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OPTIMAL CONTROL OF PERTURBED SWEEPING PROCESSES
WITH APPLICATIONS TO GENERAL ROBOTICS MODELS

GIOVANNI COLOMBOI BORIS S. MORDUKHOVICHZ DAO NGUYENS| TRANG
NGUYENA] NORMA ORTIZ-ROBINSONF]

ABSTRACT. This paper primarily focuses on the practical applications of optimal control theory for perturbed
sweeping processes within the realm of robotics dynamics. By describing these models as controlled sweeping
processes with pointwise control and state constraints and by employing necessary optimality conditions for such
systems, we formulate optimal control problems suitable to these models and develop numerical algorithms for
their solving. Subsequently, we use the Python Dynamic Optimization library GEKKO to simulate solutions to
the posed robotics problems in the case of any fixed number of robots under different initial conditions.
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1 Introduction and Discussions

This paper addresses an important class of differential variational inequalities (DVIs), which is known as
sweeping processes. This class of discontinuous dynamical systems was introduced and largely investigated
in the 1970s by Jean-Jacques Moreau (see, e.g., [31] and the references therein) via dissipative differential
inclusions given in the form

i(t) € =N (z(t); C(t)) ae. te[0,T], (1.1)
where C(+) is a continuously moving closed and convex set in a Hilbert space, and where N(-;) for as
given set €2 stands for the classical normal cone of convex analysis

N(z;9) :=={v|(v,;y—=x) <0 forall y€Q} if z€Q and N(z;Q):=0if z¢ Q. (1.2)
In view of , we see that can be equivalently written in the usual DVI form
(@(t),y —x(t)y >0 for all y e C(t), ae. te][0,T].

Over the years, sweeping process theory has been strongly developed and broadly applied to various
problems of nonsmooth mechanics, hysteresis, dynamic network, economics, equilibrium systems, etc.
We refer the reader to, e.g., [2 Bl 4 [6, 22] 24, 25| 32] [33] and the vast bibliographies therein.

One of the most impressive achievements of sweeping process theory is showing that the Cauchy prob-
lem z(0) = z for admits the unique solution under very natural assumptions; see [23, Theorem 2].
This clearly excludes optimization of the sweeping dynamics described in . Note to this end that the
sweeping differential inclusion is significantly different from the model

i(t) € F(xz(t)) ae. te[0,T] (1.3)
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governed by Lipschitzian set-valued mappings F'; in particular, in the case of explicit ODE control systems
with F(z) := g(x,U), i.e., (considering autonomous systems for simplicity) described by

i(t) = g(e(t) u(t)), u(t) € U. (1.4)

Optimal control theory for Lipschitzian differential inclusions has been largely developed with deriv-
ing comprehensive necessary optimality conditions, etc.; see, e.g., the books [12] 28] 34] among numerous
of applications. The crucial difference between the developed theory for is the set-valued mapping
F(z(t)) := N(z(t); C(t) for a.e. t € [0,T] is not just non-Lipschitzian but highly discontinuous. Further-
more, the uniqueness of solutions to , which prevents optimization of such systems, is due to mazximal
monotonicity of the unbounded normal cone operators that has never been of interest in [12] 28] 34] and
other publications on optimization of Lipschitzian differential inclusions.

Appropriate formulations of optimal control problems for sweeping processes and deriving necessary
optimality conditions for sweeping optimal solutions require significant modifications of the original model.
Several sweeping control models were proposed and developed in this direction. In [I3] [I5], the authors
suggested a control parametrization of the moving set C(t) = C'(u(t)) as a controlled halfspace [I5] or a
controlled polyhedron [I5] with seeking an optimal control that minimises a cost functional of the Mayer
or Bolza type. Another approach to sweeping optimal control was suggested and developed in [5], where
control functions entered the adjacent ODE system; see also [I] for further results in this vein.

However, the main attention in the most recent developments on sweeping optimal control has been
paid to control systems of the type

{x(t) € —N(z(t);C) + g(x(t),u(t)) ae. tel[0,T], 2(0)=1z¢€C CR", (1.5)

u(t) e U CRY ae. te(0,7],

where control actions u(t) appear in the dynamic perturbations g(x,u). Sweeping control systems of type
(1.5)) are direct extensions of the standard controlled ODE dynamics in (1.4]) by adding the normal cone
term N (z(t); C'), which generates completely new phenomena when ) # C # R™. Observe the following:

e The feasible velocity set
F(z) == =N(z;C) + g(2,U), where g(z,U):={veR"|JueU with v=g(z,u)}, (1.6)

is unbounded and discontinuous for all x € C.

e There are intrinsic pointwise state constraints
z(t) € C for all t € [0,T). (1.7)

Indeed, (1.7) immediately follows from (1.5)) due to the fulfillment of N(z(t); C) # 0 on [0, T] therein.

To the best of our knowledge, a sweeping optimal control model with controlled perturbations of
type has been formulated and studied for the first time in [9], in the case where C is a convex
polyhedron, with establishing there necessary conditions for optimal solutions by using the method of
discrete approzimations developed in [26] 28] for Lipschitzian differential inclusions and then significantly
extended to controlled sweeping processes in many publications. Over the recent years, various methods
to derive necessary optimality conditions of different types for sweeping control problems with controlled
perturbations have been proposed and implemented under diverse assumptions on the sweeping set C
and the perturbation mapping g; see [7, [l [IT], 14, [17, [I8] 19, 21l B5] among other publications. The
obtained optimality conditions were applied to solving a variety of practical models: crowd motions and
traffic equilibria [10} 11 [16], locomotion of a soft-robotic crawler [14], mobile robot dynamics [I6], marine
surface vehicle modeling [8] [30], nanoparticle modeling [30], etc.

This paper continue the lines of new applications of sweeping control theory to practical modeling. Our
main attention is paid to a general robotic model with obstacles, which is formulated here as an optimal
control problem for the controlled sweeping dynamics (|1.5)) with pointwise state and control constraints.



A much simplified version of this model was considered in [I6] based on necessary optimality conditions
derived in [I7]. The results obtained in [16, [I7] allowed us to determine an optimal control only for the
model therein with only one obstacle. Now, by using newly developed necessary optimality conditions
taken from [I8], we are able to solve the controlled robotic model for an arbitrarily fixed number of
obstacles, design a numerical algorithm to find optimal solutions, and constructively implement it using
the Python Dynamic Optimization library via GEKKO Optimization Suite.

The rest of the paper is organized as follows. In Section [2] we formulate an optimal control problem
for the control sweeping dynamic and present the necessary optimality conditions for solutions to
this problem taken from [I8] and applied below to the robotic model. The controlled robotic model of our
study is described and discussed in Section [3] The subsequent Section [4 applies the obtained necessary
optimality conditions to the controlled sweeping robotic model. Based on these optimality condition, we
design in Section [p| the algorithm to solve the controlled robotic model and implement it numerically by
using GEKKO in various model settings and scenario to find optimal solutions.

2 Optimization of Controlled Sweeping Processes

In this section we present, for completeness and reader’s convenience, the sweeping optimal control
problem and necessary conditions for its optimal solutions taken from [I§]. In contrast to [I8], we
consider here a control problem on a fixed time interval [0, 7], which is used on our robotics application.
Moreover, we do not need to impose additional endpoint constraints z(T") € Q as in [18].

The precise formulation of the sweeping optimal control problem (P) is as follows: minimize the
Mayer-type cost functional

Iz, u] == p(x(T)) (2.8)
over control functions u(-) and the corresponding trajectories x(-) satisfying the controlled sweeping
dynamics in (|1.5) with pointwise control constraints, where the set C is a convex polyhedron given by

C = ﬂj‘:l C7 with C7 := {x e R ’ <CE3«,$> < Cj}7

; 2.9
Il =15 =1, 29

As follows from (1.7 and (2.9)), we automatically have the pointwise state constraints
(2, 2(t)) <c; forall t€[0,7T] and j=1,...,s. (2.10)

The pair (z(-),u(-)) satisfying (1.5) and (2.10)) is a feasible solution to (P) if u(-) € L?([0,T];R?) and
x(-) € WH2([0, T]; R™). We say that a feasible solution (Z(-),u(+)) is W12 x L2-local minimizer in (P) if
J[z, ] < J[z,u] for all feasible solutions (x(-), u(-)) satisfying the localization condition

T .
()= )1 + ()~ (o))t < =

From now on, we call the above pair (Z(:),4(:)) simply a “local minimizer” in (P) and observe that
this notion of local minima is specific for variational problems of type (P). It clearly holds for strong
minimizers with the replacement of L? by the space C and, of course, for global optimal solutions to (P).

Next we formulate the basic assumptions needed for fulfillment of the necessary optimality conditions
presented bellow for the W2 x L2-local minimizer (Z(-),u(-)) in (P) under consideration. Observe
that the main results of [I8] are established under essentially less restrictive assumptions while those
formulated below are met in the robotics model of our interest in this paper.

(H1) The control region U # ) is a closed, bounded, and convex subset of R<.

e perturbation mapping g: xU — 1s continuously differentiable around z(t), u(?¢)) on
H2) Th bati i R" xU — R™ i i ly diff iabl d
[0,T]. Furthermore, g satisfies the the sublinear growth condition

lg(z,u)|| < B(1+ |z||) forall uweU with some 3> 0.



(H3) The vector field g(x, U) from ([1.6) is convex for all z around Z(¢) and all ¢ € [0, T'.
(H4) The linear independence constraint qualification (LICQ) is satisfied along Z(t) on [0, 7], i.e

[ > asel =0, 05 €R| = [a; =0 forall jeI(@)],
jel(z)
where I(z) stands for the collections of active indices of polyhedron (2.9) at x defined by

z)={je{l,....s}| (2], 2) = ¢;}. (2.11)

(H5) The cost function ¢ is continuously differentiable around Z(T).

Deduce further from the Motzkin’s theorem of the alternative that the normal cone to the polyhedral
set C from ({2.9) is represented in the form

N(z;C) ={ > Wl

Jj€I(x)

0 > 0}. (2.12)

Using (|2 , it follows that any trajectory z(:) of ( is represented as
= an(t)xi — g(m(t),u(t)) for all ¢t €[0,7),
=1

where 77 € L2([0, T];R") and 77 (¢t) = 0 for all ¢ such that j ¢ I(t,z(t)). We say that the normal cone to
C is active along x(-) on the set E C [0,7] if for a.e. t € F and all j € I(x) it holds 77 (¢) > 0. Denoting
by Ey the largest subset F of [0,T] where the normal cone to C' is active along Z on F, we say that it is
active along z(-) provided that Ey = [0,T].

Now we are ready to formulate the necessary optimality conditions for problem (P), which specify
the results of [I8, Theorem 5.2] for problem (P) under consideration.

Theorem 2.1 Let (Z(-),a(-)) be a local minimizer to problem (P) under the imposed assumptions (H1)—
(H5). Then there exist a multiplier X\ > 0, a nonnegative vector measure y= = (v3,...,7%) € C*([0, T]; R®),
a signed vector measure yo = (g, - .,75) € C*([0,T); R®), as well as adjoint arcs p(-) € W2([0, T]; R™)
and q(-) € BV ([0, T];R™) such that the following conditions are fulfilled:

e The PRIMAL ARC REPRESENTATION
Zn 7 —g(z(t),u(t)) forae tel0,T),

where the functions n7(-) € L*([0,T);Ry), j =1,...,s, are uniquely determined for a.e. t € [0,T) by the
above representation.

e The ADJOINT DYNAMICAL SYSTEM

p(t) = —Vaug(z(t),u(t)) q(t) for a.e. te[0,T],

where the right continuous representative of q(-), with the same notation, satisfies

dy
=p(t) - /(tTZ 7 (

for allt € [0, T] except at most a countable subset, and moreover p(T) = q(T) with v = v~ + Y.



o The mazimization condition

<¢(t),a(t)> = max <¢(t),u> for a.e. t€[0,T],

uclU
e The DYNAMIC COMPLEMENTARY SLACKNESS CONDITIONS
(2,2(t)) <c; =’ (t) =0 and 0’/ (t) > 0= (z,q(t)) =0
for a.e. t €10, T] and all indices j =1,...,s.
e The TRANSVERSALITY CONDITION: there exist numbers n’(T) > 0 for j € I(z(T)) such that
—p(T)= Y W (D)al+AVe(&(T)) and Y 7'(T)z] € N(z(T);C),
JEI(Z(T)) JEI(Z(T))

where the collection of active indices of the polyhedron (2.9) is taken from (2.11]).
e The ENDPOINT COMPLEMENTARY SLACKNESS CONDITIONS

(21,2(T)) < c; =1’ (T) =0 forall j€I(z(T)).
e The MEASURE NONATOMICITY CONDITION: Ift € [0,T) and (z1,%(t)) < ¢; for all j = 1,...,s, then

there exists a neighborhood Vi of t in [0,T) such that v(V') = 0 for all the Borel subsets V of V.

e The GENERAL NONTRIVIALITY CONDITION

Asps ollzv, lvsllrv) # 0
accompanied by the SUPPORT CONDITION

supp(7y>) N int(Ep) = 0,
which holds provided that the normal cone is active on a set with nonempty interior.

e The ENHANCED NONTRIVIALITY CONDITION

(A, p(T)) #0
provided that (z, Z(t)) < ¢; for all t € [0,T) and all indices j =1,...,s.

The proof of Theorem as induced by that of [I8, Theorem 5.2], constitutes a special case where the
time is fixed. It relies on the method of discrete approximations and the machinery of variational analysis
developed in [27, [29]. Note that, although problem (P) is formulated only in terms of smooth functions
and convex sets, the given proof employs tools of second-order generalized differentiation involving the
coderivative calculation for the feasible velocity mapping whose graph is always monconver; see
[18, 29] for more details and references.

3 Controlled Robotic Model

This section is dedicated to recalling the formulation of an optimal control problem for the robotics
model, featuring obstacles, whose dynamics are determined as a sweeping process. Generally, the model
considers n > 2 robots represented as safety disks with the same radius R located on a plane. Each robot
aims to reach its destination via the shortest possible path during the designated time interval [0, T] while
avoiding collisions (but potentially making contact) with other obstacles, such as walls or other robots.

First we describe the trajectory x%(t) of the i-robotic by
z'(t) = (||z°(t)[| cos 0;(t), ||z (t)|| sin 0;(¢)) for i=1,....n



with the configuration vector z = (x!,...,2") € R?" where 2 € R? denotes the center of the i-th robotic
disk with coordinates representation (||a*|| cosb;, ||=*| sin ;) and 6; stands for the smallest positive angle
in standard position formed by the positive z-axis and Ox*, with the target is the origin.

To avoid collisions during the movement of all robots, the distance between the robots and obstacles
must be maintained. Hence the set of admissible configurations is formulated by imposing the nonover-
lapping conditions ||x* — z?|| > 2R as follows:

A= {x = (xl,...,x”) € R2"| D;;j(z) >0 forall i,j€ {1,...7n}}, (3.1)

where D;;(z) = ||#* — 27| — 2R is the distance between the inelastic disks i and j. Let V.D;;(x) be the
gradient of the distance function D;;j(x) at & # 0, the set of admissible velocities is defined by

Vi(z) :={ve RQ”‘ Dij(x) + hVDjj(z)v > 0 for all 4,5 € {1,...,n}, i<j}, xe€R™

Suppose that at time t; € [0, 7] the admissible configuration is 3 := x(tx) € A. Then after the period
of time h > 0, the next configuration is xx11 = z(tx + h). Taking into account the first-order Taylor
expansion around zj # 0 gives us

Dij(x(ty + h)) = Dij(x(te)) + hVD;; (2(t))@(tk) + o(h) for small h > 0. (3.2)
Considering the admissible velocity &(tx) € Vi (xr) and skipping the term o(h) for small h yields
Dzj(ik) + h<VDij($k),S'C(tk)> >0,
and therefore it follows from (3.2)) that

Dij(z(ty +R)) >0, ie., z(t, +h) € A.

In the absence of other obstacles, every robot aims to reach its target by the shortest path; so the
robots tend to keep their desired spontaneous velocities till reaching the target. However, when the robot
in consideration touches the obstacles in the sense that ||z%(t) — 27 (t)|| = 2R, its velocity needs adjustment
to ensure the distance remains at least 2R through some specific control actions applied to the velocity
term. This situation is represented through the following modeling approach:

g(a:(t), u(t)) = (51 Hul(t)H cos 01 (t), s1 ||u1(t)H sinfy(t), ..., spl|u™(t)| cos 0, (¢), spl|u™(t)| sin Qn(t)) (3.3)
where the control constraints are defined by
u(t) = (u'(t),...,u"(t)) €U CR" for ae. t €[0,T] (3.4)

with the closed and convex control region U specified below.

To prevent the overlap between the robot and obstacles, let z, € A at the time ¢, and use the
mapping g: R?" x R — R?" from (3.3) with a given feasible control uy := u(tz) from (3.4). The next
configuration 41 is computed by

Trt1 = T + hVig1, Vip1 € R?, (3.5)
addressing the following convezr optimization problem:
minimize |g(zg,ur) — V||* subject to V € Vi (x4, (3.6)

where the control uy € U is incorporated into the desired velocity term to modify the actual velocities of
the robots, guaranteeing they maintain nonoverlapping trajectories. Moreover, the algorithm described in
equations and implies that Vj11 is chosen as the (unique) element from the admissible velocities
set that is nearest to the desired velocity g(zy,uy), preventing thereby any overlap among the robots.
Select any natural number m and portion the interval [0,T] into the 2™ equal subintervals of length



By :==T/2™ | 0 as m — oo. Considering the discrete time typ, := khy,, denote Irpm = [tkm, tkt1)m) for
k=0,...,2" — 1 and Iym,, := {T'}. Hence, by referring subsequently to equations (3.5 and (3.6)), the
algorithm is formulated as follows:
Tom S A
ZT(k41)m ‘= Thm + hmV(k+1)m7 k=0,...,2m -1, (3.7)
where the admissible velocity in the next iteration is defined by

Vikrym = (9(@km, wem); Vi, (@gm)), k=0,...,2™ — 1. (3.8)

Taking into account the construction of zg,, for 0 < k < 2™ — 1 and m € IN, define a sequence of
piecewise linear mappings zam : [0,T] — R?", m € IN, which passes through those points by:

Tom (t) := Tpm + (t = tem)Vigsrym forall t € Iy, k=0,...,2™ —1. (3.9)
The following relationships hold whenever m € INV:

Tom (tem) = Thm = UM Tpp () and Lom (1) := Vigyprym for all ¢ € (tem, tpt1ym)- (3.10)

t—>tem

Through discussions in [20], it is observed that the solutions to in the uncontrolled setting of
with g = g(x) uniformly converge on [0,7] to a trajectory of a specific perturbed sweeping process. The
controlled model under investigation in this scenario presents significantly more involved. To advance
and utilize the insights from [I8, Theorem 5.2], the following set is considered for all 2 € R?"

K(z):={ye ]RQ”’ Dij(x) + VD;j(z)(y — x) > 0 whenever i < j}, (3.11)
enabling us to express the algorithm in , as
T(kt1)m = H(ka + hing(Tem, Ukm); K(mkm)) for k=0,...,2m —1.
It then can be expressed in an equivalent form as
T (Vg (£)) = H(xgm (o (£)) + g (22 (7o (£)), g (7 (£)); K (wm (mam (t))) for all ¢ e [0,T],

where the functions 7om (-) and ¥am () are extended to the entire interval [0,T] by 7om (t) := tgm and
Vom (t) := t(kg1)m for all t € Ipp,. In addition, considering the construction of the convex set K(x) as
described in and the definition of the normal cone , along with the relationships outlined in
, we get the following controlled sweeping dynamics:

Gom (t) € =N (wgm (Vgm (t)); K (z2m (12m (1)) + g(@2m (T2m (), ugm (T2m () ae. t€[0,T] (3.12)

with zam (0) = z9 € K(z9) = A and zgm (Jam (t)) € K (xgm (12m(t))) on [0, T]. The inclusion in (3.12) can
be formalized as a controlled perturbed sweeping process (|1.5) through the convex polyhedron

n—1
C = ﬂ {z e R2”| (xd,2) < ¢;} (3.13)
j=1
with ¢; := —2R and with the n — 1 vertices of the polyhedron given by
xl = ej1 + ej2 — e(it1)1 — €(j+1)2 € R*™, j=1,...,n—1, (3.14)
where ej; for j =1,...,n and ¢ = 1,2 are the vectors in R2™ of the form
e:= (611, €12,€21,€22, .-, €Enl, Bng) € R*"



with 1 at only one position of ej; and 0 at all the other positions.

As a result, we proceed to formulate sweeping optimal control problem denoted as (P) from Section 2,
characterized as the continuous-time counterpart of the discrete algorithm employed in the robotics model.
Consider the cost functional

minimize J[z,u] := f||x H (3.15)

with the model objective of minimizing the distance of robots from the admissible configuration set to
the target. We describe the continuous-time dynamics by the controlled sweeping process

{ —&(t) € N(I(t)§ C) + g(as(t), u(t)) for a.e. t€[0,T], (316)
z(0) =z0 € C, u(t) €U a.e. on [0,T], .

where the constant set C' is taken from 3.13:7 the control constraints reduce to (3.3)). The dynamic
requirement for nonoverlapping, expressed as ||z*(t) — 27 (¢)|| > 2R, is equivalent to the pointwise state
constraints given by

z(t) € C = (27, 2(t)) <c¢; forall t€[0,7] and j=1,...,n—1, (3.17)

which follows from s a result of constructing C' and the normal cone definition. Additionally,
considering that the result in the limiting process from Theorem will be employed when the discrete
step h in diminishes, then for convenience, we choose an equivalent norm ||(z71, z92)|| := |291] 4 |27?|
for each component z7 € R? of 2 € R?".

4 Necessary Optimality Conditions for the Robotics Model

In this section, we obtain the necessary optimality conditions for problem defined in (3.15)—(3.17) with
the robotics model data by applying Theorem However, the absence of the varying time T can be
easily incorporated into the proof, and so we omit it here while referring the reader to [16].

Theorem 4.1 (necessary optimality conditions for the sweeping controlled robotics model).
Let (z(-),u(-)) be a W2 x L2-local minimizer for problem (P), and let all the assumptions of Theorem|[2.1]
be fulfilled. Then there exist a multiplier X > 0, a measure v € C*([0,T];R?*") as well as adjoint arcs
p(-) € WE2([0,T]; R") and q(-) € BV ([0, T]; R™) satisfying to the conditions:

(1) —z(t Zn t)a? + (t),ﬂl(t))),...,g(a‘c”(t),ﬂ”(t)) for a.e. t €10,T),
where nﬂ( ) € L2([0,T); Ry are uniquely defined by this representation and well defined at t = T.
(2) |27(t) — 2 @)|| >2R=n/(t) =0 forallj=1,...,n—1 and a.e. t € [0,T)] including t =T.
(3) i(t) > 0= (zl,qt)) =0 forall j=1,....n—1 and a.e. t € [0, T].
(4) 5(t) = —Vag(2(t), @) "q(t) for a.c. t € 0.7].
(5) q(t) =pt) —~(t, T]) for allt € [0,T] except at most a countable subset.
(6) (¥(t),u(t)) = maxyev (¥(t),u) for a.e. te[0,T].
(7) —p(T) = 22(T) + X jcr1(a(my) W (Tl via the set of active polyhedron indices I(z(T)) at z(T).

(8) Yjeraery W (T)xh € N(2(T); C).



9) Ap.llollzv, 1ysllrv) # 0 with the support conditions

supp(v0) U supp(ys) C {t | [|Z7(t) — 2/ F'(t)|| = 2R}, ,
supp(ys) Nint(Fo) =0, provided that int(Ey) = int({t | n?(¢t) > 0,5 € I(x)}) is nonempty.

Subsequently, the above theorem allows us to deduce several conclusions for the robotics model,
considering the perturbation mapping g as described in equation (3.3).

e It can be seen from the model description that if at he contacting time ¢; € [0, 7] we have ||Z%(t1) —
Z1(t1)|] = 2R for some i = 2,...,n, then the considered robot tends to adjust its velocity to ensure
a distance of at least 2R between itself and the obstacle in contact with. According to the model
requirements, the robot will keep a constant velocity after time ¢t = ¢; until either reaching other obstacles
ahead or stopping at the ending time ¢t = T. Moreover, if the robot comes into contact with other
obstacles, it pushes them to move toward the end of the straight circular capillaries in the same direction
as before t = t;. Using (3.3)), we reformulate the differential relation in (1) for a.e. t € [0,7] as follows:

—(@110),2(0) = ' ((1,1) = (18 (1) cos bu (1), 51 (1) sin 61(1))
(0, 2(0) = 7 (L) + L 1) ~ (5 (0) o0, 557 (1) sin (1) (4.1)

whenever ¢ =2,...,n—1, and

(1), 3 (0) = 1" (1) (1, ~1) — (s (1) 08 0 (1), 5™ (1) sin B, (1)).

e If the robot under consideration (referred to as robot 1) does not make contact with the first obstacle
(robot 2) in the sense that ||z2(t) —z!(t)|| > 2R for all t € [0, T], then we deduce from (2) of Theorem
that n'(t) = 0 for a.e. t € [0,7T]. Substituting n'(t) = 0 into (&.1]) yields

— (' (t),2"2(t)) = —(s1a' (t) cos 01 (1), s1a' () sin by (t)) a.e. on [0,7],

which means that the actual velocity and the Spontaneous velocity of the robot agree for a.e. t € [0, T].
Similarly we conclude that the condition ||z"(¢)—z"~1(¢)|| > 2R on [0, T] yields —z"(t) = —g(z"(t), W™ (t))
for a.e. t € [0, 7], and then continue in this way with robot i.

To proceed further, assume that A = 1 (otherwise we do not have enough information to efficiently
employ Theorem . Additionally, for simplicity in handling the forthcoming examples, suppose that
u'(-) are constant on [0, 7] for all i = 1,...,n. Applying the Newton-Leibniz formula in , we obtain
the trajectory representations

t
(;Tcn(t), 9?:12(75)) = (x(l)l, x(l)Q) /9 771(7') (1,1)dr +t (slal cos 0y, s1a' sin 91) ,

((8), 22(1)) = (xgl,x32)+/o () (1,1)d7—/0 i (r) (1,1) dr 2

+t (Si’l]l cos 0;, s;u" sin Qi) whenever 1 =2,...,n—1,

¢
(zm(t), 2"2(t)) = (2§, 25?) + / " (1) (1,1) d7 + t (s, 4™ cos O,,, 5, 0" sin 6,,)
0

for all ¢ € [0, 7], where z¢ := (zil, 2{?...,2p, 23?) € C stands for the starting point in (3.16]).
As follows from condition (2), we can assume that n(-) is piecewise constant on [0, 7] and satisfies
n(t) =0 for a.e. t€[0,t;) and n(t) =n'(t) for ae. t€[t;,T),

where ¢; is the contacting time between robot ¢ and robot i + 1. Using condition [£.I} the velocities of
robots 7 and 7 + 1 after the contacting time can be expressed as

{ 20 200 D+ (ot it in ), (4.3

+1( —771(15)( 1 —1) (sz+1u”1( )C089i+1( ) Sz+1u7'+1( )sin0i+1(t))



fori=1,...,n — 1. Hence we obtain the following representation

(1) = 1 (st (t) cos 41 (t) — s (t) cos b1 (t))  if cosb;(t) = cosbyq(t) and s;u'(t) # s (L),
K B 0, otherwise.

The cost functional is calculated by

2 2 2

H2 ! + (@2(1)" + ... + (a"Y(D))

Tl = e = 5 (@HD)° + (@21)° + (@)

since x(t) has the same dimension as z2 and c;.

5 Numerical Algorithm

This section illustrates the power of the necessary optimality conditions obtained in Theorem for
solving the controlled robotics model developed in Section [3] We furnish this by applying the obtained
conditions to problems with specified numerical data. Our main achievement here is to design a new
algorithm, which allows us to calculate optimal solutions in robotic models with encompassing different
scenarios, where n = 2, 3, 4, 5, 10, 100, ... and beyond.

Based on the sweeping control description of the robotics model in Section [3] and the necessary
optimality conditions of Theorem 1.1} we consider the following optimal control problem for developing
our algorithm for in the general robotic setting with an arbitrary number of robots:

1
minimize §||$(T)||2 subject to

1) = 3 0025+ o (0,10, g0, (1)

[l (t) — 21 ()] = 2R
with the representation functions 7; defined by

0 if xl,j+1(t) — .Z'l)j<t) + .%‘27j+1(t) — l‘g}j(t) > 2R,

(=<1
77]( ) §(Sju]‘(t) [¢0)5] 9j+1(t) — Sj+1Uj+1(t) COS 9j+1(t)) otherwise
for j =1,...,n — 1. We utilize the GEKKO Dynamic Optimization Suite library from Python, which
uses nonlinear solvers such as IPOPT and SNOPT to obtain the numerical solution (Z(t), @(t)).

Our implementation consists of three parts. First, we develop the necessary Python code to efficiently
read input files both as a single file and in batch mode to allow for large numbers of simulations. Second,
we implement the code that uses the input file information to formulate the problem as a GEKKO
optimization problem that is sent to the selected solver. Finally, the final portion of the code ensures
that all the aspects of the simulation procedure, such as input file, output graphics, and solution efficiency
data, are recorded and time stamped so that we can analyze large numbers of simulations.

The input files contain crucial parameters such as the initial position of the robots, the bounds on the
control function, the robots’ radius R, and the final time T'. Leveraging this input, our code initializes the
number of robots (n) and executes the GEKKO dynamic optimization algorithm made up of differential
equations extracted from the obtained necessary optimality conditions. Successful execution results in a
detailed description of the path of the robots, the controls utilized, the performance measure, and the
functions 7; are presented in Figure 1 below.

In our work so far, we have been able to run around 200 simulations. Although we performed some
simulations utilizing the IPOPT solver and others with SNOPT, we did not observe any significant
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Equations
assume controls are constant to find eta
for 1 1n range(n):
etal1] = m.af2((x[1] - X[1 + 1]) + (v[1] - Y[1 + 1]) + 2 * R, @,
0.5 * (s[1] * ul1i] * m.cos(angleli + 1]) - s[1 + 1] * U[1 + 1] * m.cos(anglel )
1+ 1

v 3k 4k

# DE definitions modeled after Egn 1.18

# first robot

m.Equation(x[e].dt() == -etale] + s[o] * u[e] * m.cos(angle[0]))
m.Equation(y[e].dt() == -etale] + s[o] * ule] * m.sin(anglel0]))

# last robot

m.Equation(X[n].dt() == etaln - 1] + s[n] * U[n] * m.cos(angle[n]))
m.Equation(Y[n].dt() == etaln - 1] + s[n] = U[n] * m.sin(angleln]))

# robots 1in between

for 1 1in range(l, n):
m.Equation(X[1].dt() == etal[1 - 1] - etal[1] + s[1] * U[1] * m.cos(angle[1]))
m.Equation(Y[1].dt() == etal1 - 1] - etal1] + s[1] * U[1] * m.sin(anglel1]))

m.Equation(X[1]-X[1-1]>=2*R) #added to ensure that adjacent robots don't get too close

Figure 1: The code with the differential equations involved in the necessary conditions

differences in time to a solution or likelihood of convergence based on the solver chosen. We did find a
significant difference in time of convergence based on the number of robots and observed that the time to
achieve a solution increased rapidly and proportionally to the number of robots involved. We illustrate
our results here with three examples. The first is a simulation that involves two robots. Solutions to
2—robot simulations resulted in one of three scenarios. Either one robot moves as close as possible
to the origin and then stops to allow the second robot to proceed to the origin as fast as possible,
the two move almost in synchrony towards the origin, or finally the robots wait to move and then
move rapidly to the origin. In all the cases, the time to a solution hovered around 10 seconds and the
performance measure was often 0.5R. This last observation about the performance measure highlights
one of the challenges of the problem as stated. Since the robots are set to reach the origin, but are
not removed from the dynamics once they do, in order to minimize the distance of all robots to the
origin, the solution must balance the distance of all robots to the origin causing at times for robots to
move past the origin. In the case of two robots, this can be achieved by having one robot 0.5R past
the origin and one the same distance on the opposite side of the origin. We specify the data as follows
z11(0) = 2, 212(0) = 2, 221(0) =3, 222(0) =3, T =2, Ry = Ry =1, 51 = 3, s2 = 1, 6; = 45° and
[lu; (®)|| < 10, for ¢ = 1,2. The controls and the position of the robots are presented below and illustrate
the second scenario, where the robots move almost synchronously toward the origin, and where the final
position shows both robots at the positions described (1/2R).

[Two robots. R=1, T =2, and [u($)[ < 10. ]
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Robots and controllers. Solve time: 2.414 seconds

31 @ Roboto
@ Fobotl
2 4
R
£
D 4
_]_ 4
1 0 1 2 3
0.0 4o @ Control for RO
® Control for R1
-05
o L0 ]
E
5 s
8
20
-25
_30 4
0.00 0.25 050 075 100 125 150 175 200
Time
1a—12 Value of function eta(0)
DO e :
024 %
04
=
_nE 4
_nE_ 4
_]_|} 4
T T T T T T T T T
0.00 0.25 050 075 100 125 150 175 2.00
Time

In this second example, we include a simulation with 5 robots. The data for this case is contained
in Table [1} where (X,Y) are the positions of the robots on the plane at the initial time, s indicates the
speed for each robot. The total time is T = 8, five robots have the same radius R = 1, 6; = 45° for
1=0,...,4, and the controls satisfy ||u;|| <5 for i =0,...,4.

Robot | X | Y | s
0 5 512
1 11 (11| 2
2 16 | 16 | 1
3 20 | 20 | 3
4 27 | 27 1 3

Table 1: Data for the case of 5 robots.
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The time to solution was 211 seconds and the performance measure of 32. On average simulations
with 5 bots took about 200 seconds. This example demonstrates the outcome of having two robots wait
for the others to get close to the origin before speeding there. One also can see n activated around time
t = 6 when the last two robots are to move, but would collide if allowed to use their natural speeds.

[Five robots simulation. R =1, T =8, and [u(f)[ < 5. |

Robots and controllers. Solve time: 135.003 seconds

a0 ] @ Pobot0
e FRobotl
» FRobot 2
20 4
e FRobot3
4 Robot 4
a 0
[=}
(==
=20 4
—40 4
T T T T T
—40 =20 o 20 40
=
. & Control for RO
@ Control for R1
2] ® Control for R2
" @ Control for R3
=] I Control for R4
= 07 ~
8 L—‘ .\\
-7 4 !
| — N
- —_— y
49| — JJ.
T T T T T T T
o 1 2 3 4 5 6 7
Time
1e-8 Value of function eta(0) le—8 Value of function eta(l)
16 4 125 q
14 100 4
12 0.75 4
107 0.50 {
08
R s < 025
0.6 4
0.00
0.4 4
—0.25 A
024
0o | -0.50 1
T T T T T T T T T T T T T T T T T T
o 1 2 3 4 5 & 7 B o 1 2 3 4 5 & 7 B
Time Time
1le—8 Value of function eta(2) Walue of function eta(3)
0.000 4
34
froe -0.005
24
—0.010 4
1 4
= b
—0.015 4
01 E
-0.020 i
-1 E
-0.025 i
-z 4
T T T T T T T T T T T T T T T T T T
o 1 2 3 4 5 & 7 8 o 1 2 3 4 5 & 7 8
Time Time

13



The last example is the one with 10 robots. Table [2| shows the data for this case with T' = 8, radius
<5, fori =0,...,9.

for all robots is R = 1, §; = 225°, and the controls ||u,(t)]|

Robot | X | Y |s
0 -10 | -10 | 1
1 13 -13 (1
2 18 | -18 | 1
3 221 -22 | 2
4 -25 | -25 | 2
5 -29 | -29 | 2
6 =32 1-32 13
7 -35 | -35 1|3
8 -38 | -38 | 3
9 -40 | -40 | 3

Table 2: Data for the case of 10 robots

On average these

simulations took 1100 seconds, but the example below took 1751.3 seconds. In this simulation, we can
see that the robots have to adjust their speed almost immediately and then again before the time T' = 3;
both cases requiring the activation of 7. After that they move almost synchronously toward the origin.

Controls

[Ten Robots simulation. R = 1,7 = 8 and [u(#)] <5. |

Robots and controllers. Solve time: 1751.281 seconds

@ Robotd
Robot 1
Robat 2
Robot 3
Robot 4
Robot 5
Robot &
Robot 7
Robot 8
Robot 9

T
—20

T
—10

10

Control for RO
Control for R1
Control for R2
Caontrol for R3
Caontrol for R4
Cantrol for RS
Caontrol for RE
Control for R7
Control for R8
Control for R

L 10l

14

7




Value of function eta(0)

0.5

0.0

=054

-1.0

o 2 3 4 5 7
Time
Value of function eta(2)
2 4
=
04
_2 4
T T T T T T
0 2 3 4 5 7
Time
1le-8 Value of function eta(4)
050
025
0.00
-125 §
-150{ °
T T T T T T
0 2 3 4 5 7
Time
le-9 Value of function eta(6)
4_
34
2 4
1_
=
04
-1 4
_2 4
3 ]
T T T T T T
0 2 3 4 5 7
Time

Value of function eta(1)

Value of function eta(3)

0.0
-0.2 4

Value of function eta(5)

0.0
. . T T T ; .
0 1 2 3 4 5 6
Time
1e-9 Value of function eta(7)
0.0 4
_02 4
-0.4 4
=

—0.6 4
-0.8 1
-1.04

T T T T T T T T

0 1 2 3 4 5 6 7

Time
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Value of function eta(8)

0.0005

0.0000 { werermmmree i
-0.0005 :
-0.0010
-0.0015
-0.0020
-0.0025
-0.0030

—0.0035

These simulations are promising, but there are important adjustments that may be considered and
that may affect the efficiency of the solvers. For instance, the code could account for success when the
robot reaches the origin in order that the final solution is not a minimizing weighted position for all the
robots as related to the origin, with some unable to reach the target. Implementing such adjustments
would result in smaller performance measures, and it is possible that they could lead to faster convergence
times. Overall, our method of solving reaches good visualizations; however, in its current state, the time to
a solution is not reasonable for very large numbers of robots. One possible explanation for this limitation
is that the time allocated for the robots to reach the target may not be optimal. Therefore, our future
work will be devoted to minimizing the time variable required for the robots to reach the target in the
algorithm, which takes into account the theoretical results developed in [I§] with applications to other
practical sweeping control models, e.g., those considered in [30].

Acknowledgements. The authors are grateful to Andrew Regan for many useful discussions related
to the coding part of the algorithm.
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