAR 2]
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Proof of Claim[3.7.5. We note that
IEMC) = EM)lia + 1EME)]1a:-

First, we estimate ||EM(-)||;.q. We define the error of motion for the i robot:

1

Yi(x) = N

1 ; e
Gg(y X )p(x, tmy1|y, tm)dy — NG(;(JZ - X)) ifie Fopn, (349)

and Y;(x) = 0if i € UjH; ,,41. Then by Eq. (3.10), (3.14)), and the definition of EM (x) in

Eq. (3.39), we have

Note that the robots are independent of one another, and thus Yj(x), i = 1,...,N, are

independent random variables for any fixed &. These random variables have zero mean, i.e.

E(Yi(x)) = 0. (3.50)

The proof of Eq. ( is given in Subsection [3.7.3] Claim [3.7.9]

Now we apply Bennett’s inequality to obtain an upper bound for |EM (x)|.

Lemma 3.7.6. (Bennett’s inequality) Let Y; be independent bounded random variables with
E(;) =0, Var(Y;) =c?, and |Y;] < My. Let S=Y,Y; and V > >, 02. Then forn > 0,

1
PAISIZn} < 2exp | = on?VTIB(MonV )|, (3.51)

where B(A) = 2A72[(1 + A\)In(1 + X) — A, A > 0, limy_,o+ B(A\) = 1, and B(\) ~ 2A7'In A

as A — 00.

The proof of Lemma can be found in [Ben62], [Hoe63]. A direct computation yields

Vi) < 5w Y Var(vi(a) < 5o

We set n = A\trmg, My = N71672, and V = N~1§~* in Bennett’s inequality to obtain the
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following estimate.

P <|EM(:13)| > At\l/nﬁj\(;>

1
<2 exp | — 5772‘/_13(4]\407]‘/—1):|
: (3.52)
1 In N
=2exp | — §(ln N)?At*B (Atn_]\f) ]
i 1
<2exp | — g(ln N)QAtQ} — oN—3(nN)ALZ

where we used the fact that B (At%) > % when N is sufficiently large. Hence we have

> IEM(a)h® < A9

OLEQh

N (3.53)

with probability greater than 1 — 2N RECRIEER Next, by Lemma m

IEM()la— Y IEM(et)|h?| < 209|[VEM()||ch < 219 Z IVYi()lloch. (3.54)

aGQh

We claim that for each i =1,..., N,
IVYi () loo < %@Até“ln]\/ (3.55)

with probability greater than 1 — exp [—%At(ln N )2], where () is an independent constant.
The proof of this claim is given in Subsection Claim [3.7.10]

Combining inequalities (3.53)), (3.54]) and (3.55)), and plugging in the choice of h given

by Eq. (3.47)), we obtain
In N In N

EMO)|, 0 < A6 2Q|——= + Co|Q2V DAt 4 ——=
I1EM()1a < | |¢N 2|€)] Wi

i} In N
< CAtm\\/Ba—”—m (3.56)

with probability greater than 1 — 2N Pé(lnN)AtQH], where C' is an independent constant.

Next, we consider ||[EM(-)||;qc. This error is caused by diffusion: in the macroscopic
model, the density of Flying robots diffuses immediately to the entire R?, whereas in the

microscopic model, the actual density of Flying robots always stays in ().

We claim that:

|EM()0 < AP (3.57)
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The proof of this claim is given in Subsection [3 Claim [3.7.11] Now we combine Eq.

(3.56) and (3.57) to obtain

|EM@)|; < CAt\Q\\/E(HM

VN

with probability greater than 1 — N [~3 M)A 2] - Phig completes the proof of Claim m
[l

+ A

3.7.2 Error of Reaction ||[FR(-)|

Claim 3.7.7 (Error of reaction). There exists an independent constant, C, such that

IER()|l, < CKAté~ 3\9\ + AtKP;
\/_
with probability greater than 1 — C N3k (nN)At+2]
Proof of Claim[3.7.7]. Define an intermediate term
FTH'(z,t, Z > Atk Li(X],)Gs(x — X))
j 1ieFy,
Omitting (x,t,,), we have
|ER(z)| = ‘ Atz kjmLj(x)p + Atkpl + FTH — HTF

< |SE(z)| + |OF ()],
where
SE(z) = [(FTH — FTH') + (Atkspy — HTF)] (z,tm),
= (Ati kjmLi(x)p] — FTH’) (z,t,).
=1

Notably, FTH and FTH' are supported in I} ,, while k; ., L;(x)p is supported in I". There-

out?

fore, OF (x) measures the coverage outflow at the boundary of I'. FTH and HTF are the

actual densities of robot state transitions between Flying and Hovering, whereas FT H' and
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Atk pS are the expected densities of these state transitions; therefore, SE(x) measures the

sampling error of reaction.

First we estimate [|[OF(-)||;. We define L(x) = 1p(x). Note that by the definitions of
Lj(x) and L(x), we have that

L(z) = Z L;(x).

Now using the definition of p from Eq. (3.10]), we obtain

OF(2) = 5 32 3 k(L (@) — L, (X0,))Cola — X,).

1€Fm j=1

Let us define

1 & . .

3 2 kil (L) = LX) G- = Xl if i € F,
j=1

0 if i € UL Hjpm,

and

Then Z; is coverage outflow of each individual robot, and

IOF()s < ALY Zi = AtY (Zi+ E(Z). (3.58)

i=1 i=1

From the fact that Gs(x) is supported in {x : |x| < ¢}, it is straightforward to see that

(Lij(x) — Li(X:)Gs(x — X ) =0if X! ¢ 1%, —T%. When X! €I, —TI'?  we have
K A ,
Zi < — | |(L(z) — L(X,,))Gs(x — X,)|dz
N Jge
1 : K
< — | Gs(xz— X ))dxr = —.
= N e (@ = Xp)de =
Hence,
K . K
E(Z) < NP{Xm e, -1l < NP(;. (3.59)

Note that Z! are i.i.d random variables with F(Z]) = 0, so we can apply Bennett’s inequality

(Lemma [3.7.6) again to estimate |3, Z/|. We set = K In N/v/N and compute M, and V
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as follows: |Z!| < K/N =: My and Y, Var(Z]) < NM3 = K?/N =: V. Plugging n, M,

and V into Bennett’s inequality, we arrive at

P<§:Z; > K\;HNN) < 2exp [_(m;\r)?} (3.60)

Combining Eq. (3.58)), (3.59)), and (3.60]), we obtain

In N
IOF()|i < AtK—= + AtKP; (3.61)

VN

with probability greater than 1 — 2exp [—1(In N)?].

Next we estimate ||SE(-)||;. Since SE(x) is supported in Q, we have that ||SE(-)||;, =
|SE(-)[l10- We define

Wi(z) == 0;Gs(x — X)), i=1,..,N,

where
ny
1

~ > (Athjm — Lijm)Li(X},)  ifi € Fy,
P = J=1
1
N(Ji’j’m — Atkf) ifie Hj,m~
It can be verified that for a fixed @, the random variables W;(x), i = 1, ..., N, are independent,

and

|~

1
Wi(w)] < = and [SE(@)| <

Var(Wi(x)) < 6 *Var(g;) <

<

tK
N2§4

Using the estimate of quadrature error (Lemma [3.7.4)),

ISEC)la— Y ISE(@)[p?| < 2IQ|[VSE()|xoh
Rt (3.62)

N N
< 209 @il VGs(- = Xp)llooh < 51920672 |l

i=1 =1
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Next we claim that

N
> el < 2AtK (3.63)

i=1
with probability greater than 1 —2exp [-C1AtK N/2], where C} is an independent constant.

The proof of this claim is given in Subsection [3.7.3] Claim [3.7.12] Now we apply Bennett’s

inequality again to estimate SE(ax). Setting n = At 2= In N T Mo = &5, V=2
these parameters into Eq. (3.51)), we obtain
P(|SE( )| > At th) < oN[-srmMaL
VNE
Hence,
In N
P [SE(@)h? < A2 3_ > 1 - N[k tmMAL], (3.64)

aEQh
Combining Eq. (3.62), (3.63)), and (3.64), and noting that exp(—N) < N~InMAH2 e find
that

ISEOL < 102k |32+At\Q\5*2M
b= VN VN
In N
< CLAtKS™ 3|Q|j_ (3.65)

with probability greater than 1 — C3N [~5ic (N )At+2], where Cy and C3 are independent
constants. Finally, by combining Eq. (3.61)) and ({3.65]), we conclude that

n N
IER()|, < CKAtS™ 3\Q|\/_

with probability greater than 1 — CN [~ak(n N )At+2], which completes the proof of Claim
B.77 O

We now show how Theorem follows from Proposition [3.7.3, Claim [3.7.5] and Claim
B.77

Proof of Theorem[3.7.1. Set § = 1 4+ KAt. By combining the inequalities in Proposition
[3.7.3 Claim [3.7.5] and Claim [3.7.7] we find that

In N
Fms1 < BEn +C'K |Ats™VD |Q|HT+AtP5+At (3.66)
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with probability greater than 1 — C'N R )At2+2], where C” is an independent constant.

Note that Ey = 0. Iterating over m by using Eq. (3.66)), we obtain

m+1
Epyr < C’KAtﬁﬁ—[ 4\/_|Q| ¥ NPy At]

gC’eKT{ 4\/_|Q|T+P5+At}

uniformly in m with probability greater than

C/TN[_%(lnN)Aﬂ—l-Q]. (3.67)

1 —
At

Replacing C” with C| this proves part (i) of the theorem.

To prove part (ii), we start with the following inequality:

lps (- tm) = P5C ta) s

m—1 Ny m—1
SN ki ALi()pa(t) = Y FTH(: )
=0 j= 7=0

1

1

. ; S kinLi () (1 (- t) — A1)

=0 j=1

1

m—1 1y m—1
+ Z Z Atkj:TLj(')p(H'? tT) - Z FTH(, tT)
7=0 j 7=0

1

1
= Al -+ AQ.
Here, Ay is the cumulative error in the positions of the Flying robots, and A, is the cumulative

error in reactions. We have that

m—1

A < ALK Z E.
7=0
s In N
< AK Y R {5—4\/5|Q|— + P+ At] (3.68)
7=0 \/N

In N
:C’TKeKT[ 5V D|Q|—= +P5+At].
VN

Next we estimate Ay. We have
nf

> Atk Li()p} — FTH(:,t,)

m—1

Ay < Z
7=0

1
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We note that the term Y./ Atk; L;(x)p — FTH(x,t,) comprises part of the error of

reaction ER(x), according to Eq. (3.40). Using an argument similar to the one in Claim

[B.7.7, we obtain
1
Ay < {CK AN

T

3

3]9[\/_ + AtKP(;]
In N
3\9\\/—

Combining Eq. (3.68) and (3.69)), we arrive at our conclusion:

Il
o

_ [CK& + KP(;} . (3.69)

In N
les(- tw)|l1 < C”KT@KT{ 4\/_|Q|HT+P5+At]

uniformly in m with probability greater than expression (3.67)). Replacing C” with C| this

completes the proof of Theorem |3.7.1} O

Thus far, we have presented an estimate of the L' error between the expected density
field p3 and the actual density field p§. We can compute the relative error between these

density fields as:

s T) = G
L= e (3.70)

In practice, however, we would want to compare p3 to the target distribution pg. Moreover,
since the user will be satisfied as long as the crops are sufficiently pollinated, we can consider
the over-pollinated portion as an inefficiency rather than an error. Hence, we only count

insufficient pollination as error. We define the discrepancy v and efficiency as

65 7) A palt) — pal0)l
o2 ()1 ’ (3.71)

ciency = 15 T) A pa()lh
piicenes [FZ1Cv ] PR (3.72)

where pi(z,T) A po(x) = min{p}(x,T), po(x)}. We also define the intrinsic discrepancy,

which does not depend on N and 4, as

10s(.T) A pie) — pa()
Toa )1l ' (3.73)

Ta =
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Note that we do not analyze the error between the target distribution and the macroscopic
model in this chapter, since the optimal control is already studied in [EB15|. Given a desired

discrepancy 74, our goal is to select N and 0 such that
v < Ya (3.74)
Toward this end, we present the following corollary.

Corollary 3.7.8. Under the same assumptions as in Theorem |3.7.1, we have that

In N
7 < v+ Cy (6+At+(1+5_4)—3ﬁ) (3.75)

3(n N)AE+2] Here, Cy is a constant that depends on

with probability greater than 1 — TfN [
k‘j(t), D, Fj, T, and Q

Proof. Since | min{a, ¢} — min{b, c}| < |a — b],

105 A pa(-,T) = pa()|h
<|lps A pal-,T) = pa()ll + 103 A pa(-,T) = ps A pa(-, Tl
<|lps A pa(-,T) = pa()lL + 165, T) = ps (-, T) |1

Hence,

105(-,T) — ps(-,T)|Ix

lpa ()l
By Theorem [3.7.1} 3 an independent constant C} > 0 such that

v < v+

, In N
|’pg<.’T)—p3(~,T)||1 < C (5+At+(1+5 4)ﬁ)'

Divide both sides by |[pa(-)|| and apply it to the previous inequality, and Eq. (3.75) is
proved. O

3.7.3 Proof of the Claims

Claim 3.7.9. Let Y;(x) be defined as in Eq. (3.49). Then for eachi=1,...,N and each x,

E(Yi(x)) = 0.
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Proof. Note that if 1 € F),, 1,

E (Gé(a” - X?il-i-l))
—F {E {G(g <:c X w(t,)At — \/MAZm> X

[ . 1 |2
=F - X' — At — - t
6o X w80 ]

E| / Golf — X)) —~ e =5 gy
— — 4D At
| Jee Y 4r DAL’ Y

=K GJ(y - X;n)p(wu thrl‘yu tm)dy:| )

LJ/R?
where we applied the change of variable y' = @ — v(t,,,) — y. This proves our statement for

i € Fyyq. In addition, Y;(x) = 0 for each ¢ € F,,, 1. O
Claim 3.7.10. For eachi=1,...,N,
c L
IVYi()||oo < N\/ﬁma In N
with probability greater than 1 — exp [—%At(ln N)z], where C' is an independent constant.

Proof. 1t is straightforward to see that for each i € U;H; 41, VY;(x) = 0. For eachi € F,,,11,

VY(x) = ]1[ VGs(x' — y)p(y; At)dy — %VG(;(:I:’ —V2DAINZ,,),
where
' =x—v(t,) At — X!,
p(y; At) = zm;m exp (_4‘11;—21&)'
Note that
IVYi(x)| < Wi+ Wy,
with
W= [ IVGs(a! —y) ~ VGsla ~VIDAIAZ,, —y)lply; A)dy

N’ / VGs(x' — V2DALAZ,, — y)p(y; At)dy — VGs(x' — V2DAtAZ,,)|.
R2
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Since AZ,, = (AZ},, AZ2) ~ W (0,1),

. 1
P(rr_l?>2(|AZ;1] <VAtInN) > 1—exp {—ﬁAt(ln N)ﬂ.

By the mean value theorem,

1

W, = ~ 0*Gs(&1(x,y))V2DAAZ,,p(y; At)'dy
R2

< 2vV2DAt
- N

< N@Até“‘ In N

max |0,,,.Gs| max |AZ! | (3.76)
1,j=1,2 J 1=1,2

with probability greater than 1 — exp [—%At(ln N )2] Here C" is an independent constant.

Now we estimate Ws. It is straightforward to see that
Wg S HVG(; *pD — VG(;HOO
By using a change of variable y = v Aty’, we obtain

Gs » p(x; At) — Gs(x)
1
- [ |Gt Biy + ja0Gs(ele DIy | ol )y
RQ

Applying the facts that

/ y'p(y;)dy = 0, max |0,,4,..Gs] < C6°,

R2 %,7,2=1,2
we have that

Wy < |[VGs%p— VG|l < C"AL5, (3.77)

where C” is an independent constant. Combining Eq. (3.76)) and (3.77)), and noting that

N > 6!, we arrive at
c —4
IVYi()|leo < N\/DAM In N

with probability greater than 1 — exp [—1At(In N)?]. O
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Claim 3.7.11. The following inequality holds:
IEM()lhg < A

Proof. By our assumptions in Theorem 3¢ > 0 such that X’ € Q> and § < ¢. Since

Gs() is supported in By,

Gslx —XI)=0 Veg QS VYm=1,.,M i=1,.,N.

Therefore, we have
1 i
Yilhe =5 [ [ Gsly = X5)p(@, tna |y, tn) - dyda.
¢ Qin

By definition, V& € Q¢,y € Q¢ | — y| > (. Thus, we can choose At small enough so that

in’

|l —y —v(t,)At| > g Defining By = {z : || < (}, we have

1 , 1 ||
Y ge < — Gs(y— X' )d ~abaid
Wi <y [ Gity -~ Xidy /(Bm)c e e
1 [~ r 2 1 ¢ At?
< — e bAaidr = —e 16DA < ——
T N Jepn 2DAL N - N
since At < (. Hence,
N
IEM()lha < D IV la < AL
i=1

Claim 3.7.12. The inequality

N
D el < 2AtK

i=1

is true with probability greater than 1 — 2exp [-CAtKN/2], where C is an independent

constant.

Proof. We define

o = leil — E(jpil)-
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Then E(p}) = 0 and E(|p;|) < AtKN~'. Applying Bennett’s inequality (3.51)) with n =
AtK, My =N7' and V = AtKN~!, we obtain

P(is@é

=1

> AtK) < 2exp[—B(1)AtKN/2|.

Hence,
N N N
Yool < D@l +D Ellel) < 2AtK
i=1 i=1 i=1
with probability greater than 1 — 2exp [—B(1)AtK N/2]. O

3.8 Simulation Results

In this section, we illustrate the design procedure in Section for a simulated crop polli-
nation scenario. Simulation results beyond those required for the design procedure are also

presented to validate our convergence analysis.
1) Set the parameter values.

We set the example crop field to be a unit square, 2 = [0,1]?, which has five rows of
ny = 2 different types of crops. The regions of type 1 crops and type 2 crops are defined, re-
spectively, as I'1 = {(z1,22) : 21 € [0.05,0.15]U[0.45,0.55]U[0.85,0.95], 25 € [0.05,0.95]} and
Iy = {(z1,29) : 21 € [0.25,0.35] U [0.65,0.75], 22 € [0.05,0.95]}. Let the target pollination
distribution be

po(x) =6-1p (x) + 12 1p,(x), (3.78)

which is shown in the top left of Fig. [3.4 The other simulation parameters are X, =
(0.4,0.2), T = 240, k; = 0.2, D = 0.0005, 74 = 0.25, v = o5 = —0.01, v"** = v§** =
0.01, and At =0.5.

We note that our choice of At = 0.5 is based on empirical tests of a range of At values,
each of which satisfies the CFL condition needed to solve the advection operator in the
macroscopic PDE model. We found that the numerical solution of the macroscopic model
does not change significantly for At € (0,1.5]. This is because, as shown in Fig. , the

robots’ optimized velocity components vy (), v2(t) and pollination rates ki (t), ko(t) do not
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display sharp variations over any time period of 1.5 units, which means that the typical
time scales of vy (t),ve(t), k1(t), and ko(t) are much larger than the time scale resolved with

a choice of At € (0, 1.5]. Furthermore, we note that the choice of At has little effect on the

error bounds ([3.37)) and ([3.38)), as explained in Remark [3.7.2

2) Apply the optimal control technique to compute the robot control policies.

Using the parameters above, we run the optimal control technique described in Section

to compute the robots’ velocity v(t) and pollination rates ki(t) and ky(t), which are
plotted in Fig. [3.3]

x 107

velocity

0.2

0.1r

reaction rates

0 50 100 ¢ 150 200 250

Figure 3.3: Top: robot velocity field v(t) = (v1(t),v2(t)). Bottom: robot pollination rates
ki1(t) and ko(t). [ZBE18| Copyright ©2017 IEEE.

3) Simulate the microscopic model.

We simulate the microscopic model with the optimized values of v(t), kq(t), and ko(?)
from Step 2 and the robot sensing radius 6 = 0.015. While the design procedure only requires
simulations for two distinct values of the swarm size N, here we simulate the microscopic
model for all the values of N shown in Table 3.1l We run 100 simulation trials for each value

of N.
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4) Compute the discrepancy 7y between the actual and target pollination distributions.

For each simulation of the microscopic model, we compute the resulting actual pollination
density field, pi(x,T), and calculate the discrepancy ~ from Eq. (3.71)), the relative error
REL from Eq. (3.70), and the efficiency from Eq. (3.72)). Table shows the mean -,

REL, and efficiency for each value of N over 100 simulation trials.

Note that as the swarm size N increases, the mean values of v and REL decrease.
This is due to the convergence of the actual pollination density p$(x,T) to the expected
pollination density ps(x,T) with increasing N. We illustrate this convergence in Fig. [3.4]
which plots p§(z, T') resulting from several values of N (one simulation trial per V) alongside
p3(x,T) and the target distribution po(x). To obtain ps(x,T’), we numerically solved the
macroscopic model over the domain Q = [~1,2]? with h = 0.006. The intrinsic discrepancy

for this scenario was computed to be vq = 0.1413.

Table 3.1: Simulation results with respect to different V.

N  Mean v Mean REL Mean Efficiency

6400 0.1912 0.1968 0.8881
3200 0.2139 0.2636 0.8667
1600  0.2486 0.3601 0.8257
800  0.3065 0.4997 0.7615
400  0.3924 0.7017 0.6643
200 0.5284 0.9845 0.5177

5) Estimate the required N such that the discrepancy v is less than 4.

From Corollary |3.7.8 we have that

L In N
2\/N7
7

/

7 < g (3.79)
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Figure 3.4: Top left: Target pollination distribution pg(x). Top right: Expected pollination
distribution ps(a,T’) from the macroscopic model. From middle left to bottom right: Actual
pollination distribution p3(x, T') from the microscopic model with § = 0.015 and N = 200,
400, 800, 1600 robots. The field is [0,1]?. [ZBE18| Copyright (©2017 IEEE.
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where ¢} is the error determined by At and 6, and ¢ is a coeflicient that depends on §. Since
InN <N

when N is sufficiently large, we conjecture that

1
Y= 01+02ﬁ. (3.80)

In the bottom subfigure of Fig. m the linear fitting of mean v against 1/v/N verifies Eq.
(3.80)). This figure also shows that there is a linear relationship between the mean value of

REL and 1/v/N.

Now for 74 = 0.25, we show how to select the number of robots that are needed to achieve
the specification . We solve for ¢p, cp in Eq. using the mean v for N; = 200,
Ny =400 from Table 3.1 The resulting two equations,

0.5284 = ¢ + CQL, 0.3924 = ¢; + CQL, (3.81)
v VN,
yield ¢; = 0.06407, ¢o = 6.567. We plug these coefficients into Eq. and choose the
smallest N such that v < ~4 = 0.25. This yields N ~ 1249.

Remark 3.8.1. The robots in this scenario act independently of one another, since there
are no interactions such as communication. Hence, a swarm with a large population N will
achieve the same distribution of pollination over one deployment as a swarm with a smaller
population of aN, a € (0,1), over a=' deployments. This deployment strategy can be used

when the required value of N for some 7y, exceeds the number of available robots.

6) Select the value of 0 that yields the minimum ~ for the required N .

For the selected value of N, there exists an optimal value of § that yields a minimum
value of the discrepancy v for that N. We illustrate this in Fig. [3.6] which plots the mean
value of v over 100 simulation trials with respect to different pairs of 6 and N. We note that

the range of 0 in our study and the choice of At = 0.5 yield a very small error (< 0.01) in
the operating splitting method ([3.29)).
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Fig. reflects a trade-off in choosing 0 that is predicted by our error analysis: for
a given swarm size IV, small ¢ yield a low coverage outflow near the crop boundary but a
high coverage insufficiency, whereas large ¢ yield a high coverage outflow and a low coverage
insufficiency. As the plot shows, the optimal § becomes smaller as the swarm size N increases.
From Step 5, we find that N ~ 1249 is the smallest N for which the discrepancy does not
exceed 4. Thus, we can choose any N > 1249, such as N = 1600. Then, from Fig. [3.6]
we can pick the optimal 0 for N = 1600 to further decrease the discrepancy, which gives us
0 =~ 0.024 and v =~ 0.23. In practice, the sensor limitations will impose an upper bound on
0 that may be lower than the optimal value. For example, if we choose N = 1600 and the
possible range of § for the sensor is [0,0.020], then according to Fig. we should choose
0 to be 0.020 instead of 0.024.

We further illustrate the effect of § with the results in Fig. [3.7, which plots p}(z,T)
resulting from a relatively small robot population N = 100 and several values of J (one
simulation trial per J) alongside the target distribution pg(x). The figure shows that when
N is fixed at 100, the discrepancy 7 is very large and coverage is fairly sparse when ¢ = 0.015,

and increasing ¢ to 0.030 yields a lower discrepancy and improved coverage.

3.9 Conclusion

In this chapter, we derived analytical bounds on the error between a target spatial distribu-
tion of coverage activity and the actual coverage distribution that is achieved by a swarm of
N robots whose population dynamics can be described by an Advection-Diffusion-Reaction
PDE. We consider scenarios in which the environment is known and the robots’ capabilities
are highly constrained, in that they have no inter-robot communication or global position
information. The analytical bound revealed an almost linear relationship between the cov-
erage error and N _%, thus providing a convenient way to choose a swarm size that produces
a coverage distribution within a maximum allowable error. Our analysis also indicated the
existence of an optimal robot sensing radius that minimizes the discrepancy between the

actual and target coverage distributions for each swarm size, which provides a theoretical
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basis for selecting a particular sensing range. We verified our analytical results through
simulations of a crop pollination scenario. We hope that the detailed analysis presented here
will inspire the analysis and design of other distributed systems with a significant stochastic

component.
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Figure 3.5: Top figure: Swarm size N vs. mean RFEL and mean 7, both averaged over
100 simulations of the microscopic model for each value of N. The corresponding standard
deviations are shown as error bars. Bottom figure: 1/ VN vs. mean REL and mean . The
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