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Mobile manipulation capabilities are key to many new applications of robotics in space,
underwater, construction, and service environments. This article discusses the ongoing
effort at Stanford University for the development of multiple mobile manipulation
systems and presents the basic models and methodologies for their analysis and
control. This work builds on four methodologies we have previously developed for
fixed-base manipulation: the Operational Space Formulation for task-oriented robot
motion and force control; the Dextrous Dynamic Coordination of Macro/Mini structures for increased mechanical bandwidth of robot systems; the Augmented Object
Model for the manipulation of objects in a robot system with multiple arms; and
the Virtual Linkage Model for the characterization and control of internal forces in a
multi-arm system. We present the extension of these methodologies to mobile manipulation systems and propose a new decentralized control structure for cooperative
tasks. The article also discusses experimental results obtained with two holonomic
mobile manipulation platforms we have designed and constructed at Stanford University. 0 2996 ]ohti Wiley 6 Sons, Inc.
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1. INTRODUCTION
A central issue in the development of mobile manipulation systems is vehicle/arm coordination. This
area of research is relatively new. There is, however,
a large body of work that has been devoted to the
study of motion coordination in the context of kinematic redundancy. In recent years, these two areas
have begun to merge, and algorithms developed for
redundant manipulators are being extended to mobile manipulation systems.'-4
Typical approaches to motion coordination of
redundant systems involve the use of pseudo- or
generalized inverses to solve an under-constrained
or degenerate system of linear equations, while optimizing some given criterion. These algorithms are
essentially driven by kinematic considerations, and
the dynamic interaction between the end effector
and the manipulator's internal motions are ignored.
Our approach to controlling redundant systems
is based on two models: an eiid-effector dyizaniic model
obtained by projecting the mechanism dynamics into
the operational space, and a dynamically consistent
forceltorque relationship6that provides decoupled control of joint motions in the null space associated with
the redundant mechanism. These models form the
basis for the dynamic coordination strategy we are
implementing on the mobile manipulation platforms. With this strategy, the vehicleiarm system
can be viewed as the mechanism resulting from the
serial combination of two sub-systems: a "macro"
structure with coarse, slow, dynamic responses (the
mobile base), and a relatively fast and accurate
"mini" device (the manipulator).
Another important issue in mobile manipulation
concerns cooperative operations between multiple
vehicle/arm
An example of cooperative
operations involving multiple vehicle/arm systems
in construction tasks is illustrated in Figure 1. Our
research in cooperative manipulation has produced

a number of results that provide the basis for the
control strategies we are developing for mobile manipulation platforms. Our approach is based on the
integration of two basic concepts: The augmented object" and the virtual linkage.13 The zlirtual linkage characterizes internal forces, while the augnzented object
describes the system's closed-chain dynamics. These
models have been successfully used in cooperative
manipulation for various compliant motion tasks
performed by two and three PUMA 560 manipulators . I 4
The augmented object model we developed for
fixed base multi-arm robots has been extended to
the multiple vehicleiarm systems. The dynamics at
the operational point of a multiple vehicleiarm system are described by an atrgniented object model,
which is obtained by combining the dynamics of
the individual mobile manipulators and the object.
Control of this highly redundant system relies on
both the dynamically consistent relationships between
joint forces and end-effector forces for each mobile
arm.

Figure 1. A construction task: Drywall.
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While providing an accurate description of coop:rative manipulation, the augmented object and virfud
'inkage models have been implemented in an archiLecture that requires some level of centralized control, which is not quite suited for autonomous mobile
manipulation platforms. The article presents a new
strategy based on the augmented object and virtual
linkage models for decentralized cooperative operations between multiple mobile manipulation platforms.

2. VEHICLEIARM COORDINATION
2.1. Dynamics

The joint space dynamics of a manipulator are described by

where q is the n joint coordinates and A(q) is the
n x n kinetic energy matrix. b(q, q) is the vector of
centrifugal and Coriolis joint-forces and g(q) is the
gravity joint-force vector. r is the vector of generalized joint-forces.
The operational space equations of motion of a
manipulator are5
A(x)X

+ p(x, x) + p(x) = F;
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forces is

with

(5)
where f(q) is the dynamically consistent generalized inverse.6 This relationship provides a decomposition of
joint forces into two dynamically decoupled control
vectors: joint forces corresponding to forces acting
at the end effector (JTF);and joint forces that only
affect internal motions, ([I - jT(q)TT(q)]r0).
Using this decomposition, the end effector can
be controlled by operational forces, whereas internal
motions can be independently controlled by joint
forces that are guaranteed not to alter the end effector's dynamic behavior. This relationship is the basis
for implementing the dynamic coordination strategy
for a vehicle/arm system.
The end-effector equations of motion for a redundant manipulator are obtained by the projection
of the joint-space equations of motion (l),by the
dynamically consisterit generalized inverse fT(q),

(2)

where x is the vector of the m operational coordinates
describing the position and orientation of the effector, A(x) is the m x m kinetic energy matrix associated with the operational space. p(x, x), p(x), and F
are, respectively, the centrifugal and Coriolis force
vector, gravity force vector, and generalized force
vector acting in operational space.
2.2. Redundancy

The operational space equations of motion describe
the dynamic response of a manipulator to the application of an operational force F at the end effector.
For non-redundant manipulators, the relationship
between operational forces, F, and joint forces, r is

where J(q) is the Jacobian matrix.
However, this relationship becomes incomplete
for redundant systems. We have shown that the
relationship between joint torques and operational

The above property also applies to non-redundant manipulators, where the matrix JT(q)reduces
to I-'(@.

2.3. Inertial Property

A mobile manipulator system can be viewed as the
mechanism resulting from the serial combination of
two sub-systems: a "macro" mechanism with coarse,
slow, dynamic responses (the mobile base), and a
relatively fast and accurate "mini" device (the manipulator).
The mobile base referred to as the n2acr0 structure
is assumed to be holonomic. Let A be the pseudo
kinetic energy matrix associated with the combined
macro/mini structures and A,,, the operational space
kinetic energy matrix associated with the mini structure alone.
The magnitude of the inertial properties of
macro/mini structure in a direction represented by
a unit vector w in the m-dimensional space can be
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described by the scalar6

where k, is a constant gain and nMis the macro structure’s number of dof. The gradient of this function

which represents the effective inertial properties in
the direction w.
Our study has shown6 that, in any direction w,
the inertial properties of a macroimini-manipulator system
are smaller than or equal to the inertial properties associated with the mini-manipulator in that direction:

provides the required attraction to the mid-range
joint positions of the mini-manipulator. The interference of these additional forces with the end-effector
dynamics is avoided by projecting them into the null
space of JT(q).This is

A more general statement of this reduced effective
inertial property is that the inertial properties of a
redundant system are bounded above by the inertial
properties of the structure formed by the smallest
distal set of degrees of freedom (DOF) that span the
operational space.

2.4. Coordination Strategy

The reduced effective inertial property shows that
the dynamic performance of a combined macro/mini
system can be made comparable to (and, in some
cases, better than) that of the lightweight mini manipulator. The idea behind our approach for the coordination of macro and mini structures is to treat them
as a single redundant system. High dynamic performance for the manipulated object task (motion and
contact forces) can be achieved with an operational
space control system using essentially the fast dynamic response of the mini s t r ~ c t u r e However,
.~
given the mechanical limits on the mini structure’s
joint motions, this would rapidly lead to joint saturation of the mini-structure degrees of freedom.
The dynamic coordi~zatioizwe propose is based on
combining the operational space control with a minimization of deviation from the midrange joint positions of the mini-manipulator. This minimization
must be implemented with joint force control vectors
selected from the dynamically consistent null space of
equation (4). This will eliminate any effect of the
additional control forces on the end-effector task.
Let qi and qi be the upper and lower bounds on
the ith joint position qi. We construct the potential
function

In addition, joint limit avoidance can be achieved
using an “artificial potential” function.I5

3. COOPERATIVE MANIPULATION
3.1. Augmented Object

The augmented object model provides a description of
the dynamics at the operational point for a multiarm robot system. The simplicity of these equations
is the result of an additive property that allows us
to obtain the system equations of motion from the
equations of motion of the individual mobile manipulators.
The augmented object model is

with

where Ay(x) and A, (x) are the kinetic energy matrices
associated with the object and the i th effector, respectively. The vector, pe(x, x) of centrifugal and Coriolis
forces also has the additive property

where p2(x, x) and pi(x, x) are the vectors of centrifugal and Coriolis forces associated with the object and
the i th effector, respectively. Similarly, the gravity
vector is
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where ps(x) and pi(x)are the gravity vectors associated with the object and the i th effector. The generalized operational forces FB are the resultant of the
forces produced by each of the N effectors at the
operational point.
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applied at the grasp point i. G is called the grasp
description matrix, and relates forces applied at each
grasp to the resultant and internal forces in the object. Furthermore, G can be written as

G = [GIG,

. . . GNJ;

N

F,.

Fe =

where each G , represents the contribution of the ith
grasp to the resultant and internal forces felt by the
object. Also, G, can be further decomposed

i=l

3.2. Virtual linkage
Object manipulation requires accurate control of internal forces. Recently, we have proposed the zTiutual
linkage13 as a model of internal forces associated with
multi-grasp manipulation. In this model, grasp
points are connected by a closed, non-intersecting
set of virtual links (Fig. 2.) In the case of an Ngrasp manipulation task, a virtual linkage model is a
6(N - 1) degree of freedom (DOF) mechanism that
has 3(N - 2) linearly actuated members and N spherically actuated joints. Forces and moments applied
at the grasp points of this linkage will cause forces
and torques at its joints. We can independently specify internal forces in the 3(N - 2) members, along
with 3N internal moments at the spherical joints.
Internal forces in the object are then characterized
by these forces and torques in a physically meaningful way.
The relationship between applied forces, their
resultant and internal forces is

where Gres,iis the contribution of Gi to the resultant
forces in the object and G,,lf,ito the internal ones.
The inverse G-' provides the forces required at
the grasp points to produce the resultant and internal
forces acting at the object.

Similarly, G-' can be written as

with

cres,i

where F,, represents the resultant forces at the operational point, Fint the internal forces, and fi the forces

ci

where
represents the part of that correspond
to
the
resultant
forces at the object; and the matrix
Giflt,irepresents the part corresponding to the internal forces.

Figure 2. The virtual linkage.
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3.3. Centralized Control Structure

For fixed base manipulation, the augmented object and
virtual linkage have been implemented in a multiprocessor system using a centralized control structure. This type of control is not suited for autonomous mobile manipulation platforms. Before
presenting the decentralized implementation, we begin with a brief summary of the centralized control structure.
The overall structure of the centralized implementation is shown in Figure 3 . The force sensed at
the grasp point of each robot, f.s,i, is transformed,
via G, to sensed resultant forces F,,,,,, and sensed
internal forces, FilIf,.F,
at the operational point, using
equation (16)

inputs to the decoupled system. R is the generalized
selection matrix associated with motion control, and
its complement, is associated with force control.
The control structure for internal forces is

a,

where the vector Ftlr represents the inputs to the
decoupled system. A suitable control law can be seFZo,ltacr,
and FLf.
lected to obtain F~iotiorz,
The control forces of the individual mobile manipulator, fi, are given by using equation (17),

The above strategy has been successfully implemented for two and three PUMA 560 arms.I4
The centralized control strategy strategy consists of
(i) a unified motion and force control structure for
the augmented object corresponding to the resultant
force vector, F,,,; and (ii) a force control vector, Fillf,
corresponding to the internal forces acting on the
virtual linkage. These are

A,,
and

he, and fie represent the estimates of A,,

pe,

The vector F~loflorr
and F:oontncf
represent the

Xd

.Augmented
Object

+
v

3.4. Decentralized Control Structure

In a multiple mobile robot system, each robot has
real-time access only to its own state information,
and can only infer information about the other robots’ grasp forces through their combined action on
the object. In the decentralized control structure we
propose, the object level specifications of the task
are transformed into individual tasks for each of the
cooperative robots. Local feedback control loops are
then developed at each grasp point. The task transformation and the design of the local controllers are
accomplished in consistency with the augmented object and virtual linkage models. The overall structure
of the proposed decentralized control structure is
shown in Figure 4.
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Figure 3. Centralized control structure.
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The local control structure at the ith grasp
point is

The control vectors, f,,,,,,,,,,,,, are designed so that the
combined motion of the various ifhgrasp points results in the desired motion at the object operational
point. On the other hand, the vectors f-,,,,,,,create
forces at the grasp points, whose combined action
produces the desired contact and internal forces on
the object.
The motion control at the ith grasp point is

where fjg,i is the gravity vector associated with the
represents
ith end effector at the grasp point.
the part of fjy assigned to the ith robot and described
at its grasp point.
The sensed forces at the ith grasp point, fs,i,
combine the contact and internal forces felt at the
i th grasp point, together with the acceleration force
acting at the object. The sensed forces associated
with the contact and internal forces alone, fz,i, are
therefore obtained by subtracting the acceleration
effect from the total sensed forces

cres,i&

Here, the object desired acceleration has been used
instead of the actual acceleration, which would be
difficult to evaluate.
The force control part of equation (22) is

with
(24)
where A,, is the kinetic energy matrix associated
with the z t h effector at the grasp point. The second
term of equation (24) represents the part of Ay assigned to the ith robot and described at its grasp
point.
The vector, f i D , [ , of centrifugal and Coriolis
forces associated with the itheffector is

where p,,, is the centrifugal and Coriolis vector of
reprethe ith robot alone at the grasp point. Cres,,jiy
sents the part of fis assigned to the ith robot and
described at its grasp point. Similarly, the gravity
vector is

where f&e,i represents the input to the decoupled
system associated with the contact forces and internal forces. f & , i can be achieved by selecting

The vector fd,i is the desired force assigned to the
ith mobile manipulator. Using equation (17), this
vector is
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Figure 5. Experiments with the mobile platforms. Erasing a whiteboard, cooperating in
carrying a basket, and sweeping a desk are examples of tasks demonstrated with the
Stanford Mobile Platforms.

where the desired resultant forces are

where Frontact,d
is the desired contact force vector.
The assumptions in the above control structure
is that the object is rigid and that there is no slippage
at the grasp points. Gripper slip in the real system
will result in errors in the grasp kinematic computation and inconsistencies with the virtual linkage
model. To compensate for these effects, some level
of communication between the different platforms
will be needed for updating the robot state and modifying the task specifications. The rate at which this
communication is required is much slower than the
local servo control rate. Such communication can be
achieved over a radio Ethernet link (at 10-20 Hz).

two hours of autonomous operation. In addition, a
1500 Watt AC power supply is included for tethered
operations. Selection between on-board and tethered operations can be made while the robot is in operation.
Environmental sensing is currently provided by
48 sonars divided into two rings encircling the base.
Sonars in the upper and lower rings fire simultaneously to allow through cross-echoes. This allows the
detection of objects even if they are located in the

Force Sensor

Puma 560
Manipulator

./
/'

4. EXPERIMENTAL PLATFORMS
Recently, we have designed and built two autonomous mobile manipulation platforms (Fig. 5). The
Stanford Assistant Mobile Manipulator(SAMM)platforms have been developed in collaboration with
Nomadic Technologies and Oak Ridge National Laboratories.
Each platform consists of a PUMA 560 arm
mounted on a holonomic mobile base (Fig. 6). The
PUMA manipulator is equipped with a 6-axis force
sensor on the wrist, and an electric two-fingered
gripper. The base consists of three "lateral" orthogonal universal-wheel assemblies that allow the base
to translate and rotate holonomically in relatively
flat office-like environments.l6 The base houses two
personal computers, the motor amplifiers for both
the base and arm, and batteries for approximately

1'

Computer
Batteries

Power Supply

Base Amps

Lower
Sonar Ring

Omni-Directional Base-+
Figure 6. Platform components.
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middle of the two sonar rings. We are currently
working on adding vision capabilities to allow for
more complex tasks.
The two personal computers with 90 MHz Pentium processors were selected over other competing
technologies because of their relatively low cost and
power consumption and the large selection of addon cards. Also, this architecture will continue to be
easily upgraded as computer technology advances.
The two computers in each robot are the heart of
the multi-processing architecture. On each platform,
one computer is devoted to robot control and other
real-time tasks. The second computer is responsible
for navigation, path planning, communication, and
other less time-critical functions. Within the robot,
the two computers communicate with each other
through a wire Ethernet backbone.
Communication between robots or with other
workstations is accomplished via a radio Ethernet
link. This architecture is illustrated in Figure 7.
The control computer, running the real-time operating systems VxWrorks, interfaces with the robot
via an off-the-shelf, compact, modular multi-axis
controller that provides 12 encoders channels, 16 D/

163

A channels, and 8 A/D channels on a single EISA
backplane slot. Information from the force sensor is
received via a fiber optic link through a dedicated
interface board at speeds of up to 1000Hz.
The navigation computer, running the L i m x operating system, is responsible for tasks that do not
require real-time performance. These include path
planning and modification, environmental sensing,
and communication with the other robots and the
outside world. The sonar firing and timing is accomplished with a Motorola 6811 microprocessor board
identical to the one used in the control computer.
This frees almost all of this computer's processing
power for planning, navigation, and self localization.
The control strategies discussed above have been
successfully implemented in a system of two platforms. The dynamic coordination strategy has allowed full use of the relatively high bandwidth of
the PUMA. Various tasks involving both free and
constrained motions have been p e r f ~ r m e d ,as
' ~ illustrated in Figure 5. Object motion and force control
performance with these mobile platforms are comparable with the results obtained with fixed base PUMA
manipulators.

PERCEPTION/

Ethernet

T
,

/CONTROLI
I

LEVEL

Figure 7. Platform computer architecture.
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5. CONCLUSION
We have presented extensions of various operational
space methodologies for fixed-base manipulators to
mobile manipulation systems. A vehicle/arm platform is treated as a macro/mini structure. This redundant system is controlled using a dynamic coordination strategy, which allows the mini structure's
high bandwidth to be fully utilized. For cooperative
operations, we have developed a new decentralized
control structure based on the augmented object and
virtual linkage models that is better suited for mobile
manipulator systems. Vehicle/arm coordination and
cooperative operations have been successfully implemented on two mobile manipulator platforms developed at Stanford University.
The financial support of Boeing, General Motors, Hitachi Construction Machinery, and NSF (grants IRI9320017 and CAD-9320419) is gratefully acknowledged. Many thanks to Andreas Baader, Alan Bowling, Oliver Brock, Francois Pin, James Slater, John
Slater, Stef Sonck, and Dave Williams, who have made
significant contributions to the design and construction of the Stanford robotic platforms.
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