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Abstract—We present an integrated system in which an operator uses a
simulated environment to program part-mating and contact tasks. Gener-
ation of models within this virtual environment is facilitated using a fast,
occlusion-tolerant, 3D grey-scalevision system which can recognizeand ac-
curately locate objects within the work site. A major goal of this work is
to makerobotic programming easy and intuitive for untrained user s work-
ing with standard desktop hardware. Smulation can help accomplish this,
offering the ease-of-use benefits of “ programming by demonstration”, cou-
pled with the ability to create a programmer-friendly virtual environment.
Within a simulated environment, it isalso straightforward to track and in-
terpret an operator’sactions. The simulator models objects as polyhedra
and implements full 3D contact dynamics, making is easy to place and ma-
nipulate objectsusing input from asimple 2D mouse. When amanipulation
task iscompleted, local planning techniques are used to turn thevirtual en-
vironment’s motion sequence history into a set of robot motion commands
capable of realizing the prescribed task.

I. INTRODUCTION

This paper describes an integrated system which uses virtual -
reality smulation to program robotic part-mating and contact
tasks, developed at the Computer Science Department of the
University of British Columbia(UBC). It includesavision sys-
tem for rapidly creating models of awork site, atask simulator
that allows objects to be manipulated within the simulated en-
vironment, and a program generator that turnsthe simulated ac-
tionsinto asequence of robotic motion commands capabl e of re-
alizing the desired task.

Indevel oping thissystem, our aim has been to make robot pro-
gramming very easy, particularly for non-specialists using stan-
dard desktop computer hardware. Our emphasis on tasksinvolv-
ing contact is deliberate, since commercial manipulator systems
still provide only minimal support for such operations. We sus-
pect that the complexity of programming contact-based tasksis
an important reason for this.

We believe that using a simulated virtua environment to di-
rectly demonstrate the required contact task can help overcome
many programming difficulties. Reasons for thisinclude:

1. Iteliminatesthe need for tedioustextual descriptions(such as
“place face A on top of face B").

2. Simulated environmentscan be augmented with operator aids
such as virtual fixtures. Interactions can also focus on the direct
manipulation of objects, permitting a more “task-centric” pro-
gramming mode.

3. Itiseasier withinasimulated environment to track an opera
tor’sactions and discern intentions, since the state of everything
isknown and does not have to be estimated using sensors.

In contrast with most virtual environments, objectsin our en-
vironment are identified and located automatically using vision,
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making for a more accurate representation of the rea environ-
ment. Such a “reality-based” virtua environment is crucia for
meaningful robot programming.

At present, our system’s task domain consists of a puzzle of
wooden blocks which can be assembled within a rigid frame,
Thisdomain issimple but leads to awide range of possible con-
tact interactions. Part mating involving “tight fits’ is not cur-
rently supported but is part of our ongoing research. A very ba-
sic demonstration of the system is givenin Fig. 1, illustrating
the placement of a block into a corner (for an MPEG video of
this, see http://mm.cs.ubc.ca/spider/pai/telerobotics.html).
A more complex type of task involves dragging a block around
the outside of a corner while contact is maintained (Fig. 2).

A. System requirements and overview

A simulation-based robot programming system requires sev-
era principal modules:

1. Model Generator: buildsand maintains the work site model
used by the simulator.

2. Task Smulator: permits manipulations within the smulated
environment, using dynamics that are easy and intuitivefor the
operator and which facilitate task specification.

3. Program Generator: usesthe actionswithinthevirtua envi-
ronment to create robot motion commands capable of realizing
the prescribed task.

4. Execution Monitor: verifies task execution at the robot site.
On-line information may also be used to determine corrections
to thework site modd.

Thefirst three of these componentsare well-developed within
the UBC system and form the main focus of this paper.

Model generation is realized using a model-based grey-scale
vision system that can rapidly and robustly recognize and locate
objects characterized by straight-line edge features. Matches
are performed using localized groups of edge features, enabling
the vision system to tolerate a moderate amount of occlusion.
Recognition of several objects can be achieved within about five
seconds, and the object pose information is generally accurate
towithin apixel. Recognized objects are displayed in a separate
“feedback window” from which the operator can select them for
inclusion into the work site modd.

The task simulator lets an operator select objects within the
simul ated environment and move them around, using input from
a standard 2D mouse. A mouse was chosen deliberately, since
it is cheap, ubiquitous, and fits with our above mentioned goal
of making programming accessible to users with standard desk-
top computer hardware. Graphical fixtures are used to map the
2D mouse inputsinto 3D spatial motions. The simulated envi-
ronment uses first-order dynamics, sincethisis (a) easy to com-
pute, (b) intuitivefor the operator, (c) qualitatively similar to a
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Fig. 1. Simple example showing the placement of a block in a corner. Blocks within the initial work site (a) are located by the vision system (b, with matching
edges outlined in white), and then used to update the work site model, graphically rendered in (c). An operator can then select an object by “clicking” on it,
causingit to beencased within a*“dragger fixture” (d). Clicking and dragging on aface of thisfixture createsavirtual forcein the plane of the face, whichin turn
causestheobject to move (). Asthe operator dragsthe object into the corner, contact is made with the corner faces, causing the block to align and settleinto the
corner easily, with no finesse required (f). The goal of the task, in terms of both nominal object position and the required contact state, is known directly from
state information available to the simulator. When satisfied with the block’s position, the operator issues a confirmation command, which causesthe smulated
motion sequenceto be turned into robot motion commandswhich realize the requested operation (g)-(i), with impedance control used to facilitate the necessary

contacts.

system dominated by friction, and (d) stable. Contact interac-
tions are modeled, | etting the manipulated object, or workpiece,
bump into, didealong, and aignitself with other objects. These
interactions, combined with the first-order dynamics and graph-
ical fixtures, make it quite easy for the operator to perform part
mating and placement withinthevirtual environment. Thesimu-
lator isalso capable of enforcing contact between the workpiece
and designated capture objects, to enabl e the specification of mo-
tionsinvolving continuous contact.

After an object has been manipulated to adesired state within
thevirtual environment, the program generator isinvokedto pro-
duce a set of robotic commands to implement the specified ac-
tion. Thisisdone by taking the complete motion sequence spec-
ified by theoperator, and simplifyingit, usinglocal planning (po-
tential field) techniques, so as to remove extraneous motion seg-
ments and move it away from objects with which contact is not

required. A key feature of our simplification techniqueis that it
can be constrained to preserve desired contacts, asin the corner-
ing example of Fig. 2. The simplified path is then turned into a
set of gpatially-linear robot motion commands, with each path
segment possibly associated with one or more contact states.
Contact is maintained using standard impedance control tech-
niques.

The last module, the execution monitor, is presently imple-
mented in a simpleway using force monitoring to verify the oc-
currence of the required contact states. More robust monitoring,
and the use of contact informationto updatethework sitemodel,
isthe subject of ongoing investigation.

B. Connection to telerobotics

Althoughour focusison mode acquisitionand programming,
our system can be used to perform telerobotic manipulation, and
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Fig. 2. Sequence showing a more complex contact task where a block is dragged around a corner of the puzzle frame while contact with the frame is maintained.

was in fact inspired by previous work in that area (Section I1).
All linksbetween the operator site and thework site (Section 111)
are implemented using TCP/IP sockets, permitting remote op-
eration over the Internet. At a conference in Montrea in June
1996, an earlier version of the system was successfully demon-
strated in exactly thisway, with the operator sitelocated in Mon-
treal and the work site located in Vancouver.

C. Contributions

Specific contributionsof thiswork include:
1. Showing that unstructured operator interactionswithin avir-
tual environment (with first-order contact dynamics) can be used
as abasisto program robotic part-mating and contact tasks, with
contact constraints actually serving to make part placement eas-
ier.
2. The system architecture: a vision system automaticaly lo-
cates elements withinthe scene, which are then edited by the op-
erator intothevirtua environment. Objectswithinthevirtua en-
vironment are manipul ated to specify tasks, and thefinal robotic
commands are produced by transformingand simplifyingtheop-
erator interaction sequence;
3. Demonstratingtheability to useon-linevisionto providefast,
occlusion-tolerant identification and location of structured ele-
ments within the scene, without a priori estimates of object po-
sition;
4. Using barrier potentials (Section V-B) to improve the perfor-
mance of the contact dynamics simulation;
5. Using a local potentia approach, combined with dynamic
simulation, to transform the operator interaction sequence into
a set of robotic motion commands (Section V1);
6. Using 3D graphical dragger fixtures, not to position objects
directly, but to impart virtua forces on them, with the final mo-

tion then resulting from dynamical simulation (Section V).

D. Outline

Therest of thispaper is arranged as follows. Related work is
discussed in Section |1, and a more detailed description of the
system componentsand hardwareisgivenin Section|ll. Thevi-
sion system, task simulator, and program generator are then pre-
sented in Sections|V, V, and VI, respectively. Experimental ob-
servations are givenin Section VII.

Il. RELATED WORK

The work described here is closely connected to the telepro-
gramming work of Funda, Sayers, and others[1], [2], where op-
erator interaction with asimulated environment is used to over-
come problems of time delay. Teleprogramming was predated
by the use of predictive graphical simulation [3], [4]. Thein-
troduction of synthetic “fixtures’ into the operator’s display to
assist in task specification has also been explored [5], [6], and
virtual reality simulation has been investigated as a platform on
which fine motion task skillscan belearned [7], [8].

Commands sent to the remote site of teleprogramming sys-
tems tend to be fairly low level. The ability to use higher level
commands which ask theremote mani pul ator to achieve apartic-
ular contact state (recovering if necessary from intervening con-
tact states) isinvestigated in [9], using a Petri-Net-based contact
state moddl.

Model acquisition in most telerobotic systems is currently
achieved using extensive operator interaction. Typically, thisin-
volves helping the vision system by manually indicating object
festuresin avideo image of the remote site [10], [11].

Automatic model generation using computer vision has been
limited by the ahility of systems to accurately identify and lo-
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cate 3-D objects, particularly in the presence of clutter and par-
tial occlusion. Althoughthere hasbeen along history of research
on 3-D object recognition [12], [13], it isonly recently that new
approaches to model indexing have allowed such approaches to
be sufficiently fast and reliable for integration with a real-time
telerobotics system [14], [15]. This model -based approach con-
trastswith appearance-based recognition [16], whichisbased on
directly matching image appearance, and can therefore model
more general object classes but islessrobust to image clutter and
illumination changes and does not perform precise object local -
ization.

Finaly, in the last few years there have been a number of
projects making teleoperated robotic systems of various kinds
available to casua users on the World Wide Web; see, for ex-
ample, [17], [18], [19].

I11. SYSTEM DESCRIPTION

A block diagram of the UBC system isshown in Fig. 3. The
system isdivided into awork site, consisting of arobot, its con-
troller, and the vision module, and an operator site, comprising
the operator interface, task simulator, model editor, and program
generator.

A. Work site

The work site (Fig. 4) contains a 6 DOF CRS A460 robot
(Puma-type geometry), controlled at the lowest level by 1 KHz
joint servos, which are in turn driven by atask controller imple-
mented using the Robot Control C Library (RCCL) [20] running
in real-timeon a Sun Sparc 5. The task controller accepts Carte-
sian motion commands from the operator site, and generates the
required tragjectories at 100 Hz. It uses force-sensor feedback to
implement both guarded moves and a position-based impedance
control similar to that described in[21].

The visionmodul e continuously collectsimagesfrom asingle
monochrome camera and processes them using a model -based
vision algorithm (Section 1V) to locate objectsin the scene. The
objects and their positionsare continuously sent back to the op-
erator site, along with the raw cameraimage.

B. Operator site

The operator site consists of an SGI Indy with a 15 Mflop
CPU. It hosts amodel of the work site environment, with which
theoperator interacts, usingamouse, viathetask simulator (Sec-
tion V). Modd data includes polyhedra representations of the
work space objects, plus kinematic and geometric information
about the robot manipulator (other dynamical information, such
asfriction and stiffness models, may be added later if required).
Objects recognized by the video/vision module are displayed in
afeedback window, from which the operator can selectively edit
them into the work site model viathe modd editor (Section IV-
C). The raw camera image from the work siteisdisplayedin a
camera image window. The model editor, together with the vi-
sion system, constitutethe model generator described in Section
I-A. The work site modd itself can be viewed from any view-
point through the model viewing window, implemented using the
SGI 3D modeling package Open Inventor [22]. The different
viewing windows are shown in Fig. 5. Lastly, a program gen-
erator (Section V1) creates the robot motion commands required

Fig. 4. Remote site, showing the robot, camera, and work area.

Fig. 5. Typical screen layout on the operator site workstation. Clockwise from
top-left: cameraimage window, feedback window, model viewing window
(with tall block being manipulated by a dragger box), and textual interface
window.

to realize specific tasks and sends them to the task controller at
thework site.

IV. MODEL GENERATION

The principal component of the model generator isthevision
system, which must be ableto provideaccurateidentificationand
location of objects in the work space. This is done using the
model-based recognition system of Beis and Lowe [15], [23],
which uses a novel form of rapid indexing to recognize 3D ob-
jects from any point of view in single 2D images.

A model must be provided for each object typewhich specifies
the 3D locations of al prominent edges and the visibility direc-
tion of each surface. Thevision system is currently restricted to
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using strai ght edges of the objectsin the recognition process, but
the same approach can be extended to use arbitrary curved sur-
faces [24]. To increase the robustness of the vision system and
to make the objects easily distinguishabl e, we painted some lin-
ear markings on the surfaces of the blocks. However, these sur-
face markings are not required, and equiva ent robustness could
be achieved by using more than one camera to obtain multiple
views of the natural object shapes.

A. Recognition and matching

The recognition process begins by finding al linear edgesin
an image and identifying groups of edges that are connected to
one another or are nearby and parallel. Groups of 4 or more line
segments (see Fig. 6) are used to generate a vector of measure-
ments giving the relative lengths or angles between the lines.
This “index” vector is invariant to 2D trandlation, rotation and
scaling, but will vary withthe projection of different 3D rotations
of theaobject. A precomputed index covering asample of al 3D
object rotationsis used to estimate the probability that a partic-
ular vector was produced by a particular object. One feature of
thisapproach isthat index accesstimeremainsvery rapid even as
the dimensionality of the festure vectorsisincreased [23]. Full
details of thisindexing approach are given in [15].

Once atentativeinterpretation has been made for some image
features, it ispossibleto estimate the object | ocation and orienta-
tionin 3D [24]. Thisisused to predict the locations of other ob-
ject edges in the image and obtain further correspondences. At
each stage, the solution for object location and orientationin 3D
isperformed with aleast-squaresfit minimizing residualsin pre-
dicted versus actua image locations. So, while the current sys-
tem uses only straight edges, models might easily contain other
feature typeswithlocationinformation, to aid in verification and
pose determination. The solutionfor object poseis substantialy
over-determined, which means there is little likelihood that an
incorrect correspondence will befoundto fit morethan afew im-
age features. If a good fit is not found for a number of image

e
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Fig. 6. Left frame showscroppedimageof work space overlaid with wire-frame
models at positions determined by the recognition algorithm. Right frame
shows edge-detected image with examples of correct and incorrect feature
groupingsused in the indexing process.

edges, then the match is rejected and a new indexing hypothesis
isused.

B. Speed, accuracy, and calibration

The full recognition process currently requires about 5 sec-
onds running on a 15 Mflop SGI Indy. A number of optimiza-
tions could be made to improve thistime.

Image lines are determined through a | east-squares fit to each
pixel dong an edge, and model location is based on a least-
squares fit to these lines. Therefore, accuracy is usually precise
down to the pixel level of theimage, althoughits mapping tothe
3D world depends on the cameralocation and optics. Withasin-
gle camera, thelocation of the object parallel to the cameraim-
age plane is more precise than location towards and away from
the camera. A similar recognition approach using two or more
cameras could achieve full accuracy in al dimensions.

A standard pin-hole camera model is assumed. Intrinsic pa
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Fig. 7. Dragger box and gripper image surrounding a block to be manipulated.
Dragging the mouse cursor along one of the planes of the box causesa dis-
placement parallel to the plane, which is convertedinto a“virtual force” act-
ing on the workpiece's center.

rameters (focal-length and radid distortion) were cdibrated off-
line using the algorithmin [25]. The camera position relativeto
the work space was calibrated manually by having the operator
identify known work site featuresin the cameraimage.

C. Modd editing

Objects recognized by the vision system are displayed in the
feedback window and also drawn (using wire-frame overlays) in
the camera image window (Fig. 3).

Thework site model itself is updated under the control of the
operator, via the modd editor. Usually this is done between
task specifications, and only when necessary. By examining the
recognition data displayed within the feedback and camera im-
age windows, the operator can make afinal judgement asto the
data’'s reliability. Specific objects can then be selected for inclu-
sion within the work site model by clicking on them within the
feedback window. Similarly, work site model objects can be se-
lected for del etion by clicking on them withinthe model viewing
window.

One anticipated function of the model editor, not yet imple-
mented, isto ensure the consistency of the recognition datawith
physica redlity. For example, the positions of recognized ob-
jects should be adjusted, when necessary, to ensure that they
don't interpenetrate.

V. TASK SIMULATION

The task simulator enabl es the operator to manipulate an ob-
ject (or workpiece) withinthe virtual environment so asto easily
specify different tasks. Often, thisentails moving the workpiece
to adestinationinvol ving contact with one or more objects(since
the workpiece must rest on something, all destination states will
entail at least one contact). The cornering task of Fig. 1 typi-
fies this. A more complex task might involve maintaining con-
tact during motion, as shownin Fig. 2.

Such actions are created by moving the workpiece around in
the virtual environment under the influence of a contact model
combined with first-order dynamics. Thispermitstheworkpiece
to bump into, dide dong, and align itself with other objects.
This, in turn, makes it very easy for the operator to place the

workpiece into a desired contact state. First-order dynamics is
used for thereasons mentioned in Section I-A. To creste motions
involving continuous contact, the operator can use the mouse to
select certain objects as capture objects. Once the workpiece
makes contact with a capture object, its motion is constrained
so that contact with that object is maintained. This is done by
keeping the Euclidean distance between the workpiece and the
object within a certain small vaue (using a barrier function, as
described at the end of Section V-B). The contact constraint can
be removed by desdl ecting the capture object.

After the operator completesatask, she signasthistothe sys-
tem, which then invokes the program generator (Section V1) to
create a sequence of robotic commands capable of redizing the
task at the work site.

I nteractionwith thesimulated environment occursthroughthe
model viewing window. Using the mouse, the operator selects
a workpiece to be moved by clicking on it. A simulated grip-
per then appears, showing how the workpiece will be grasped,
along with a graphical “dragger fixture” (presently, a box) that
maps 2D mouse inputsinto 3D spatial motions and permits the
workpiece to be moved about (see Fig. 7 and Fig. 1). Rendering
only the gripper preserves the “task-centric” focus of the opera-
tor’sactions, more proximal parts of therobot could berendered
if necessary.

A. Contact dynamics

The workpiece is “attached” to the dragger box by a virtual
spring, so that deviations from its nominal position within the
box giveriseto avirtua force f, and moment m, acting on it
(Fig. 8).

Euclidean distances between the workpiece and other objects
are continuously monitored using I-CoLLIDE [26]. Objects
closer than ¢. are assumed to bein contact with the workpiece,
and then information provided by |-COLLIDE is used to deter-
mine a suitable finite set of n contact points p; and normals n;
for modeling the contact?.

When workpiece contact occurs, the system computes the re-
action forces f; arising along the contact normalsin response to
the virtua forces (f, and m,) acting on the workpiece (Fig. 9).
Although this can be adifficult problem to solvein general [28],
thefact that we have afinite number of contact points, are using
first-order dynamics, and areignoringfriction makes the compu-
tation, which we now explain, fairly easy.

First-order dynamics impliesthat the net force f and moment
m acting on the workpiece are proportiona to the trand ational
and rotational components of its spatial velocity (v and w), ac-
cording to

v=d,f and w=d-m, (@D}
where d; and d,. are prescribed damping constants. Now, at each
contact point p;, the normal force f; and the velocity component
v; alongthenormal aregivenby f; = ¢;n; andv; = a;n;, where
¢; and a; are scalars which must satisfy

2] Z Oa Ci Z Oa and (2)

1 For polyhedral object models, face-face or edge-face contacts can be repre-
sented using afinite set of point contacts; see [27].

a;C; = 0.
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Fig. 8. Displacement of the workpiecerelative to the dragger box createsa vir-
tual forceon it (such asfq, shown here).

Fig. 9. Contact of theworkpiecewith other objectsgivesrise to normal reaction
forces (fo and fy).

Collecting a; and ¢; into vectorsa, ¢ € IR, it can be shown that

a=Ac+b, (3)

where the components of A and b are given by

A =ding -0y +de(n; X p;) - (ny X p;j),

by =din; -fo +drny - (Mg X p;).

Equation (3), together with the constraints (2), form a linear
complementarity problem which can be solved for ¢ (aswell as
a) using Baraff’s algorithm [29]. Each f; then follows directly
from f; = ¢n;.

Given f;, the net force f and moment m acting on the work-
piece are given by

f=3> fi+fa,

The workpiece's spatia velocity ve = (vI'w?)T then follows
from Equation (1). The task simulator computes v in thisway
once per time step (currently every 50 msec) and uses thisto up-
date the workpiece's position, as described next.

m=> (p; x ;) + m,.

K3

B. Computing wor kpiece displacement

The spatia velocity v described above is used to update the
workpiece's spatial position during each ssimulation time step.
Let Xp be a4 x 4 homogeneous transform describing the ini-
tial workpiece position, and let v = (vy,vy,v,) and w =
(we,wy,ws). Thenif thetime step At is small relative to the

velocity, and no object collision results, the new workpiece po-
sition X; at the end of the time step can be approximated by?

X1 = XgD A, (4)
where
1 —W, Wy Vg
D — W, 1 —We Uy
—Wy Wy 1 v,

0 0 0 1

On the other hand, if this does result in a collision, then we
need to reduce the displacement along thedirection of v (asde-
scribed bel ow) so as to prevent collision.

When the workpiece is very close to other objects, second-
order constraints or numerical errors can prevent any finite dis-
placement along the direction of vs from being collision-free,
even when v isitsalf valid. This has the effect of making the
workpiece “stick”, unreasonably, in certain configurations. In
addition to this problem, 1-CoLLIDE becomes unreliable when
objects are very close together, and fails when they interpene-
trate. To overcome these problems, the simulator seeks to en-
surethat the workpieceis always a small distance ¢, away from
other objects, where ¢; isless than the contact distance ¢.. This
requirement is enforced using potentia barrier functions, de-
scribed next.

First, observe that over one time-step, we try to make the
workpiece follow an approximately linear spatial path given by

()

fors € [0, At]. If acollisonresultsat s = At, then we need to
find some smaller value of s which does not result inacollision,
and use thisto compute the final position for the time step.
Now, let d; be the Euclidean distance between the workpiece
and another object ¢, and let § = d;/¢;. Then define the (differ-
entiable) potentid U;(d;) (see Fig. 10-A, and also [30]) by

K[§—1—-In(8)] ifo<é<],
i(d;) = .
Uilds) {0 if 6 > 1,

X(s) = XoDs

(6)

where K isasuitable constant. Thiswill act to repel the work-
piece from the object ;. Because d;, and hence U;(d;), can be
computed for each vaue of s along the path (5), each U; can aso
be considered as a function of s.

Next, we define a simple linear potentia U, (s) which pro-
duces (by itself) a motion aong the path (5) with constant spa-
tial velocity vg. Giventhefirst-order dynamics (1), thistakesthe
form

vl
(o) == | Bl

corresponding to the negative of the work done by f and m at
each value of s.

Summing U, (s) and the U;(s) for al appropriate objects
yieldsanet potentia U/ (s). During each timestep, theworkpiece

2 Accumulating displacement in this way permits usto integrate the rotational
velocity w.
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Fig. 10. (A) Potentia functionU; (d; ). (B) Modified U; (d; ) used to ensure that
the workpieceremains within a distance ¢, of a capture object.

ismoved to thevalue of s that minimizes U (s) within theinter-
va s € [0, At] (Fig. 11). If there are no obstacles nearby, all
U;(s) = 0 and the minimum will occur at s = At, correspond-
ing to the nominal displacement (4). Otherwise, the presence of
obstaclesmay result inamotionto someintermediatevalueof s.
Because U;(s) is not necessarily smooth (see below), the mini-
mization isdoneusing agol den section search, whichisaform of
bi section used specifically for minimization problems (see [31],
Section 10.1).

Fig. 11. Anexamplepotential function U (s) withaminimumat s = sg.

To help maintain each d; > ¢;, thetrandational part v of vg
is modified to include, for objects ¢ with d; < ¢;, arepulsive
component computed from the gradient of {/; with respect tothe
workpiece's trand ational position.

It may be asked why we do not treat the entire problem asapo-
tential minimization and cal culate both the v and w of egquation
(2) fromthegradient of U with respect to theworkpiece's spatial
position X. The problemisthat thisgradient does not always ex-
ist: eventhough U; (d; ) issmooth, d; itself isnot smoothwithre-
spect to X, and so U;(X) isnot smooth either. Whilenon-smooth
optimization techniques exist that don’t require an explicit gra-
dient, the very thin size of the barrier means that convergence
could be quite slow without a good estimate of initial direction.
Indeed, the Baraff calculation (Section V-A) can be thought of
as simply agood way of estimating this direction.

The barrier method described here can aso be used to imple-
ment those motions for which the workpiece is constrained to
mai ntain contact with capture objects. Once contact is achieved
with a capture object, its potential U;(d;) ismodified so that in
addition to approaching infinity at d; = 0, it also approachesin-
finity at some outer boundary value¢,, for ¢, > ¢, (Fig. 10-B).

V1. PROGRAM GENERATION

When the operator has fini shed manipul ating aworkpiece, the
program generator creates a set of robot motion commandstore-
alize the specified operation.

It beginswith the compl ete moti on sequence history specified
by the operator in the virtual environment. Thisistaken to bea
piecewise-linear curve of spatia positions, called the workpiece
path, formed by interpolating the workpiece positions computed
during each time step of thesimulation. Each workpieceposition
is caled a node of the workpiece path, and may be associated
with one or more contacts.

A brute-force way to accomplish the specified task would be
to reproduce theworkpiece path verbatim, closely replicating the
operator’s actions in a manner similar to conventional telepro-
gramming environments[1], [2]. However, in the context of our
system, there would be problems with this:

1. The path may contain many unnecessary motions, such as
those induced by the operator “feeling” her way around.

2. Because simulated motions are constrained to directions per-
mitted by the dragger fixtures, the workpiece path may have su-
perfluous kinks and bends.

3. The path may contain unwanted contacts, caused by the op-
erator dragging the workpiece across or along obstacles, or us-
ing obstacl esthemsel ves asfixturesfor part placement and align-
ment.

Nevertheless, the workpiece path is collision safe (within the
resolution limitsimposed by the simulator’stime step). There-
fore, we use the workpiece path as an initial feasible solution,
and modify it so as to remove unwanted motions and unneces-
sary contacts.

A. Deforming the path

The idea is to treat the path as a deformable spatia curve
which can be bent, stretched, or shrunk in order to moveit away
from objects or compress its length. Such a deformation can be
accomplished using potential field methods. In particul ar, weap-
ply to each of the path’s nodes:

1. Atension force attracting it to itstwo nearest neighbors.
2. A repulsiveforceto push it away from unwanted obstacles.

Path endpoints are kept fixed, as are the endpoints of any re-
quired contact motions. Thetension force (Item 1) is calcul ated
with respect to both position and orientation. A constant, rather
than variable, tension is used to keep the path from becoming
overly stiff when stretched. Therepulsiveforce (Item 2) iscal cu-
lated with respect to trand ation only, due to difficultiesin com-
puting a repulsive gradient with respect to orientation. To keep
nodes from dliding aong the path, we diminate any repulsive
force component which is tangentia to the path. Both the ten-
sion and repulsive forces are used to move each node aong the
path in succession, with the whol e procedure being repeated un-
til the path stabilizes. A schematic illustration of the processis
shown inFig. 12.

During the deformation process, it isimportant to ensure that
each path noderemains collisionfreeand preserves any required
contacts with capture objects. This is achieved by displacing
each node using the contact simulation algorithm of Sections V-
A and V-B, with the combined tension and repulsive forces as-
suming the role of the applied force f, and moment m,.
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Fig. 12. Simple diagram showing the path deformation process. The original path (left) starts with the operator’s grabbing the workpieceat A, wandering off to the
left, then using the obstacle in the middleto align the workpiece before dragging it over to the right (causing it to go partly out of alignment as it clearsthe top
of theobstacle) and finally sliding it into the corner at B. Only thefinal contact state at B is desired, whereas other contactsand extraneousmotionsare not. Path
deformation is achieved by applying to each path node (asillustrated by the one at C) forcesto repel it from unwanted contacts (f;-) and inter-node attractive
forcesto help straighten it out (f.1, f.2), with the final result shown on the right. The deformation process tends to be good at ensuring robust approachesto
contact states; for instance, in the final path shown here, it isimportant that the corner destination B is approached from theright aswell asfrom above, in order

to avoid the possibility of getting snagged on the obstacle.

Our path deformation approach follows the work of Quin-
lan [32], who originated it to simplify and smooth collision-free
paths produced by a motion planner. Our work differs in that
we include contact states, the pathsin question are formed from
rigid bodiesundergoing general spatia displacement (rather than
pointsin configuration space), and contact simulation software
is used to keep the path collision free while maintaining desired
contacts. By contrast, collisions are prevented in [32] by sur-
rounding path pointswith free space “bubbles’. Using the same
technique here would be difficult because the proximity of ob-
staclesin contact would require computing bubblesat extremely
fine resolutions.

B. Robot motion commands

After the workpiece path has been simplified as described in
Section VI-A, itisturnedintoasequence of spatialy-linear robot
motions, with each target point possibly associated with one or
more contacts. The initial command of the sequence involves
a“guarded grasp” with which the manipulator grasps the work-
piece.

At present, acontact isrepresented only in terms of itsassoci-
ated normal vector. For motions requiring contact, the robot’s
speed is lowered, and its impedance is controlled to emulate
a spring-damper system with low stiffness. We have found a
simple, isotropic impedance to be sufficient, although this may
changewhen the system isextended to handle operationsinvol v-
ing tight fits. Contact isensured by biasing thetarget position by
adistanced in the negative direction of each contact normal. To
do this, the target bias Ap must satisfy n; - Ap = —d for each
n;. Letting N bethen x 3 matrix whose rows arethe n normals
n;, and letting | be the n x n identity matrix, this requires that
Ap sdtisfies (at least approximately)

—dl = NAp,

preferably for ||Ap|| not too large. This prohibits contact situ-
ationsinvolving tight fits. The offset d should be alittle larger
than the accuracy of thework site model and is currently around
5 mm (vs. atypical object dimension of 50 mm). Contact exe-
cution is verified by checking that trandational forces along the
contact normal directions exceed a prescribed threshold.

Contact transition stability is ensured by limiting the output
velocity of theimpedance controller, effectively controlling sys-
tem energy in a manner similar to that described in [33].

VIl. EXPERIMENTS AND DISCUSSION

In Fig. 13, the task simulation and program generation part
of the system isillustrated for two tasks: cornering a block, and
dragging ablock around the outside of a corner while maintain-
ing contact. Actua execution of the later task is shown in Fig.
2.

A. Vision system performance

Thevisionagorithmisfairly robustto variationsin light com-
position and intensity (although thisis largely a function of the
edge detection scheme). A moderate amount of occlusion is
also tolerable, provided that at least one good edge sequence of
an object isvisible. For this reason, objects are sometimes not
seen when they present aminimal number of faces to the camera
“straight on”, a problem that should be greatly reduced by im-
plementing the algorithm with multiple cameras. Indexing does
occasionally fail due to occlusion and/or noise, if no appropri-
ate feature groupingsare detected for a particular object. During
the Vancouver-Montreal demonstration, false object detection
sometimes occurred due to the simplicity of the verification cri-
terion (requiring 50% of visible feature lengths to be matched).
More sophisticated criteriashould indeed be used, athough this
is rarely a problem when the objects have greater complexity.
At present, the problem has been aleviated by culling objects
whose locations indicate they cannot redlisticaly lie within the
work site.

B. Operator interaction and task simulation

At present, the only contact feedback that the operator re-
ceives when manipulating the virtual environment is visua, in
that the workpiece has its motion deflected by contact whereas
thedragger box does not. We have observed that thisin fact turns
out to bearather good feedback cue. Providingactual forcefeed-
back to the operator would of course al so be desirable, but would
require elaborate equipment. Instead, acoustic feedback (with
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Fig. 13. Top: Cornering. The operator has placed the workpiecein a corner of the frame (a); its original location is shown by a grey “shadow block” at the right.
The outside of the frame was used to help align the workpiece, as can be seen from the initial workpiece path (b), where the tightly spaced nodesare shown as
half-sized white blocks. After modification (c), the nodes have been pushed away from the table and have kept their distance from thetall block, and theinitial
and final positions are approached at anglesthat prevent collision with the frame. Bottom: Here, the operator has moved the workpiece around the outside of
the frame (d), while requesting that contact with the frame and table be maintained while going around the upper-right corner. The resulting initial workpiece
path is shownin (e). After the path is modified (f), frame/table contact is maintained near the corner, while nodes are pushed away from the table el sewhere.

The execution of this motionis shownin Fig. 2.

soundsgenerated on contact) might beamore practica enhance-
ment, aswell asbelng consistent with our objectiveof usingsim-
ple desktop hardware.

The task simulator runs easily in rea-time (20 Hz) on a 15
MFop SGI Indy. Contact and barrier distancesare e, = 0.5
mm and ¢; = 0.1 mm, respectively (vs. atypical object dimen-
sion of = 50 mm). The maximization of U(s) (Section V-B)
is performed to an accuracy of about 1.0~°, requiring about 25
[-CoLLIDE calls per time step. We have observed that the use
of barrier functions to keep objects a minimum distance apart
grestly enhances the overall performance and smoothness of the
contact smulation over the raw Baraff method [34]. However,
when barrier functions are used to aso enforce workpiece con-
tact with a capture object (which is usually done withe, = 2
mm), sticking will occasionally occur in some configurations,
such as going around a corner.

At present, the use of I-CoLLIDE, aong with the assump-
tion that contacts be modeled using a finite number of contact
points, restricts the simulator to handling polyhedra represen-
tations. Thisisnot terribly restrictive, because arbitrary curved
objects can usually be represented as polyhedraat some suitable
resolution.

Because the ssimulator runsin discrete time, in certain patho-
logicd situationsthe workpiece can “tunne” through an object
without detecting a collision (as aso described in [34]). This
problem diminishes as the sample rateisincreased. With amax-
imum speed of 400 mm/s, asamplerate of 20 Hz, and 4 collision

tests per sample, tunneling is prevented for objects thicker than
5mm.

C. Program generation

The path deformation algorithm (Section VI-A) tendsto pro-
duce paths which have a“good” intuitivefed to them. It ispar-
ticularly good at placing node pointsso asto ensure reliableand
“snag freg” approaches and departures from contact situations
(Fig. 12), something which is by contrast rather difficult for a
user to specify manualy. The only cavest isthat path nodes must
be placed fairly close together for thisto work. Algorithm con-
vergence isnot a problem, except that the constant tension force
can cause minor instabilitiesto arise when nodes are very close
together. This was corrected by using a tension proportiona to
distancefor nodescloser than acertain minimum distance. How-
ever, the problem of maintaining proper node spacing is atricky
one and could use additional work. With regard to computation
time, the examples of Fig. 13 took around five seconds to com-
puteon al2 Mflop SGI Indy, but thiswaswithout any effort hav-
ing been made to optimize performance.

VIIl. CONCLUSION

We have demonstrated an integrated system which links to-
gether vision, contact simulation, localized planning, and ma-
nipulator control into an easy-to-use interactive environment for
programming contact tasks.

A fast, occlusion-tolerant grey-scale vision system is used to
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obtain model information, providing an ongoing link between
the simulation and reality. Object recognition proceeds rapidly
(on the order of severa seconds) and locations are computed
to approximately pixel accuracy. The vision system is reliable
enough to be used in acontext where the operator ssimply selects
recognized obj ectsto beloaded intothework sitemodel . Aslong
as the viewed objects have a good subset of edges visibleto the
camera, the need to supplant the vision system by manudly in-
dicating featuresisrare.

We have also demonstrated the utility of usingsimulation asa
robotic programming tool, specifically for part mating and con-
tact tasks. Aninteresting result isthat afull 3D contact simula
tion combined with first order dynamics alows the operator to
use the environment itself as a “virtua fixture” to easily align
and placeparts. This, combined with entitiessuch asdragger fix-
tures, makes it simple to accomplish awide range of placement
tasks using inputs from a simple 2D mouse.

The problem of turning a feasible but possibly complex set
of simulated motion stepsinto asimpler set of robot commands
is handled using local planning: artificial forces straighten the
path out, move it away from unwanted contacts, and help en-
sure good approach and departure from desired contact states.
The resulting path is turned into a set of spatidly-linear robot
motions, which includes the via points needed to maneuver the
workpiece through free space. Interestingly, the specification of
free-space via pointsis actually very tedious for an operator to
perform manually. Therefore, the automation of thisprocess us-
ing alocal planner is particularly useful.

Important future work includes extending this system to han-
dle part mating which involves*“tight fits’, aswell as generating
robot motion sequences which are provably robust to environ-
mental errors. More genera use can also be made of the vision
system, particularly for task verification, and we also wish to ex-
plorethe automatic synthesisandinsertion of virtual fixturesdur-
ing task simulation, based on the estimates of the operator’sin-
tentions.
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