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Abstract

We describe an integrated system for programming part-mating and contact tasks
using simulation. A principal goal of this work is to make robotic programming
easy and intuitive for untrained users. Using simulation, an operator can spec-
ify part placement and contact motions by simply “putting things where they be-
long”, without resorting to textual descriptions. We describe the simulation sys-
tem, which models objects as polyhedraand emulates collision and contact inter-
actionsin combination with a simplified “ operator-friendly” dynamics. The com-
bination of contact simulation and graphical fixtures enablesthe operator to easily
manipulate this virtual environment using a simple 2D mouse. We also describe
the program generation system, which usesthe operator’s action sequenceto cre-
ate a set of robot motion commands which realizes the prescribed task.

1. Introduction

This paper describeswork at the University of British Columbia(UBC) ontheproblem
of using simulation as a tool for robotic programming. Our ultimate objectiveisto
make programming arobot extremely easy and natural, so that it can bedoneintuitively
by non-specialists using simple desk-top computer systems.

Particular emphasis is directed at tasks involving contact, since, at the time of
thiswriting, there are virtually no commercially availabl e robot programming systems
which support contact-based tasks. Whilethereasonsfor thisare complex, we suspect
that programming difficulties are asignificant part of the problem.

We believe that an effective way to program contact-based tasks involves having
the operator perform the required task in asimulated virtual environment. The opera-
tor’sactionsarethen interpreted and used to generate arobot program which replicates
theindicated task at the actual work site.

Using a simulated environment for programming allows the operator to directly
“show the system” where an object isto be placed or moved in relationto other objects.
Textua descriptions of such tasks, can, by contrast, be very tedious. Also, within a
simulated environment, we can adopt a “task-centric” view of programming, letting
the operator manipulate workpieces directly, with less emphasis on the robot which
will ultimately redlize the task.



1.1. System requirements and overview
A simulation programming system requires several key subsystems:

1. Model Generator: builds and maintains the work site model used by the simu-
lator;

2. Task Smulator: providesasimulationof thework environment, alongwith operator-
friendly dynamics that makes task-specification easy and intuitive.

3. Program Generator: takes the motions specified in the virtual environment and
creates aset of robot motion commands capabl e of realizing the prescribed task;

4. Execution monitor: verifiestask execution at therobot site, and providescorrec-
tion information to the model generator.

The second and third items are the main focus of this paper.

At UBC, wehavebuilt atest platformin accordance with theabove structure. As
achallenging but simplified example, we chose atask domain consisting of apuzzle of
wooden blocks that can be assembled within arigid frame. Tasks which the operator
can specify include placing or moving a particular block in contact with other objects
in the work site.

The model generator, described in [1], uses a gray-scale vision system that can
rapidly recognize the location of objects characterized by straight-line edge features
[2]. The simulation system (described in detail in Section 4) |ets the operator manipu-
late blocks using inputsfrom asimple 2D mouse. We chose to use amouse as an input
devicebecauseit ischeap and ubiquitous, and matches with our above-stated desirefor
a system that can be used by non-specialistsusing simple desk-top computer systems.
The program generator (Section 5) uses the motions specified by the operator to cre-
ate aset of robot motion commands capable of realizing the specified task. Execution
monitoring is the subject of ongoing investigation.

1.2. Paper outline

The remainder of this paper is organized as follows. Related work isdiscussed in Sec-
tion 2, and a summary of the test platform components and hardware is givenin Sec-
tion 3. Task simulation and program generation are described in Sections4 and 5, and
experimental results are presented in Section 6.

2. Related Work

Our work closely followsthe tel eprogramming work of Funda, Sayers, and others|[3,
4], in which operator interaction with a simulated environment is used to overcome
problemswhich can arisein tel erobotic systems dueto time del ays between theremote
site and the operator station. Our work differsin that the ssmulationis somewhat more
complete, and the system is more “task oriented”: the sequence of operator motions
may be modified radically before being sent to the robot as motion commands.
Teleprogramming was predated by the use of graphical simulation as an operator
aid in time-delayed tel erobotic applications [5, 6]. The introduction of synthetic “fix-
tures’ into the operator’ sdisplay to assist in task specification has a so been considered
[7, 8]. While commands sent to aremote site in teleprogramming systems tend to be
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Figure 1. System architecture.

a the level of “guarded moves’, the idea of sending more robust commands, which
can allow the manipulator system to plan for and recover from unanticipated contact
states, isinvestigated in [9], using a Petri-Net-based contact state model.

Virtual reality simulation has also been used as a platform on which fine motion
task skillscan belearned; a good example in the context of thispaper isgivenin [10].

It shouldal so be mentioned that our general goa of making robotic systemsusable
by non-expert operators has recently been explored in the context of position-based
robotic applications accessible on the World Wide Web [11, 12, 13].

3. System Description
A somewhat simplified block diagram of the UBC system is given in Figure 1. The
main componentswill be summarized very briefly here; amore detailed descriptionis
givenin[1].
3.1. Work site
The work site (Figure 2) contains a6 DOF CRS A460 robot (Puma-type geometry),
controlled at the lowest level by 1 KHz joint servos (supplied by the manufacturer),
which areinturndriven by atask controller. Thetask controller isimplemented using
the Robot Control C Library (RCCL) [14] running in rea-time on a Sun Sparc 5. It
accepts Cartesian motion commands from the operator site, and generates therequired
trgjectoriesat 100 Hz. Thetrajectory generator also receivesinput from aforce sensor,
allowing it to implement both guarded moves and a positi on-based impedance control
similar to that described in [15].

A video/vision modul e continuously collectsimages from acamera and processes
them using a model-based vision algorithm[2] to locate objects in the scene. The ob-
jects and their positionsare continuously sent back to the operator site where they are



Figure 2. Remote site, showing the robot, camera, and work area.

incorporated into the work site model under the control of the operator. The camera
image itself isdso transmitted back to the operator site, whereit isdisplayed in a sep-
arate window.

As mentioned above, the work site'stask domain consists of a puzzle of wooden
blocks that can be assembled withinarigid frame.

3.2. Operator site

The operator site consists of an SGI Indy with a 15 Mflop CPU. It hosts a model of
the work site environment, with which the operator interacts, using a mouse, via the
task simulator (Section 4). Model dataincludespolyhedra representations of thework
space objects, plus kinematic and geometric information about the robot manipul ator
(dynamical informationisnot necessary for thelow-speed contact operationspresently
being investigated). Other information about work site objects, such as friction and
stiffness models, may be added later if required. Modd informationis updated, based
on recognition data received from the video/vision module, by the model generator
(which at present isunder operator control [1]). The operator views the model through
the model viewing window, implemented using the SGI 3D modeling package Open
Inventor [16]. A program generator (Section 5) creates the robot motion commands
required to realize specific tasks and sends them to the task controller at the work site.

4. Task Simulation

The task simulator moves a sel ected object, or workpiece, around inside thework site
model, in response to operator inputs. Contacts and collision dynamics are model ed,
allowing the workpiece to bump into, dideaong, and realign itself with other objects.
This, inturn, makes it very easy for the operator to place the workpiece into some de-
sired contact state with respect to the rest of the environment.



Figure 3. Dragger fixtures. After apart is selected by “clicking” onit with amouse, arendering
of the manipulator’s gripper appears, along with agraphical “ dragger box” (right figure). Drag-
ging the mouse cursor along one of the planes of the box causes a displacement parallel to the
plane, which is converted into a “virtual force” acting on the workpiece's center.

The operator can aso request that the workpiece specifically maintains contact
with certain sel ected capture objects. Oncetheworkpiece makes contact with acapture
object, its motion is constrained so as to maintain that contact (thisis implemented
using barrier functions, described in Section 4.2).

The simulated environment is visible to the operator, from any angle, through
the modd viewing window. Using the mouse, the operator selects a workpiece to be
moved by “clickingonit”. A simulated gripper then appears, showing how the work-
piece will be grasped, along with a graphica “dragger fixture” (at present, a box) that
maps 2D mouse inputsinto 3D spatial motionsand permitstheworkpieceto be moved
about (Figure 3). Rendering only the gripper preserves the “task-centric” focus of the
operator’sactions, more proximal parts of the robot could be rendered if necessary.

Displacements between the dragger box and the workpiece are used to create a
virtual forcef, acting on the workpiece. When the workpiece is brought into contact
with other objects, normal forces arise in reaction to the applied force. The norma
forces plus the applied force create a net total force on the workpiece, from which a
simplefirst-order dynamic model is used to compute the workpiece velocity. First or-
der dynamics is used deliberately, because it (a) is inexpensive to implement, (b) is
stable, and (c) produces results which are simple and intuitivefor the operator.

4.1. Implementing the contact model

The simulator keepstrack of the distancesbetween objectsusing I-CoLLIDE[17]. Ob-
jectscloser than ¢, are assumed to bein contact, in which case information provided by
I-CoLLIDE isused to determine a suitabl e finite set of contact points p; and normals
n; modeling all the contacts®. Reaction forces f; acting along the contact normals, in
responseto the applied forcef,, are determined using Baraff’salgorithm[19]. The net

1Face-faceor edge-face contacts can be reasonably simulated using afinite set of point contacts; see[18].



force f and moment m acting on the workpiece are then given by
f=) fitfe, m=) pixf

First order dynamicsisthen used to determinetheworkpiece sspatia velocity (v w?)T,
according to

v=df and w=d-m (1)

where d; and d,. are suitable constants.

The task simulator computes and applies the workpiece's velocity once per time
step (currently every 50 msec) and uses thisto update the workpiece's position, as de-
scribed in the next section.

4.2. Preventing Collision using Barrier Potentials

When the workpiece is extremely close to other objects, second order constraints or
numerical errors can make collision-free motion impossible, even when afeasible ve-
locity exists. Theeffect of thisisto havetheworkpieceappear to“ stick”, unreasonably,
at certain configurations. Moreover, theinformation returned by |-CoLLIDE becomes
unreliable when objects are very close together.

Good simulator performance thus requires trying to keep the workpiece a mini-
mum distance ¢;, away from other objects, where typicdly ¢, = ¢./2. This, inturn, is
accomplished using a potential barrier.

Let d; be the distance between the workpiece and another object ¢, and let § =
d; /5. Then define the potential U (d;) (similar to that used in [20]) by

Ui (de) — K[§—1—-In(d)] ifO0<d<1, @
i(di) = 0 if§ > 1.

where K isasuitable constant.

To creste motion, the desired spatial velocity from equation (1) isin turn associ-
ated with an attractive potential U, that decreases uniformly aong the velocity direc-
tionin proportionto thework doneby f and m. If motioninthedirection of (v w?)”
is parameterized by s, such that s € [0, 1] corresponds to one simulator time step of
At, then s ol

vl [lw
UU(S)_—[ a + 7 ]Ats.

Summing U, and the U; for all appropriate objects yields a net potentia U (s)
that varies along the direction of motion. During each simulation step, the workpiece
ismoved so asto minimize U (s). If there are no obstacles nearby, all U; = 0 and this
minimumwill occur a s = 1, corresponding to the uninhibited application of v and w
for time At. For purposes of performing the minimization, U; (d;) istaken to be +co
for d; < 0. Because U;(s) isnot smooth (see below), the minimization is done using
a golden section search.

To help keep each d; > ¢, the velocity v in equation (1) is modified to include,
for any object ¢ for which d; < ¢, arepulsive component computed from the gradient
of U;(d;) with respect to the workpiece s trandational position.



Why not treat the entire problem in terms of potential minimization and calculate
both v and w from the gradient of I/ with respect to theworkpiece’soverall spatia po-
sition? The problem isthat thisgradient isnot simpleto calculate. Even though U; (d;)
is smooth, d; itself is not smooth in the configuration space of a polyhedral object,
and so U; is not smooth with respect to the configuration space either. Hence in many
cases aformal gradient doesn’t exist. While non-smooth opti mization techniques exist
that don't require an explicit gradient, the very thin size of the barrier means that con-
vergence could be quite slow without a good estimate of initial direction. Indeed, the
Baraff calculation (Section 4.1) can be thought of as simply a good way of estimating
this direction.

The potential method described here can aso be used to implement motionsin
which the workpiece is constrained to maintain a particular contact. Thisis done by
modifying U;(d;) so that in addition to approaching infinity a d; = 0, it aso ap-
proaches infinity as d; nears some small outer boundary value.

5. Program Generation

Once a workpiece has been satisfactorily positioned within the work site model, the
operator indicatesthisto thesystem using akeystroke. Theprogram generator then sets
about creating robot motion commands to reali ze the requested operation and replicate
any specifically requested contact motions.

The system records the workpiece's position and contact state after each simula
tion step. Each of these positions and contact states defines anode along a sequence
called the workpiece path.

Oneway to achieve arequired task would be to generate a separate robot motion
command for each of the nodes on theworkpiece path; in other words, closely replicate
the operator’s actions (similar to what is done in teleprogramming environments [3,
4]). However, in the context of our system, there are problems with this:

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

2. Because motionsare constrained to directionspermitted by the dragger fixtures,
the resulting path may have superfluous kinks and bends;

3. The path may contain unwanted contacts, caused by the operator dragging the
workpiece across or along obstacles, or specifically using obstacles for aign-
ment.

It should be noted, however, that the workpiece path is collision free (within the
resolution limitsimposed by the simulator’sstep size). What we need to do is modify
theworkpiece path so asto remove unwanted motionsand unnecessary contacts, while
preserving its feasibility.

5.1. Stretching and Shrinking the Path

Such a modification can be done by treating the path as a deformable spatia curve
which can be bent, stretched, or shrunk in order to move it away from objects or com-
pressitslength. To achieve this, we apply to each of the path nodes

1. A congtant tension force attracting it to each of itstwo nearest neighbors;



2. A spring-likerepulsiveforce that pushesit away from unwanted obstacles.

Path endpointsare kept fixed, aswell asthe endpointsof any required contact mo-
tions. The tension force (item 1) is cal culated with respect to both position and orien-
tation. A constant, rather than variable, tension isused to keep the path from becoming
overly stiff when stretched. The repulsive force (item 2) is calculated with respect to
trandation only, due to difficulties in computing a repulsive gradient with respect to
orientation (as mentioned in Section 4.2). To keep nodes from processing aong the
path, we eliminate any repulsive force component which istangentia to the path.

It isimportant that the deformed path remains collision free and preserves any re-
quired contacts. Thisis achieved by moving each node using the contact simulation
software, with the combined tension and repulsive forces assuming therole of the ap-
plied forcef,. Each nodeinthepath is moved in succession, with the whole procedure
being repested until the path stablizes. After the deformation is complete, the number
of nodes isreduced using a simplification scheme similar to a polygonal path approx-
imation agorithm.

Our path deformation approach closely follows the work of Quinlan [21], who
originated it to simplify and smooth collision-free paths in configuration space pro-
duced by amotion planner. Our situation differsin that we specifically include contact
states, and nodes are moved using contact simulation software. In Quinlan’swork, col-
lision avoidance was guaranteed by surrounding path pointswith free space “bubbles’,
which would be difficult to cal cul ate here because of our use of spatial coordinatesand
the proximity of obstaclesin contact, which would require computing bubbles at ex-
tremely fine resolutions.

5.2. Robot Motion Commands

The robot command sequence for atask beginswith a“guarded grasp” with which the
mani pul ator graspsthe workpiece at the [ ocation corresponding to the start of the path.
Force sensor datais used to help execute and verify this command.

A motion command is then created for each of the succeeding path nodes, speci-
fying aspatia positionwhich the robot should move to (using linear spatial interpola
tion). For nodes which involve contact or pass near objects, the robot’s speed is low-
ered, and itsimpedanceis controlled to emul ate a spring-damper system with low stiff-
ness. Contact isensured by adding to the target positionasmall trandational bias (cur-
rently around 3-4 mm) in the directionsof contact, and contact is verified by checking
for observed forces aong the directions of the contact normals. Contact instabilities
are minimized by clipping the output vel ocity of theimpedance controller to amagni-
tude not exceeding the current robot speed (on the principle that this should be large
enough to remove observed forces within one control cycle).

6. Demonstrationsand Observations
Figure 4 illustrates the behavior of the system for two tasks: cornering a block, and
dragging a block around the outside of a corner while maintai ning contact. Actual ex-
ecution of the later task is shown in Figure 5.

The task simulator runs easily in real-time (20 Hz) on a 15 MFlop SGI Indy. A
barrier sizeof ¢, = 1 mmwas used (withawork areadiameter ~ 350 mm and atypical
object dimension of &~ 30 mm). The golden section search (Section 4.2) was performed



Figure 4. Left column: Cornering. The operator has placed the workpiece in a corner of the
frame (top); its original location is shown by agray “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
(middle), where the tightly spaced nodes are shown as half-sized white blocks. After modifi-
cation (bottom), the nodes have been pushed away from the table and have kept their distance
from the tall block, and theinitial and final positions are approached at angles that prevent col-
lision with the frame. Right column: Here, the operator has moved the workpiece around the
outside of the frame (top), while requesting that contact with the frame and table be maintained
while going around the corner. The resulting initial workpiece path is shownin the middle. Af-
ter the path is modified (bottom), frame/table contact is maintained near the corner, while nodes
are pushed away from the table elsewhere.



Figure 5. Execution of the corner-rounding task of Figure 4.

to an accuracy of about 1.0~?, requiring about 25 | -CoLLIDE callsper simulation step,
or 500 per second. |-CoLLIDE’s collision and distance computations can sometimes
fail in non-generic situations(e.g., when two object facesarevery closeto paralle) and
so improvement is needed here. Overall performance and smoothness of the contact
simulationis grestly enhanced by the use of barrier functions (Section 4.2). However,
when the workpiece is constrained to maintain contact with an object, sticking will
occasionally occur in some configurations, such as going around a corner.

The discrete-time nature of the simulation means that in certain pathol ogical situ-
ationsthe simulator can “tunnel” through an object without detecting a collision (simi-
lar observationswere made in [22]). With amaximum speed of 400 mm/sec, a sample
rate of 20 Hz, and 4 tests per sample, we currently need to be wary of objects thinner
that 5 mm.

The path modification algorithm (Section 5.1) produces paths that make good in-
tuitivesense. Inparticular, itisparticularly good at placing node pointsso asto ensure
reliable and “snag free” approaches and departures from contact situations. The only
cavesat isthat path nodes must be placed fairly close together (currently on the order of
15 mm) for thisto work. Algorithm convergenceis not a problem, except that the con-
stant tension force can cause minor instabilitiesto arise when nodes are very close to-
gether. Thiswas corrected by using atension proportional to distance for nodes closer
than acertain minimum distance. In general, thewhole problem of maintaining proper
node spacing requires additional work.

Finally, whilenot the primary focus of thispaper, actual path execution turned out
to be quite robust, using the simple methods described in Section 5.2.



7. Conclusion

We have developed an integrated system linking together vision, contact simulation,
localized planning, and manipulator control, with the intention of creating an environ-
ment in which programming contact and part mating tasksis extremely easy.

The use of asimulated environment appears well suited to programming contact-
based tasks, sincethework space objectsthemsel ves can then serve as“ virtual fixtures’
that help guidethe operator’sactions. Indeed, the combination of dragger fixturesplus
contact constrai ntstended to make part placement quite easy, even when using an ordi-
nary mouse as an input device. In contrast, we discovered during earlier experiments
that the manua selection of free space motion via-points between goal's turns out to
be fairly tedious for an operator. However, such points were easily produced by the
system using the methods of Section 5.1.

For futurework, wewish to add additiona local planning to make the contact mo-
tion sequences more robust, and to improve the system’s abilities so that it can handle
contact operationsinvolvingtight fits.
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