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Task-Space Control of Bilateral Human-Swarm Interaction with
Constant Time Delay

Yen-Chen Liu

Abstract— This paper presents system framework and con-
trol algorithm that enable a human operator to simultaneously
interact with a group of swarm robots in a remote environment.
In this control system, several characteristics of the config-
uration of the swarm robots are encoded as task functions,
for which a human operator can specify desired values that
are conveyed to the end-effector of the master robot. Stability
and tracking performance of the proposed control system are
investigated in the presence of communication delays so that
the swarm robots can be manipulated remotely. Moreover, the
swarm robots, which perform like a redundant robotic system,
can also regulate their position to achieve secondary tasks
autonomously. The proposed control algorithms are validated
via numerical simulations on a 3-DOF robot manipulator with
a group of mobile robots.

I. INTRODUCTION

Much recent research has been devoted to developing
control architectures and algorithms for human operators
to regulate a group of swarm robots [1], [2], [3], [4],
[5]. However, most of the control systems proposed in the
literature are difficult to fulfill complex missions in cluttered
environments. In addition, few studies have addressed the
issue of unreliable communication channels and the flexi-
bility of the swarm robot. Therefore, this paper proposes a
new control framework to accomplish bilateral human-swarm
interaction by adopting the task-space teleoperation control
system addressed in [6], [7].

Studies in recent decades have examined how to control
multiple robots in maintaining formation, avoiding obstacles,
and monitoring the environment [8], [9], [10], [11], [12],
[13]. Based on artificial potential functions and sliding-mode
control, [9] demonstrated that a group of swarm robots
could achieve formation control and social foraging. It has
been proposed recently to control a swarm of robots by
positioning robots inside a desired region while maintaining
a minimum inter-robot distance [10]. The redundant ma-
nipulator technique has also been proposed to control the
motion of a swarm group [14] by designing different task
functions with the use of null-space projection. In order to
handle task functions having different priority and to avoid
possible singularities in the system, [15] applied singularity-
robust task-priority inverse kinematics [16] to redundant
techniques for platoons of robots [14]. However, most of the
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Fig. 1. Overall system for bilateral human-swarm interaction.

aforementioned work does not consider human input, and can
be applied only for a predefined trajectory and formation.

Several studies have explored teleoperating a group of
mobile robots remotely using a single human operator. The
work [3] used passivity techniques to address the stability
problem of controlling groups of mobile robots by employing
one master robot. The teleoperation system with single-
master and single-slave robots [17] was extended by [2] to
support multiple mobile slave robots under constant, bounded
communication delays. Assigning an identity to each slave
robot enables coordinating their positions to maintain a rigid
formation. Although the aforementioned control algorithms
can provide a human operator to remotely command multiple
robots, assuming either no delay in the communication chan-
nel or slave robots following a predefined static formation
could limit the applications in practice.

This paper develops a control system for human-swarm
interaction, see Fig. 1, by adopting the study of semi-
autonomous teleoperation between kinematically dissimilar
master and slave robots [7]. We formulate two types of
tasks, teleoperation task and autonomous task, to enable the
swarm robots to be teleoperated by the human operator and
to autonomously achieve additional tasks. The teleoperation
task is accomplished by utilizing the abstraction of group
robots addressed in [14], [15]. Thus, the human operator
can control the movement and formation of the swarm
robots by commanding on the corresponding task functions.
Considering that the augmented slave swarm exhibits high
level of redundancy, the null-space of the group of swarm
robots can be utilized to achieve several sub-tasks.

The paper is organized as follows. Section II presents
the model of the master manipulator and the slave swarm
robots. The proposed controller and stability analysis are
addressed in Section III, which is followed by the dis-
cussion of teleoperation and autonomous task functions in
Section IV. Section V illustrates numerical examples of the
proposed bilateral human-swarm interaction system. Finally,
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Fig. 2.

II. HUMAN-SWARM SYSTEM

The proposed human-swarm system is composed of a
robotic manipulator, which is commanded by a human oper-
ator, and a group of swarm robots, which are teleoperated to
accomplish various tasks in a remote environment (Fig. 1).
The control framework, illustrated in Fig. 2, is formulated
subsequently in this section.

A. Master Side-Human Operator

Without loss of generality, the robotic manipulator in-
fluenced by the human operator is assumed to be a non-
redundant robot and described by [18]

Mi(q1)di +Ci(qi,d1)di + gi(q) = w +JL F, (1

where ¢; € R™ is the vector of generalized configuration coor-
dinates, M;(q;) € R™*™ is the inertia matrix which is symmet-
ric and positive-definite, C;(g;,¢;) € R™*™ is the matrix of
Coriolis/Centrifugal terms, which satisfies the property that
the matrix M;(q;) —2Ci(qs,q;) is skew symmetric under an
appropriate definition of the matrix C;(q;,q;) [181, gi(q;) =
dGi(q1)/dq; € R™ is the gradient of the potential function
Gi(q;), u; € R™ is the vector of applied control torque,
F; € R™ is the force exerted by the human operator, and
J; is the Jacobian matrix that will be defined subsequently.
The subscript [ in (1) denotes local site of the human-swarm
system.

Let X; € R™ represents the end-effector of the robotic
manipulator that is related to the robot joint-space as

X = fila)), Xi=Ji(q)du, )

where f;(gq;) € R™*™ denotes the differentiable forward kine-
matics of the manipulator, and J;(q;) = 9 f;(q;)/dq; € R™*"
denotes the differentiable Jacobian matrix that is assumed to
be known in this paper. Additionally, the Jacobian matrix is
a square matrix as the robot is considered a non-redundant
manipulator for simplicity.

B. Slave Side-Swarm Robot

The dynamics of the i fully actuated mobile robot in the
swarm can be described by [9], [10], [19]

Mi(qri)Gri + Cri(qrir 4ri)Gri + &ri(qri) = tri + thei, 3)

where ¢,; € R" is the vector of generalized coordinates,
M,i(q,i) € R™" is the symmetric and positive-definite in-
ertia matrix, C,(gri,gr) € R™™" is the matrix of Corio-
lis/Centrifugal terms where the matrix M,;(q,;) —2Cri(qri, Gri)
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Control framework of the proposed human-swarm system.

is skew symmetric under an appropriate definition of the
matrix Cri(qﬁaq.ri) [2], [10], gri(qﬁ) = aGri(Qri)/aqﬁ ER"is
the gradient of the potential function G,;(g,;), ur; € R" is the
vector of applied control torque, and u,; € R" is the external
force applied to the i robot. The subscript  in (3) denotes
the remote site of the proposed system.

In this paper, we consider that the group of swarm is
constituted by n mobile robots whose dynamics are de-
scribed by (3). By denoting ¢, = [¢},...,qL]7, M,(g,) =
diag{M,,....My,}, Ci(qr,q,) = diag{Cy1,...,Crn}, g =

lgh,...,gL )T, and u, = [uly,....ul )T, ue = [ul},... ul,]",
the dynamics of the swarm robots are given by
M, (qr)Gr +C(qr:4r)qr + 8r(qr) = ur +ue, 4)

where Mr(qr) c anxm, Cr(QhQr) c Rm><m’ qr ean, gr ean’
ur € R, and u, € R™. Following the dynamics (3), the matrix
M, —2C, is skew symmetric.

Therefore, the task-space function of the swarm robots (4),
similar to a robotic manipulator, can be described as

X, = fr(Qr)» Xr = Jr(‘]r)q.rv &)

where X, € R™ is the vector of task functions that will be
defined subsequently to represent the characteristic of the
swarm robots, and J,(g,) € R™*™ is the Jacobian matrix cor-
responding to X,. The relationship between the generalized
coordinates of the swarm robots and the task-space function
is given by f(q,) = [fr(gr) --- frm(‘Ir)]T € R™, where
f+i(gy) are differentiable scalar task functions that suitably
depend on the state of swarm to describe the abstractions of
the group of robots. Accordingly, the Jacobian matrix of the
swarm robot can be represented by

J( ):afr(qr): afrlT afrmT
M) ="5," = 3g, 0

where df,;/dq, is the i" row of the Jacobian matrix J,.
Based on the definition of J,, the external force applied
on the swarm group can be represented by u, = J!F,,
where F, € R™ denotes the external force corresponding to
the task-space function of the swarm robots. Therefore, by
assigning appropriate task-space function for the abstraction
of the swarm robot, the group behavior of the swarm robots
can be controlled by manipulating the corresponding task
functions [8], [14]. The design of artificial task functions
fri(gr) will be addressed in Section IV.

In this paper, we assume rn > m such that the augmented
dynamic model of swarm robots (4) performs like a redun-
dant robotic system. Therefore, the Jacobian matrix J, is a
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non-square matrix so that the null-space of the swarm robots
can be controlled to provide the swarm robot the ability to
achieve several sub-tasks [20], [21].

III. CONTROLLER DESIGN

The control algorithm is proposed and studied in this
section for the system framework illustrated in Fig. 2, and
system model formulated in the previous section. Following
the dynamic model of the human-swarm system, the tracking
errors in task space between the robotic manipulator and
the group of swarm are defined by ¢;(t) = 1/aX,(t —T,) —
X;(¢) and e,(t) = aX;(r — T;) — X,(¢), where « is the ratio
between the end-effector of the manipulator and the task-
space function of the swarm robots. As illustrated in Fig. 2, T;
for i = {l,r} in the tracking errors denote the communication
delays for signals transmitted between the human operator
and the swarm robots. The constant o is utilized to scale
the workspace of the manipulator for the workspace of
the swarm robot. Thus, if lim,_.e;(f) = lim,_,ee,(t) =0,
the task functions that represent the characteristics of the
swarm robots can track the scaled position of the robotic
manipulator that is commanded by the human operator.

For the robotic manipulator (1), we define s; € R™ as

s1=—J; ke + 4, (7)

where k; is a scalar control gain, and J;~ I'e R™™ denotes
the inverse of J;. Let v; = ¢; —s;, we have v, :Jflk,el. By
denoting a; the differential of v;, it is obtained that a; =
Gi—$1=J ke, +J; k.

Similarly for the dynamics of the swarm robot (4), we
define s, € R™ as

Sr = _ijzer+4r - (Irn _JrJrJr)lIlw ®)

where I, € R™*™ is an identical matrix, J;* € R">™ denotes
the pseudoinverse of J,, which is defined by J;* = JT (J,JT)~!
and satisfy J.JF =1, [21], and ¥ € R™ is the auxil-
iary function employed to control the additional degree-of-
freedom (null space) of the swarm robot via the projection
(I —J,FJ;). (The design of function ¥, will be discussed in
detail in Section IV.) Subsequently, we define v, = ¢, — s,
such that v, = J ke,. Then, a,, the differential of v,, can be
given by a, = G, — s, = J ke, +J kiér + %[(Im —J ).

From the definition of v; and a; for i = {I,r}, we get ¢, =
si+v; and §; = S; + a;. By substituting ¢; and §; into the
dynamics model (1) and (4), we have

Mi(qi)($i +ai) +Ci(qi, 4i) (si +vi) + gi(qi) = i +JT F. (9)

Since the robot dynamics are linearly parameterizable [10],
[18] such that M(q)§ +C(q,9)§ + g(q) = Y(4,4,5,§)O,
where & € RP is any differentiable vector, ® € R" is a
constant vector of dynamic parameters, and Y(q,q,é,é_",) €
RPB*W denotes the matrix of known functions, the equation (9)

can be written as
Mi(q)Si +Ci(qi, Gi)si = ui +J F; —Yi(qi,di,vi,a;)©;. (10)

By defining p; = Jisi = —kse; +X;, where the property that
Jr(Ly — JTJ) =0 [21] is utilized for the swarm robots, the

proposed control input for the human-swarm system is given
as

u; = Y;0; — kys; — kpJi pi+kaJ] é;, (11
where kg, k,, kg are positive control gains, and @,- is the
estimate of the uncertain parameter vector ®;. By substituting
u; into the robot dynamics (10), the closed-loop dynamics of
the proposed system becomes

M;(qi)Si + Ci(qi, Gi)si+ kisi
=Yi0: —kpJ] pitkad e+ F,  (12)
where ©;, = @, — @, for i = {l,r} is the estimated error for
the unknown vector ®;, and the estimated dynamic parameter
vector ©; is updated by the adaptive law
@,‘ = —F,’YiTSi. (13)
Thus, the stability analysis of the presented closed-loop
control system follows
Theorem 3.1: Consider the closed-loop human-swarm
system described by (12) with the update law (13). Assume
that the Jacobian matrix of the robotic system is full rank. If
there exists no external force (F; = F, = 0), then all signals in
the closed-loop system are bounded. Additionally, the scaled
tracking errors ¢;, e,, velocities X;, X, and s, asymptotically
approach the origin independent of constant delays in the
communication network.
Proof: Consider a positive-definite storage functional
for the human-swarm system as

o ~ ~ 1
V= 3 (SITMISZ + @lTI—TIG)l + k,kde,Tel) + 20 (SrTM,Sr

o ko [ ur

+OIT; 16, +kikyele,) + % X7 (2)X)(t)dt
-1

ki ' or

4 / X7 (1)X,(1)dr. (14)

206 t—T;

Taking time derivative of the functional V, we have

o . & .
V= 2 (T Misi 4257 Misi +20] T &y + ke 1)

. s
o (srTMrsr 25T M5, + 20,0710, + 2k,kde,Té,)

oky .. . .
+ (% = X[ (1 = )Xy (e =)
kg oo . .
a0 XX =X (1= T)X, (1~ T,). (15)

Substituting the closed-loop system (12) and the adaptive
law (13) into the above equation, we get

. k, k .
V= 7akslslTSl - gszsr - akpplTpl - Eppzpr + akdp[Tel

ka 7,  Oka 1o '
+ o pr et = (XX = X[ (¢ = )Xy (e 1))
i (K1~ XT (1= )Xo~ 1))+ akikye]
ik
Hkagr, (16)
(04
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By substltutlng pi = —kie; +X; to the terms of piTéi with
= 1X.(t—T,)—X; and ¢, = aX,(t — T}) — X,, the above
equatlon can be written as

. ky 1
V= a(ksls, S +kppl P+ — > é el) a(ks,srTs,
kg
+kppr pr+ 5 eTer) <0. a7

Since V is positive-definite and V is negative semi-definite,
lim;—.V exists and is finite. Hence, s;,p;,¢; € % and
si,ei,®; € Z,. From the closed-loop of the system (12),
we get §; € Z. By invoking Barbalat’s Lemma [22], we
obtain that lim, .. s;(¢) = 0. Since p; = —kye; +X; = Jisi, we
have X; € Z. As s;,e; € Lo, G; € L. From the derivative
of p; = Jis; that p; = Jis; + Jis;, we further obtain p; €
Z. Since p; € £ and p; € Z., by invoking Barbalat’s
Lemma again, we get lim,_,. p;(t) = 0. Following the proof
of Theorem 2.1 in [7], we conclude that lim,_,. X, (z) = 0.
Similarly, we obtain lim, . X;(f) = 0. Consequently, from
pi = —ke; + X;, we have lim,_.e;(t) = 0, which implies
limy e (X, (1) — 00X (1)) = 0. [ ]

By considering the case when the external force F; is
passive with respect to p; as the output, there exists a constant
¢i € R such that [2], [17]

—/IET(T)p,-(T)dfz—ciz, for i={l,r}. (18)
0

Hence, we have the next corollary.

Corollary 3.2: Consider the closed-loop system of the
human-swarm framework described by (12) and the update
law (13). Assume that the Jacobian matrix of the robotic
system is full rank. If the external forces from the human
operator and the remote environment satisfy the passivity
condition (18), then the closed-loop system is stable, and
the scaled tracking error e;, e,, velocity X;, X,, and s,
asymptotically approach the origin independent of constant
communication delays.

Proof: By considering the storage functional V

o ~ ~ 1
v=2 (s,TM,s, L OTT 0, + ktkdelTel) 3o (s,TM,s,

Ok / " XT()%i(n)de

X @@ rad—a [ F (on(

+@Tﬂ@+h@£mgk

ky
+£

+E’ - /0 FT (1)p,(v)d7

the proof can be completed by following the proof of
Theorem 3.1. |

IV. TASK FUNCTIONS

The scaled position tracking of the proposed human-
swarm system is demonstrated in the preceding section that
limy e X (¢) = lim;_0o 0¢X;(¢), which implies that the end-
effector of the master robot and the task space of the swarm
robot converge to each other under the scale ¢. Therefore,
the movement of the swarm robot can be teleoperated by the
human operator through the design of an appropriate task

19)

function f,(g,) for various applications. This type of task
function, which is named as teleoperation tasks in this paper,
provides a mechanism for the human operator to directly
influence the group of swarm robots in a remote environment.
In addition to the teleoperation tasks, the null space of
the redundant swarm robots can be controlled to achieve
additional tasks by properly choosing the auxiliary function
Y, and this part of task function is called autonomous task.
The designs of these two types of task are introduced in this
section.

A. Teleoperation Task

1) Centroid of swarm robots: The first teleoperation task
function introduced in this section is a function representing
the average position of the swarm robots. By denoting g,;; €
R the j® coordinate of the i robot in the swarm, the task
function that represents the centroid of the swarm robots in
the j coordinate fo;(qr) is defined by

n
ZQrija
=1

where n is the number of robots in the swarm. Based on
the definition of the task function, the partial derivative of

fo;(qr) can be given by

fs.(qr 1 1
qu(r)z[... 0j1 - 0,; 0j1 — 0. ... ], 2D

fO'j Qr = (20)

where 0; denotes a j-dimensional zero row vector, and
dfs;(qr)/dq, € R™. For the use of this task function fg,(q,)
being one of the entry in task space f,;(q,), the human
operator can individually control the average position of the
7" coordinate of the swarm robots through teleoperation.

2) Variance of swarm robots: Even though the task func-
tion for average position can provide the human operator to
control the centroid of the swarm robots, only commanding
the average position might lead to divergent swarm position.
Therefore, the next teleoperation task considered is the
variance of the swarm robots. The task function of the total
swarm variance can be given by

l r
"k

where the value r in the denominator is the number of degree-
of-freedom of the individual swarm robot. Thus, the partial
derivative of fy,(q,) is

8fﬂ(‘1r) | afﬂj—l(qr) 8fllj(‘ﬁ) afﬂ_/+1(qr) }
aQr aqrijfl aqrij aQrijJrl ’

‘Irt] fcr, qr)) s (22)

7 M:

where afﬂ (r)/94qrij = o) (( D)grij — Xi= 11;&151rl])
With the use of swarm variance for teleoperation task, all

entries of dfy(q,)/dq, are zero if only if g.i; = g.1;, Vi #1,
which means that all swarm robots are located in the same
position. This situation is unacceptable in practice and can
be avoided by designing suitable autonomous task functions,
i.e. inter-robot collision avoidance.
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B. Autonomous Task

The natural of redundancy for the swarm robots can be
utilized to achieve additional tasks other than tracking the
teleoperation task function received from the human operator.
Since Theorem 3.1 and Corollary 3.2 have demonstrated
that lim, e 5,(¢) = 0, based on the definition in [6], [20],
[21], the convergence of the sub-task tracking error for the
redundant robotic system to the origin can be guaranteed.
Hence, the null space of the swarm robots can be controlled
to achieve additional tasks autonomously. The design of
autonomous tasks for the human-swarm system is addressed
in this section.

The sub-task control, which is considered as the au-
tonomous task in the framework of human-swarm interaction
system, can be achieved by designing appropriate auxiliary
function ¥. The vector W, defined by a negative gradient
of an auxiliary function f,(g,) [23], is given as ¥I =
—df4(qr)/dqyr. According to [6], [20], [21], the auxiliary
function f,(g,) can be designed appropriately such that the
lower value corresponds to more desirable configurations.
Two examples of the autonomous task functions are intro-
duced in this section for the control of swarm robots.

1) Inter-robot distance: For the swarm robotic system
with rn < m, controlling the average position and variance of
swarm robots has infinite solution for the swarm formation.
Robots might gather together in several small groups while
achieving the teleoperation tasks. However, in some appli-
cations such as coverage control of mobile robot network,
increasing the covering area is necessary to improve the
overall performance. Therefore, the first autonomous task
considered in this paper is to maximize inter-robot distance
in order to enlarge the area of coverage. By denoting d(i, j)
the distance between the i’ robot and the j robot, the task
function are given by

Y d(i.).

j=it1

2 n—1
falar) ===y & (23)

which is the average of the inter-robot distance. Thus, the
gradient of the function f;(g,) can be shown as

dfa(qr) _ 2 [ dfa(qr) 9falgr) 9falqr) }
a('Ir n(n - 1) aQrijfl aqrij aqrijJrl
If d(i,j) is given by Euclidean distance such that
1/2
d(i,j) = (erzl(q,ﬂ - q,j1)2> , then the function
dfa(qr)/dqrij can be obtained from (23) with
d(i,j)/9qri = (qrit —qrj1)/d(i,j). Thus, the swarm

robot can regulate their formation by utilizing the auxiliary
function WI = —9f,(q,)/dq, in the controller to maximize
the inter-robot distance in order to increase the coverage area
autonomously. It is worth pointing out that this autonomous
task should be performed cooperatively with the use of
variance for teleoperation task. Since the teleoperation task
has higher priority than the autonomous task, the group of
swarm robots will not diverge because of the control on
swarm variance by the teleoperation task.

2) Avoidance of obstacles: Due to the limited information
from the remote environment to the human operator and
time delays in the communication channels, the ability
of swarm robots to autonomously avoid obstacles within
the environment in real-time is necessary to improve the
performance of human-swarm interaction system. Based on
the proposed control framework, the collision avoidance
algorithm presented by [24] for multi-agent system can be
adopted to the autonomous tasks for swarm robots. If there
exist collision-free configurations and paths, the group of
swarm robots can change their formation to avoid obstacles
in the environment.

By denoting d(i,0;) the distance between the i robot to
the j obstacle in the remote environment, the task function
is given by

u . d(i, ()j)2 — R% 2
0= 5, (mn {0 ST
where R, € R is the avoidance distance, and r, € R" denotes
the smallest safe distance of d(i,0;) such that R, > r,. The
avoidance function fu,(gr) is zero for d(i,0;) > R,, and
the aim of this function is to regulate the configuration of
swarm robots to guarantee that d(i,0;) > r,. By using this
function, we assume that the initial configurations of the
swarm robot satisfy d(i,0;) > R,, Vi, j. Hence, the auxiliary
function W, for the avoidance function can be written by

¥ = —3f.(q,)/dqy, where

& [(R2=12)* (d(i 0>~ R2)
afaaj(Qr)/aQr—i:Zfl{ (d(i,oj)z—j’gf }(Qri_qw)a

if r, <d(i,0;) <R,, and df,,(q,)/dq- =0 if d(i,0;) > R,
and d(i,0j) < r,. Moreover, the partial derivative function is
not defined if d(i,0;) =r, [7], [24].

The autonomous function (24) can be utilized for inter-
robot collision avoidance by simply replacing d(i,0;) by
d(i,j), the distance between robots. The efficiency of this
autonomous task function will be demonstrated in Section V.

V. NUMERICAL EXAMPLES

Numerical simulations are presented in this section to
validate the efficacy of the proposed bilateral human-swarm
interaction with time delays. The model of 3-DOF Phantom
Omni robotic manipulator [25] is considered as the master
robot, and the swarm robot is described by a group of
8 fully actuated mobile robots moving on the X-Y plane.
According to the proposed system framework and controller,
the end-effector of the master robot is able to operate three
different teleoperation task functions. In the simulation, we
consider the average X-position fs (g,), the average Y-
position fg,(g,), and the swarm variance fy(g,) as the
three teleoperation tasks for the swarm robot. In addition to
the teleoperation tasks, the autonomous tasks for increasing
inter-robot distance and collision avoidance (see Section IV-
B) are utilized in the following simulation.

By following the notations in [25], the physical parameters
for the master robot are chosen as m; = 0.5, mp = 0.3, m3 =
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Task Value of Master Robot —

— Scaled Task Value of Swarm Robots‘

At Time t=50sec

0.6, [} =25, L =25 1,=02,1;,=02, I;; =0.1, Ly =
0.4, Ly =0.1, h; =03, 3, =0.1, ,=0.2, 1, =0.3, and
g = 0. Moreover, the augmented swarm model is given as
time-invariant system with M, = 214 and C, = I;¢. Therefore,
by choosing the control gains k;, =1, kg =1, kg =1, kg =
1, k, =1, ', =0.0113;, and I; = 0.01lg, and selecting the
communication delays 7; = 0.3sec, T, = 0.5sec and the scaled
constant o = 10, the simulation results are illustrated in
Fig. 3 to Fig. 6.

In this numerical example, the entire system is assumed to
be in free-motion for ¢ < 20sec. After + = 20sec, the human
operator exerts a spring-damper force to manipulate the end-
effector of the master robot towards X; = [8, 2, 4]7 for
t =20 ~ 50sec, X; = [8, 2, 15]7 for t = 50 ~ 80sec, X; =
[14, 2, 15]7 for t = 80 ~ 100sec, and X; = [14, 2, 4]T for
t =100 ~ 140sec. The swarm robots are teleoperated to attain
the specified values of task functions, which are represent
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Fig. 5. Snapshots of the swarm robot in the remote environment with col-
lision avoidance autonomous task control. The average X-position, average
Y-position, and variance of the eight robots are corresponding to Fig. 3.

the X-average position (1*' task function), Y-average position
(2™ task function), and variance of the swarm robots (3¢
task function). From Fig. 3, we can observe that the closed-
loop system is stable in the presence of time delays, and
the group of swarm robots can change its configuration to
ensure that the task-space functions converge to the end-
effector position of the master robot. The scaled tracking
errors are shown in Fig. 4.

The snapshots of the remote swarm robots, corresponding
to Fig. 3, are illustrated in Fig. 5. The circles with solid line
denote the smallest safe distance r, that the robots should not
enter, and the dashed circles denote the avoidance distance
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Fig. 6. Distances between the swarm robots to the center of the largest

obstacle in the remote environment.

R, such that the autonomous tasks start to influence the
movement of the swarm robots to avoid the obstacles. Based
on the proposed control framework, the human operator
can simultaneously teleoperate a group of swarm robots to
regulate their position and variance. In addition, the swarm
robots are able to change their configuration for avoiding
obstacles and enlarging the inter-robot distance by utilizing
the proposed autonomous tasks. Fig. 6 illustrates the distance
between the eight swarm robots with the center of the largest
obstacle. It can be observed that the robots start to change
their configurations if the distance is less than R, =22 and
keep away from the safe distance r, = 16.

VI. CONCLUSIONS AND FUTURE WORK

This paper proposed a system framework to enable a hu-
man operator to control a group of swarm robots in a remote
environment. Task functions allow the operator to specify
characteristics of the desired swarm-robot configuration and
thereby teleoperate the swarm robots accordingly. A con-
trol algorithm was presented to guarantee position tracking
between the task function of the master robot, controlled
by a human operator, and the swarm robot under kinematic
dissimilarity. Moreover, the control system has been proven
to be stable independent of time delays in the communication
channels. Since the group of swarm robots exhibits high
level of redundancy, the additional degree-of-freedom was
used to achieve several local tasks autonomously. Numerical
examples demonstrated the efficacy of the proposed human-
swarm interaction system. Future work will involve the study
of non-passive external forces and time-varying delays in the
communication network.
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