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Abstract

This paper describes our recent progress in Desk-
top Robotics. It begins with a description of the
application domain, and then describes progress in
a few areas: a mobile manipulator called the mo-
bipulator, fast prototyping work culminating in the
Palm Pilot Robot Kit, and work on time-optimal
paths for diff drive robots.

1 Introduction

This paper surveys some recent work on “desktop
robotics.” [1] The goal is a robotic system that han-
dles common tasks on a typical office desktop, fo-
cusing primarily on the ability to manipulate doc-
uments and other common desktop objects.

Why desktop robotics? Robotics research is often
shaped by an intended application domain. Obvi-
ously this is so for applied work, but it is true of the-
oretical work too. The research agenda in robotic
manipulation is to a large extent determined by
manufacturing applications. By developing an al-
ternative application domain, we hope to develop
new perspectives and insights on robotic manipu-
lation. In particular, desktop robotics encourages:
exploration of new manipulation hardware designs;
use of mobile robots as manipulators; and explo-
ration of human-robot interface issues.

2 Previous work

Since desktop robotics is a new application area
there is not a lot of previous work to report, al-
though additional details on desktop manipulation,
the mobipulator, and time optimal paths for diff
drives may be found at [1, 2, 3, 4, §].

There has been a great deal of work exploring the
connection between manipulation and locomotion,
including Shakey [6], the JPL Cart [7], Donald
et al’s [8] cooperating mobile manipulators, and

Romeo and Juliet [9] to name just a few examples.
The JPL Cart, and Romeo and Juliet had arms,
but the others just used mobile robots to push
things, which is closer to the present approach.
Perhaps closest of all is the Platonic Beast [10].
Just as the mobipulator uses its wheels for either lo-
comotion or manipulation, the Platonic Beast used
its limbs for either locomotion or manipulation.

There has also been relevant work in manipula-
tion. The present approach is an example of “non-
prehensile manipulation” or “graspless” manipula-
tion. Perhaps the closest previous work is the busi-
ness card manipulation work of Kao and Cutkosky
[11], which addressed manipulation of laminar ob-
jects by fingers pressing down from above. See
Lynch [12] for a more detailed survey of previous
work on nonprehensile manipulation.

Previous work on optimal control of diff drive
robots has assumed bounds on acceleration rather
than on velocity; for example see papers by Reis-
ter and Pin [13] and Renaud and Fourquet [14].
For steered vehicles the original work was by Du-
bins [15] and by Reeds and Shepp [16]. Our work
is an extension of optimal control techniques devel-
oped for steered vehicles by Soueres, Boissonnat,
Laumond, Sussman, Tang, and others [17, 18, 19].

3 The mobipulator

This section describes our work with the “mobipu-
lator,” which is a contraction of “mobile manipula-
tor.” The goal of the mobipulator is to explore the
idea of using wheels for manipulation.

3.1 Mobipulator design

The mobipulator is about 10 cm by 10 cm, and
has four independently powered wheels. A thin
strip of steel connects the front and rear axles; the
strip is flexible enough to act as a suspension, al-
lowing the weight to be evenly distributed among
the four wheels. The motors are DC servomotors



Figure 1: The mobipulator

with optical encoders. The machine is tethered—
power electronics, 10, and computation are all off-
board. There is no steering mechanism, although
skid steering is possible.

The mobipulator can navigate an uncluttered desk-
top. It uses its wheels both for locomotion and for
manipulation. To move a piece of paper it typi-
cally rolls halfway onto the paper. It then uses its
front wheels to manipulate the paper while it uses
its rear wheels to locomote. To move a cylinder it
must first be placed with its front wheels on the
cylinder. Then it runs it front wheels backward as
it runs its rear wheels forward, much as a human
might roll a barrel.

A mobile robot has a workspace much larger than
itself. This gives a small mobile manipulator on
the desk several advantages: the robot is small, in-
expensive, unobtrusive, and intrinsically safe. The
current design also has some compensating disad-
vantages: it is unable to navigate rough terrain, ac-
curate position estimation requires additional sens-
ing, and manipulation of even simple objects is
challenging.

3.2 Theoretical results

We have focussed our work so far on the task of
moving a piece of paper around on the desktop.
We model both the mobipulator and paper as rigid
bodies in the plane.

3.2.1 Contact modes and configuration
space: The effects of the controls depend on the
location of the mobipulator’s wheels relative to the
piece of paper. The simplest approach is to assume
the paper is rigid and to neglect the case of a wheel
at the edge of the paper. Since there are four wheels
and each can be either on or off of the paper, there

Figure 2: Seven of the sixteen contact modes

Figure 3: Boundaries of contact modes in configura-
tion space. Coordinates are location and
orientation of robot relative to paper.

may be up to sixteen contact modes, depending on
the shape of the paper. Figure 2 shows the seven
important cases; the other cases are symmetric.

The configuration of the robot relative to the paper
determines which wheels are in contact with the pa-
per. We can construct the configuration space of
the robot relative to a piece of paper. We choose
the reference point to be the center of the mobipu-
lator. Then we choose a wheel, and construct the
configuration space boundary of the paper. Since
we assume the wheel makes a point contact, each
slice of the boundary with 6 held fixed will have
the same shape as the paper; for configurations on
this boundary, the selected wheel is touching the
edge of the paper. The boundary encloses a region
for which the wheel is on the paper; we repeat the
process for each wheel and intersect the regions to
find the regions of configuration space correspond-
ing to various contact modes. Figure 3 shows an
example for a rectangular piece of paper.



3.2.2 Dual diff drive mode: One of the
most interesting modes is “dual diff drive” mode,
for which the robot has either only its front or only
its rear wheels touching the paper. We refer to
the wheels on the paper as the “hands,” and to the
wheels on the desktop as “feet.” The feet then con-
trol the system as a diff drive, and the hands control
the paper as a diff drive. (A diff drive robot is like a
wheel chair, with two independently driven coaxial
wheels.) Choosing appropriate state variables, we
derive the following kinematic model:

Ty cosfy 0O 0 0

Yy sinfy 0 0 0 vy

9f _ 0 1 0 0 Wy (1)
Th 0 0 cos 0h 0 Vh

Yh 0 0 sin Qh 0 Wh,

On 0 0 0 1

where vy and wy are the velocity and angular ve-
locity of the robot relative to the desktop, and vy,
and wy, are the velocity and angular velocity of the
robot relative to the paper.

It is quite easy to verify that this mode is nonholo-
nomic by taking Lie brackets. The other modes
also have either holonomic or nonholonomic con-
straints.

3.2.3 Lower dimensional goals: local
paper moving: The nonholonomic constraints
of the dual diff drive mode make the planning and
control problem difficult. However, if we wish only
to move the paper to a new configuration and there
are no obstacles, the following approach is useful.
Let the state of the paper be (z,,yp,0,). Then we
can use some geometry to derive a matrix A(q),
a function of the state, such that for some de-
sired (:'vp,y'p,ép) we can derive required controls
(vf,wyr, vp,wp). We have an equation of the form:

Vf — Up Tp

w Alg) = | vp (2)
Wh 9p

We can then derive a simple linear control law using
(Zp, Up,0p) as the controls to drive (2,,y,,0,) to
some desired value, assuming A(q) is defined over
the region of interest.

3.3 Experience with a planner

We have implemented a planner based on one sug-
gested by Barraquand and Latombe in [20] for a
steered car. The planner simulates a few constant
controls for a small duration to generate discrete

actions. A heuristically guided search is then used
to find a path to a configuration in the neighbor-
hood of the goal. One reason for choosing this style
of planner is that it can generate fast plans. Al-
though we are not really concerned with speed, the
fastest plans are often interesting and unintuitive,
involving the robot first manipulating the paper
with its front wheels, then driving across the paper
and manipulating with rear wheels.

We were not entirely satified with our implemen-
tation of this planner. We modelled the system
with six degrees of freedom; the discretization nec-
essary for reaching the goal with reasonable accu-
racy make the search in this space intractable. We
therefore split the task into two three-DOF tasks:
one task to reach a configuration of the robot rel-
ative to the paper, and a second task to reach a
configuration of the robot relative to an origin on
the desk. Even so, the planner was slow and re-
quired a lot of memory. There are a number of
factors which contributed to this:

e The planner by Barraquand and Latombe at-
tempts to minimize time and number of con-
trol switches. Unfortunately, this means that
to be accurate we must keep track of an addi-
tional state variable, the number of switches.
This means the search is in four dimensions
rather than three.

e The chosen discretization of the controls and
0 depends on the desired translational accu-
racy of the goal, and the distance of the goal
from that start. For example, consider that
an obvious plan for a diff drive is to turn to-
wards the goal and then drive to it. If the
goal is far away, much more precision is nec-
essary to turn to exactly the required angle.
This problem is less evident for the steered
car that Barraquand and Latombe studied,
which cannot turn in place.

e Manipulation goals may be much further
away than locomotion goals of the type stud-
ied by Baraquand and Latombe.

3.4 Experimental results

Our analysis has considered a kinematic model, and
we have assumed the paper acts as a rigid body.
However, the mobipulator will be much more capa-
ble if it can exploit knowledge of dynamics or the
flexibility of the paper. In the lab we have tried a
number of interesting manipulation techniques.

For example, if all four wheels are on the pa-



Figure 5: Mobipulator rolling PVC pipe

per, the mobipulator can spin its front wheels and
rear wheels in opposite directions. This creates a
“hump” in the paper. The robot can inch the pa-
per forward under the front wheels by a very quick
acceleration of the wheels. By alternating between
front wheels and rear wheels, the paper can move
forward while staying humped. (See figure 4.) Al-
though “inchworm” actions of this type appear im-
practical due to their slow speed, they might be
useful for small adjustments or when obstacles in-
hibit access.

Another interesting action is the “running slide.”
If the mobipulator drives quickly onto the paper
and then applies the brakes, the momentum of the
system will cause it to slide forwards.

The mobipulator can also roll a cylinder by rolling
the front wheels forward as the rear wheels roll
backward. For large cylinders the motion is quite
stable. Figure 5 shows the mobipulator rolling
PVC pipe.

3.5 New perspectives?
The motivation for designing a new application do-
main was to develop new perspectives on manip-

Figure 6: The Palm Pilot Robot Kit

ulation. The study of manipulation using wheels
is a new area for us, and the new perspective has
had good results. One result is theoretical in na-
ture: dual diff drive mode of the mobipulator mo-
tivated us to study the optimal trajectories for dif-
ferential drive robots. Mobile robots typically have
high mass relative to their motor torque, so previ-
ous studies have considered models of the diff drive
with bounds on the acceleration of the wheels; un-
fortunately the problem has been too difficult to
solve analytically. In our problem, the paper acts
as a diff drive. The paper has low mass, so it is nat-
ural to assume bounds on wheel velocities rather
than on accelerations. The model is simpler, and
we were able to find the optimal trajectories ana-
lytically. This work is described later in the paper.
First we describe some work on fast prototyping.

4 Fast prototyping

One of the goals for the new application domain
was to encourage research in new manipulation
hardware concepts. Inspired in part by Inaba’s
work on remote-brained robotics,[21] we set out to
develop the lab resources and skills to quickly pro-
totype and evaluate new designs.

The materials and techniques are well known to
the robotics research community and to the hobby
robotics movement as well. We rely heavily on
model airplane equipment, including the radio
transmitters and receivers as well as the servo-
motors. For structural elements we use modular
kits such as Lego and Meccano, plastics, and sheet
metal. Control electronics included Palm Pilots,
the Pontech serial IO card, HC11 microcontrollers,
PIC based cards. For sensors we used simple IR
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Figure 7: Bounded velocity models of mobile robots

proximity detectors, and the Sharp IR range sen-
sor.

The main result of this effort was a robot that
used three omnidirectional wheels to locomote in
the plane. Through the efforts of several col-
laborators this device evolved into the Palm Pi-
lot Robot Kit, which is documented on the web
at http://www.cs.cmu.edu/ pprk. It has been
spectacularly successful with the popular press, al-
though it has yet to demonstrate any useful desk-
top manipulation. Its main value is educational—it
is an easy way for a novice to learn about simple
robotic systems.

Our fast prototyping infrastructure has been mod-
erately successful, in that we can put working pro-
totypes together in a matter of hours. The proto-
type Palm Pilot Robot Kit (actually using a model
airplane radio receiver rather than a Palm Pilot)
took less than one hour from concept to working
model.

5 Time optimal paths

The motion planning algorithm described earlier
requires a small discrete set of actions to gener-
ate candidate paths. One way to choose this set is
to use Pontryagin’s Maximum Principle to identify
the time optimal motions. Since the mobipulator
is closely related to a diff drive, this led us to the
problem of identifying the time optimal paths for a
diff drive robot, assuming the wheel velocities are
independently bounded, with no bounds on accel-
eration.

Figure 8: The seven simplest optimal trajectory
classes.

Figure 9: Reachable configurations in normalized
time 1, 1.5, 2, 2.5, and 3.



The time optimal paths for a steered car are well
known, and it might seem that a diff drive is equiv-
alent to a steered car with zero turning radius.
There is a difference though. For the usual model
of a steered car, the time to turn is proportional to
the turning radius, so with zero turning radius the
car would turn in place instantaneously. Figure 7
compares the feasible controls of the diff drive with
that of closely related models, including the steered
car.

Pontryagin’s Maximum Principle is easily applied
to the problem, and the resulting equations can
be solved analytically. Further analysis completely
characterizes the time optimal paths. A time opti-
mal path is composed of straight lines and turns in
place. There are forty different combinations, ar-
ranged in nine different symmetry classes. Exam-
ples for the simplest seven classes are shown in fig-
ure 8. Figure 9 shows the configurations the robot
can reach in normalized time 1, 1.5, 2, 2.5, and 3.

6 Future work

There are some glaring deficiencies in the present
designs. The mobipulator cannot navigate a clut-
tered desk, nor can it manipulate more massive or
complex objects on a desktop. We are continuing
to prototype different designs for mobile manipu-
lators to address these problems. We would also
like to explore competitive approaches, such as a
fixed base manipulator. Or perhaps we are asking
the wrong question. Instead of “what robot do you
want on your desk?” perhaps we should be asking
“what do you want instead of a desk?”

We are also extending the fast prototyping work to
include control, sensing, and programming of the
robots. We are building a control and programming
system to make it easy to try different controls, dif-
ferent sensory systems, and to program new behav-
iors. We hope to dramatically expand the experi-
ence base, and explore several new manipulation
techniques with the mobipulator and other proto-

types.
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