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Abstract

At the intersection of robotics, computational geometry,
and manufacturing engineering, we have identified a coll ec-
tion of research problems with near-term industrial appli-
cations. The common thread is robot systems with Reduced
Intricacy in Sensing and Control (RISC), such aslight beam
sensors and parallel-jaw grippers. We conjecture that such
systems, coupled with appropriate algorithms, are capa-
ble of recognizing and orienting a broad class of industrial
parts. When compared with general-purpose robots, there-
sulting systems could be: (1) lower incost, (2) morereiable
and (3) easier to reconfigure.

The proposed hardware bears a close resemblance to ex-
isting “ hard” automation; what is new is the application
of computational methods for robust design and control of
these systems, and more extensive use of simple sensors. By
focusing on a small vocabulary of simple hardware, plan-
ning become computational ly tractable and we can in some
cases make guarantees about the existence of solutions.

e borrowed the RISC acronym from computer architec-
tureto acknowledgea commontheme: identifyinga minimal
set of hardware primitives and matching these primitives
with highly efficient software. In this paper we review re-
cent algorithmsfor locating, feeding, inserting and fixturing
industrial parts. We discuss related work and propose a set
of open problems for future research.

1 Introduction

This paper is concerned with industrial assembly — the lay-
out and programming of workcells—rather than unstructured
environments. We start with three assumptions: (1) During
each assembly run, al parts have fixed geometry, so mod-
els may be used, (2) repetitive motion will occur, and (3)
the device being assembled and its components will be re-
designed periodically. Thus workcells must be reliable and
reconfigurable. Our objectives are: (1) to use the smallest
possibleset of hardware el ementsand (2) to devel op efficient
algorithmsto control and when necessary reconfigure these
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elements based on part geometry. For repetitive operation,
such systems can provide an aternative to genera -purpose
robots. A more complete description of the RISC paradigm
isgivenin [6]. That paper provides a systematic decompo-
sition of hardware into “units’ of sensing and control, and
then explains how to group theunitsinto functiona modules
in a task-specific way. Rather than complex manipulators
and sensors, RISC favors instrumented actuators that in-
corporate a little of both. Both harware and software are
modular, and self-calibration algorithms alow new hard-
wareto beinserted in aworkcell and brought up in amatter
of minutes. Inthispaper we focuson recent results and give
some concrete open problems.

Consider the “pick-and-place” operation which is the
building block of automated assembly: the part must be
picked up off aconveyor or pallet, moved to its destination,
and inserted into an assembly. In[17], thiswas donewith a
6dof robot and a parallel-jaw gripper. Sometimes a regrasp
is required to insure clearance between the gripper and the
assembly. At any given point, only a small subset of the
robot’s 6 degrees of freedom are required, yet we continue
to pay the overhead for this flexibility in terms of settling
timeand precision. Similarly, ageneral-purposevision sys-
tem might be used to sense the position of the part. Itsfull
power to provide a rich description of the image is always
available although we only require the pose of aknown part
at fixed pointsin the sequence.

An dternative would be to use two or more grippers, one
for initial grasp, one for find placement etc., and linear
pneumatic didesfor gross motion. An RCC collar could be
used on the insertion gripper for a compliant insert. Binary
light beams can be used to measure part pose at the initia
and final stages. Each motion in this aternative system can
be precisaly controlled by mechanical alignment of axes
and coordinated with aPLC. Furthermore, the stagesin this
system can be pipelined so that parts at one end are being
aligned while parts at the other are being inserted. Thus
with a comparable number of degrees of freedom, we get
several timesthe throughput, and all degrees of freedom are
working amost al the time. The latter system describes
many existing “hard automation” assembly lines[24].

Researchers have made enormous progress in automatic
planning for general-purpose robots, while hard automa-
tion continues to rely on manua retooling. In Japan, both
systems would be considered robots. Our ideais to apply
insights from robotics and computational geometry to the



second typeof system. The challengeisto devel op software
for rapidly reconfiguring a set of simple hardware modules
for each new application. By viewing design and layout
as dud to sensor-based planning, the result would combine
the advantages of genera -purposerobotswith those of hard
automation.

To characterize this hybrid of robotics and automation,
we use the term “RISC " — Reduced Intricacy in Sensing
and Control —to refer to systems with a well-defined set of
simplehardware el ementsthat can bereconfigured tohandle
avariety of part geometries.

In this paper we describe resultsfor avariety of subprob-
lems such as feeding, fixturing, inserting, and inspecting
parts. In each case part geometry is given as input:

e Locating and Inspecting Parts with Sparse Optical
Beam Sensors: What is the minima arrangement of
such sensors that will discriminate between a known
set of parts?

¢ Feeding and Sorting a stream of polygonal parts using
aset of pneumatically-driven parallel-jaw grippers: At
what angles should the grippers be arranged to insure
that parts can be distinguished and emerge in a unique
orientation?

e High Precision Part Insertion: Given a fixed and a
movable beam sensor which are uncaibrated, and a
hole with uncertain center and radius, how can arobot
perform a precise peg-in-hole insertion in a few sec-
onds?

o Fixturing with Modular Components. Given a square
lattice of anchor sites, where should locators and
clamps be arranged to hold a part in form closure?

After discussing solutionsto each of these problems, we
describe related work and pose a number of open problems
for futureresearch.

2 Locating and Inspecting Parts with Beam
Sensors

We have studied two types of optical beam sensor. The
firstis called a“cross-beam sensor”, see figure 1. When a
part passes through the apparatus, the cross beams perceive
a horizontal cross-section of the part. The times when the
beams are broken and unbroken are recorded, as shown in
figure 2.

With 3 beams, the breakpoi nts define ahexagon bounding
the part cross-section (6 real values). In spite of the coarse-
ness of this information, because the beam measurements
are so precise (725 microns), the pose can amost always
be determined unambiguously. Because the measurements
are redundant, 6 measurements versus 3 degrees of freedom,
the data can actually be used for recognition. A linear-time
geometric al gorithm to do recognition from beam datais de-
scribed in [29]. The implementation described there takes
a few milliseconds to recognize and compute pose. Also
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Figure 1: The usual cross-beam sensor configuration
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Figure 2: A critical point occurs when the part breaks or
unbreaks the beam of light

described thereisahash table version which takes afew mi-
croseconds to accomplish the same thing. The cross-beam
data is particularly well-suited to table lookup because the
effective table dimension is only one. So with data quan-
tized to 1000 va ues, thetabletakes up afew thousand words
of memory.

The cross-beam sensor does not require a-priori part mod-
els. The cross-section of a part as seen by the sensor is
easily found by passing the part through the sensor at most
2n times, where n is the number of sides of the convex hull
of the cross-section. The part itself need not have convex
cross-section, thisis simply al that the sensor can sees.

The cross-beam sensor relies on a consistent horizontal
cross-section to accomplish its task. It does not work for
flat parts. For these we use a parallel-beam sensor, which
usualy uses reflective elements. A parallel-beam sensor is
shown infigure 3.

The scan data from the parallel-beam is particul arly diffi-
cult to deal with because even using rel ative measurements,
the data still depend on two of the part’s degrees of freedom,
unlike the cross-beam sensor which depends only on one.
Indexing schemes generate lookup tables whose effective
dimensionis 2, and are consequently very large.

In [27] we described an O(n + A) correspondence algo-
rithm for parts with convex polygonal silhouettes, and an
O(n?logn + A) agorithm for parts with non-convex sil-
houettes, where n isthe part’s complexity and A isthetota
number of feasible matches. Typicaly for convex parts,
A, the totd number of matches is O(n). The worst case
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Figure3: A reflective parallel beam sensor. Relativemotion
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Figure 4: The parallel-beam scan data determined from a
part’s shadow

for convex partsis O(n?), and the worst case for general
parts remains O(n3) adthough it is typicaly much lower.
The model acquisition problem for parallel-beam sensorsis
harder than for cross-beams and is listed as one of our open
problems.

3 Feeding and Sorting Parts with a Parallel-
Jaw Gripper

Perhaps the least complex manipulator is the parallel-jaw
gripper, having one degree of freedom with binary pneu-
matic control. Although widely used in industry, conven-
tional wisdom holdsthat these gripperslack versatility [19].
With a minor modification, however, these grippers can be
used to recognize and orient an important class of industria
parts.

3.1 TheModified Gripper

The quality of a grasp configuration depends on many fac-
torsincluding the orientation of the part with respect to the
gripper. This orientation may not be known precisely or
may be disturbed by the act of grasping. For the parallel-
jaw gripper grasping polygonal parts, Brost [3] defined a
grasp as stable if at least three vertices of the part are in
contact with the gripper jaws and any further closing of the
gripper would deform the part; see Figure 5.

Unstable grasp configurations result from friction be-
tween the part and the jaws. This suggests that it may
be desirable to eiminate friction between the part and the
jaws. One approach isto coat the jaws with grease, but this
has the disadvantage that the part will slip when the gripper
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Figure5: The grasp configuration on theleft isstable; those
on theright are not.

islifted out of the plane. We can achieve low frictionin the
plane of the part but high friction orthogonal to the part by
mounting a diding plate (linear bearing) on one jaw. The
inner surface of both jaws is covered with a high-friction
materia such as rubber. See Figures6 and 7.

Figure 7: Time-sequence of grasping with the modified
gripper. (1) Asthe two outer jaws close over atypical part
(hex nut), horizontal forces cause the dlidingjaw totrandate
totheleft (2) until thepart isgripped inastableconfiguration
(3). (Based on drawing by Ben Brown).

To achieve a stable grasp, we close the jaws as far as
possible without deforming the part. Gripper forces will
cause the diding bearing to trandate until the part rotates
into astable orientation. We built a prototype of thisgripper
using an off-the-shelf linear bearing with a rubber band to
provide spring force and a dab of grease to provide damp-
ing. We experimented with severa part shapes grasped
randomly in two sets of 250 trials. Without the bearing,
approximately half the grasps were stable. With the bear-
ing, every grasp was stable. Although any physical bearing
experiences some friction, we will continue experiments to
verify that stickingis very unlikely in practice.

One of the primary advantages is that this modification
requires no additional sensors or actuators; a low-cost and
lightweight linear bearing can be easily retro-fit to any
parallel-jaw gripper without requiring interface software [9].



3.2 Recognizing Parts

The parallel-jaw gripper described above can be used to rec-
ognize parts by measuring the distance between the jaws,
say with a linear potentiometer. This is similar to using
light beams as described in Section 2; the differenceis that
in this case closing the jaws causes the partsto rotateinto a
new configuration. For a given set of & parts with constant
cross section (2.5D parts), we consider the following two
problems: (1) given a set of measurements derived from
random grasps of one part, decide which part was grasped.
(2) find a sequence of grasp angles for the gripper, con-
ditiona on measurements, for efficiently recognizing parts
from the given set.

For the first problem, since more than one part may give
rise to the same diameter and the diameter sensor may be
corrupted by noise due to surface compliance and backlash,
we can use a Bayesian decision procedure to estimate the
most probablepart. Sincetheset of graspsisrandom, wecan
assume that prior to each grasp, the part’s orientation with
respect to the gripper has a uniform probability distribution
on the set of planar orientations. Note that each stable
orientation of a given part corresponds to a minimum in
the part’s diameter function. Thus the prior probability for
each measured diameter can be derivedintime O(n). This
becomes a conditional probability when considering a set
of parts. Lacking any information to the contrary, we might
assume that initially, each part is equally likely. After each
measurement, the posterior probability is computed. After
all measurements have been considered, we can decide on
the most likely part. This method can also be adapted to
allow for sensor noise using a Gaussian error model. For

details see [16].
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Figure 8: A grasp plan for distinguishing the three parts
shown at the top.

Of course we expect to achieve better performance by
tailoring the grasp strategy to the geometry of partsin the
set, as shown in figure 8. This, the second problem stated
above, is the planning problem. As mentioned earlier, [23]
showed that some parts cannot be distinguished by mea-
suring diameter alone. But if we restrict attention to parts

that are distinguishable, we can find optimal strategies by
considering connected components in the following graph.
Let G = (V, ) bean undirected graph such that each ver-
tex corresponds to a stable orientation from the given set of
parts. Let n = |V/|. We construct an edge between any two
vertices with the same diameter. For each edge, let R(e)
be the set of gripper orientations that would disambiguate
the neighboring vertices in a subsequent grasp. Let G have
m edges. We can congtruct G intime O(n3) and it can be
partitioned into connected components (which are in fact
cliques) intime O(n + m).

Each possible gripper measurement identifies one of the
components of . If the component contains stable orien-
tations from one part, we are done. If it contains stable
orientations from exactly two vertices connected by edge
e, we pick a gripper anglein R(e), and regrasp to disam-
biguate between the two associated parts. However, if the
clique contains morethan two vertices, welook for agripper
anglein theintersection of R(e) for al edgesin theclique,
Mg R(e). If thisintersectionisempty, werequiremorethan
one additional grasp toidentify the part. In[23] we givetwo
planning algorithms. Thefirst runsin time O(n?logn) but
may not generate the shortest plan. The second finds the
shortest plan but may require time exponentia in » in the
worst case becauseit considersall possiblepartitionsof each
clique. In either case, the resulting plan will never require
more than » grasps. This algorithm can aso be adapted to
account for measurement noise.

3.3 Feeding Parts

For a known part, it is possible to achieve a desired fi-
nal grasp configuration without sensors. Goldberg [10] de-
scribes an algorithm for orienting polygonal parts using the
paralel-jaw gripper to grasp and ungrasp at a prespecified
sequence of angles depending on part geometry. That is,
for any additional stability criterion that prefers one of the
stable grasp configurations over the others, we can achieve
it using the compliant motion algorithm. The planning a go-
rithm finds the shortest such sequence for any n-sided part
in time O(n?). This agorithm has recently been extended
to curved parts[22].

4 High Precision Part Insertion

RobotWorld (See figure 9) is a commercia robot system
with multiple4dof cartesian“ placement modules’ inasingle
workspace [26]. Every motion dof of the modules, and also
the conveyor and a vice, are treated as actuation units. We
refer to unions of these as virtual robots.

First, thereflective (sniffer) sensor, whichismounted ona
module, is passed through the cross-beam sensor, instantly
caibrating the sniffer. Another pass would instantly cal-
ibrate the cross-beam sensor itsdlf, that is, determine the
angles of itsheams. Thus, even a newly-built, uncalibrated,
beam sensor can be added to the workspace and run at full
accuracy in seconds.
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Figure 9: The RobotWorld multi-robot system

Next, the sniffer sensor localizes the hole using a sm-
ple“+" pattern. Concurrently with this, another placement
module with 3-jaw gripper acquires a peg and moves it
through the cross-beam sensor.  Once the sniffer has fin-
ished and moved clear of the hole, the peg is moved over it,
and inserted. With thisscheme, we have achieved 25 micron
clearance insertions at 99% success rate. More importantly,
we can move the sensor or hole plate, or even use a hew
sensor, and the same results apply.

HOLE

Figure 10: An instrumented gripper

This scheme applies not only to RobotWorld. For other
robots which have poorer absolute accuracy, we suggest
the instrumented gripper shown in figure 10. In this case,
in a single pass through the cross-beam sensor, both the
peg and the sniffer sensor are localized. The accuracy of
the subsequent peg insertion is determined by the relative
position accuracy of therobot over the distance between peg
and sniffer.

5 Design of Modular Fixtures

Commercially-availablemodular fixturing systemstypically
include a square lattice of tapped and doweled holes with
precise spacing and an assortment of precision locating and

clamping elements that can berigidly attached to the | attice
using hardened bushings or expanding mandrels. Currently,
human expertiseisrequired to synthesize a suitablearrange-
ment of these elements to hold a given part. Besides being
time consuming, if the set of alternatives is not systemati-
caly explored, the designer may fail to find an acceptable
fixture or may settle upon a suboptimal fixture.

Brost and Goldberg [2] and Wallack and Canny [28] con-
sidered classes of modular fixtures that prevent a part from
trandating and rotating in the plane by providing 4 friction-
less point contacts with the part’s polygonal boundary. Both
methods use an extra degree of freedom to supplement a set
of fixed round peg restraints that lie on a regular lattice,
since fixed constraints on a grid cannot constrain genera
shapes. In [2], the extra degree of freedom moves a linear
clamp. In[28] asubset of the pegs move relative to the oth-
ers. Hardware prototypes of both configurations are being
built.

Algorithmsaregivenin[2] and [28] that accept part geom-
etry asinput and synthesize the set of dl fixture designsthat
achieve form closure for the given part. Brost implemented
the algorithm of [2] on a Lisp Machine and demonstrated
non-intuitive fixture designs. Variations on this fixturing
model are aso being studied by Bud Mishraat NY U.

6 PreviousWork

Many others have argued for simplicity in the factory. As
Dan Whitney argued his 1993 ICRA Keynote Address, it
isvita to consider the robot in the context of the assembly
environment [31]. Nevinsand Whitney [20] stressed thedis-
tinction between structured and unstructured environments,
and Whitney [30] pointed out the what is often an opposi-
tion between flexibility and efficiency in manufacturing. In
structured environments such as factories, where repetition
isthe rule, the emphasisis on efficiency. The idea of mod-
ular manufacturing systems is gaining in popularity [25, 8,
14].

There are many examples of research that can be viewed
as examples of RISC ; space does not permit ustoincludea
survey. One exampleisthe RCC wrist that achieves compli-
ant peg-in-holeassembly using passive mechanical e ements
rather than active feedback in ageneral -purpose mani pul ator
[7]. Recently, Goswami and Peshkin showed how to “pro-
gram” such awrist to achieve desired behavior by changing
the damping constants of its passive components [12].

One of the recurring themes in our approach is the role
of mechanical compliance in lieu of sensing. Mason [18]
and his students have developed a science of part pose
control through dliding motion, demonstrating that it is
often possible to replace sensors with mechanical solu-
tions. Others, such as Erdmann and Donad are study-
ing ways to reduce the complexity of sensors. Other ap-
plications of mechanical compliance are explored in [4,
21].

Animportant principlein computer visionisthe exploita-
tion of domain constraints to simplify algorithms. Rather



than representing all conceivabl eimages, using domain con-
straints one describes the simpler space of images that can
occur that satisfy various physical and structural constraints.
RISC isthe natura extension of domain constraintsto hard-
ware. A part on atable has only 3 degrees of freedom, so a
sensor that provides 6 numbersis sufficient.

Kanadeused theterm“KISS’ (Keep it Simple) to describe
a collection of recent resultsin machine vision where sim-
ple processors at each pixel permit extremely fast update
rates. Here, the correspondence problem can be avoided
since motion between frames isgreatly reduced [15]. While
there is some relation to our use of simple e ements, the
primary difference is that Kanade applies fixed arrays of
simple elements to unstructured scenes rather than planning
for repetitive operations.

7 Discussion

One of the most intriguing aspects of RISC is that it blurs
the distinction between planning and design. A configu-
ration of RISC elements can be thought of as a compiled
version of an assembly plan. For example, rather than plan-
ning motions of a multi-fingered hand to hold a part, we can
configure a modular fixture to hold the part. In effect, the
grasp plan is reduced to hardware. At UC Berkeley, Canny
isnow implementing avery general algebraic constraint sat-
isfaction system to perform mechanical design. Thissystem
is the product of 5 years of work on practical algebraic a-
gorithms. A preview of the system was presented in an
ESPRIT workshop on motion planning in Rodez, France in
March of thisyear [5]. Most of thea gorithmsthat comprise
the system had not been implemented before. In early tests,
we have found that each contributes one to several orders
of magnitude of speedup over other methods. Overall, the
system should provide aqualitatively higher level of design
automation than previous systems. If efficient, the auto-
mated design of workcells can provide feedback to the part
designer during the design stage, in turn facilitating design
of parts for manufacturability.

Our initial motivationfor considering simple hardwareel -
ementswasto reduce the compl exity of planningfor general
purpose robots. Simple elements aso have the advantage
of:

¢ Increased Rdiability. RISC sensors and actuatorshave
fewer components so less can go wrong.

o Lower Start-up and Maintenance Costs. Many of the
hardware elements are availabl e off-the-shelf, and are
easily repaired or replaced.

¢ Increased Speed. Simple sensor data can be processed
very fast. Simple actuators with decoupled dynamics
can move very fast without losing accuracy.

¢ Rapid Reconfigurability. Critical for future manufac-
turing systems. RISC sensors sdlf-cdlibrate, and the
modular design of RISC actuatorsand feeders supports
easy “editing” of theworkcell.

In short, we propose that “hard” automation be reconsid-
ered in light of the last 20 years of research in robotics and
computer science. We argue that the flexibility observed in
robotic systemsis as much dueto good algorithmsasitisto
hardware.

We circulated an early version of this paper and received
some comments that we would like to address:

¢ “RISC soundslikejust another acronym, whereare
the new ideas?”

Roboticsand manufacting are rifewith buzzwords; one
hesitates before introducing a new term. In thiscase it
seemed useful to identify a common theme in a grow-
ing body of research. We acknowledge that on one
hand, simple hardware is not new in manufacturing;
on the other hand, computational planning algorithms
are not new in robotics. What is new, we fedl, is the
combination of thetwo. This paper represents our best
attempt to articulate a new direction for research.

¢ “Theproblemsarenot new; vision researchers have
solved 2D model-based recognition long ago.”
Certainly it is true that commercial machine vision
systems have matured and dropped in cost in recent
years, These systems may continue to find applica-
tions in manufacturing. However, RISC sensing can
be distributed throughout a workcell at very low cost,
and in many |ocations cameras cannot reach. Process-
ing some RISC sensor data is non-trivial. Cornven-
tional model-based vision techniques perform poorly
on pardlel-beam data. We have developed compres-
sion techniquesthat greatly reduce the size of indexing
tables for feature lookup. 2D parallel-beam recogni-
tion has the same tabl e dimension as the recognition of
3D objects from 2D edge data. We are currently im-
plementing thiscompression scheme for the 3D model -
based vision problem, and discovering similar reduc-
tionsin lookup table size. So the study of RISC hasin
fact lead to improvementsin the state-of-the-art for 3D
vision.

e “Theapproach should be validated experimentally
before claimsare made about itsusefulness.”
Rather than making claims, we are trying to generate
interest in anew area of research. Of course specific
algorithms should be carefully tested in labs and in
industry. We have implemented almost al of the algo-
rithms described in this paper and tested them in the
lab. At UC Berkeley, we are now designing acompl ete
workcell for the assembly of a model-aircraft engine.
In the course of developing thisworkcell, we will test
the capability of our existing hardware and see if new
mechanisms or sensors are justified. Of course the
ultimatetest will on the factory floor.

The RISC approach suggests theoretical questions with
short-term practical consequences. We believe this work
holds potential for significant scientific progress during the
next five years. Related projects are being initiated at Stan-
ford, Sandia Labs, Carnegie Mdlon, New York University,



University of Padua and with Adept Technology. We close
with ten open problems.

8 Open Problems

1.

10.

Can we orient any planar part up to symmetry using
paralel-jaw grippers(ie, partswith piecewiseagebraic
contours)?

. Isthereapolynomial-timealgorithmto find the shortest

plan for sorting partswith an instrumented paral l €l -jaw
gripper?

. Parts can be oriented with a sequence of fences asthey

pass on a conveyor bt [1]. Are frictionless fences
complete for the class of Polygonal Parts? (Isthere a
part we cannot orient with fences?)

. What isalower bound on the complexity of designing

modular fixtures? For what class of parts are modular
fixtures compl ete?

. Given aknown set of parts, can welocatearegistration

mark on each part to efficiently distinguish them?

. Stable poses of 3D curved parts. Given a CSG part

(constructed by negation, union, and intersection op-
erations on » primitive solids) with its center of mass,
what isthe complexity of finding all stable poses of the
part on aflat surface?

. Given afamily of parts, choose a beam layout to min-

imize the probability of mis-identification of partsand
mis-cal culation of pose.

. Mode generation: Using a sequence of probeswith a

moving beam sensor, plan a strategy for determining
the shadow of apart for recognition by a parallel-beam
Sensor.

. Pose determination from sparse depth probes. Given

k fixed depth probes, determine part identity and pose
given part models. (We are experimenting with simple
beam arrays that will providethis data.)

Given polyhedral part shape, designa“pallet” such that
parts flowing over the palet will fal into the palet in
a unigue orientation and are prevented from jamming
[13].

Young Rossum invented a worker with the mini-
mum amount of requirements. He had to simplify
him. He regjected everything that did not con-
tribute directly to the progress of work...

—Kare Capek, RU.R.
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