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Stitching Dynamic Movement Primitives and
Image-Based Visual Servo Control
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Abstract—Utilizing perception for feedback control in combi-
nation with dynamic movement primitive (DMP)-based motion
generation for a robot’s end-effector control is a useful solution
for many robotic manufacturing tasks. For instance, while per-
forming an insertion task when the hole or the recipient part is
not visible in the eye-in-hand camera, a learning-based movement
primitive method can be used to generate the end-effector path.
Once the recipient part is in the field of view (FOV), image-
based visual servo (IBVS) can be used to control the motion of
the robot. Inspired by such applications, this article presents a
generalized control scheme that switches between motion gener-
ation using DMP and IBVS control. To facilitate the design, a
common state-space representation for the DMP and the IBVS
systems is first established. The stability analysis of the switched
system using multiple Lyapunov functions shows that the state
trajectories converge to a bound asymptotically. The developed
method is validated by three real-world experiments using the
eye-in-hand configuration of a Baxter research robot.

Index Terms—Image-based visual servo (IBVS) control, learn-
ing from demonstration, robot control, visual servoing.

I. INTRODUCTION

OBOTS are required to perform fine manipulation, navi-

gation, and target tracking tasks in a variety of applications
ranging from manufacturing automation to space exploration.
To perform tasks involving fine manipulation, incorporating
visual feedback can be beneficial when the robot end effector
is close to the object being manipulated. To perform tasks such
as landing a quadcopter from a far away distance, incorporating
visual feedback is useful when image features are visible to
an onboard camera sensor. When the object is not in the field
of view (FOV) of the camera or reliable features cannot be
extracted or if there is a feature loss, learning-based motion
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generation methods, such as dynamic movement primitives
(DMPs), can be used to control the robot. For example, in a
wire pinning task for wire harness assembly, the robot holding
the wire should reach the pin by following a certain trajectory
that avoids collision with the fixtures holding the pin. The
pin may not always be in the FOV of the camera attached to
the robot end effector. In such cases, to insert the wire into
the pin, a learned DMP can be used to generate the motion
that takes the wire near to the pin before the visual feed-
back of the pin is available [1]. Motivated by such examples
and a need to ensure stable motion when switching between
learned and vision-based controllers, a new methodology that
unifies DMP [2] and image-based visual servoing (IBVS) [3] is
proposed in this article. The proposed algorithm enables stable
switching between DMP and IBVS controllers to reach the
goal location from an initial location when the visual feedback
is not continuously available. The proposed switched system
is referred to as a DMP-IBVS switched system.

Many approaches have been developed to design robot con-
trollers using visual feedback that keep the objects in the FOV
(see [4], [5], [6]). A trajectory planning and tracking con-
trol approach for mobile robots is developed in [7] that uses
virtual-goal-guided rapidly exploring random tree (RRT) for
trajectory planning and IBVS with the FOV constraints for
tracking. A constrained IBVS approach for helicopter land-
ing on a moving platform is proposed in [8] using a control
barrier function methodology to satisfy the FOV constraints.
A model predictive controller (MPC) for visual servoing of
a mobile robot is developed in [9] which handles visibility
constraints for IBVS and velocity limits of the robot. In con-
trast, a learning-based robot motion generation using DMP is
developed in this article to generate robot control commands
in the absence of visual feedback, and a switching control
law is developed to switch to the IBVS controller when visual
feedback is available.

It is known that switching arbitrarily between stable sub-
systems can lead to instability [10], [11]. In [12], an average
dwell-time condition based on multiple Lyapunov functions is
developed for stabilizing switched systems. Daafouz et al. [13]
proposed a linear matrix inequality-based condition to check
for the existence of a quadratic Lyapunov function for
proving the asymptotic stability of a switched discrete
system. In [14], LaSalle’s invariance principle is extended to
switched linear systems to deduce asymptotic stability using
multiple Lyapunov functions whose Lie derivatives are nega-
tive semidefinite. In [15], a survey of results for the stability of
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switched linear systems is presented, and the problem of stabi-
lizability of switched systems is analyzed. Multiple Lyapunov
functions for analyzing Lyapunov stability and iterated func-
tion systems as a tool for Lagrange stability are proposed
in [16]. Invariance-like results for nonautonomous nonlinear
switched systems are developed in [17]. Switched systems
analysis of output-feedback systems and observers have been
studied in the literature. The switching method in [18] ana-
lyzes switching between locally and globally converging
observers with asymptotic stability. A composite output-
feedback control law is derived in [19] that switches between
locally and globally asymptotically stable output-feedback
controllers.

Switched systems analysis has been used to solve chal-
lenging problems in robotics, including visual servo control
and vision-based trajectory tracking. In [20], an asymptoti-
cally stable hybrid switched systems visual servo controller is
proposed, which switches between IBVS and position-based
visual servo control (PBVS) based on multiple Lyapunov
functions. The switching between IBVS-PBVS control is
developed to switch between unstable systems and increase
the region of stability. An estimator that switches between
the state predictor and the image-based observer for object
localization is presented in [21] when the image feedback is
intermittently available. The stability of the switched system is
established using a common Lyapunov function. An estimator
for pose estimation of a moving target is developed in [22]
when measurements are available intermittently by learning
the motion model. In [23] and [24], an observer—predictor
framework is presented for target tracking and trajectory track-
ing in the presence of intermittent measurements by switching
between a global uniformly ultimately bounded (GUUB) and
an unstable system. The switched error system is shown to be
GUUB based on the dwell-time conditions. The approaches for
image-based tracking use switching between systems mainly
to accommodate feature track losses, occlusions, and limited
camera FOV of features. Switched systems analysis is also
developed for target tracking in the presence of intermittent
observations from a network of stationary cameras in [25].
In [26], consensus protocols of a distributed multiagent system
are developed using switched systems analysis wherein the
leader provides intermittent information to all the followers.
The application of the switched system to biped locomotion
is developed in [27] where the boundedness of input-to-
state (ISS) stable switched systems with multiple equilibria
is proven. The switched system results developed or applied
in these results switch between systems that are either globally
stable or locally stable.

In contrast to the switched systems approaches developed to
handle feature track losses, occlusions in object tracking and
localization, and approaches developed to improve the stability
in IBVS-PBVS switching, this article develops a new method
that switches between image-based control and learning-based
control when the image feedback is not available such as in
instances which may include limited camera FOV, occlusions,
and feature losses. In this article, a new switched systems anal-
ysis is developed for systems that switch between locally stable
(IBVS system) and globally stable (DMP system) modes. The
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goal is to regulate the camera pose with respect to a tar-
get. When visual feedback is available, the IBVS controller
is used to generate camera accelerations. When visual feed-
back is not available, then DMP is used to generate camera
accelerations. DMP is implemented as an online end-effector
acceleration controller whose weights are trained using a pose
regulation task demonstration data. The method can be useful
in robotic tasks where a robot arm with eye-in-hand config-
uration is controlled using DMP and IBVS controllers for
achieving precision or when a ground robot is controlled using
a camera mounted on the robot with image and nonimage
feedback. The technical contributions of this article are as
follows.

1) A new common state-space representation is developed
to analyze the switched system stability of the IBVS and
DMP acceleration controllers.

2) A new IBVS acceleration control law is developed and
the corresponding closed-loop dynamics are proven to
be uniformly ultimately bounded (UUB) if the initial
state is sufficiently close to the goal state.

3) Combined position and orientation DMPs are presented
and the corresponding dynamics are proven to be glob-
ally asymptotically stable.

4) The switching between the locally stable IBVS con-
troller and globally stable DMP is analyzed using
multiple Lyapunov functions and the switched system
dynamics are proven to converge asymptotically to
a bound whose analytical expression is derived.
Furthermore, an algorithm is developed based on the
analysis of the switched system to ensure stable switch-
ing between the IBVS and DMP subsystems.

Compared to our preliminary development in [28], this article
provides rigorous stability analyses for the individual DMP
and IBVS systems along with a method for switching and sta-
bility analysis for the switched system. Experimental results
for a pose regulation task are presented using the eye-in-
hand configuration of the Baxter robot, and the switched
system results are validated in the presence of occlusions
in the image feedback and compared with a DMP-only
controller.

The remainder of this article is organized as follows. In
Section II, the coordinate frames attached to the robot base,
camera, the goal location, and its kinematics are discussed.
In Section III, an acceleration controller is presented for
IBVS and the error dynamics are proven to be UUB. In
Section IV, position and orientation DMPs are presented and
global asymptotic stability of the error dynamics is presented.
In Section V, the stability of the switched system is proven and
an average dwell-time condition is developed. Experimental
results of the switched system are presented in Section VI.

Notations: The set of real numbers and integers is denoted
by R and Z, respectively. The symbols RT and Z* denote
the set of non-negative real numbers and non-negative inte-
gers, respectively. The standard Euclidean norm of a vector is
denoted by || - || and for a p-dimensional real vector, the open
ball is defined as B;(x) = {x’ € R? | |lx — x| < ¢}, where
¢ > 0 is a constant. For a matrix A € R"™", its symmetric
part is denoted by sym{A} = (1/2)(A +AT).
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[Y2j—1(), y2;()]"

Fig. 1. Reference frames attached to the camera, the goal location, and the
inertial reference frame.

II. PROBLEM FORMULATION

Consider a fixed inertial reference frame F,, attached to the
robot base and a coordinate frame F, attached to a moving
camera observing a static object shown in Fig. 1. The cam-
era frame JF. is attached to the camera in such a way that
the z-axis of the coordinate frame aligns with the optical axis
of the camera and the x- and y-axes form the basis of the
image plane. Thus, the coordinate frame attached to the camera
always moves along with it, as the camera undergoes motion.
Let Rj € SO(3) and #; € R3 be the rotation and translation
from a to b expressed in a, respectively. A quaternion rep-
resentation of the rotation matrix R} is given by ¢/ € S4,
where S = {x € RP|xTx = 1} is the unit hypersphere. It
is assumed that the pose of the camera in the world refer-
ence frame 7' (f) can be measured. A coordinate frame F« is
attached to the desired goal location such that when F, coin-
cides with F.+ the image feature error and the pose error are
zero. Additionally, the pose transformation between JF,, and
Fex, denoted as T, is assumed to be known. The time-varying
pose transformation between the goal camera frame and the
current camera frame is denoted by TC"* (1) and is represented
as [(15 ()7, (q& )71 e R? x &*.

For designing a switching control law between DMP and
IBVS, a common state space is established between them. A
new common auxiliary state is defined as follows:

() = [l eLw] eRr" (1)

where e,(t) = [ )T,/ ®17 € RS and r( =
210g(q§* (1)) = O(H)n(r) is the quaternion logarithm that trans-
forms a quaternion into the corresponding angle—axis product
where —7 < ©(t) < m. The pose transformation e,(¢) can be
viewed as the pose error that indicates the deviation of the cur-
rent camera frame F, from the goal camera frame F.«. In (1),
Ex(t) = [vCT* 63) wCT* )17 € RO is the velocity of the camera
expressed in the desired frame JF.«, such that v (7) € R3 is
the linear velocity and w¢x(¢) € R3 is the angular velocity.

Problem Description and Solution Approach: Given the
desired pose T, and the current camera pose T}'(¢),
the problem is to regulate the current camera frame . to the
goal camera frame F.« using both the image feedback when
it is available and a learned DMP when image feedback is not
available. A stable switching controller is developed, which
switches between the DMP and the IBVS control. The switch-
ing is triggered when the image features are visible in the

DMP
T, 53 x_ Eye-in-Hand
Reference ! System
IBVS — :
|
Feature Visibility,

Average Dwell Time

TX(t), si(t) (if visible)

Fig. 2. Block diagram of the DMP-IBVS switched system.

camera FOV. The feature points may or may not be visible
depending on the current camera pose. In such cases, the cam-
era motion control is switched to DMP. A block diagram of
the DMP and IBVS switching mechanism is shown in Fig. 2.

In the following sections, the details of the IBVS con-
troller and the DMP are first presented, followed by a stability
analysis of the switched controller.

III. IMAGE-BASED VISUAL SERVO CONTROL

The objective of IBVS is to regulate image plane feature
errors to zero. Let the state vector for the current image plane
features be denoted by s;(f) = [y1(1), - - yam ()17 € R¥" and
let the goal feature vector be denoted by s7 = [y}, --- 5, 17,
where m is the number of feature points. Each feature is rep-
resented by its X and Y locations in the image plane. The
dynamics of the features s;(f) can be expressed as

§i(1) = Li(si(1), Z(1))6c (1) (@)

where L;(s;, Z) € R?"%6 is the interaction matrix and Z(t) =
[Zi(®) - Zn@®]F € R™ is the time-varying depth of the
feature points with respect to the camera frame. In (2), the
vector &.(f) = [vI(t) ol (t)]" contains the linear and angu-
lar camera velocities expressed in the camera frame F. in
twist coordinates. The dependence of the variables on time
and other arguments is dropped in the rest of this arti-
cle unless stated. In (2), the interaction matrix is given by
Li(si, Z) = [L] (51, ¥2, Z1) -+~ L] Vam—1, Yams Zm) 17, where

Y2j—1

I — %jl 7 Y2-1Y3j — (1 +y§j,|> y2j

i = _ .

! 0 711 %’ L4+y5  —yy-yy =i
Vi=1,....,m. 3)

The corresponding error vector between the current and the
goal image features is defined as ¢;(¢) = s;(¢) — s7. The error
dynamics are given by

ei = Li(si, Z)&. “

Taking the time derivative of (4) yields the following second-
order dynamics:

éi = Li(si, 2)Ec + Li(si, 51, Z, Z)é. (5)

Motivated by the stability analysis, the following acceleration
control law is designed:

£ =L (s, 2") (—kpei - kvéi) (6)

Authorized licensed use limited to: UNIVERSITY OF CONNECTICUT. Downloaded on October 28,2022 at 23:57:51 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

where kp, k, > 0 are the controller gains, and ¢; is an approx-
imation of ¢é;(f), which either can be computed numerically
or using an approximation of Z(¢) in (4). In this article, the
depth is approximated by the constant desired depth Z* to
construct Zi. .

Assumption 1: The approximation error x (f) = e(t) — e;(¢)
is bounded by a constant, i.e., Iy € [0,00) such that
sup,=o X D1l < %.

Remark 1: The validity of Assumption 1 can be ensured
using a suitable numerical approximation to compute ¢;. For
example, the finite difference method with smoothing or
polynomial regression method over a time window can be
used.

In (6), L+ (L; L is the pseudoinverse of L Using
the relat10n e,(t) = ¢;(t) — x(¢), and (4)—(6), the resulting
closed-loop second-order dynamics can be written as

Lyl

éi = —ka,‘/L\?_ei — kVL,-Zféi + L,‘EC + kVL,-fo. 7

To facilitate the stability analysis of the switched controller,
the dynamics of the state defined in (1) are first established. To
this end, a locally injective nonlinear function ¢ : R — R>”
which maps the pose error e,(f) to the image error ¢;(¢) as
ei(t) = ¢(ep(1)) is used as described in [20], where ¢(0) = 0.
Let p(t) = [el (1) ¢7(1)17 € R*". The following relation is
obtained using the result in (4):

_ [ o(ep) [ R 0343
p= |:LiRgc*:|’R N |:03><3 RS.. } ®)
From (8), p(t) = 0 when x(¢t) = T(t) E O = 0. Using

the mean value theorem and the development in [29, Ch. 4]
for (8) at x(#) = 0 yields

_ Ji 02mx6
r= [O2mx6 J2 M& ] +0w
p=Jx+ O )

where J € R¥*12 i the Jacobian, J; = (3¢/dep)le,0.
Jo = Li(s7, Z*)R, the term O(x) satisfies O(x) < vy]|lx||, where
v; € RT. The Jacobian J is full-column rank in the neigh-
borhood of x(f) = 0 as ¢(-) is locally injective and J, can
be made full-column rank by selecting an appropriate desired
feature vector s7.

To facilitate the stability analysis of the switched system,
using the dynamics of é,(#) derived in [20, Sec. 1I-B], the
dynamics of the common state x(¢) for IBVS can be concisely
written as a first-order dynamical system of the form

x=fr(x.0) + g (@) (10)

where f, : R!?> x Rt — R'? is a locally Lipschitz function,
whose form can be derlved using the injective function ¢, (8),
and (4) and g,(t) = [0], ¢ (ky RTLI 5 ()" 1" is a perturbation
term. To facilitate the stability analys1s of the system in (10),
the following remarks and assumptions are stated.

Remark 2: Using the relation in (4), the upper bound
on the norm of the velocity is given by [&| <
(infi>0 Omin(Li) ™! lléill, where omin(L;) is the minimum
nonzero singular value of the matrix L;(s;, Z).
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Assumption 2: The matrices .)Tj (si, Z*) and Li(si, 5i, Z, 2)
can be upper bounded using the constants [1,l > 0 as
SUP>0, ¢y =1 1L I = 11 and sup,~q o= ILill < > in a
sufficiently small neighborhood of the origin.

Remark 3: Assumption 2 is mild since it only requires
si(t), Z(t) to be bounded in a local region near s}
[30, Remark 1]. The bound on the matrix L;(s;, §;, Z, Z) holds
given that s;(¢), Z(¢) are bounded, since Z(1) is a function of
the bounded 3-D coordinates of the feature point and the veloc-
ity vector £.(r) ([31, Ch. 12, p. 414]), which can be upper
bounded using Remark 2.

Assumption 3: The matrix Zf is constructed using suitable
feature points and a constant depth approximation such that in
a sufficiently small neighborhood of the origin, ¢;(?), e;(t) ¢
Ker{’L\;L} , EjL[ > 0 and Ej‘ has full-column rank as described
in [32].

Remark 4: Assumption 3 implies that if the matrix Z;L is
suitably computed and the initial camera pose is in a local
neighborhood of the goal camera pose, then the feature motion
is realizable which ensures the final camera pose does not
reach a local minimum. In this local region, the matrix Z?'L,'
is positive definite [3], [32].

Theorem 1: If Assumptions 1-3 hold, then the dynamics
in (10) are UUB in the sense that for an initial time ¢ty > 0 if

ol < |28 = limsuplxdll < (2L (1)
Vv t— 00 &lgl

J/¥n/yPi, and the
controller gains k, and k, satisfy the sufficient condition

glkplﬁ k*
Ay = Amin 2 -1>0

o kk— &Y

where k* = —(1/2) — (k/2)(k, + [e1ky/2]) and &1, k, I, k, 7,
v, B1, 1, 81 are positive constants.

~ Proof: Using (9), the following upper and lower bounds
m||x||* < [|plI* < mlx[|* can be derived where m = Amin(J"J)
and m = Amax(J'J) + 01, where ©; € R*. The operators
Amin(+) and Amax(-) correspond to the minimum nonzero and
maximum eigenvalues of the matrix. Consider a candidate
Lyapunov function Vy(x, ) : Bs, (0) x RT — R* such that
Bs, (0) C R'? and

Vo, 1) = x"P,(0x + Ox) = pT Q(1)p

with @(x) < 1)2||x||2 indicating the remaining terms, where
vy € RY. In (13), P,(1) = JTQ(1)J and Q is expressed as

Lrh\ I+ a7\ I+
Q= { 821(1\1+) Ti’+ 41; (/L\Jlr )T’]ji }
T(zi ) Li i(zi ) Li
where €1 > 0 is a suitably chosen constant. Although Q(r)
is positive semidefinite, it is known from Assumption 3 that
ei(1), é;(t) ¢ Ker{z;“} if the initial pose of the camera is close
to the goal pose, which is enough to ensure that the quadratic
form in (13) is always nonzero in a local region near the origin
and is zero at the origin. The Lyapunov function in (13) can be
then upper and lower bounded as wixl? < Vo(x, ) < mlix||%,
where W= infi>0 Amin(Py) and ¥y = sup,g Amax(Py) + v2.

where x9 = x(t), provided that §; >

12)

(13)

(14)
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Taking the time derivative of (13), using (4) and (7), V, can
be written as
. T~. . Ty
Vo= of @) Do+ o 0)' T ik
— kel (L) T LiLf ei—k, éT( LH L e

+ kel O Ty +2 5 LT (@) T

+ Ll @TH T Lt — ‘k” T (TN T LT e

5 €

_ “ZkVel.T(Z;r L;rLiL?Léi

+ S @) LT

+ e-T(/L\-*')TZ?Le,- + é-T(/L\*)Tfré,-

+ 3 eI(L) Lfei+%‘eT(i+) Tre:. (15)
Using Assumption 3, it can be ensured that
K> < efsym(CH'LILL Ye; =< Kleil)* and

kel = fsym(@HILILLe < Klel? for some
k> k > O in the local region near the origin. Using
Assumption 2 and defining the following upper bounds
in the considered local region as sup,. ||(L+)TA+|| < 1
(infi=0 omin (L) ™' suppmg  ITHTLIL el < dlléil,

supo IEHTL; | < tléill, & = max{l,e;/2} such that
I, ¥, « > 0. Given that the gains k, and k, are chosen
according to the sufficient condition in (12), then (15) can be

upper bounded as

Vi < —holleill® = Mlléil* + &kky i (lleill + lleil)
. €1 . .
+ dleil*llé:N + 2 @+ 20 léill* + ¢+ o) lél?.
(16)

Using the inequality |le;|| + [leill < 2(lleill* + lléill?) =
«/§|| pll, after some algebraic manipulations and using the
bounds on ||p|| and ||x||, (16) can be simplified to

v, < —%vv o (17)

v

Viell < Ou/[2v/2max{(e1/2)(® +20), (. + 9)}]), where
P1 = (wm/4) and n = ([2/m(Ekk,%)*1/[ym]). The solu-
tion to the differential inequality in (17) can be obtained
using [29, Lemma 3.4] and is given by

B
Vot 1) < Vi(xo. fo)e A0 4 ’;1" (1 e yi""")). (18)

From (18) and using the bounds on the Lyapunov function,
it can be concluded that x(f) € L. Using [29, Th. 4.18],
the state is UUB for sufficiently small §; > O representing
the local region of convergence, where the relation in (9),
Assumptions 2 and 3, and (17) holds. |

The ultimate bound on the state can be made arbitrarily
small by adjusting the controller gains k, and k, and by
choosing an appropriate approximation method for ¢;(¢), which
minimizes x.

IV. TASK SPACE DYNAMIC MOVEMENT PRIMITIVES

This section describes the position and orientation DMPs
which can generate goal reaching motions while retaining the
desired shape of the trajectory.

A. Combined Position and Orientation DMPs

To regulate the position and orientation error to zero, i.e.,
lle,()|l — 0 and to retain the desired shape of the trajectory,
the combined position and orientation DMPs are described by
the following acceleration law:

120 = —Tep — TAEx + OT (2, 2) (19)
where &.+(f) is the velocity of the camera in the frame JF.,
I' = diag{(a, )13, (0w Bu)13}, A = diag{a,I3, 13} such that
oy, 0y, Py, Bw > 0 are constant positive gains and t > 0 is the
temporal scaling constant. The third term on the RHS of (19)
is a nonlinear forcing function which encodes the shape of the
desired trajectory, ® and W are defined as
[ 6, On,x3 W, (2p)z,

W= | P\ 20
_ON,,><3 o W5(20)20 20)
such that 6, € RM>3 and 6, € RNe*3 are constant weight
matrices associated with the vectors of radial basis functions

® =

- T
V1(zp) ¥, (zp) N,
"IJP(ZP)Z N, 1 N, e R™
_Zizl Wi(zp) Zi:l W!’(ZP)
and
(20) @ |
%(m:[ T } e RY
Zi:l ¥i(zo) Zizl ©i(zo)
with N, N, > 0 as respective basis numbers. The individual

basis functions are defined as ¥;(z,) = exp(—h;p (zp(t) — )?)
and ¢;(z,) = exp(— h‘p (zo(t) — vl)z) The parameters c;, v; > 0
are centers of the basis functions and h:l’h;p > 0 are the
variances, respectively. In (20), z,(r) € R and z,(f) € R are
solutions to first-order scalar differential equations given by

Tip = —0,2p, TZo = —0z,% 2n

where «;,, @z, > 0 are constant positive gains. To facilitate
the stability analysis, the initial conditions for the differential
equation in (21) are set to z,(fy), zo(fo) = 1.

Assumption 4: The nonlinear forcing term can be upper
bounded as [OTW| < OWe 20 where o =
1/ r)min{azp, az,} when the DMP is active between [#o, ).

Remark 5: The implication of Assumption 4 is that the
matrix © is bounded by a constant, i.e., v/Amax(©TO) < o.
This holds true since the analytical solution of the optimization
problem in (23) depends on the pseudoinverse of the column-
wise augmented W matrices and the demonstration trajectories
which are bounded.

Thus, based on (1), the dynamics of ¢é,(¢) derived in [20,
Sec. II-B], and (19), the state dynamics for DMP can be
concisely written as

X = fa(x, 1) + ga(t) (22)

where f; : R'? x RT — R!? is a locally Lipschitz function
and g;(1) = [01><6 (@T\I’(Zp, N7 is a perturbation term.
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B. Learning DMP Parameters

Given a demonstration trajectory with A data points
{ep(tk),gc*(tk),éc*(tk)}é\i 61 sampled at the time instants
{tk}kzal, the DMP weights are computed by solving the
following optimization problem:

N-1
0* = i H 28w (ty) + Tey (¢ AE(t,
argrrgn; 776 (1K) + ep(tr) + T Abex (k)

2
— 07w (z, (1), zo(tk))H (23)

for suitably chosen values of t, I', and 'A. The centers
and variances are calculated as ¢; = e % (=1/Np=D), h:ﬁ =
(1/1(cis1 — DD, h%p - h}ﬁp_l Vi=1,...,N,— 1 and v; =
e~ UmUND il = (/1001 = v D, iy, = By, 4 V) =
1,...,N, — L.

C. Stability Analysis of DMPs

This section presents the stability analysis of the DMP
described in Section IV-A.

Property 1 [33]: Based on the definition of r(¢) defined
after (1), the following relations hold:

i =T wer,

(24)

i’Ta)C* = a)CT*a)C*.

Theorem 2: Provided that Assumption 4 holds, then the
system in (22) is globally asymptotically stable in the sense

that
lim [lx()|| =0 (25)
11— 00

given that the gains oy, By, @, and B, are chosen according
to the sufficient condition

3en RI)
ay =4B,, ay =4Bu, By > —, Bo > — (26)
8t 8t
where g5 € (0, /4t2Amin()) is a positive constant.
Proof: Consider the candidate Lyapunov function
V(%) : R'2 > R* defined as
Va(x) = xT Pgx (27)
where
1 &
s 21
Pd = 822 142 ° .
7l Tl

The Lyapunov function in (27) is upper and lower bounded
as yallx|® < Va() < 7alx|®, where y4 = Amin(Pg) and
Yd = Amax (P4). Taking the time derivative of V;(x), using the
definition of x(¢) in (1), substituting (24), (19), and simplifying
yields

&

. &2
Va=—tELNee + ELOTW — z—tzeZFep 50

T
20 Ader

1Y) &2
+ Fe;@w + ?gf*gc*. (28)
The DMP gain relations are selected as per [34] to be
oy, = 4B, and o, = 4B, to make a proportional—
derivative-like part of the system critically damped. Defining

the constants ¢; > (£20W/272), &2 > (21%¢1/e2), C =
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max{cy, c2}, if B, and B, are chosen according to the suf-
ficient conditions in (26), then (28) can be upper bounded
as Vg < —xglxl? 4+ V2Ce 2t=0)|x||, where Agy =
min{(e282/7%), 41B, — (362/2), (282 /7). 47B — (362/2)}.
Completing the squares and using the bounds on the Lyapunov
function yields

2
V< _)‘_jfvd + C_e—2g(r—to)
T 2y Ad
< —BaVy + we22=10) (29)
where B2 = (Ag/274) and @ = (C*/A4). The solu-

tion to the differential inequality in (29) can be obtained
using [29, Lemma 3.4] as

Va(x(n)) < Va(x(tg))e 070 4 geme =00 (30)

where ¢; = min{2a, B2}, & = (/|2 — 2al), and B # 2a
such that | - | denotes the absolute value of the argument.
Using (30) and the bounds on the Lyapunov function, it can
be concluded that ||x(#)|| € L. The second term on the
right-hand side of (29) is a non-negative continuous pertur-
bation term which satisfies tlim we™220=10) = ( resulting in

— 00
the global asymptotic stability of the solution trajectories x(¢)
(c.f. [29, Lemma 9.6]). |

V. STABILITY ANALYSIS OF THE SWITCHED SYSTEM

In this section, the stability of the switched system is ana-
lyzed while switching between DMP and IBVS controllers. To
facilitate the stability analysis, the common state defined in (1)
and stability results, which are derived for the dynamics of the
common state using IBVS control and DMP, are used. The
switched system switches between the IBVS controller in (6)
and DMP in (19) based on the visibility of feature points.
The switching between the controllers leads to discontinuous
dynamics which can be mathematically expressed as

= foun D) + goun®, o :RZxRY = {v,d). 31

The switching signal o (x,?) governs the dynamics of x(f).
Since the IBVS exponentially converges to a bound when
initialized in a local region near the goal state, a threshold
constant 8, > 0 is selected for the IBVS controller to be active
such that, x(¢) € B;,(0) C Bs,(0). The relation between the
positive constants §; and §; is established using the analysis
in Theorem 3.

Remark 6: In practice, a threshold for image pixel error
e;i(t) and velocity &.+(f), which corresponds to 8>, can be cho-
sen based on the image size and feature visibility. The IBVS
system is active when all the features are detected, matched,
and ¢ < ¢;(t) <1 for some suitably chosen vector ¢ > ¢, where
the inequalities are element-wise. No threshold is selected for
the velocities &.+(¢), however, the constant 7 in (19) can be
adjusted to generate slow velocities using the DMP.

Let & = max{yy, Va}, & = min{y,, ya}, © = (k/k) be
constants. The Lyapunov functions V,(x, ) and V;(x) in (13)
and (27) can then be related as follows:

Vo =uVa, Va=npVy Vx(@) € Bs (0). (32)
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Definition 1 [10, Ch. 3, p. 58]: The switching signal o (x, t)
has average dwell time 7, if there exist two numbers Ny € Z*
and 7, € R such that

r—t
No (7, 1) < No + —

a

(33)

is satisfied, where Ny is known as the chatter bound and
Ny (t, t) are the number of discontinuities on the interval [, 7).
Theorem 3: Provided that Assumptions 1-4 hold, the state
trajectories of the switched system generated by the family
of subsystems described by (31) and a piecewise constant,
right continuous switching signal o : R!? x Rt — {v,d}
asymptotically converges to a bound in the sense that

—No+1
0+n

Mo 2e 34

lim supl|x()|| <
11— 00
provided that:
L If x(r) e R12\ B5,(0) = o (x,1) = d.
I If o(x(r7),t7) = 2 and x() €
ox(),t) =1.
III. The local region of convergence and the switching
threshold satisfy the following conditions:

«No+2 ENO+1 n
ng > 82, and 8] > KNO—“‘% (35)
IV. The condition in (33) is satisfied for

In p
ﬁ—e

where 0 < € < B < min{(B81/), c3}.

Proof: The proof of the theorem is divided into two cases to
characterize the behavior of the switched system in different
regions of the space. Consider the Lyapunov function defined
in (13) and (27)

Bs,(0), then

Ty >

(36)

P, (Hx+ O
xTde

ox,t)=v

o(x, 1) =d. 37)

Vo(x,t)(xa nH= {
Case 1: When ||x(r)|| > &>, the state x(r) € R'%\ Bs, (0)
is outside of the switching set for IBVS. If Condition I of
Theorem 3 is satisfied, then Vi (y 5 (x, 1) is differentiable and
decreases exponentially from any initial condition. Then V¢ €
[0, #p) for 7o > O, the following upper bound holds:

Vo (x(1), 1) < Vi (x(0), 0)e P2 4 g
< (Vo (x(0),0) + p)e 2

where o : R12\ Bs,(0) x [0, tp) — d and the arguments of o
are dropped in (38) for brevity. The time required to reach the
set Bs,(0) from any initial condition is finite and can be lower
bounded by 1o > (1/8)In(min{([7allx(t0) I +&1/yad3). 1)
The controller switches to IBVS when |x(f9)]] < §2. The
switched system state trajectories after switching to and oper-
ating in IBVS thereafter remain in a subset of the local region,
ie., [[x(tp)] < & = |Ix@)|| < 61, if o(x, 1) =v V t > ty, and
condition III is satisfied.

Case 2: Let ty = inf{t € RT|||x(¢)|| < 82} > 0 be the first
time instance when |[x(f)|| < &, implying that x(tp) € Bs, (0).
Such a 79 < oo exists due to exponentially decaying upper

(38)

bound in (38). Using a recursion similar to the results in [35],
Lyapunov bounds in (18) and (30), and the average dwell-
time condition in (33) and (36), the conservative bound on the
solution of the Lyapunov function in (37) between the interval
[to, ) for monotonically increasing sequence of switching

times {tn}nN;gO”) can be given as

VU (x(t)v t) S /'LNO+1<(V5 (.x(t()), t0)+ﬂ/)€_€(t_t0)

+ (1= ) Ve € By (0) (39)

where w = @ /(2o — €). For large enough ¢, the solu-
tion x(f) never exits the region B, (0). It can be concluded
from (39) that x(¢) is continuous, x(f) € L and converges
asymptotically to the bound in (34). u

The ultimate bound on the switched system is larger com-
pared to the bound on the individual IBVS system as switching
between subsystems can lead to the growth of the Lyapunov
function. Such a bound is commonly found in the litera-
ture in different contexts (c.f. [36, Th. 1], [27, Lemma 2],
and [37, Th. 1]). Algorithm 1 is developed based on the stabil-
ity analysis presented in Theorem 3 to ensure stable switching
by compensating for the fast switching occurring due to the
disturbances and occlusions in the IBVS subsystem. A com-
pensation time ¢, is calculated and the DMP subsystem is kept
active for additional time to ensure that the average dwell-time
condition is satisfied for a total of N > 0 switches.

Remark 7: Theorem 3 establishes the general conditions for
switching between the subsystems and is useful in the case of
frequent perturbations or occlusions which can result in fast
switching which can make the combined system unstable if
the average dwell-time condition is not satisfied.

Remark 8: The constant 8 depends on the IBVS controller
gains k, and k, and the DMP gains oy, A, Py, Buws o, and
o, . Increasing the gains can increase 8 which enables the user
to choose € from a wider range of values. Choosing a high
value of € leads to a faster convergence of the bound in (39).
However, this increases the average dwell time 7, in (36). On
the other hand, if € is chosen to be small, the bound in (39)
converges slowly but allows for a lower t,.

VI. EXPERIMENTS
A. Experimental Setup

The camera in the wrist of the right arm of a Baxter research
robot is used to capture images of an ArUco marker with the
frame rate of 30 frames/s and image resolution 640 x 420.
The corners of the ArUco marker are used as feature points
(m = 4) for IBVS. The feature points are detected and matched
using OpenCV’s ArUco library. The processing is done at
30frames/s using a desktop with an Intel Core2Duo CPU with
a clock speed of 2.26 GHz and 4-GB RAM running Ubuntu
14.04. The experimental setup is shown in Fig. 3. The DMP-
IBVS switching algorithm is implemented in MATLAB 2018a.
The camera intrinsic parameters for Baxter’s right hand cam-
era are given by f, = f, = 407.1, ¢, = 323.4, and ¢, = 205.6,
where fy, f, represent the camera focal lengths in pixels and
(cx, cy) represents the camera center pixel.
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Algorithm 1: Algorithm for Switching Between IBVS and
DMP Based on Visibility of Feature Points and Average
Dwell-Time Condition

Select decay rates 8, € > 0, chatter bound Ny > 1,
feature error thresholds 7 > L
Compute p = % and 7, = 1;7’:;
Set t; = 0 and }V = 0 to be the last time instant when
DMP and IBVS were active respectively;
Set t, = 0 as the elapsed time and N > 1 as the number
of switches over which the dwell time condition should
be satisfied;
Set the compensation time 7. = 0 and current number of
switches N, = 0;
while data is available do
if features match & + < e; <1 & t > t, + t, then
Run IBVS according to (6);
if t; > t, then
e < 1o+ (td — 1);
Ny < Ny + 1;
t. < 0;
t, <t
else
Run DMP according to (19);
if 1, > t; then
Ny < Ny + 1;
le < te + & — ta);
if N, > N then
te < (No — No)Ta — e}
t, < 0;
Ny, < 0;

tqg < 1;

end

Fig. 3. Experimental setup showing Baxter’s end effector with an eye-in-hand
configuration observing the ArUco marker.

The position DMP is trained on a demonstration trajectory,
which is collected by recording Baxter’s arm position, velocity,
acceleration, and filtered using a constant acceleration Kalman
filter. The orientation DMP is trained on a trajectory generated
by a minimum-jerk polynomial for quaternions. The goal pose
of the DMP is used to record the desired feature vector s}
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for the IBVS system. The DMP acceleration commands are
computed from the Baxter robot pose feedback. The IBVS
and DMP controller-generated acceleration is integrated and
applied as a joint velocity controller using the pseudoinverse
of the Baxter manipulator Jacobian matrix.

B. Experiment 1

In this experiment, the convergence and stability of the
DMP-IBVS switched system is verified when switching occurs
only once. The DMP weights are computed by recording a tra-
jectory as described earlier. The DMP parameters are set to
a, =140, B, =35, 0y =4, B = 1, oz, = 1, oz, = 1, and
7 = 25. The IBVS gains are empirically tuned to be k, =5,
and k, = 10. The initial pose of the Baxter right-hand cam-
era is selected such that none of the desired feature points
are in the FOV of the camera. The feature threshold error
for switching is chosen as ¢ = [0.85,0.42, --- ,0.85, 0.42]7,
L —17 which corresponds to pixel errors of 345 and 170
pixels in the X- and Y-directions of the image frame, respec-
tively. When the features are out of the FOV, the arm starts
approaching the goal location along the trained DMP trajec-
tory. The controller switches to IBVS once the features are
in the FOV of the camera and the feature error is less than
the selected threshold error, i.e., ¢t < e; < 7. This condition is
first satisfied at + = 16.4 s. Fig. 4(a) shows the acceleration
generated by the switched system with the discontinuity at
16.4 s, which is the switching instance. The pose error starts
converging to the desired pose as the DMP is active until
t = 16.4 s. Once the switch to IBVS happens, the pose error
in Fig. 4(b) converges to a bound. It is also observed that the
pose error is continuous as proven in Theorem 3. Fig. 4(c)
shows the image feature error e;(f), which is first computed
when all the features are visible and the threshold condition
is satisfied. The image feature error decreases exponentially
to a bound as the IBVS system converges. Fig. 4(d) shows
the Lyapunov function Vo (v, (x(?), £) for the switched system.
The orange line shows V,(x(¢), f) and the right y-axis repre-
sents its values. Similarly, the blue line shows V;(x(7)) and the
left y-axis represents its values. The Lyapunov functions are
only plotted for the active subsystem in the corresponding time
interval. The Lyapunov function asymptotically decreases for
both controllers when active individually, verifying the result
of Theorem 3. The error bounds obtained for the experiment
in Table I verify the convergence of the error for the switched
system. The error bounds are computed by taking the average
of the last five error data points.

| =

C. Experiment 2

In the second experiment, the stability and convergence
of the DMP-IBVS switched system are tested when there
are multiple switches amongst these individual systems. Such
a case would occur practically when the feature points are
occluded or the features go out of FOV during the IBVS
system operation. The feature occlusion is simulated using
a piece of paper placed on the ArUco markers covering
the camera view. The parameters of the DMP-IBVS switch-
ing algorithm are selected empirically as follows: u = 10.67,
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Experimental results for the DMP and IBVS for a single switching instance at 16.4 s. (a) Camera acceleration generated by the DMP controller

till 16.4 s and camera acceleration generated by the IBVS controller after 16.4 s. (b) Pose error e, (f) converges to a bound. (c) Image feature errors e;(f)
computed after 16.4s. (d) Value of Lyapunov function Vy (y ;) (x(7), 1), with the left y-axis showing the scale for V;(x(z)) and the right y-axis showing the
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Experimental results for the DMP and IBVS with frequent feature occlusion. (a) Camera acceleration generated by the DMP controller and the

IBVS controller in the presence of occlusion with gray dashed-dotted lines showing the switching instances. (b) Pose error ep(z) converges to a bound in
the presence of multiple switching instances. (c) Image feature errors e;(f) computed when all the features are visible and satisfy the threshold condition in
Algorithm 1. (d) Value of Lyapunov function V(x5 (x(2), ) during multiple switching instances, with the left y-axis showing the scale for V;(x()) and the

right y-axis showing the scale for V,, (x(7), 7).

the decay rates are § = 0.77 and € 0.018. The aver-
age dwell time is calculated as 7, = 13.82s. The individual
DMP and IBVS parameters are the same as those from
Experiment 1. The constants are selected as N 5 and
No = 2, which allows the total time between N switches
to be 3t,. This also implies that if the first four switches
between IBVS and DMP controllers are fast, then the DMP-
IBVS system ensures that the average dwell-time condition
is met by keeping the DMP controller active for longer time
before the 5th switch occurs. The results of Experiment 2 are
summarized in Fig. 5(a)—(d). Fig. 5(a) shows the acceleration
generated by the switched system with the switching instants
marked with gray dashed-dotted lines. The switching occurs
at the following time instances ¢ 15.56s, ¢ 16.44 s,
t = 19.12s, t = 21.48 s, and t+ = 57.08 s with the DMP
controller active between 0 and 15.56 s. Fig. 5(b) shows the
convergence of the pose error to a bound for the switched
system using Algorithm 1. As verified by Theorem 3, the
pose error is continuous despite the switching between the
DMP and IBVS subsystems. Fig. 5(c) shows the exponential
decay of the image feature errors when the IBVS controller
is active and the conditions of Algorithm 1 are met. It can
be seen that, although all the features are visible and the fea-
ture error is below the selected threshold, the DMP controller
is active between t = 21.48-57.08 s to compensate for the
average dwell time to ensure the stability despite fast initial
switching. Fig. 5(d) shows the asymptotic convergence of the
Lyapunov function V(, 5 (x(?), t) for the switched system. The
result of Theorem 3 is verified by the stability of the Lyapunov

TABLE I
ERROR BOUND INFORMATION FOR BAXTER
POSE REGULATION EXPERIMENTS

l [ Mzl [ ol [ flesll T Tlepll ]
Experiment 1 | 0.0660 | 0.0240 | 0.0239 | 0.0658
Experiment 2 | 0.0089 | 0.0078 | 0.0078 | 0.0082

functions as shown in Fig. 5(d). The error bounds obtained for
the experiment in Table I verify the convergence of the error
for the switched system.

D. Experiment 3

In this experiment, the DMP-IBVS switched system
performance is compared with the performance of DMP for a
precision pose regulation task of the end effector when there
is an uncertainty in the goal pose. Precision positioning is
required in many fine manipulation tasks, such as assembly,
small hole insertions, or pinch grasping. A pinch grasp task
using parallel jaw grippers is considered in this experiment.
For successful pinch grasping the gripper needs to be posi-
tioned precisely to a certain pose (i.e., a goal pose) with respect
to the object. An ArUco marker is attached to an object which
is placed in a box for this task. The DMP-only control and
the DMP-IBVS control are implemented. Trajectory data start-
ing from a pose where the object is not visible in the camera
FOV due to the presence of the box and ending close to the
object before the gripper closes for pinching is collected for
training the DMP parameters. The object position in the box
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Fig. 6. Experimental results for end-effector positioning to complete the

pinch grasping task with changed object location. (a) Failed pinching opera-
tion with changed object location using the DMP-only system. (b) Successful
pinching operation despite changed goal location using the DMP-IBVS
switched system. (c) Pose error evolution for the DMP. (d) Pose error
convergence for the DMP-IBVS switched system.

is slightly changed during testing before the trajectory is gen-
erated using the DMP-only and DMP-IBVS switched system.
The changed goal pose due to the change of object location
is unknown to the DMP. Thus, the DMP-only system cannot
reach the new pose. In Fig. 6(a), the pinch grasp operation
fails using the DMP-only system because the gripper could
not position itself precisely before the parallel jaw gripper is
activated. However, the DMP-IBVS switched system is able
to adapt to the change in the goal pose of the gripper using
eye-in-hand image feedback once it is available. The success-
ful pinch using the DMP-IBVS switched system is shown in
Fig. 6(b). Fig. 6(c) and (d) shows the evolution of the pose
error ¢, computed with respect to the new goal pose for the
DMP-only and DMP-IBVS switched system. As seen by the
dashed-dotted gray line in Fig. 6(d), the DMP is active until
9.40 s and then the IBVS subsystem becomes active when
image features are visible. The IBVS ensures the convergence
of the pose error with respect to the object using image feed-
back. The DMP-only system on the other hand is not able to
adapt to the change in goal pose and converges to the goal
pose used during training. As a result, the pose error does not
converge to zero as seen from Fig. 6(c). The pose error com-
puted in terms of ||e, || for the DMP system is 0.1105 whereas
for the DMP-IBVS switched system is 0.0092.

VII. CONCLUSION

In this article a switching strategy is presented, that utilizes
DMP and IBVS methodologies to combine learning-based
end-effector control and perception-based control. The
Lyapunov stability analysis of the proposed IBVS system
yields a UUB result in a local region around the origin, and
that of the DMP system yields global asymptotic stability.
The switched DMP-IBVS system analysis based on multiple
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Lyapunov functions shows that the switched system asymptoti-
cally converges to a bound. A switching algorithm is presented
based on feature visibility while maintaining stability subject
to the average dwell-time condition. The method is tested on
a Baxter research robot using a pose regulation task of the
robot’s end effector over an ArUco marker placed on a table.
Future work will involve analysis of multiple equilibria when
the object is moved and applying the developed method in
various manufacturing and space robotics applications.
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