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Abstract

This paper presents a novel and generic reactionless visual servo controller for a satellite-based
multi-arm space robot. The controller is designed to complete the task of visually servoing the
robot’s end-effectors to a desired pose, while maintaining minimum attitude disturbance on the
base-satellite. Task function approach is utilized to coordinate the servoing process and attitude
of the base satellite. A redundancy formulation is used to define the tasks. The visual serving task
is defined as a primary task, while regulating attitude of the base satellite to zero is defined as a
secondary task. The secondary task is defined through a quadratic optimization problem, in such
a way that it does not affect the primary task, and simultaneously minimizes its cost function.
Stability analysis of the proposed control methodology is also discussed. A set of numerical
experiments are carried out on different multi-arm space robotic systems. Theses systems are a
planar dual-arm robot, a spatial dual-arm robot, and a three-arm planar robot. The results of
the simulation experiments show efficacy, generality and applicability of the proposed control
methodology.
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1. Introduction

On-Orbit Servicing (OOS) is one of the areas in space science that is increasingly at-
tracting researchers’ interest, of course due to its immediate demands of attention and
commercial drive [20,1]. Typically, OOS includes orbital detritus management, refur-
bishment and refuelling of orbiting satellites, construction in space, etc. The OSS can be
divided into rendezvous, proximity operations, and servicing [26,29]. Using robots boosts
reliability and safety; and eases the execution of proximity operations [1,13]. It is highly
desired that the closing over manoeuvre of the robot is carried out autonomously due
to communication time delay between the service satellite and ground station [14]. This
calls for a control technique which makes use of the on-board machine vision facility for
successfully and autonomously completing the OOS.

Visual servoing is one such vision-based technique commonly used for control of the
earth-based robots, and have made many recent progresses in control law design and
dealing with constraints [17,2], in mobile robot navigation and collision avoidance [8,25],
and many other applications [24,23,35]. This work focuses on vision-based control of a
satellite-mounted multiple arms robotic system. In comparison to the earth-based robots,
visual servoing is inevitable for the space robots due to communication time delay [14].
Moreover, satellite drift, variable light conditions, absence of marker, and limited com-
puting power in space make visual servoing further challenging [15]. Visual servoing was
demonstrated for autonomous satellite capture in [14]. Later, they showed visual ser-
voing under limited availability of computing power and severe lighting conditions [15].
Earth-based experimental evaluation for robotic capture of a helium airship using vi-
sual servoing was illustrated in [10], where the objective was to emulate capture of a
free-floating object without emphasizing on effect of the robot’s motion on the satellite.

In the above works [14,15,10], satellite is either assumed to have attitude controller or
operated in the free-floating mode. Use of attitude controller will consume fuel which is
reserved mainly for orbital manoeuvres. Robot’s operation in the free-floating mode using
the Generalized Jacobian Matrix (GJM) [30] is an another alternative. This although
helps in reducing fuel consumption but causes change in the orientation of the base
satellite. This may destabilises the satellite, cause damage to its internal hardware, and
result in loss of communication with data relay satellite or ground station. Regulating
attitude of the base satellite to zero in the free-floating mode is another objective of this
work along with visual servoing.

In this regard, several researchers have focused on robotic manipulation with minimum
attitude disturbance of the base satellite. This is also known as reactionless manipula-
tion of robotic arm. This not only helps in keeping attitude disturbances minimum but
also results into fuel saving. In this regard, the disturbance maps were proposed [34] to
minimise change in the base attitude, but were not able to completely eliminate it. A
Reaction Null Space (RNS) based formulation was also proposed in [37] which led to
zero attitude disturbances of the base satellite. Later RNS-based approach was also used
for control of a space robot [27] with backward integration algorithm. A few works also
focused on the use of dual-arm. Use of multi-arm robot [11] provides several advantages
like cooperative operation, parallel tasking, dexterous manipulation, capture of object
without grapple fixture and decrease in the operation time. Reported work on dual-arm
space robot focused either on performing the desired task with one arm while the other
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arm compensate for satellite motion [4] or both arms move neglecting satellite motion
[36]. Recently, a Rapidly exploring Random Trees (RRT) based formulation for reac-
tionless manipulation between the given start and the goal states was proposed in [16].
These works, however, stressed on reactionless path planning without emphasizing on
vision-based control. The proposed work, to the best of the author’s knowledge, is the
first to address the problem of reactionless visual servoing of a multi-arm space robot. It
builds on our recent work in [3].

In our proposal, both visual servoing and reactionless manipulation are treated as dif-
ferent separate tasks. Multi-task approach was presented in [22] for visual servoing of an
earth-based Cartesian robot with joint-limit and singularity avoidance as the additional
tasks using gradient projection method. Success of such approach depends on proper
tuning of a parameter that decides amplitude of secondary task. In order to overcome
this disadvantage, an iterative scheme was presented for joint limit avoidance as a sec-
ondary task in [7]. Both the above methods required free Degrees-of-Freedom (DOF) for
secondary task. An improved task function approach was illustrated in [21], where the
secondary task exploits DOF constrained by the main task in addition to the redundant
DOF for faster completion of the task. The success of task functional approach on the
earth-based robots inspired to use it for space robot.

However, implementation of visual servoing as the primary task and reactionless ma-
nipulation as the secondary task is a non-trivial problem for space robot mainly due to,
1) dynamic coupling between different arms and between arms and satellite base, and 2)
nonholonomic nature of the constraints for reactionless manipulation. This makes com-
bined visual servoing and reactionless manipulation a complex problem. In this work, a
solution is proposed for these two problems, which form the fundamental contributions
of this work. In contrast to our recent work in [3], the present work makes the following
improvements:
– Presents generic framework for multi-arm robot in contrast to dual-arm in [3].
– The presented framework can also simultaneously handle another robotic task com-

bined with the visual servoing task.
– The cost function for secondary task is formulated by utilizing quadratic minimization

problem in contrast to direct search minimization as in [3].
– The proposed algorithm is validated for different robotic systems, i.e. spatial arm and

three arms in contrast to only dual arm planar robot in [3].
The efficacy of the proposed approach is illustrated using three types of multi-arm robots
mounted on a service satellite. They are: 1) a 6-DOF planar dual-arm robot, 2) a 14-DOF
spatial dual arm robot, and 3) a three-arm planar manipulator.

The rest of the paper is organized as follows: Vision-based control of multi-arm space
robot is presented in Section II. Kinematics of the robot is presented in Section III,
whereas a unified framework to combine other robotic task along with visual servoing is
discussed in Section IV. Reactionless visual servoing is illustrated in Section V, whereas
Section VI presents results and discussion. Finally, conclusions are given in Section VII.

2. Vision based Control of Multi-arm Space Robot

Let us consider an n-DOF multi-arm robotic system mounted on a floating-base with
r-end-effectors, as shown in Fig. 1. In contrast to an earth-based robot [33], a multi-arm
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Fig. 1. A multi-arm robotic system mounted on a service satellite. The robot has r arms

and the j − th arm has nj links and nj joints. Mass and inertia tensor of the k − th link on
the j− th arm are denoted by mj,k and Ij,k, respectively. p and l are the linear and angular

momenta, respectively. The total degree of freedom of the system is n1 + .. + nr = n

space robot has coupled motion of arms and base satellite. In other words, the mapping
between end-effectors’ velocity and joint rates is no more function of mere kinematic
parameters. Therefore, this section emphasizes on modeling visual servoing of a multi-
arm space robot. In later section, we present a visual servoing control law for reactionless
manipulation.

Visual servoing uses signals extracted from visual information as a feedback to close the
control loop [5]. The visual information extracted from the current image is in the form
of a set of features (s) [6]. Common method of doing image-based visual servoing (IBVS)
is to define a function that tries to minimize the error between the current features (s)
and the desired features (s∗) [5], i.e.,

e = C(s− s∗), (1)

where C ∈ R2N×2N is the combination matrix [22] and s ∈ R2N is the features vector
represented by the Cartesian coordinates (xi, yi) of N image points. Differentiating (1)
with respect to time, one obtains

ė = ṡ = Ltc, (2)

where C is assumed to be an identity matrix, tc ∈ R6 is camera twist consisting linear
and angular velocities, and L ∈ R2N×6 is the image Jacobian which maps changes in the
Cartesian space into changes in the image space.

For a multi-arm robot, (2) can be expressed as
ė1
...

ėr

 =


L1 . . . O
...

. . .
...

O . . . Lr



tc1
...

tcr

 . (3)
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Here, Li ∈ R2Ni×6 is the image Jacobian for the i-th arm, and tci = [vTci,ω
T
ci]

T ∈ R6

is the velocity or twist vector of the camera-i, for i = 1, · · · , r, and vci and ωci is the
linear and angular velocities of the ith camera. The main objective of visual servoing is to
nullify the error function which is defined in (1). To obtain exponential convergence, it is
set ė = −λe. Assuming independent arm motions, velocities of the cameras are obtained
from (3) as 

tc1
...

tcr

 =


−λ1L+

1 . . . O
...

. . .
...

O . . . −λrL+
r



e1
...

er

 (4)

where L+
i is the pseudo inverse of the image Jacobian, and λi is a scalar gain which

determines the speed of convergence of the visual servoing. It is more convenient to
map the feature velocities into joint velocities as the actuators are placed at the joints.
Moreover, we shall see in the next section that the reactionless manipulation task is well
defined as a function of joint motion. Hence, it is desired to obtain (4) in the joint space
of the multi-arm robot.

For the multi-arm space robot, it is not possible to decouple motion of the arms,
and obtain multiple independent Jacobian matrices. The coupled joint velocities of the
space robot can be mapped into r-end-effectors’ velocities using the generalized Jacobian
matrix GJM, which is denoted as Jg ∈ R6r×n [3]. The camera velocities of multi-arm
space robot can be written in terms of joint velocities as

tc1
...

tcr

 =


Jg11 . . . Jg1r

...
. . .

...

Jgr1 . . . Jgrr



θ̇1
...

θ̇r

 = Jgθ̇ (5)

where θ̇ ∈ Rn×1 is joint rates of r arms. Here, it is assumed, without loss of generality,
that the camera frame is identical with the end-effector frame. In other words, the camera
velocity (tci) is equal to the end-effector velocity (tei).

Let us introduce the image Jacobian to (5) and rewrite it as
ė1
...

ėr

 = J1


θ̇1
...

θ̇r

 . (6)

where J1 ∈ R2N×n is the modified image Jacobian given by

J1 = LJg =


L1 . . . O
...

. . .
...

O . . . Lr



Jg,11 . . . Jg,1r

...
. . .

...

Jg,r1 . . . Jg,rr

 . (7)

Solution of (6) provide control signal of the form
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θ̇1
...

θ̇r

 = −λJ+
1


e1
...

er

 = −λJ+
1 e. (8)

It is worth noting here that even though θ̇i’s, obtained from (8), will servo the ma-
nipulators to achieve the desired features, it will produce uncontrolled motion of the
floating-base, i.e., base satellite.

Next section presents derivation of the generalised Jacobian that maps the joint ve-
locities into the end-effector velocities. The motion of the floating-base motion resulted
from the coupling effect is also realized.

3. Kinematics of Multi-arm Space Robot

The multi-arm robotic system is mounted on a service satellite, which is assumed to
be free-floating. The Jacobian that maps joint velocities into the end-effectors’ velocities
and incorporates motion of the base satellite need to be involved in the control law as
evident from (8) and (7). Hence, systematic derivation of the Jacobian for multi-arm
space robot is presented in this section.

For the n-DOF multi-arm robotic system with r-end-effectors, as shown in Fig. 1, the
end-effectors’ velocities (tei) are expressed in terms of the base velocity and joint velocity
as 

te1
...

ter

 =


Jb1

...

Jbr

 tb +


Jm1 . . . O

...
. . .

...

O . . . Jmr



θ̇1
...

θ̇r

 . (9)

Here, tb ∈ R6 is the twist constituting linear and angular velocities of the base. In
addition, θ̇i ∈ Rni is the joint velocities vector of the i-th manipulator, Jbi ∈ R6×6 is
the Jacobian matrix from base to the end-effector of the i-th manipulator, and Jmi ∈
R6×ni is the Jacobian matrix for the i-th manipulator. Note that O is the null matrix of
compatible dimensions.

One may note that end-effectors’ velocities (tei) in (9) are represented in terms of both
base velocities (tb) and joint velocities (θ̇i). In order to obtain Jacobian which maps θ̇i
directly into tei, it is required to calculate tb in terms of θ̇i. This is obtained from the
expressions of linear momentum (p ∈ R3×1) and angular momentum (l ∈ R3×1) as an
extension of dual-arm case presented in [3], as p

l

 = Ibtb +

r∑
i=1

Iciθ̇i +

 0

c0 × p

 . (10)

Here, Ib ∈ R6×6 is the inertia matrix of the floating-base, Ici ∈ R6×ni is the coupling
inertia matrices for the i-th arm and c0 is position vector of center-of-mass. Substituting
tb from (10) into (9) one obtains
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te1
...

ter

 =
(
Jm − JbI

−1
b Ic

)

θ̇1
...

θ̇r

+

JbI
−1
b

 p

l− c0 × p

, (11)

where

Jb =


Jb1

...

Jbr

 ,Jm =


Jm1 . . . O

...
. . .

...

O . . . Jmr


Ic = [Ic1 . . . Icr]. (12)

where Jb ∈ R6r×6,Jm ∈ R6r×n and Ic ∈ R6×n. If no external force is acting on the base,
and the system starts from rest, p = l = 0, and hence,

te1
...

ter

 =


Jg,11 . . . Jg,1r

...
. . .

...

Jg,r1 . . . Jg,rr



θ̇1
...

θ̇r

 , (13)

where
Jg,ii =

(
Jmi − JbiI

−1
b Ici

)
,

Jg,ij = −JbiI
−1
b Icj . (14)

The term Jg is referred to as Generalized Jacobian Matrix (GJM) [30] as mentioned in
(5). The GJM in (13) is different than the Jacobian of the earth-based manipulator as
the former contains inertia terms. It will be used for reactionless visual servoing of the
dual-arm space robot in the subsequent sections.

Having solution of θ̇i, the motion of the base-satellite is obtained using (10) as

tb = −I−1
b

r∑
i=1

Iciθ̇i. (15)

As there is no control on the motion of the base satellite, this can result into attitude
disturbance, as will be demonstrated in Section 6.

The satellite is in communication with ground station via data relay satellite, and
hence, any attitude disturbance is undesired. This may also cause damage to internal
on-board hardware. On the other hand, one can use attitude controller throughout the
robotic manipulation, and control both arms independently similar to the earth-based
robot. This, however, requires additional fuel consumption, but the fuel is mainly reserved
for orbital transfer. It is also shown in [37] that the GJM-based robotic manipulation
performs better than manipulation with attitude controller. Alternatively, one can still
use the GJM-based visual servoing but move the dual-arm such that minimum reaction
gets transferred to the base-satellite. Such reactionless visual servoing for multi-arm robot
is not reported in the literature to the best of authors’ knowledge and forms one of the
fundamental contributions of this work.
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4. Combining Visual Servoing with other Robotic Task

In practice, not all the arms mounted on a service satellite would be involved in visual
servoing. Rather, a small set of arms may also be involved in some other robotic tasks
or following a trajectory. In this section, we propose a formulation for combining visual
servoing and other task under a common framework. Here, we assume that s out of r
arms are doing visual servoing whereas other (r − s) arms are involved in other robotic
operations.

The vector of the end-effectors/cameras velocities, denoted by te S , of the arms partic-
ipating in visual servoing, and the end-effectors’ velocities of the arms, denoted by te T ,
that performing other robotic task can be expressed in terms of joint velocities aste S

te T

 = Jg

θ̇S
θ̇T

 =

 Jg,S Jg,ST

Jg,TS Jg,T

θ̇S
θ̇T

 . (16)

Here, the GJM is factorized into four block matrices, they are the GJM of servoing
arms (Jg,S), the GJM of non servoing arms (Jg,T ), the Jacobian representing coupling
from servoing to non servoing arm (Jg,ST ) and Jacobian representing coupling from
nonservoing to servoing arms (Jg,TS). Substitute the camera velocities from (4) into
(16) one obtains −λL+

s eS

te T

 =

 Jg,S Jg,ST

Jg,TS Jg,T

θ̇S
θ̇T

 . (17)

While the velocity vector θ̇T is produced by independent controller, we are mainly
interested in computing the velocity vector θ̇S . For this, (17) is rewritten as

Jg,S θ̇S + Jg,ST θ̇T = −λL+
s eS (18)

Jg,TS θ̇S + Jg,T θ̇T = te T (19)

Substituting θ̇T from (19) into (18) and rearranging the equation in terms of θ̇S one gets

θ̇S = −λΦeS −Ψ = −
[
λ 1

]Φ 0

0 Ψ

eS
1

 = −λ
′
J
′+
1 e

′
(20)

where Φ = J+
c L

+
s and Ψ = J+

c Jg,STJ
+
g,T te T , and Jc = (Jg,S − Jg,STJ

+
g,TJg,TS).

Eq. (20) combines visual servoing with the other robotic tasks and forms one of the
contributions of this work. It is worth noting that (20) is having similar representation
as that of (8), and hence, can be used likewise.

5. Reactionless Visual Servoing via task functional approach

We propose in this section a solution to overcome the disadvantage of the attitude
disturbances resulted from the motion of satellite-based robot . This solution is based on
task function approach, which utilizes the redundancy available in the system to minimize
the base reaction disturbances as a secondary task.
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5.1. The constraints for the Reactionless manipulation

The secondary task is traditionally used in the robotic literature to satisfy a set of con-
straints in addition to the main task to be completed. These constraints are represented
by using a cost function whose value is null when these constraints are satisfied.

In the proposed work, the primary task is visual servoing of the multi-arm robot to
the reference pose as defined in (1). Since the system under study is floating-base space
robot, the constraint is to perform the servoing without any base reaction. Hence, it will
be referred to as reactionless visual servoing. It is assumed that the satellite is free to
move along Cartesian axes. Emphasis is made on avoiding base attitude disturbance.
Henceforth, the reactionless manipulation imply motion with zero attitude disturbances.

In order to obtain constraints for reactionless manipulation, (10) is first rewritten
only in terms of ω0. Note that matrices Ib and Ici in (10) have the following block
representation:

Ib =

 Ib,v ITb,c
Ib,c Ib,ω

 ; Ici =

 Ici,v
Ici,ω

 . (21)

Using (10) and (21), the expression of angular momentum l in (10) can also be reformu-
lated in terms of ω0 as

l = Ĩbω0 +

r∑
i=1

Ĩciθ̇i + ccom × p, (22)

where

Ĩb = Ib,ω − I−1
b,vIb,cI

T
b,c; Ĩci = Ici,ω − I−1

b,vIb,cIci,v. (23)

As the angular momentum is conserved and the system starts from the rest, i.e., l = p =
0, (22) can be rewritten as

Ĩbω0 +

r∑
i=1

Ĩciθ̇i = 0. (24)

If stationary state of the attitude of the base is maintained, i.e., ω0 = 0 , then

r∑
i=1

Ĩciθ̇i = 0. (25)

The above equation ensures zero attitude disturbance. In (10), Iciθ̇i is referred to as
coupling momentum whereas Ĩciθ̇i in (25) is referred to as coupling angular momentum.
It is clear from (25) that for a multi-arm robot, it is sum of the coupling angular momenta
of all arms, not the coupling angular momentum of the individual arms, has to be zero.

5.2. The Task Function Approach

Task function approach uses some DOF for completion of visual servoing task whereas
remaining DOF is used for completion of additional tasks. Note that the servoing error e
in (8) or e

′
in (20) is designed as a primary task for the multi-arm robot. For the sake of

convenience the primary task would be referred to as e in (26) and later on. On the other
hand regulating the base attitude disturbance to zero is treated as the secondary task
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and denoted as es . Using the task function approach [31], regulation of the primary
and secondary robotic tasks is formulated as

et = J+
1 e+ β(In − J+

1 J1)es, (26)

where et ∈ Rn is the total task, e ∈ R2N is the error vector of image plane coordinates,
es ∈ Rn is the vector of control variables for secondary task, In ∈ Rn×n is an identity
matrix and J1 ∈ R2N×n is the modified image Jacobian. The operator (In − J+

1 J1)
projects es on to the null space of J1 and ensures realization of the secondary task
without affecting the primary task of visual servoing. In fact, the columns of the operator
(In−J+

1 J1) belongs to the null space of J1. In (26), the value of β is critical and needs to
be accurately tuned [7]. Large value of β will result into some oscillations, while too small
values may cause an overshoot in the end effector velocity. The proposed solution to the
reactionless visual servoing takes care of tuning of the value of β. It is done automatically
within the optimization framework that defines the secondary task.

Finally, the visual servoing control law in terms of joint velocities is obtained as

θ̇ = −λet. (27)

5.3. Defining the Secondary task

The base reactions are nullified when the coupling angular momentum is zero. Hence,
the secondary cost function is taken as

hs =
1

2
‖

r∑
i=1

Ĩciθ̇i‖2 =
1

2
‖Ĩcθ̇‖2 =

1

2
θ̇
T
Ĩ
T

c Ĩcθ̇, (28)

where Ĩc = [Ĩc1 . . . Ĩcr] and θ = [θ̇
T

1 . . . θ̇
T

r ]T .
The gradient of the cost function is commonly used as a secondary task to be regulated

to zero concurrently with the main servoing task [7]. The Gradient Projection method
became popular in robotics after it has been initially introduced as nonlinear optimization
method [28].Hence, classical way to define the secondary task is the gradient of the cost
function, i.e.,

es = ∂hs/∂θ. (29)

It may be noted that hs is function of θ̇, and θ̇ is also the output of visual servoing
controller (27). Moreover, the constraints in (28) being nonholonomic, the gradient cannot
be derived in terms of θ. There are many alternatives to avoid the direct analytical
computation of the gradient [12]. For example, the gradient can be locally estimated using
numerical methods. Another method is to consider the secondary task as a design variable
ẽs = βes. This variable is estimated in such a way that it minimizes the cost function hs.
Hence, the variable ẽs is computed as the solution to the following minimization problem
of the cost function hs as

ẽs = arg min
es

(hs). (30)

Here, the variable β is augmented with the secondary task es as design parameter. The
local optimization estimates both of them as the parameter ẽs that minimize the cost
function hs. As mentioned earlier, the parameter β is critical since it affects the behaviour
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of the visual servoing control law. In this work, no special procedure is required to
estimated value of β. By substituting (26) and (27) into (28), the latter can be rewritten
as follows

hs =
1

2
(a+Bẽs)

TC(a+Bẽs) (31)

where

a = J+
1 e,B = (In − J+

1 J1),C = λT Ĩ
T

c Ĩncλ (32)

Now (31) can also be expressed as

hs =
1

2
aTCa+

1

2
ẽTs (BTCB)ẽs + (aTCB)ẽs (33)

As 1
2a

TCa is independent of design variable ẽs, the modified cost function can be for-
mulated as

hs =
1

2
ẽTsDẽs +Eẽs (34)

where D = BTCB and E = aTCB are also independent of ẽs. Interestingly, cost
function is formulated quadratic in terms of design variable ẽs, and forms another con-
tribution of this work.. Modern implementation of quadratic programming are very fast
and accomplish in very small period of time [9,12]. A comparison with direct search
optimization method [19] is presented in Sec 6.4.

5.4. Stability analysis

Stability analysis of the proposed control law is discussed in this section. The proposed
control law is based on the classical redundancy formalism presented in [31]. Hence, the
stability analysis can follow the context presented in [21]. It can be easily shown that
adding a secondary task to the main task does not modify the stability of the control
law, i.e., the main task.

By augmenting (26) into (27), we get the proposed control law as follows

θ̇ = −λet = −λJ+
1 e+ (In − J+

1 J1)λẽs. (35)

Here, the total task et that consists of the primary task of visual servoing and the
secondary task of reactionless manipulation. Let us also assume that the main task is
Lyapunov stable. This means that there is a Lyapunov function V (e), that is associated
with the control law given in (8). A Lyapunov function of the form V (e) = 1

2 ‖ e ‖
2

satisfies

V̇ =
∂V

∂e
ė < 0. (36)

Substituting (6) in the above equation and finding the time derivative of the proposed
Lyapunov function one obtains

V̇ =
∂V

∂e
J1θ̇, (37)

V̇ = −λ∂V
∂e
J1J

+
1 e = −λ∂V

∂e
e. (38)

This is the classical exponential motion produced by first order systems.
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Now, we can show that the motion produced by the control law (35) generate the same
time behaviour of the Lyapunov function

V̇ = −λ∂V
∂e
J1[J+

1 e+ (In − J+
1 J1)ẽs]. (39)

Since J1J
+
1 = In and J1(In − J+

1 J1) = 0, we can write

V̇ = −λ∂V
∂e
e. (40)

It is now clear that the control law in (35) accomplishes the total task et, which is
combination of the main task and the secondary task, has convergence speed same as
that of the control law in (8) that accomplishes the primary task of visual servoing. This
proves stability of the proposed control law.

6. Results

The proposed reactionless visual servoing for multiple-arm space robot is implemented
on three different types of robot setups. These types include a 6-DOF planar dual-arm,
a 14-DOF spatial dual-arm, and a 9-DOF planar three-arm robots. All are mounted on
a service satellite, and a camera is attached to each end-effector. The three setups are
simulation models built in MATLAB environment. Two visual servo control strategies
are implemented on these models. The strategies are:
– Case A: Visual servoing with the GJM-based control (without reactionless manipula-

tion).
– Case B: Reactionless visual servoing with the augmented GJM-based control and task

function approach.
Next, we present the three different robot setups, and explain their configurations with
respect to the considered target object. For each robot model, the results of experimen-
tation as per the said two cases are presented and analysed. Simulation video showing
the results of numerical experiments can be seen at: https://youtu.be/ORK9ax65hdg

6.1. The 6-DOF planar dual-arm space robot

A planar dual-arm robot and satellite are shown in Fig. 2. The system comprises of
a base and six links, all connected by revolute joints and lying in a horizontal plane.
Fig. 2 shows the manipulator in its initial configuration (Trial 1) and angle measurement
conventions. The Model parameters of the system is given in Table 1. Modified DH
parameters [32] are used to define the system. Note that the cameras are mounted on the
links which contain the end-effector at the pose [1m, 0m, 0rad]T w.r.t. the link coordinate
frame. For the experiments, the two points from which features are extracted are placed
at 3m distance along Y -axis from the center of the base. To introduce some redundancy,
these points are selected in such a way that their image x co-ordinates are same.

6.1.1. GJM-based visual servoing
The GJM-based visual servoing is implemented on the planar dual-arm robot in or-

der to highlight the problems that are targeted and mitigated during reactionless visual
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Fig. 2. Schematic of a satellite mounted 6-DOF planar dual-arm space robot showing the joint angles

Table 1

Model parameters of the planar dual-arm and satellite

Satellite Arm-1 and 2

Link-1 Link-2 Link-3

mass(Kg) 500 10 10 10

length(m) 1×1 1 1 1
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Fig. 3. The figure shows the results of GJM-based visual servoing. The image features trajectories are
shown in (a) and (b). Feature points start from the initial position marked in blue, and move in a straight

line towards the desired position marked in red. Plot of norm of pixel error over time for camera-1 and
camera-2 is given in (c). Norm of pixel error for camera-2 is small compared to camera-1, but (c) is

still an exponentially decreasing graph. Joint rates of arm-1 and arm-2 are depicted in (d), they

decay to zero over time.

servoing. Since the base is in free-floating mode and there is no external force acting on
the system, the total linear and angular momenta are conserved. For the same reason,
manipulation of the arms impends linear and angular motions onto the base. As men-
tioned in Section 3, the GJM accounts for this disturbance in manipulating the arms
which leads to proper completion of the visual servoing task. In the process, the base
gets disturbed though primary task is completed. Desired features are calculated from
the desired pose of camera-1 and camera-2 which are at (−0.14m, 1.78m, 2.56rad) and
(−0.7m, , 1.571m, 1.05rad).

The results of GJM-based visual servoing are shown in Fig. 3. Image trajectories in
Figs. 3(a-b) show perfect image based visual servoing behaviour. The figure depicts that
the errors in the pixel coordinates of the features, in Fig. 3(c), and the velocities, in
Fig. 3(d), exponentially reduce to zero over the same time. This is an evident to the
successful completion of the visual servoing process. But there is disturbance in the base
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Fig. 4. The figure shows the results of Reactionless visual servoing. The image features trajectories are

shown in (a) and (b). Feature points start from the initial position marked in blue, and move in a straight
line towards the desired position marked in red. Plot of norm of pixel error over time for camera-1 and

camera-2 is given in (c). Norm of pixel error for camera-2 is small compared to camera-1, but (c) is still

an exponentially decreasing graph. Joint rates of arm-1 and arm-2 is depicted in (d), they decay
to zero over time.

orientation by the end of simulation which is evident from Figs. 5(a), in which one can
see the initial and final configurations of the system and plot of base angular position.
The maximum base disturbance of 0.135rad can be seen in the figure.

6.1.2. Reactionless Visual servoing
With the problem of base disturbance using GJM-based visual servoing in light, we

proposed reactionless visual servoing in Section 5. It is worth noting that the modified
image Jacobian J1 ∈ R2N×6 can have maximum rank equals to 6. Since two feature points
are selected along a line perpendicular to the plane of motion of the robot, the rank of J1

is reduced by two, i.e., rank(J1) = 4. Hence, there exists a null space, dimension of which
is 2. This is utilized to capitalize the extra DOF to perform reactionless manipulation
of the robotic system. The search for a reactionless solution, as mentioned in Section
5, is formulated as convex quadratic minimization problem in contrast to a non-linear
problem as in [3]. In particular, it is quadratic minimization problem in which the cost
function is quadratic in terms of design variables. The minimization process is realized
by Matlab’s function quadprog().

Results of reactionless visual servoing are shown in Fig. 4, which depicts features’ mo-
tion in the observed image (Fig. 4 a-b), error in pixel coordinates (Fig. 4c) of the features,
and joint velocities for arm-1 and arm-2 (Fig. 4 d). The simultaneous convergence
of both pixel error and joint velocities to zero is an evidence of successful completion
of the visual servoing. Fig. 5(b) shows initial and final poses of the system while Fig.
5(c) depicts the base angular position. The latter shows that the base disturbance has
reduced to a magnitude of almost zero.

Few more trials were carried out under the GJM-based control (Case A) and reac-
tionless visual servoing (Case B), results of which are given in Table 2. It displays three
metrics used to compare the performance of the experiments. The first metric is the norm
of pixel error, pertaining to (1), which is calculated at the end of the simulation after
70sec. We can see that the magnitude of feature error of each camera towards the end
of the trials in Case A and Case B remains same of the order 10−2 pixel as compared
to its order 103 at the start of the experiments. This is an evidence of visual servoing
task being unaffected by reactionless manipulation. Second metric, hs(max), is the max-
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Fig. 5. Initial configuration (in light gray for base and dashed lines for arms) and final configuration (in

dark for base and thick lines for arms) after GJM-based visual servoing is shown in (a) and reactionless
visual servoing in (b). Plot of base angular position over time is given in (c) for both cases, A and B.

Table 2

Simulation results for planar dual-arm visual servoing.

1 2 3 4 5 6 7

Cam1 Cam2 Cam1 Cam2 Cam1 Cam2 Cam1 Cam2 Cam1 Cam2 Cam1 Cam2 Cam1 Cam2

norm(e)
case A (×10−2

) 5.58 0.31 0.08 0.24 1.02 2.6 65.0 17.53 3.77 0.2 1.18 1.06 1.2 0.35

case B (×10−2
) 19.9 0.97 11.73 2.5 0.49 0.83 21.5 14.8 3.21 0.25 0.83 2.41 1 0.15

hs(max)
case A 114.9 153 1.893 3445 225 25 105

case B (×10−5
) 0.024 0.026 0.001 1.59 1.58 1.59 1.5

θ0(max)
case A 0.25 0.161 0.058 0.68 0.62 0.08 0.74

case B (×10−5
) 2.37 23.8 0.134 0.6 5.02 0.19 3.1

imum coupling angular momentum between the base and robot during the experiment
pertaining to (28). The magnitude of hs(max) in Case A ranges (105− 3500) Nm.s. In
contrast, it is of the order 10−5 in Case B. This reflects reduction in coupling angular
momentum from the order 103 in Case A to 10−5 in Case B. Last two rows display the
maximum angular rotation of the base through the experiments in both the cases. It
reflects a base disturbance of the range (0.08 − 0.68)rad in Case A, and of the range
(0.13− 23.8)× 10−5rad in Case B. This is a considerable reduction from Case A to Case
B, proving efficacy of the proposed approach.

In order to verify robustness of the proposed algorithm in presence of
variations in the calculated depth, random noise from normal distribution was
added to the depth values and experiments were carried out. Fig. 6 shows
the pixel coordinates error and base angular velocities of a 6-DOF planar
system with and without noise in the depth values. It can be observed that
the proposed algorithm converges in presence of noise in the depth values
with zero pixel error and base angular position.
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Fig. 6. With noise for reactionless visualservoing

Table 3

Model parameters of the spatial dual-arm and satellite

Satellite Arm-1 and Arm-2

Link i 1 2 3 4 5 6 7

mass(Kg) 500 3 0.63 0.75 6.85 7.6 0.65 0

length(m) 1×1 3 0.63 0.756 6.85 6.91 0.63 0

6.2. The 14-DOF spatial dual-arm robotic system

The framework implemented on the planar robot is also extended to a spatial case.
We used a spatial manipulator which has joints arranged similar to 7-DOF Canadarm-
2 [18]. Two such robots are mounted on either side of the base satellite. The model
parameters are given in the Table 3. For each arm, the alignment of first four joints gives
the end effector capability of manoeuvring in 3-Dimensional (3D) space and the last three
joints in combination acts as wrist giving it capability to change its orientation in 3D.
Experiments were conducted next using two features.

Unlike in the planar case, the points can be non-symmetric since we have more DOF.
Another difference is the presence of three components of base orientation to be con-
trolled as supposed to only one in planar case. Two point features are selected as they
consume 4-DOF per robot, and thus resulting into Degrees-of-Redundancy (DOR) equals
to 6. Hence, the system has sufficient redundancy to carry out reactionless visual servo-
ing.Following similar procedure as in the planar experiments, GJM-based visual servoing
and then reactionless visual servoing were implemented. Initial and final configurations,
and the path traced by the end-effectors for reactionless visual servoing is shown in Fig.
7(a).

In Fig. 7(b), plots of base angular position reveals complete reduction of base rotation.
Fig. 7(c) implied that the coupling momentum is zero throughout the servoing phase in
reactionless visual servoing, and thus, resulting into zero base angular motion.
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Fig. 7. Initial and final positions of spatial manipulator showing base, canadarm2-like arms, and feature

points in the case of reactionless visual servoing in (a). Plot of base angular position and coupling
angular momentum in (b) and (c), respectively. Each of the sub-figures (b) and (c) shows results of both

GJM-based visual servoing (Case A) and reactionless visual servoing (Case B).

Fig. 8. Schematic of a planar three-arm manipulator space robot in its initial position. θ7 is not shown.

Its value is 11π/6

6.3. The three arms planar manipulator

Finally, the formulation proposed in Section 4 is validated using a planar 3-arm robotic
system. Here, two arms are commanded to perform visual servoing whereas the end-
effector of the third arm was commanded to move with constant velocities along X- and
Y-axis as vx = −0.6 m/s, vy = 0 m/s. Fig. 8 shows schematic of the initial position of
the robot. Its mass and inertia properties are taken same as the other two arms as in
Table 1.

The final positions superimposed on the initial positions are shown in Fig. 9 with case
of GJM-based control to and reactionless manipulation in (a) and (b) respectively. As it
is shown in Fig. 9(c), the pixel error is exponentially decreasing to zero. The results of
visual servoing follow similar tendency as that of the dual-arm system, as shown in Fig.
10. A reduction of maximum base attitude disturbance from 0.045 rad to almost zero
as shown in in the plots of base angular position Fig. 10(a). This is also reflected from
the comparison on coupling angular momentum in Fig. 10(b). Moreover, the end-effector
was able to follow the specified velocity as depicted in Fig. 10(c).
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Fig. 9. Final pose superimposed over initial position of the three-arm robot during reactionless visual
servoing in (a), while pixel error of both cam 1 and cam 2 are shown in (b).
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ẋ ẏ
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Fig. 10. Plot of base angular position and coupling angular momentum in (a) and (b), respectively. Each

figure shows results of both GJM-based visual servoing (Case A) and reactionless visual servoing (Case
B). Velocity of the end effector of the third arm is in (c).
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Fig. 11. Three arm robot with the third arm following circular path in (a) while negligible
base reaction proving reactionless manipulation is evident in (b).

More trials were also conducted and consistent performance was observed,
one of them is shown in Fig. 11. The third arm follows circular path. The
final positions superimposed on the initial positions are shown in Fig. 11(a)
with case of reactionless manipulation in (a). A maximum base attitude dis-
turbance is found to be in order of 10−6 as depicted in Fig. 11(b).
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Table 4
Performance of the proposed algorithm, with different initial conditions, under two different optimiza-

tion methods, i.e., quadratic programming used in this paper and direct simplex method used in [3].

Simulation time is 70s.

PlanarCase SpatialCase

1 2 3 1 2

avg.time
fmin 100 155 34.3 243 265

quad .79 .78 0.8 3.45 11.8

hs(max)
fmin (×10−4

) 2.5 10.9 2.1 141.1 1239

quad(×10−11
) .01 2.1 .01 112.1 1183

θ0(max)
fmin(×10−4

) .71 1.67 1.23 .0163 .26

quad(×10−7
) .25 2.6 .49 .0113 0.25

6.4. Performance of optimization

In this section, performance of the proposed quadratic objective function is com-
pared with the one used in [3]. Three metrics are used to compare the execution of
two approaches as shown in Table 4. Note that fmin refers to direct search optimiza-
tion method [19] implemented using Matlab fminsearch() function as used in [3], while
quad refers to quadratic optimization method [9] implemented using Matlab quadprog()
function in the present work. Table 4 shows comparison only in case of three trials from
planar case and two trials from spatial case for brevity.

First metric is the average time taken to complete simulation. We can observe that
present implementation takes hundred times less time to solve minimization than in [3].
This shows its superiority in speed. This reflects the fact that the cost function in [3] is
prone to local minima especially in the vicinity of the final desired position. Second metric
hs(max) is the maximum coupling momentum during the simulation. The third metric
θ0(max) is the maximum disturbance of the base attitude. For both these metrics, we can
see that the order of change was less while using quadratic cost function in comparison to
direct search one. These metrics show effectiveness of the objective function in achieving
reactionless manipulation.These prove the efficacy of quadratic cost function.

7. Conclusion

In this paper a reactionless visual servoing control law has been proposed for a multi-
arm robotic system mounted on a service satellite. Alignment of the robot’s end-effectors
is very important while performing On-Orbit Servicing. This is done through visual
servoing to overcome any communication delay between the earth-based station and the
satellite. The importance of the attitude control of the base satellite is emphasised in
detail, and the problem is solved by combining GJM-based visual servoing and constraints
for reactionless manipulation under task function approach. For this, visual servoing is
considered as a primary task whereas minimization of the base attitude disturbance is
assumed as a secondary task. Quadratic cost function for the secondary task is formulated
using conservation of angular momentum. As a results we could formulate reactionless
visual servoing as a quadratic optimization problem.
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Effectiveness of the proposed methodology is demonstrated using a set of numerical
experiments. The results are compared with the one obtained from the GJM-based visual
servoing, and it was found that the proposed approach helped in reducing the attitude
disturbance close to zero. The correctness of the simulations is backed by plotting conser-
vation of momentum. Finally, a set of experiments with different initial configuration and
location of the features were carried out which showed performance of the algorithm in
completing both the primary and secondary tasks successfully. The proposed framework
is also extended to a case where a set of end-effectors are performing visual servoing
whereas the rest are involved in some other tasks.

The proposed approach lends utility in reactionless visual servoing of under water
robots and earth-based robots with flexible-base. The method can also be useful in de-
signing a control law for mobile manipulator with lighter base for faster operation. As
the proposed method uses task function approach, it yields results when there exists
degree-of-redundancy to accommodate for secondary task or modified image Jacobian
(J1) looses its rank. Other limitation is that the method does not take into account
collision and singularity avoidances which will be taken up in future. Moreover, practical
considerations, such as, variable light conditions, absence of marker, and limited com-
puting power will be included in future. Future work would also focus on implementation
of the proposed framework on the planar earth-based experimental set-up developed
in-house.
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