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Constrained source seeking for mobile robots
via simultaneous perturbation stochastic approximation

Eduardo Ramirez-Llanos and Sonia Martinez

Abstract— This paper considers a class of stochastic source
seeking problems to drive a mobile robot to the maximizer of
a source signal by only using measurements of the signal at
the robot location. Our algorithm builds on the simultaneous
perturbation stochastic approximation idea to obtain informa-
tion of the signal field. We prove the practical convergence of
the algorithm to a ball of size depending on the step-size that
contains the location of the source. The novelty of our approach
is that we consider nondifferentiable convex functions, a fixed
step-size, and the environment can be restricted to any compact
convex set. Our proof methods employ nonsmooth Lyapunov
theory, tools from convex analysis and stochastic difference
inclusions. Finally, we illustrate the applicability of the proposed
algorithm in a 2D scenario for the source seeking problem.

I. INTRODUCTION

Source seeking algorithms are used in mobile robotics for
reaching the source of a radiation-like signal when position
measurements are not available. Applications range from
biology, in understanding bacterial foraging, to security, for
rescue operations and chemical detection. In a typical sce-
nario, the robot takes measurements of the signal emitted by
the source by exploring the environment through a stochastic
motion. This information is used to navigate and climb the
gradient of the signal field, where the signal field might
represent the spatial distribution of magnetic force, thermal
signal, or chemical concentration.

Our approach is inspired by the simultaneous perturbation
stochastic approximation (SPSA) method. The SPSA algo-
rithm is a well-known method for estimating the gradient
from noisy measurements of a cost function. It was originally
proposed in [1] and has been successfully applied in many
optimization problems like statistical modeling, parameter
estimation, simulation optimization, and stochastic optimiza-
tion. The original SPSA algorithm assumes a monotonically
decreasing step-size, which for practical implementation in
mobile robots is not an option, since it is impossible to
navigate with infinite precision, which is the case when the
step-size is converging to zero. Therefore, we propose a
modified version of the SPSA algorithm which uses a small,
but constant step-size in a constrained environment.

Literature review. There are many approaches to stochastic
source seeking for mobile robots in GPS-denied environ-
ments such as the application of the extremum seeking
framework to nonholonomic vehicles as in [2], or the ap-
plication of the SPSA algorithm to mobile robots in [3], [4].
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We follow the approach of [3], where the authors design a
controller to drive a robot to the source by applying the SPSA
algorithm without the use of the position information. The
algorithm they propose uses standard assumptions found in
SPSA in the literature such as thrice differentiability of the
cost function and monotonically decreasing step-size. Those
assumptions fit very well in many applications where direct
measurements of the gradient are not available. However, in
some applications, a decreasing step-size is not an option.
An alternative is to use a small, but constant step-size,
which has been successfully applied in applications such as
optimization of combustion control [5], mobile robots [4],
and tracking and adaptive control [6]. In [5], a variation
of the SPSA algorithm is proposed which decreases the
oscillation against the constraints. The proposed algorithm
is applied to an automotive combustion engine problem.
Although [5] uses a constant step-size, no theoretical guar-
antees are given for fixed step-size. In [4], a model-free
algorithm is proposed based on stochastic approximation to
find a source in environments with obstacles, which uses
a constant step-size. A decreasing step-size is not desirable
because the robot might get trapped in a location where the
magnitude of the gradient is small. The convergence of the
algorithm in [4] is implemented in a real world scenario.
However, its convergence is not proven theoretically. In [6],
an algorithm inspired by SPSA is proposed for unconstrained
optimization. The algorithm uses a constant step-size to
minimize a cost function for tracking problems. A drawback
is that the cost function is assumed to be once differentiable
and it solves an unconstrained optimization problem.

Statement of contributions. We propose a stochastic source
seeking algorithm to drive a robot to an unknown source
signal by only using measurements of the signal field. Our
algorithm builds on the SPSA algorithms of [1] and [3]. The
novelty of our approach is that we consider nondifferentiable
convex functions, fixed step-size, and the environment can be
any compact convex set. We prove practical convergence to a
ball and whose size depends on the step-size that contains the
location of the source. For the proof, we use Lyapunov theory
together with tools from convex analysis, and stochastic
difference inclusions. Our proof does not rely on stochastic
approximation theory as is usually the case for algorithms in
the literature based on SPSA.

II. PRELIMINARIES

This section presents notation, notions of convex analysis,
and stochastic stability theory that are used in the sequel.
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A. Notation

We denote by Z>( the set of nonnegative integers, Zq
the set of positive integers, RZ, the positive orthant of R",
for some n € Zg, and I, the identity matrix of size n X n.
When a vector x € R" is composed of nonzero elements, we
define the elementwise inverse as = 2 [z, ...,z 1]".
The two-norm of a vector is denoted by |.||. A function
is f is o(h), and we write f(x) = o(h(x)) as = — xo,
to mean that lim, s, 75 = 0. A function f is O(h),
and we write f(x) = O(h(x)) as © — xo, if there exists
0, M € R<q such that || f(z)||< M||h(zx)]| for ||x — xo||< 6.
For a closed set S C R™ and z € R", |x|s= inf,cslx—y| is
the Euclidean distance to S. A function ¢ : R” — R is upper
semicontinuous if limsup, .,  ¢(x;) < ¢(x) whenever
lim;, 4 oo ©; = x. Given two sets S and 7', a set-valued map,
denoted by h : S = T, associates an element of S with a
subset of T'. The symbol Is(z) denotes the indicator function
of Ig, i.e., Is(z) =1 for z € S and Ig(x) = O otherwise. A
set-valued map M : R? =% R" is outer semicontinuous if, for
each sequence (z;,y;) — (x,y) as i — 400, in € RP x R™,
and satisfying y; € M (x;) for all i € Z>o, it holds that
y € M(x). A mapping M is locally bounded if, for each
bounded set K C RP, M(K) £ U,cx M (x) is bounded.

B. Convex analysis notions

The notions we introduce here follow [7], [8]. Let f :
R™ — R be a closed, proper, and convex function. The
subgradient of f is the set-valued map J0f : R" =% R”
defined by the subgradient set df(z) = {£ € R™ | f(2') >
flz) + €T (x" — z)}. We refer to df(x) as the semi-
derivative function, which is the support function of the
nonempty, compact, and convex set df (), i.e., df (z)(w) =
sup{¢Tw | € € Of(z)}. The first order expansion of f for
any point x is given by

f(@+w) = f(x) +df (z)(w) + o([[wl])- (1

We say that f satisfies the superquadratic growth condition
if there exists p > 0 such that

I0) 2 @)+ df@)y -a) + Ely o’ @

for z,y € R". In particular a strongly convex function
satisfies (2). When f is differentiable, satisfying (2) is
equivalent to assuming that pl,, < V2f(z) for z € R".

C. Stability for stochastic difference inclusions

The notions we introduce here follow [9]. Consider a
discrete-time, stochastic difference inclusion

T € Holz,vT), v~p, 3)

where x is the state after an instantaneous change, H,, :
R™ x R™ = R"” is a set-valued map for some n,m € Z~g
parameterized by o € Ry, which assigns non-empty set
values, and x € R" is the state. The notation v and v
refers to sequences of random input variables as explained
next. Consider a complete probability space (€2, F,P), where
) denotes the set of all possible outcomes, F is the o-
field associated with €2, and P is the probability function

that assigns a probability to events in F. In particular,
we assume B(R™) C F, where B(R™) is the Borel
field. In (3), we use v™ and v as a place holder for
a sequence of independent, identically distributed (i.i.d.)
random variables v £ {v;}2°, that is, P(vy € F) =
P({w € Q| vi(w) € F}) is well defined and independent
of k for each F € B(R™). We use Fj to denote the
collection of sets {w € Q | (vo(w),...,vi(w)) € F},
F € B((R™)**1), which are the sub-o-fields of F that
form the minimal filtration of the sequence v. Due to the
i.i.d property, each random variable has the same probability
measure 2 : B(R™) — [0, 1] defined as u(F) = P(vy, € F)
and, for almost all w € Q, E[f(vo, ..., Vi, Vit+1)|Fr](w) =
Jam f(vo(w), ..., vi(w),v)u(dv), for each k € Z>( and
each measurable f : (R™)¥*+2 — R.

The sequence of random variables x = {xj}x>0, Where
x, ¢ domx, C Q@ — R", k € Z>¢ with x9 = « for
all w € Q and domxyy; C domxyg, is called a random
process starting at « € R™. We say that x is adapted to the
natural filtration of v if x4 is Fj measurable for each
k € Zso, ie., x;,(F) € Fy for each F € B(R™). A
random process x starting from z € R” and that is adapted
to the natural filtration of v, together with a random variable
Jx + @ — Z>o U {oo} (which denotes the number of
elements in the sequence x) is a random solution of (3)
starting at © € R", denoted as x € S(z), if x9 = «z,
Xt 1(w) € Ha(xk(w), viy1(w)) for all w € domxyyq =
{we Q| k+1< Jk} and k € Z>o. We impose the
following regularity condition on H.

Assumption 1: H is locally bounded and v —
graph(Ha (-, v)) 2 {(x,y) € R" x R" | y € Ho(z,0)} is
measurable with closed values.

Definition 1: (MSP-ES): We say that the equilibrium point
of (3) is mean-square practically exponentially stable (MSP-
ES) if there exists a* € (0,1), positive real numbers 3,
A< ﬁ, ~ and 7, such that for all « € (0,*] and for all
k € Z>o, we have E[|zx||?] < B(1 — a))*||xo|?+var.

Proposition 1: ([10]): Consider the system (3) under As-
sumption 1. If there exists an upper semicontinuous function
V : R™ — R>, positive constants ¢, c2, A, K, o* € (0,1),
and 1 > 1, such that for all « € (0, a*)

arllz)* < V(2) < eallz]?,

max V(hu(dv) < (1 - a\)V(2) + oK,  @4)
Rm «@

then, the equilibrium point is MSP-ES for (3). °

III. PROBLEM STATEMENT

This section describes the source seeking problem for
GPS-denied environments which has been proposed in
e.g. [2], [3], and [4]. We follow the approach of [3], except
for the fact that we consider boundaries in the environment.
Suppose that a point robot (or sufficiently small disc) moves
in R™ and its motion is described in the world coordinate
frame by

[5:6,9]" = G(p(t),6(t), $(t))u(t), ©)
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where G : R™ x R™t x R"2 — R(»Hmatn2)xm jg 5 function
describing the robot dynamics, p(tf) € R™ and 6(t) € R™
are the translational and orientational positions in the world
of coordinate frame, ¢(t) € R™ and u(t) € R™ are the
internal posture and the control input, respectively.

Let £ be the environment where the robot moves, which
is assumed to be convex and compact. A fower broadcasts a
signal, which is modeled by an intensity function f over
R™. Let f denote the signal mapping f : R” — R, in
which f(p) yields the intensity at p € R™, generated from
a tower at p*. The location of the tower p* can be or not
in £. The environment £ and even the signal mapping f are
unknown to the robot. The robot aims to solve the following

optimization problem
min E[f(p)lp). (©)

by only using measurements of f(p(¢)). Furthermore, the
robot does not know its own position and orientation. We are
interested determining an algorithm with guaranteed practical
convergence to a small ball containing the solution of (6)
given by p*. When p* ¢ & the robot should converge in prac-
tical way to a ball containing the closest point from & to p*.
First, we assume a contact sensor [¢ (p) indicates whether the
robot is touching the environment boundary (or any obstacle
inside the environment) O€ at the position p. Second, the
robot is equipped with an intensity sensor, which indicates
the strength of the signal from position p, i.e., [;(p) = f(p).
Since the robot does not have position information in the
coordinate frame, it is necessary to adapt (5) to a body fixed
frame. The frame at time 7 is given by

2(t) R(=0(7))(p(t) — p(7))
CONE o(t) —6(r) ;
(1) ¢(t)

where ¢ expresses a future time after 7, (z(t), ¢¥/(t), ¢(t)) €
R™ x R™ x R™ are the new coordinates, and R(—60(7)) is
the rotation matrix of an angle —0(7).

IV. PROPOSED ALGORITHM

This section assumes that there are no obstacles in &,
where £ is described by a convex compact set. To find
the tower p*, we propose the following algorithm, which
is similar in spirit to SPSA algorithm for fixed step-size:

— Hg[pk _ag(pkué(pkuRkUk)aRkuvk)]7 (7)

where k € Zx>(. To simplify the notation for aid in analysis,
we write the above algorithm as a discrete-time dynamical
system as follows p* = Ilg[p—ag(p, d(p, Rv), R, v)], where
p € R™ is the current state, p* € R™ is the state at the next
time step, Ilg is the projection on a convex compact set &,
and g : R" x R? x SO(n) x R™ — R" is given as:

9(p,d(p, Rv), R,v) =
{Rf(p+51Rv) fp—d2Rv), —1

Pr+1

5T 5, if 1 + 92 > 0,
0, otherwise.

Here, f : R™ — R is the function to be minimized, a € R+
is the step-size, R € SO(n) is the uncertain time-varying

rotation matrix (by definition is an orthogonal matrix), and
0= (61,52), 0; : R" x R™ — RZQ, xS {1, 2}, defined as

5(pR) 51, ifp—i—glRUEE,
’ dist 4 ry(p, 0E),  otherwise,

b2, Rv) = 2, if p—6RveE

2 dist_py(p,0E), otherwise,

where 51, 9y € R>( are given constants satisfying 01+ 09 >
0, disty g, (p,0E) is the distance between the point p and
the set OE along the direction + Rv, and the random variable
{Vik}kez-, takes values in {—1,1}". We assume that there
is an algorithm which gives the distance from p to the
position where the robot found the obstacle. This routine
can be designed using information of the acceleration and
the contact sensor [¢ of the robot. We make the following
assumption on the sequence of random variables v.

Assumption 2: (On the characteristics of the random in-
put): The sequence of random variables {vy}kez. . defined
on a probability space (Q,F,P) with vi : Q@ — {—1,1}",
is i.i.d. with E[vg] = 0 for each k € Z>.

Remark 1: For the easiness of presentation we neglect
the presence of noise in the observations of f. However,
from the analysis in the next section, practical convergence
in expected value to the tower can still be achieved under
appropriate statistical properties on the noise. °

V. CONVERGENCE ANALYSIS

In this section, we derive the convergence results for the
algorithm in (7). In particular, we show practical convergence
in probability to a ball with fixed radius depending on «
and &; + Jo under different assumptions. We are able to
characterize the size of this ball under the assumption of
strong convexity of the cost function as shown in Theorem 1.
However, when we do not have enough information on the
cost function, like differentiability, we prove practical con-
vergence in probability to a ball that can be made arbitrarily
small by tuning o and 0; + J2 as shown in Theorem 2. We
begin by providing two supporting lemmas.

Lemma 1: (SPSA approximation to the gradient): Let
Assumption 2, on the characteristics of the random input,
hold. Assume that f convex, finite, and twice differentiable.
Then, if §; + d5 > 0 we have

df(p)
7 767R7 = b Ci, 8
gi(p v) Op: +bi+c (®)
vj 6f(P)
where b; = > Vit BiBej o , fori € {1,...,n},

¢ = gty RT3V f (p) — 52v2f(p2>>Rv, pj=p+
0 Rov for some &7 € [0,1] and j € {1,2}. Otherwise, if
01+ 02 =0, we havegz(p,de)—Oforze{l ,n}.

Proof: For the case when 01 + d2 = 0, by deﬁn1t10n it
follows that g;(p, d, R, v) = 0. Otherwise, when &1 +d2 > 0,
by using a second-order Taylor expansion around p, there
exists ) € [0,1] such that

fp+81Rv) = f(p) + 610" RTV, f(p)
+ %(ﬁvTRTVQf(pl)Rv,

©)

6853

Authorized licensed use limited to: Univ of Calif San Diego. Downloaded on October 27,2023 at 00:41:02 UTC from IEEE Xplore. Restrictions apply.



where p1 = p + 0] Rv. Similarly, there is 65 € [0,1] with
p2 = p — 65 Ru such that
f(p = 62Rv) = f(p) = 820" RV, f(p) (10,

1
+ §5§UTRTV2f(p2)RU.
Subtracting (10) from (9) and dividing the result by &1 + 2,

f(p+d1Rv) — f(p— 02 Rv)
01 + 02

v RT(67V2 f(p1) — 65V f(p2)) Ro.

= UTRTvpf(p)

1
T 3G+ 6

Multiplying last equation by Rv~! we have

flp+d61Rv) — f(p—d2Rv) 4
v =
01 + 02

v RT(67V2 f(p1) — 65V f(p2))Ro. (11)

R

VTR, f(p) R
LB
2(51 =+ 52)

We analyze next the i-th component of the first term of the
right-hand side (RHS) of last equation:

C A
— Ri S f(p) | ~ I af(p)
:Z v ZUJZR‘U ap +ZR”_Z a5
=1 j#AL g=1 q =1 q=1 q
_0w) (12)
op;

where we have used the fact that R is an orthogonal matrix.
Replacing (12) in (11), (8) follows. [ |

Lemma 2: (Optimality bounds): Assume f is convex, fi-
nite, and satisfies the superquadratic growth condition in (2).
Then, for p,p* € R™ and all £ € 9f(p), it holds

(p—p")7€= Elp" —pl (13)

and, Py
€11> §Hp =l (14)

Proof: We prove first inequality (13). Given (2), it holds
f*) = f(p)+ (" —p) "€+ 5llp* —pl?, for all p,p* € R™,
and & € Of(p). Subtracting f(p) on both sides, we have
@)= f(p) > (0* —p) "+ §lp* — p||*. Note that f(p*) -
f(p) <0, then 0 > (p* —p) "€ + &lp™ — p||*. Hence, (13)
follows. Next, we prove (14). Note that the RHS of (13) is
bigger or equal than zero, then |(p — p*) T¢[> &|p* — p[|%.
By using the Cauchy-Schwarz inequality, it follows that ||p—
p*llIlEl> §1p* — pl2, which implies (14). o

The next theorem shows algorithm convergence when f
is twice differentiable.

Theorem 1: (Convergence when f is twice differentiable):
Let Assumption 2, on the characteristics of the random input,
hold. Assume that f is convex, finite, twice differentiable,
pl, < V2f(p) < TI,, and ||V, f(p)|< M. Furthermore,
assume « and &; + 0y are sufficiently small. Then, for any

initial state pg, the solution p* of the system (7) is MSP-ES
with ultimate bound O = £ \ Z, where

z={petllp—pI? = S +2)
) p (15)
+ —(51 + 52)2F2n3}.

Proof: Without loss of generality assume 01 (p, Rv) +
d2(p, Rv) > 0. This is the case because, at any time k > 0
for which & (p, Rv) + d2(p, Rv) = 0, with probability one,
the dynamics in (7) will generate a feasible direction in finite
time in & satisfying d1 (p, Rv) + d2(p, Rv) > 0. Without loss
of generality assume p* € & (the projection of p* on £ isin £
and unique.) By the non-expansive property of the projection
operation, Algorithm (7), and the fact that p* € £, we have

Ip* = p*|1> = |elp — ag(p, 5(p, Rv), R, v)] — p*||?
< |lp — ag(p, 6(p, Rv), R,v) — p*||?
= lp—a(Vpf(p) +b+c) —p*|?
=llp—p"|* =2V, f(p) + b+ )" (p — %)
+ 02|V, f(p) + b+ cl?,

where b; = 3, Riquj%%ng»’ fori € {1,...,n},

—1
¢ = gitmsyv RTOTV2 f(p1) — 83V2f(p2)) Ru, pj = p +
¢; Rv for some ¢ € [0,1] and j € {1,2} (see Lemma 1 to
learn how to get b and c¢).
Let V : R® — R>g, V = ||p — p*||?, and define AV =

Ip* = p*[*~llp — p*||*. We have

AV < =2a(V,f(p) + b+ )" (p—p")

+0?|V, f(p) + b+
By using (13), we have that —(p — p*) "V, f(p) < —£|[p—
p*[|?. It follows that
AV < —apllp—p*|* = 2a(b+ )" (p — p")

+0?|V, f(p) + b+
By taking expectation operator E[V (pT)|Fy], since vy is
i.id with E]vy] = 0 for each k € Z>(, and by noticing
that E[v; '] = E[vy], it follows that E[b] = 0. Next, we
show that Efc;] = 0 for ¢ € {1,...,n}. We rewrite ¢ =
m(v" Hv)Rv, where m = 5, H £ RT(07V? f(p1) —
63V2f(p2))R, H = (h;;), and we use the fact that v = v~ 1.
Then,

Elc;] = mE[E Riv; E Vg E hijvj]
1=1 k=1 =1

where q; = E[R“UZ ZZ:I Vk Z?:l hkjvj] and zZ; =
B> Ravr 3oy vk 225y hijv;]. Expanding g;,

g = E[Riivi(vi Y hijvj + > vk > hijv;)]
j=1

k#1 Jj=1
- R“E[h“’U? + ’01-2 Z hij’Uj + v; Z ’U%hkk
J#i ki
+ v; Z Vg Z hkjvj]
k#i  j#k
= ()7
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where we have used the assumption that vy is i.i.d with
E[vi] = 0 and the fact that v} = v; for i € {1,...,n}.
Analogous to last procedure, we expand z;,

ZR 1] Z hlj’l}7 + Z R;v; Z’l}k Z th’U7

I#i I#i k£l =1

E[Y Rav} hll + > Rav} Y iy

I 1#£i J#l

+ Z R Z VEhgk + Z R Z Vg Z hujv;]
146 k#l I#i k#lL  j#k
=0.

Thus Elc] = 0. Therefore,
B[AV|Fi] < —apllp —p*|?
+ (Vo f )17 + E[[1bl* + llellIFx))-
Note that E[||c[|?] < 1T%n3(01+62)? and from (12) we have
E[[|bl*[Fi] = Elllv" RTV, f(p)Ro™" = V. f(p) 1% Fi]

< E[lo" RTIP IV f @) PR~ * + Vo f (0) 12| F]
< M?*(n? +1),

(16)

where we have used ||V, f||< M. Using above upper bounds
and replacing them in (16), it follows that
E[AV|Fi] < —apV(p)
2
+ %(51 +62)2T%n3 4 o® M?(n? + 2).

It follows E[AV|F,] < —apV (p)+a?J, where J = 1(61+
82)?T?n3 + M?(n? 4 2). Reorganizing these terms, we have

E[V(pH)|F] < (1 —ap)V(p)+ o J.

Therefore, by Theorem 1 the equilibrium point is MSE-ES.
Notice that the max inside the integral in (4) simplifies to a
point because we do not have a differential inclusion.

The set O given in (15) follows by noticing that
E[AV|Fg] < 0if ||p — p*||*> O and by noticing that
51—|—52§51+52. | ]

Remark 2: In the last theorem, knowledge of I and M are
not required to prove convergence. Given that £ is assumed
to be compact, existence of I' is guaranteed. Furthermore,
since f is assumed locally Lipschitz, then there always exist
a finite M such that |V, f(p)||< M. However, we use
those values to characterize the size of the ball where the
trajectories converge to in expectation. °

If f is nondifferentiable, we are not able to characterize the
size of the ball as in Theorem 1. However, the next result
shows practical convergence in probability to p* and that
this ball can be made arbitrarily small by reducing o and
81 + 0o without the assumption on the superquadratic growth
condition on f.

Theorem 2: (Convergence when f is nonsmooth): Let
Assumption 2, on the characteristics of the random input,
hold. Assume that o and §; + o are sufficiently small.
Moreover, assume that f is convex, and finite with a unique
minimizer p*. Then, for any initial state pg, the solution p*
of the system (7) is MSP-ES.

Proof: The proof follows along the lines of the proof
of Theorem 1, except that we can not resort to the differen-
tiability properties of f and we do not use the assumption
on its superquadratic growth condition.

Since f is assumed to be convex and locally Lipschitz,
then the set-valued map Of is locally bounded, upper
semicontinuous, and takes non-empty, compact, and convex
values [11]. Using the last fact, the sup in (1) can be replaced
by a max, and then

fp+61Rv) = f(p)+ 61w RTE+o(61 || Rul]), (17)
where £ = argmaxgcy ;. () {¢" Ru}. Similarly,

f(p = 62Rv) = f(p) — 820" RTE + 0(82]| Roll), (18)
where § = argmingcyp ){5 Rv}. Subtracting (18)

from (17) and dividing the result by d; + do, we have

f(p+d1Rv) — f(p — 02Rv)
01 + 09
1 _
= 55 (VT RT O+ 52 + o(dn[v]) — o(ballel)).

where we have used the assumption that R is an orthogonal
matrix, then o(d; || Rv||) = o(d;]|v||) for i € {1,2}. Multiply-
ing the last equation by Rv~!, we have

f(p + 51R’U) — f(p — 52R’U)
01+ 62

=v RT(6:€£ + 5:§)

Ro~!

Ro~!
01 + 02
Rv~!

+ 5 ol ofdalo])).

We analyze the i-th component of the first term of the RHS
of the last equation to obtain

(19)

_ Ry~ 1!
CRACIER) 5 - 52)

n Rzl n n 515(1 + 525
= R
; ’Ul Zl vj Z1 qj 61 + 62
518 + 62€
= =t bi, 20
01 + 02 i 20)

v 618q+02¢

where b; = ), 0l Riqujv_l <. Replacing (20)

\J 01+02
in (19), it follows that
— flp— 516+ 6
f(p + 61R'U) f(p 62R'U) RU_l — 15 2§ + b + c,
01 + 02 01 + 09

where ¢ = +62( o(d1]|v]]) — o(d2]|v]|)). It follows that

01& + 02&
g(p,5(p,Rv),R,v)— 51+52 +b+C
Without loss of generality assume d1 (p, Rv)+d2(p, Rv) > 0.
This is the case because, at any time k£ > 0 for which
91(p, Rv) + d2(p, Rv) = 0, with probability one, the dy-
namics in (7) will generate a feasible direction in finite time
in & satisfying 01 (p, Rv) + d2(p, Rv) > 0.

6855

Authorized licensed use limited to: Univ of Calif San Diego. Downloaded on October 27,2023 at 00:41:02 UTC from IEEE Xplore. Restrictions apply.



Further, without loss of generality assume p* € &£.
By the non-expansive property of the projection operation,
the dynamics in (7), and the fact that p* € £, we have

Ip* —p*|I* = |[elp — ag(p, 6(p, Rv), R, v)] —p*?
< ”p - Oég(p,(s(p, R'U),R,U) _p*”2

516 + 62
< — - = b _n* 2.
< llp—a 515, T +¢) —p'|
It follows
lp* = p*[I* < llp - p*I
01€ + 026 T
o 515, +c¢) (p—p")
816 + 0o¢
2 S b 2.
H761+62 +b+c|

Let V : R" — Rxq, V = ||p — p*||% and define AV =
Ip* = p*[I>~]lp — p*||*. Then we have

515 + 52§
01 + 0o
9 5154— 62§
| 01+ 62
Let fs : R® — R be a convex function satisfying the
superquadratic growth condition for some p € R~ ¢ such that
fs0*) = f"), &l (0 —p*) < €T (p—p7), £ € Of (p), and
&s € Ofs(p) forall p € £. Notice that fs always can be found
since p* is assumed unique and £ is a compact set. Using
the last fact, there exists p > 0 such that —¢7(p — p*) <
—&|lp — p*||. 1t follows that

Avg—m( +b+c)T(p—p*)

+b+c|

01 + 02 w12
AV < —Oépm” vl
515_ + 62§
01 + 02
By noticing that E[b] = E[c] = 0, it follows that
615 + 52§
01 + 02
From here, the proof follows similar steps as the proof of
Theorem 1, where we use § instead of V,, f, and consider
O(1) terms instead of the upper bound of the Hessian. M

—2a(b+c)' (p—p*) + +b+|.

E[AV|F] < —apllp— p*[|>+?|| +b+c||?| Fi).-

VI. SIMULATIONS

Next we show an example that illustrates the response
of our proposed Algorithm (7) to solve a particular source
seeking problem. Figure 1 illustrates the evolution of the
mobile robot to a source f = (p1 — .9)% + [p1 — .9|+(p2 —
1)? + |p2 — 1| with a box constraint p € [0, 1]%. Notice that
the function f is nondifferentiable and strongly convex, then
it satisfies the conditions on Theorem 2. The tower is located
at p* = [.9,1] 7. This simulation uses a = 0; = do = .02 and
Ry = I, for all £ > 0. We have introduced additive gaussian
noise in the measurements of the intensity signal of zero
mean and variance .0001. The robot starts at pg = [.6,.1] .
The robot converges to a ball containing the optimizer p*,
which in turn can be made arbitrarily small by decreasing
the parameters «, 51, and 0s.

Evolution of the mobile robot p; vs ps

0.6
‘s
0.4
2
0.2 24

Fig. 1. Evolution of the mobile robot for f = (p1 —.9)?+|p1—.9|+(p2—
1)? + |p2 — 1| with a box constraint p € [0, 1]2. The level sets of f are
shown in colors and the trajectory of the robot is shown in black.

VII. CONCLUSIONS

Building on the simultaneous perturbation stochastic ap-
proximation method, we have introduced a novel algorithm
that allows a mobile robot to find the maximizer of an
emitting signal. We are able to prove convergence to a ball
around the optimizer of the emitting signal, even for non-
differentiable signal case and restricting the motion of the
robot to a convex set. Current work is being devoted to
extend the available proofs to scenarios that include obstacles
in the environment as well as the relaxation of the various
assumptions of the algorithms.
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