arXiv:2311.11720v1 [cs.RO] 20 Nov 2023

DESIGN OF PLANAR COLLISION-FREE TROCHOIDAL PATHS FOR
A MULTI-ROBOT SWARM

A PREPRINT

Adil Shiyas
International Institute of Information Technology Bangalore
Bangalore, India
adil.shiyas@iiitb.ac.in

Sachit Rao
International Institute of Information Technology Bangalore
Bangalore, India
sachit@iiitb.ac.in

November 21, 2023

ABSTRACT

In the literature, a distributed consensus protocol by which a connected swarm of agents can gen-
erate artistic patterns in 2-dimensional space is proposed. Motivated by this protocol, in this paper,
we design the parameters of this protocol for a 3-agent swarm of non-holonomic robots of finite size
that results in the generation of periodic trochoidal trajectories that satisfy a set of geometric and
speed constraints; this design also includes selecting the initial positions of the robots. This problem
finds applications in persistent surveillance and coverage, guarding a region of interest, and target
detection. While the trajectories may be self-intersecting, imposing geometric constraints i. elim-
inates collisions between robots; ii. ensures minimum and maximum separation distance between
any robot and a fixed point, thus ensuring the robots are in communication range. Imposing speed
constraints ensure that tracking these trajectories becomes feasible. It is also shown that robots can
be injected to these paths at specific locations, in order to increase the refresh rate, without violating
any of the geometric constraints. The designs are implemented in an indoor mobile robot platform.

Keywords Swarm Robotics; Trochoidal Patterns; Persistent Coverage; Surveillance

1 Introduction

The distributed consensus protocol (CP) presented in [1] enables a connected swarm of agents, modelled as single
integrators, to trace repeated geometric paths in both 2-dimensional (2-D) and 3-D spaces. The parameters of the
protocol, the connection topology of the swarm, and the initial positions of the agents define the characteristics of the
generated paths. The applications of agents, or robots, tracing such paths have been well identified in the literature,
for example, persistent coverage and surveillance of a region, guarding an asset, and target detection; the cited refer-
ences provide an exhaustive list. In such applications, the issues of collisions between robots, communication range,
feasibility of path tracking, and time taken to trace the path, have to be considered explicitly. Further, in applications
involving guarding a specific region or an asset, the path should be defined by making the asset the centre of rotation
(CoR).

In this paper, the protocol is designed for a connected swarm of 3 unicycle-robots of finite size moving in a 2-D
Cartesian space; the use of 3 robots leads to the generation of trochoidal paths, where each robot traces a unique
trochoid. For a given communication topology, design of the trochoidal paths involves the selection of 3 scalars for the
CP, a positive integer, k, with magnitude £ > 2, and the initial coordinates of the 3 robots in X — Y space, thus leading
to a total of 10 design variables. The 3 scalars in the CP and %k determine the nature of the trochoid - hypotrochoid or
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epitrochoid - and the number of cusps, respectively; it is remarked that for a chosen set of these variables, all robots
trace the same type of trochoid. In addition to these variables, the initial positions influence the coordinates of the
common CoR, distances between robots, and the closest and farthest distances of the robots from the CoR. Thus, the
constraints of no collisions or maintaining a communication range can be ensured for an appropriate choice of the
design variables.

By analysing the properties of the CP and the common features of the resulting trochoids, the exercise of designing
10 variables is reduced to designing 4 variables: i. one scalar that determines the number of cusps (k); ii. one set
of positive integers that form a Pythagorean triple; and iii. a pair of distance metrics, denoted by (R, d.). Since the
trochoids have to satisfy numerous constraints, first, these constraints are expressed in the form of linear inequalities
in terms of (R., d.) and second, for a choice of k and a Pythagorean triple, regions bounded by these inequalities in
the (R., d..) space are identified. Finally, any (R.., d.) pair that lies in these feasible regions is selected, which in turn,
decides the values of the original design variables. By selecting a design variable as a Pythagorean triple, the trochoids
become closed, [2], that is, the robots return to their respective initial positions after one period.

The use of trochoidal paths, for diverse applications, has received attention in the literature. In [2], a consensus-
based control policy - and a single scalar - is proposed by which a connected network of agents defined as double
integrators, all trace trochoidal trajectories with the same parameters in the 2-D space; the choice of initial conditions
ensures collision avoidance. This solution is extended to the 3-D case in [3], but, collision avoidance is not explicitly
considered in the analysis. In [4] and [J], the eigenvalues of a design matrix are evaluated so that agents modeled
as single and double integrators, respectively, trace trochoidal paths; even in these references, collision avoidance
between agents is not explicitly considered. The CP adopted in this paper guarantees eigenvalues with the desired
properties; their selection is made simpler still with the use of Pythagorean triples. In [6], a feedback control law is
designed using Barrier Lyapunov Functions that allow a swarm of agents, moving at constant speed, to trace closed
curves, such as trochoids (also the same for all agents); the control law balances the curve-phases of the agents in the
complex plane. A cyclic pursuit based control policy is proposed in [7], where the agents can trace either circular
or logarithmic spiral patterns, based on the choice of a design parameter. A variant to trochoidal paths is the tracing
of Lissajous curves, as described in [8, [9]; by selecting the initial locations of the agents and the parameters of the
Lissajous curve (which are naturally smooth), the agents guarantee sensor coverage of a rectangular region without
colliding with each other. A guidance law is proposed in [10], whose design parameter leads to a robot generating
a trochoidal trajectory around a stationary target; the trochoidal trajectory is designed to maximise observability of
the target based on range measurements. Bifurcation is used as the idea to generate limit cycles that are trochoidal
patterns in [[11]]; in both [[10] and [11], a single unicycle robot is considered. In this paper, the 3 agents trace different
trajectories, albeit of the same type, that is, hypotrochoidal or epitrochoidal; further, these results form a design
methodology, along with extensions, to the protocol proposed in [1].

From an implementation perspective, it is known that the properties of the trochoidal paths are closely tied to the
initial positions. Thus, if the robots’ initial positions are slightly perturbed, the resulting paths will be different and
may also violate a few of the distance-based constraints. In this paper, a bound on such perturbations is identified
so that the perturbed paths continue to remain feasible. It is shown that this can be achieved by choosing a feasible
(R., d.) pair from “large” regions in the R. — d.. space. It is also highlighted that since analytical forms of the paths
are known, these can be programmed in each robot, thus relaxing the need for communication, as now the robots can
implement individual path tracking controllers to trace them. It is also shown that if need be, by scaling down the
Pythagorean triples equally, speed and turn rate constraints that are present in hardware can be respected. Though the
design is performed for a 3-robot swarm, it is also shown in this paper that additional robots can be injected at different
locations on each trochoidal path, while ensuring collision avoidance with any other robot. With the introduction of
these additional robots, the refresh period - the time taken by a single robot to trace the complete path, [12] - is
considerably reduced; the additional robots injected in one path follow the robot that traces this path by implementing
the CP.

The main contributions of the paper are as follows: the design of a CP for a 3-robot swarm that leads to them tracing
closed trochoidal paths around a region of interest; the designed paths i. ensure geometric and speed constraints are
respected; ii. guarantee collision avoidance; iii. offer flexibility in implementation from a consensus-based approach
to that of control by individual robots; iv. allow for scaling of linear and angular speeds of the non-holonomic robots
without causing any change in the resulting geometric patterns; and v. can be traced with an increased refresh rate
by the injection of additional robots. The placement of eigenvalues The proposed designs are also implemented in an
indoor mobile robot platform to demonstrate the feasibility of the design and its robustness to perturbations in initial
positions of the robots.

The paper is organised as follows: In Sec. 2| the robot characteristics and their communication topology, the CP
presented in [1], and the properties of the resulting trochoids are briefly described. In Sec.[3 the design of the CP
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Figure 1: A connected swarm of 3 agents moving in the plane

parameters and the initial coordinates of the 3 robots is presented. In Sec.d] simulation and experimental results of
implementation are discussed. Concluding remarks are made in Sec.

2 Preliminaries

2.1 Characteristics of the robots and the CP

Consider a connected swarm of 3 homogeneous agents such as shown in Fig. The motion of the agents in the
Cartesian X — Y plane is defined by the dynamics @; = ugi, §; = Uy, ¢ = 1,2, 3, where (z;,y;) are the coordinates
of agent A; in the Cartesian plane and u,;, uy; are the inputs to A;. As discussed in [1], the CP

u=(BL)®S)x, u=[ug uyr--) ,x=[wiy--]", (1
leads to the agents tracing trochoidal paths on the X — Y plane; these paths have the analytical expressions
x(t) = Vi (cos (Jt) @ Iy + sin (Jt) ® S) Vgxo, 2)
VL=VeL, Vg=V gl
In the CP and @), B € RN3*3 is a user-defined diagonal matrix, L. € %33 is the graph Laplacian, S is the 2-

dimensional skew-symmetric matrix; X are the agents’ initial coordinates; (V, J) are the eigenvector and eigenvalue
matrices, respectively, of (BL); and I, is the 2-D identity matrix. The operator ® denotes the Kronecker product.

Suppose the agents are differential drive robots with non-holonmic constraints, then these can be modeled as unicycles
in the form

1'71' :‘/iCOS’}/i, yZ:‘/ZSHl’}/“ ’}/1 = Wi, (3)
where (x,y,); denotes the pose of robot A;, |V;| < Viax is its linear speed, and |w;| < wmax 1S the angular speed.
Now, the CP () can be implemented by calculating the linear speed V; = (uiZ + ufji)o'f), the desired orientation

Yiret = tan™! (uy;/uz;), and the angular speed as the proportional controller w; = Kp (Yirer — i) with gain Kp >
0; note that w; can also be designed as a proportional-integral controller.

2.2 Trochoids’ properties

The type of trochoid is defined by the ratio of the largest and smallest eigenvalues of (BL); note that one of the
eigenvalues is always zero. Now, by defining B = diag ([51 52 (3]), the other two eigenvalues are given by

2 1 0.5
N (AR “)

It is the 3 scalars $3; that form the key design variables of the CP. Suppose these are chosen such that the two eigenval-
ues, denoted by A\pyax > Amin, are distinct. Now, if the ratio i\‘mA is an integer, then the trochoidal patterns are closed.

AL2
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Further, by introducing the integer design variable k& > 2, if % = +(k + 1), then the path becomes an epitrochoid;
if Amax — _ (k—1), then the path becomes a hypotrochoid. It is clear that the integer k represents the number of cusps

Amin

in the corresponding trochoid.

In terms of these eigenvalues, the expressions @) for agent A; have the form

Xy (t) = Cjy COS (Amint + ¢T) + ¢;q cos ()\maxt + ¢d) + Cio COS (bO (Sa)
yz(t) = Cir sin ()\mint + (br) + Cid sin ()\maxt + (bd) + Cio sin ¢07 (Sb)
where the coefficients c;; and the phase angles ¢;, j = r,d, 0, are given by
0.5 1 (4q

5 = Vi ()% 0y = tant (%) ©

T10 Y10

gz = [V 1 Vi Vsl e, ¢ =[V 1 Vi Vi) |y

T30 Y30

The indices j and p are given by
index of Ay,in of J forj=r
p = < index of A\j,qz Of J forj =d 7
index of the zero eigenvalue of J forj =0

Note that as J is the diagonal matrix of eigenvalues, the index of any eigenvalue is given by its location (p, p).

The eigenvector corresponding to the zero eigenvalue of (BL) consists of identical elements. Hence, the coefficients
cio = cjo = co, 4,5 = 1,2,3, ¢ # j. This implies that all agents trace trochoidal patterns about the point with
coordinates (cg cos ¢o, co sin ¢ ) as the centre. Now, by placing the agents at the “new” initial positions x}, = x;0 —
¢o cos ¢ and Yyl = yi0 — co sin ¢o, the CoR can be made to be the origin of the X — Y plane.

With this background, the main problems that are addressed in this paper are: Design the i. elements of the matrix B,
ii. the number of cusps k, and iii. the initial positions, to obtain closed and periodic epi- or hypotrochoidal paths, such
that

1. the closest, and farthest, distance to the origin of any path is larger, or smaller, than a user-defined metric;

2. V't > 0, the robots are separated by some distance, say as defined by the size of the agents; and

3. the speed and turn rate constraints are not violated.
These objectives ensure that the robots do not cross into the guarded region, in such applications, and trace large arcs

that may impose communication challenges if they are equipped with limited range sensors, and also that they do not
collide with each other while tracking the paths.

3 Design of the Trochoids

The design of trochoids is demonstrated for an epitrochoid; hypotrochoids can be designed similarly. As mentioned in
the Introduction, to show that designing 10 variables - the parameters of the CP, 3; 2 3, the number of cusps &, and the
initial coordinates xg - can be reduced to designing just 4, the coefficients ¢;;., ¢;q in () are analysed. It can be shown
that these coefficients can be expressed in the form

Cir = Qir Re, Cia = Qiad,, (8)

where «;, and «;4 are controlled solely by B while R, and d,. are influenced by B as well as xo. These are given by

1 1
Qyr = E% ()\min - ﬁQ - ﬁ3)7 Q1q = E% ()\max - ﬁQ - ﬁ3)7 (9)
_ 53 - )\min . 53 - )\max _ _ 53
Qop = ——, Qoq = ——5——, A3p = (3¢ = ——

Bd Ba Ba

where

Ba = 4b(B152 + P23 + B13),

a= % + [ + %, b= % ((31 — B3)” + (2ﬁ2)2)0'57
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and
2 2\ 0.5 2 9N 0.5
Re = ((Thxio)* + (Thyio)”) + de = ((TFx0)” + (Tyio)) (100
7y, 7y,
¢ = tan"! ?y 0 , g = tan ! ?dy 0 (10b)
F¢Txi0 F¢dxi0
where x;0 = [z10 T20 Z30]7, Yio = [y10 Y20 Y30]T, and the coefficient vectors ', 'y, T4y, ['sq are defined in the
Appendix.

3.1 Design of B

For a closed epitrochoid with a user-defined number of cusps k, the ratio of the non-zero eigenvalues of BL, given
by @), should also be an integer and satisfy ’;m"_"‘ = +(k + 1). The parameters [3; are selected such that they form a
Pythagorean triple, defined by (s1, s2, s3), where s = s7 + s3. With this choice, these parameters are given by

2s3 —k(sg+ 51— s s
R e N LY T (1)

It can be seen that for a specific triple (s1, $2, s3) and some k, the equality $; = 0 may hold, for example, for k = 5
and the triple (3, 4,5), including its multiples (that makes them real numbers). In such cases, from (), it can be seen
that the coefficients a3, = a4 = 0, implying that agent A; does not move at all. This implies that for agents Ao
and As, their CoR is agent A1 ; such choices of (s1, s2, s3) and k should be avoided. Note that for hypotrochoids, the
parameter 31 = w, while 35, B3 are the same as in (IT).

The benefit offered with the use of a Pythagorean triple, is that by scaling up, or down, the triple (s1, s2, s3), the
coefficients ¢;,, ¢;q, and hence, the magnitudes of the derivatives of z;(t), y;(t), are also correspondingly scaled. This
feature proves helpful in hardware implementation on robots that have bounded linear and angular speed capabilities.

3.2 Design of the Initial Positions

The CP (I), when expanded, reveals a form that is dependent on the difference in the agents’ positions, rather than
their absolute values. Thus, choosing the agents’ initial positions to design the trochoidal trajectories can be simplified
by placing one of them at the origin and finding the positions of others relative to this origin. While this approach
leads to a CoR that is not the origin, once the trochoid is designed, all agents can again be shifted by known distances
so that the trochoids are centered at the origin or some desired location. As a result, without any loss of generality, let
agent As be placed at the origin; this choice makes (30, y30) = (0, 0).

To simplify further choosing initial positions, consider the distance of agent A; from the origin, given by
i (t)? + yi(¢)?. It can be shown that, for ., a;q > 0, A; is closest to the origin at

1
tmin: W(2(m+1)ﬂ'—(¢d—¢7«)), m:O,1,~-~ s
and farthest at the time instants
tmax = k)\mzn (2m7T - (¢d - ¢7‘))7 m = 07 17 .

Note that if o, ;g have different signs, then ¢.,;, is when the agent is farthest and ¢,,,x 1S When it is the closest.

It is clear from these expressions that the difference (¢4 — ¢,.) is common to all agents and essentially offsets, in time,
when an agent is closest to, or farthest from, the origin. A similar analysis holds for pair-wise distances between the
agents; the term (¢q — ¢,-) shifts when a pair of agents are closest to, or farthest from, each other. Thus, without any
loss of generality, this offset can be set to zero, that is, the initial positions can be selected so that ¢, = ¢g4, in (10).
With this choice, it can be shown that the agents are now co-linear and lie on a line with slope tan ¢,.. Further, since
the actual magnitudes of ¢,., ¢4 do not influence the epitrochoidal paths, for simplicity, they can be set to zero. From
(I0B), this implies that the agents can all be selected to lie on the X —axis of the global Cartesian plane; note that
this is a special case of the line on which the agents are co-linear. Thus, for the 3-agent swarm, the z—coordinates of
agents 1 and 2, x1¢ and z2(, respectively, become the design variables.

To satisfy the stated geometrical constraints, which are in essence distance measures, from (I0), the design of 710,205
is transformed to finding the appropriate values of R, d.. This is possible since the coefficients I'g, - - - have already
been found, implying that «;,, a;;¢ are also known. Thus, the distance constraints can be satisfied by choosing R., d..
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Figure 2: Design parameters k = 2, 5123 = (5,12,13), and do min = 1.5, domax = dcr = 15, and der = 0.5. Left:
Feasible regions in the R, — d. space; Center: Paths for R. = 2500, d. = 0; Right: Paths for R, = 2000, d. = 1200.
Blue is Agent Ay, red is Agent A,, and green is Agent As. The straight lines shown in the left sub-figure represent
R.,d. values that lead to trochoidal paths that have cusps, which are locations where the angular speed of a non-
holonomic robot is undefined.

3.3 Designof R, d.

The parameters R., d. are determined by points in the R, — d. space that are bounded by a set of inequalities. These
inequalities capture the constraints that

1. the closest distance between the origin and any agent, denoted by d;g min, satisfies d;o min > domin > 0;

the farthest distance from the origin to any agent, denoted by d; max, satisfies d;o max < domax;

2.
3. the closest distance between any pair of agents, A;, A;, given by d;; min, satisfies d;j min > dor > 0; and
4.

the farthest distance between any pair of agents, A;, A;, given by d;; max. satisfies d;j max < dcr.

The distance dco7 can be interpreted as a collision threshold, which should not be crossed by a pair of agents, while
the distance do g can be interpreted as a limit on the communication range between a pair of agents. The value for
dcT can be selected by modeling the agents as being bounded in size by a circle of radius Rgepb, thus dor > 2RRob-
Similarly, the distance dg iy can also be selected by modeling the asset, around which the agents traverse, as a circle
of radius, say Ragset, thus, domin > Rasset- Also note that if the communication range d¢ g is known, then the distance
do max can be approximated as dgmax ~ 0.5dcR.

In terms of R, d., for agent A;, i = 1,2, 3, it can be shown that these constraints are defined by the inequalities that
are linear in R, d. and given by

||ctir|Re — |atialde| > domin (12a)
||cvir | Re + |viglde| < domax (12b)
||ovir — e Re — |vig — ajalde| > dor, i # j (12¢)
||ctir — ajr|Re + |tia — ajalde| < der, i@ # j (12d)
R.>0,d.>0 (12e)

For the 3-agent swarm, from a geometrical perspective, the values of B and (R, d..) that satisfy these 14 inequalities
lead to a feasible set of epitrochoidal paths. As is evident, these inequalities form polyhedra in the R. — d. space.

Example: Choosing k = 2, the Pythagorean triple = (5,12, 13), and the distances domin = 1.5, domax = dor = 15,
and dor = 0.5 leads to the formation of the regions shown in the left sub-figure of Fig.[2l Selection of a particular
(R., d.) pair from these regions determines the path. For example, for the solution R, = 2500, d. = 0 (marked by the
black circle in the left sub-figure in Fig.[2), the paths become circles (denoted by the solid lines in the center sub-figure
in Fig. B, while for R, = 2000,d. = 1200 (marked by the red circle in the left sub-figure in Fig. D)), the paths are
epitrochoids (also the solid lines in the right sub-figure in Fig. 2)). For a feasible (R, d.) pair, the initial coordinates
T10, T20 are obtained from (I0a); note that, by construction, x39 = 0 and y;0 = 0V 7. In both the figures in Fig.[2] the
agents’ initial positions are recalculated to shift the CoR to the origin - as can be seen, this recalculation shifts only
the x—coordinates of the initial positions.
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3.4 Injecting Additional Agents

In this section, conditions are derived when additional agents can be injected to the 3 epitrochoidal paths designed
following the described procedure. If agent A;, i = 1,2, 3, traces path P;, then additional agents A,,;, m =1,---,
are injected to path P;. It is clear that agents A,,,; should be placed such that they do not collide with other agents
Aj, j # ¢ and those injected on paths P;; note that agents on the same path, if injected at different locations, naturally
do not collide with each other. Consider two epitrochoids in the parametric form

Tmi = (k + 1) Tic(p49) = diC((k+1)(0+4)) (13a)
Ymi = (K + 1) 7i8(919) — diS((k+1)(6+9)) (13b)
and
x; = (k+1)rjc) — dic(r+1)9) (13¢)
yj = (k+1)715806) — djS((k+1)6) (13d)

where (r;, d;) and (r;, d;) are the parameters of paths P; and P;, respectively. In (I3a) and (I3D), the angle ¢ defines
the location of agent A,,,; that is offset from agent A; on the path P;.

Thus, for agents A,,; and A; to avoid collisions, a suitable ¢ should be found. To avoid collisions, the squared
separation distance between A,,; and A;, given by d? .. = (Zmi — 2;)* + (ymi — y;)?, should satisfy d2 ;; > d2.p,
where dcr is the collision avoidance threshold. On expanding, it follows that dfm»j is a non-linear function of ¢
and hence to find the infeasible values of ¢, which are the solutions to the minimisation problem dfm-j — dQCT =0,
numerical routines may have to be adopted. However, for some specific values of ¢, a closed-form solution for the
feasible solutions can be obtained; this procedure is now discussed.

Choose ¢ = Z and let k = 2n, n = 1,3,5, - --. For this case, the difference 0,,; = (d7.,;; — d.) has the expression

(k4+1)* (r] +r3) + (df + &)
+2(k+1) (r;d; — r;d;) cos (kO) + 2(k + 1) (r;d; + r;d;) sin (k@) — dz.r (14)

and the values of # when this difference has a minimum/maximum are given by k = tan~! (%) and k0 =
idi =T a;

tan™! (%) + 7. Substituting the first of these solutions in (I4) results in the difference 5,2m»j achieving its
1Ay —Tja;

minimum value, which is given by

0.5 0.5)2
02 ijminrce = (R +1) (2 +79)"" = (@ + &)™) = 2. 1)
Thus, if the trochoidal parameters, r; ;, d; ;, and k are such that §2,, i min ke = 0, then agent A,,,; can be injected in the
path of agent A;, but offset by an angle ¢ = 7, so that it does not collide with agent A;. For the case when k = 2n,
where n = 2,4, - - -, the result (I3) also holds, but achieves its minimum at the second solution of k6. When k is odd,
the minimum of the difference 63“»j is given by

62 e (1) (124120 = (di+dy)) -2 16
mij min Ko ( + )(T‘Z—’—T‘]) (1+ J) CcT- ( )

In this case, the trochoidal parameters, 7; ;, d; j, and k should be selected such that the inequality éfm-j min Ko = 0

holds. It can be shown that the inequalities 672m-j min e = 0 and éfm-j min Ko = 0 should be satisfied for ¢ = 2T as
well.

For the case ¢ = m, the expressions for the minimum of 6,27“-]- is dependent on the signs of the products
(ri +r;)(d; +dj) and (r; + ;) (dj — d;). It is remarked that, from the definitions of the coefficients in (8) and
comparing them with the coefficients of the parametric forms in (I3), the signs of these products are the same as that
of the products (o + ajr) (g + @jq) and (ir + ajr) (ja — iq), respectively. Thus, the following conditions
can be derived for ¢ = :

1. For k even and (aur + o) (qua + aja) > 0, the minimum distance, 531” min Ke =
2

((k+1) (ri +75) = (di + dj))” — dgops

2. For k even and (air + ajp) (via + ja) < 0,02 in e = ((k + 1) (ri + 1) + (di + dj))* — d2p;
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3. For k odd and (cr + ajy) (atia — aja) > 0, 62 =(k+1)(ri+r;) —(dj — di))2 —dip;

mij min Ko

4. For k odd and (air + ovjr) (g — 0jq) < 0,02, vin o = ((k + 1) (ri +15) + (dj — di))? — d2p:

Thus, by considering the constraints that should hold for ¢ = 5, 7, and 37”, 3 additional agents can be injected in each
path, increasing the number of agents to 12; the number of constraints also increases by 18 (6 constraints for the 3
values of ¢ per path, that has to be checked for 3 paths).

For the example considered in Sec.[3.3] the variation in the feasible regions in the R. — d. space with the inclusion
of 3 additional agents per path, and the paths traced by them, are shown in Fig.Bl As can be seen, the region in the
center of the R. — d. space has significantly shrunk, while that close to the R.— axis has not. This implies that for
epitrochoidal paths that are close to circles, as shown in Fig. 2l additional agents can be injected quite easily - this is
a natural result as none of these paths intersects each other, while those found from the center of the R, — d. space
self-intersect and with other paths as well. It is remarked that it may be possible to inject more than 3 agents per path,
by solving the minimisation problem numerically for feasible ¢. As should be evident, the frequency with which a
point in the 2-D space is visited increases linearly as the number of agents, thus increasing the refresh rate.

2,500 | | 10p h
2,000 | .
5 | |
1,500 |- .
0 | |
1,000 | .
75 - |
500 |- .
ol A 110l N
| | | | | | | | | | | |
0 500 1,000 1,500 2,000 2,500 3,000 ~10 -5 0 5 10

Figure 3: Left: Reduction in the feasible regions in the R. — d. space (marked in red) for the example considered in
Sec.[33L Right: Initial positions and paths traced by the 12 agents for the solution R, = 2400, d, = 1525.

4 Results

Prior to presenting experimental results, challenges that can arise in implementation of the proposed design are iden-
tified and addressed analytically. Mainly, the issues of implementing the designed CP on non-holonomic robots with
input bounds and perturbations in the designed initial positions are considered.

4.1 Inclusion of Speed and Turn-rate Constraints

As introduced in Sec. 2] the non-holonomic robots whose kinematics are defined in (@) have bounded linear speed
and turn-rate, defined by the constraints |V| < Vipax and |w| < wmax, respectively. In the robot platform used for
experimental evaluation, it is V,w that should be provided as inputs; thus, considering their limits is crucial. In this
section, the influence of such constraints on feasible regions in the R, — d. space is discussed.

For analysis, the parametric form of the epitrochoid, (I13d) and (I3d), are used. In terms of the parameter 6, the linear
speed and turn-rate are given by

2 2\ 05
V(0) =+ <(3_z> + (%> ) = £(k +1) (* +d* — 2rdcos (k6))"”, (172)
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and
) Cyde _ dedy 24 @264 1) — rd(k + 2) cos (kO) (17b)
w = =
V(6)2 r2 + d? — 2rd cos (k)
If the coefficients satisfy d = r, which is a cusp of the epitrochoid, then, at § = QmT’T, m = 20,1, -, the linear speed
V(0 = 227) = 0 and the turn-rate w (6 = 22T ) becomes undefined. This is because, at the cusp, the robot would have

to come to a stop, change its orientation, and trace the path from this new orientation. To avoid this discontinuity, if
still achievable behaviour, certain values of (R, d.) are eliminated. These values correspond to when the coefficients
cir and c;q, defined in (@) and (8), become c¢; = c;q V i. As an added safety margin, these infeasible regions are
expanded using the inequality

Cid

1—¢) <
( 6)_ Cir

<(1+4+e€,0<e<l. (18)

Thus, the feasible regions may further shrink when this constraint is added.

At = w, m = 0,1, -, the linear speed and turn-rate achieve their maximum, given by

d
Vomax = £(k + 1)r <; + 1) , (19a)

(E+1)° + ke (241)
(4+1)°

respectively. Clearly, if % > 1, the linear speed requirement becomes large, possibly violating the bound V' < Vj,,,

although the angular speed demand may be low; the condition % > 1 approximates the trajectory to a circle with radius
d - a large number. These solutions of (R,, d.) may also need to be rejected. To summarise, during implementation on
non-holonomic robots with bounds on their inputs, the feasible regions in the R, — d,. shrink further, as those solutions
are eliminated that: i. lead to cusps even for one of the agents; and ii. result in high demands on the linear or angular
speeds.

, (19b)

WP max =

In the example presented in Sec.[3.3] the values of R,, d, that lead to cusps for each agent are shown by the straight
lines (by setting e = 0 in (I8)) in the left sub-figure in Fig.[2l As can be seen, for Agent A, (red line), there are parts of
the feasible region that lead to a discontinuity in turn-rate. The almost circular paths in the center sub-figure demand
constant turn-rate and hence zero angular acceleration, while for those in the right sub-figure, larger values of turn-rate
and angular acceleration are expected at the troughs of the trochoidal path. Thus, a trade-off needs to be performed in
the selection of these paths. A decision variable that can be employed is the area traced by the robots moving on these
paths, when they are performing a surveillance or guarding task - a larger surface area coverage can be expected with
trochoidal paths that contain troughs/crests than paths that resemble circles.

ol

— -

Sense

~
// ~
~N

VLW,

Figure 4: Computing the area covered by a robot with sensing radius Rgsepse tracing a path
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Area Coverage: To design the paths, in Sec. an agent is modeled as being bounded in size by a circle of radius
Rgop- Further, assume that each agent is also equipped with a range sensor with range Rsense ~> RRrob and 360° sensing
around the robot (for instance, with a LIDAR sensor or equivalent). Now, from the schematic shown in Fig. @ the
sensing area covered by an agent A; in one period of the trochoidal path can be calculated. The infinitesimally small

00 00

(expressed in the parametric form) traced for an infinitesimally small angle 66 = (62 — 61). Thus, as the trochoids are
periodic and closed, the total sensing area covered by agent A; is given by

T [105\2 [oy:\?
SenseArea; = 2 Rsense / <a_9l> n (%) a6. (20)
0

3
Thus, the total area covered by all 3 agents is simply the sum ) SenseArea;.
i=1

oxi\> [0y’
area (in red) is given by the product 2 Rgensedl;, Where §1; = \/ ( :c ) + ( Y ) is the length of the trochoidal path

From the feasible regions shown in Fig.[2l for the design pair (R., d.) = (2500, 0), which leads to circular paths, the
total sensing area is found to be 146.98 (determined numericallyll), whereas for (R., d.) = (2000, 1200), which results
in epitrochoids with pronounced troughs/crests, the total area is 243.84 (all in appropriate units). Thus, a considerable
increase in sensing area can be achieved with the use of trochoidal paths, which may require operating close to the
inputs’ limits of the individual agents, than circles, which do not demand such input magnitudes.

4.2 Perturbing Initial Positions

In Sec. it is shown that feasible epitrochoidal paths can be generated by choosing the agents’ initial positions to lie
on the X —axis, say (x;0r,0). The effect of perturbations in these initial positions is now analysed; the other design
parameters remain unchanged. Let the perturbed position of each agent be given by (z;or +¢€; cos ¥, €; sinv; ), where,
€; > 0, 1; € [0,27] V 4. These new initial positions lead to different values of (R,, d.), denoted by (R.,, d.p), hence,
different trochoidal paths, and also for the paths to evolve about a new CoR, since, from (I0), ¢r.a,0 # 0, and hence,
in @), Co = Cio = Cjo 75 0.

For the example considered in Sec. the initial positions that are found for the solution R, = 2500, d. = 0 (black
circle in the left sub-figure in Fig. 2] are perturbed (with ¢; = 1V ¢ and v; randomly chosen to lie in [0, 27]). These
perturbed initial positions result in the R, d. pair marked by the green circle in the same region, which in turn lead
to different trochoidal paths (dashed lines in the center sub-figure in Fig.[2)); with perturbations, the path closest to the
CoR exhibits a clear epitrochoidal feature, which is different from the circular path generated in the absence of any
perturbations. From this illustration, the importance of finding “large” regions in the R. — d. space can be appreciated,
as such “large” regions will hold solutions for feasible paths even in the presence of perturbed initial positions.

It can be shown that since (R.p, dcp) and the new CoR is common to all agents, the smallest and largest distances
between any pair of agents continue to satisfy the inequalities and (I12d), respectively. Thus, perturbing the
initial positions of the agents does not lead to collisions between them. On the other hand, the smallest distance-to-
the-origin inequality, (12a), may be violated. Bounds on the magnitudes of perturbation, ¢;, are now derived so that

(124 still holds.

This analysis is performed for a closed epitrochoid with the origin as the CoR and expressed in the parametric form
rg = (k+1)rco — deg1yo, yo = (k+1)7rsg — ds(p11)e, Where ¢y = cos(-),s.) = sin(:). A point on this
epitrochoid is closest to the origin at § = 0, 7 with distance (r(k+ 1) —d). Now, let the initial coordinates, evaluated at
6 = 0, be perturbed such that the CoR of the perturbed epitrochoid (PE) has the coordinates (& cosyr, d sinyr), § > 0
and its orientation is changed by an angle yr. Thus, the parametric form of the PE becomes

rop = (k+1) TCoO+vyr — dc(k+1)9+’7R + 5C’YT7
Yop = (k + 1) 7804+, — dS(k+1)0+75 + 0Sys-
The squared distance of any point on the PE to the origin is given by
p = (k+1)*r2 +d* — 2(k + V)rdere
+6%+25 ((k + 1)TC(’7R—’YT+9) - dC(VR—VT'i-(/H-l)@)) :

'https://in.mathworks.com/help/matlab/ref/integral . html
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As the magnitudes of the perturbation is expected to be small, its influence on d2p is analysed by linearising this
expression about the following points: i. § = ygpr = 6 = 0 and ii. § = ygr = 0 and § = . It can be seen that
these are the points when the original epitrochoid is closest to the origin. It can be shown that in the vicinity of § = 0,
d?p < (r(k 4+ 1) — d 4 6)*, while in the vicinity of @ = 7, d25 < (r(k + 1) — d — 6)°. Thus, the PE shifts closer to
the origin at § = 7 and farther away at # = 0; in both cases, by no more than §. This shift in the paths can be observed
in the dashed lines in the center sub-figure in Fig.

Now, the point at § = 0 on the PE has the coordinates [((r(k + 1) — d) ¢y, + d¢yp ), (r(k + 1) — d) 545 + 054,.)].
Therefore, for small vz 1, these coordinates can be approximated to [(r(k + 1) —d+9), (r(k + 1) — d) yg]. Thus,

0.5
the magnitude of perturbation ¢; ~ (52 + (r(k+1) —d)? 7}2%) ; the angle ); ~ w. The implication of

perturbed initial conditions is that the agents can enter the guarded region around the asset, thus violating one of the
key design requirements. To avoid this issue, the inequality (12a) is amended to

diO min — “041'T|Rc - |aid|dc’ Z (dOmin + 5) 5 (21)
so that perturbations of magnitude ¢; in the initial positions do not lead to any constraint violations. While the farthest

distance inequality (I2D) should be similarly modified, if d;omax > 9, then, these perturbations do not affect this
constraint greatly.

4.3 Hardware Implementation

The proposed algorithms are implemented on the QBOT 2E mobile robot platform by Quanseifl. All experiments are
conducted in the Autonomous Vehicles Research Studi(ﬂ, also from Quanser, using 3 robots. The Studio allows for
inter-robot communication, with which robots exchange their coordinates with their neighbours and hence the CP, (@),
can be implemented; the communication topology as shown in Fig.[lis adopted. The robots’ coordinates, including
orientation, ;, are measured by a tracking system built-in to the Studio. To control the motion of the robots, their
linear and angular velocities need to be provided. The angular velocity is implemented as the proportional-integral
controller with feed-forward term, given by

t d 1Re
wi = Kp (Viret — Vi) +K1/ (Virer — i) dt + < ’Zl: f> ’
0

where Kp > 0 and K| > 0 are the gains; the linear speeds, reference orientation angles and their time-derivatives are
determined using the formulae presented in Sec. 2.1}

The robots move in an environment which is a square of size 2 x 2 m?; the robots themselves are circles with radius,
Rrob = 0.015 m. The distances used in the inequalities (12) are set as do min = 0.01, domax = 1.8, dcr = 4, and
dcr = 0.5 (all in m). Owing to the relatively large size of the robots with respect to the environment and to obtain
“reasonable” paths, it became necessary to choose dgmin, = 0.01. Similar to the results shown in Fig.[2] two classes
of paths are generated which the robots trace: i. circular and ii. epitrochoidal. The reference (dashed lines) and actual
paths (solid lines) in the X — Y plane for these two cases are shown in Figs. Bland[6] respectively. The evolution in
time of the distances of the three agents from the origin as well as inter-robot pair-wise distances are shown for the
epitrochoidal path in Fig.[7l As can be seen, all distance constraints listed in are satisfied by the agents. Thus,
no pair of agents collide with each other and neither do they trace large paths that would cause them to cross the
boundaries of the environment.

The design variables are presented in Table[Il As mentioned in the Introduction, the proposed CP design procedure
simplifies the selection of 10 variables to just 4. To generate these results, the robots were driven to their respective
initial positions prior to the implementation of the designed CP. The reference and actual initial positions of the three
agents are also listed in Table [I} as these are slightly different, the paths traced by the robots also differ from the
designed ones, but are still feasible. Further, the magnitudes of the Pythagorean triples, denoted by s1 2 3, in Table[T]
were scaled down by a factor of 0.01 for the circular path and by a factor of 0.0015 for the epitrochoidal path; with
this scaling down of the speed, the robots took close to 6 min to trace one period of the path. As the robot platform
allows for only the linear speed and turn-rate as the inputs to each robot, instead of controlling the input to each wheel
of the robot, this scaling down had to be performed to ensure the robots trace the designed paths; the time-histories
of the linear speeds and turn-rates are presented in Fig. |8l Note that the analysis in Sec. focussed on ensuring that
paths with cusps are avoided; the upper-limits on speed and turn-rate constraints are dependent on the robot platform.

As can be seen in the left sub-figure in Fig.[5] for the chosen Pythagorean triple of s1 2 3 = (5,12, 13), the region in
the R, — d. space that would yield a non-circular path is much smaller than the other two regions; as discussed in

*https://www.quanser.com/products/qbot-2e/
Shttps://www.quanser.com/products/autonomous-vehicles-research-studio/
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Table 1: Parameters used to generate the paths shown in Figs.[5land[6l

Path | Design Variables | Reference and Actual (in []) initial positions
‘ (—1.024,0) [—1.014;0.001]

Circular (Fig.[5) s1.23 = (5,12,13) 0.455;0) [0.447; 0.001]

1.441;0) [1.442;0.001]

0.16,0) [—0.161; 0.004]
0.949;0) [—0.94; 0.001]
(1.584; 0) [1.588;0.001]

k= 2, dOmin = 001, dOmax = 1.8, dCR = 4, and dCT =0.5

(
(
(—
(—

Epitrochoidal (Fig.lE% s1,2,3 = (7,24,25) ‘

600 |- 1 151 I .
500 + b 1r B
400 - B 0.5 B
< 300 ' 1= o .

200 |- N —0.5

| | | | | | | |
—-100 0 100 200 300 400 500 600 700
R.

Figure 5: Design parameters: k = 2, s1.2.3 = (5,12,13), domin = 0.01, domax = 1.8, dcr = 4, and dor = 0.5. Left:
Feasible regions in the R, — d. space; Right: Reference (dashed) and Actual (solid) Paths for R, = 500, d. = 0. Blue
is Agent Ay, red is Agent Ao, and green is Agent As.

15 ]
2,000 - i
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1,500 | 1
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Figure 6: Design parameters: k = 2, s1.2.3 = (7,24,25), domin = 0.01, domax = 1.8, dcr = 4, and dor = 0.5. Left:
Feasible regions in the R, — d. space; Right: Reference (dashed) and Actual (solid) Paths for R, = 1000, d. = 1250.
Blue is Agent Ay, red is Agent Ao, and green is Agent As.
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Figure 7: Left: Temporal variation in the distances of the robots from the origin; Right: Temporal variation of the
pair-wise distances between the robots. The path parameters are based on the values shown in Fig.
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Figure 8: Left: Temporal variation in the linear speeds of the robots; Right: Temporal variation of the turn-rates the
robots. The path parameters are based on the values shown in Fig.

Sec. selecting a solution for (R, d.) from this “small region” would not allow for feasible paths to be traced if
the initial positions are perturbed. On the other hand, from the left sub-figure in Fig.[6] as the corresponding region is
larger, greater perturbations in the initial positions can be tolerated. Thus, for each class of path, the (R, d.) pair is
selected (red circles in both sub-figures), so that perturbations can be handled.

The results section is concluded by showing the influence of two design parameters: the Pythagorean triple and £,
on the sizes of the feasible regions in the R. — d. space. The change in these regions for three different triples,
S1 = {5,12,13}, S» = {8,15,17}, and S5 = {12, 35,37}, while keeping £ = 2 as a constant, is shown in the left
sub-figure in Fig.[0l Similarly, for S; and varying k, the regions are shown in the right sub-figure in Fig.[9 To make
comparison easier, the R., d. values for each set are normalised to lie between [0, 1]. As can be seen, both parameters
play a crucial role in the generation of feasible paths. While near circular paths can be generated by all sets, regions
that lead to paths that resemble trochoids reduce considerably for some combinations. As discussed before, it helps
to choose regions that are “large” in order to accommodate perturbations in initial positions and those lead to larger
sensing area coverage.

5 Conclusions

In this paper, a CP developed to enable the creation of artistic patterns is designed for a connected swarm of non-
holonomic robots. By considering a swarm of 3 robots, parameters of closed and periodic trochoidal paths are cal-
culated that ensure distance constraints are satisfied; these constraints consider robots of finite-size, hence guarantee
collision avoidance if satisfied, and communication range between the robots. Further, constraints on speed and turn-
rate as well as perturbations in the initial positions of the robots are also considered in the design. By exploiting the
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Figure 9: Regions in the (normalised) R. — d. space: Left: for the Pythagorean triples: S = {5,12,13}, S2 =
{8,15,17}, and S5 = {12,35,37}; k = 2 is fixed. Righs: for different values of k: k1 = 2,ky = 3,ks = 4; the
Pythagorean triple is fixed to S;. Distance parameters are the same as used to generate the regions in Fig.

properties of the CP and the characteristics of trochoids, the proposed design procedure reduces the number of de-
sign variables and also allows for scaling temporal movements without causing any change in the geometric patterns.
Conditions when additional robots may be added to the paths designed for 3 robots are also identified. The design of
two types of closed paths - circular and epitrochoidal - is also implemented on a hardware platform; the trade-offs that
result between these types of paths are also highlighted.

This work can be naturally extended to the 3-D case, for instance, with ground robots replaced by drones, so that
additional applications can be covered; another extension is considering more than 3 agents. Alternative solutions for
the design of the CP can be considered that can yield non-closed paths, which may present desirable properties in
some applications. Changing these design parameters dynamically, while ensuring the identified constraints continue
to be satisfied, is another extension to this work.

APPENDIX
The coefficient vectors T'g = [y,1 Vr2 Vr3), - - - in (IO are given by
Yr1 = B2 (51 + 202 + B3 + 2b)
Yro = P1 (81 — B3 + 2b) — 232033
Yz = — (BF + 265 — B183 — P23 + B182 + 261 + 2b0;)
Ya1 = B2 (B1 + 2082 + B3 — 2b)
Yaz = P1 (B1 — B3 — 2b) — 22033
Yas = — (BT + 283 — B183 — 23 + 182 — 2631 — 2b0;)
Yorr = — B2 (B1 + B3 + 282 + 2b)
Yerz = —B1 (B1 — Bz + 2b) + 20233
Yors = BT + 2835 — B1Bs — B2Bs + B182 + 2bB1 + 2b53;
Ypa1 = B2 (B1 + B3 + 22 — 2b)
Ypaz = B1 (B1 — Bz — 2b) — 2P233
Yoas = — (B7 + 263 — B1Bs — Bafi3 + b1z — 2651 — 2bP2)
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